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PREFACE 

The rypicaJ watc.r resources engineer in consulting practice is inttrC$ted in developing soh.l· 
tions to real-world hydrologic and hydraulic problems in a relath•ely quick manner using 
simple methods of anal)'"'5eS and designs. ln 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 aU the data and infonnation required to perform sophjsticated studies 
involving state-of--the-an modeling and analyses. Often, relatively simple calculations are 
made to develop project plans that may involve substantial financi:..'\1 investments and may 
have s.ignificam !50clal, pecuniary, and emironmenl~d in tplkations. Complex and sophisti
cated modeling and analyses .• if neceasa.ry. arc undertaken ao; special sn1dic:s. 

This book includes methods and equations that are applicable to siruations v.ith variotL~ 
lt\-els or data availability, particular~· where available site<pecific information is inadequate. 
The presentation focuses on how to solve a practkal problem with minimum litt".r.uure sc..a_rch 
and auempu to fit well-known theoretical equations to real-world conditions. Methods arc 
presented (0 develop prdimiaruy desigm, which must be relined or modified by additional 
numeri.;al or physical modeling, experimentation, and field investig-.uions. Some of the sim· 
plifications, approximations. and methods of anaJ)'lis may ap~J' trivial and even crude to a 
spedati::st ln ground· and surface-wal:er hydrology, Ouid mechanics, l'l7ttcr quality, and other 
related subje<:m. but these may be rea.sonable for a practicing water resoun::es engineer. 
Generally, ftnal design~ would im'Oive additional nructural analyses., gcotedmK:al analyses and 
in\'estigations .. preparation of detailed dra .... tings. and CO!It esti_m.atcs. 

The expected readerrship of thb book include5 a con.o;ulting engineer ,..,;tb a bachelor's 
degree in engineering or applied sciences wjth some professional experience, graduate nu
denu who plan t·o study commonly used methods of analysis to enter Ute consulting indus-
tty, and practicing eoginccn who have to review nudie$ ot designs prepared by others. The 
n:adcr i ~ expected to have knowledge of fundamental hydtaulicsJ Uuid mechanics. and 
hydrology and must have access to standard texts on these subjeclS. 

The material p1·esemed io this book includes answen tO specific problems with oom· 
monly u!ed formulas and equations and references for values of relt'\'·•lOt <:on.stants and 
parameters. The computa.tional procedure! range from "'back of the envelope" to S()mewhat 
detailed calculation5, allowing for \'arious levels of data availability. References an: provided 
for commonly wed models. Detailed di!K:lL~lon of complex and sophistic.at·ed models and 
raearch tubjeets is a\•Oided. Tile size limitation of this book precludes disoL~iom of the 
fundamentals of ba.sic subjects, prinOple.s, and mathematical deth-atiOIU. TI-te emphasU 
has been on pr~senting material that may be directly usable by a practjcing water resources 
engineer. 

xi 
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CHAPTER 1 
INTRODUCTION 

Water Resourtes Engineering 
Tbe !lubject of water resources engineering includct methods ofh)'drologic, hydraulic, and 
groWldwater analyses related to the planning and design or remediation, water •upply, 000<1 
contrOl, and navigation f.lcilities_. and different types of hydraulic strul!tures; ground· and su,.. 
race-water Oow and quality monitoring; feasibility and environmental impact analyses for var
ious water-related prqect$) and dc&.igns of appurtenant hydraulic atructur't"~. The analyacs 
may vary from the use of empirical or analytical equations to simple or sophisticated com
puter modeL\, depending on tbc requirements of specific projects. The designs rnay indude 
preliminary and final sizes of variotlS components of a hyd_raulk 5tntaUJ"C. The M:ope of the 
discipline is so broad that it engulfs virtually all aspects of water--related studies and dC'$igns. 
From the ,;ewpoint of a practicin.g water rc.sourccs enginto", the su~ect of water resources 
engineering may include basic elemenl'l of a number of watel"-related disciplines (e.g., sur
~ water hrd_rology; groundwater h)'<irology; fluid mechanics.; openo<:hatulel hydraulics; 
sediment ttanspon; and design of hydraulic strucrura. including daml>. spUiwa)'!, channels, 
navigation and flood contrOl facilities, water suppty S}'Stems, and shore protection, hydropow
er, and irrigation strucru.rcs). Abundant published literat.ure is available that addresses vari
om !Jpecializcd topics within each of the alxwe-rocntiooed discipline!L HowC'I.-er, because of 
limitations of data, budgets, or o~ectives and scope of specific projects, the pr.tc.ticing water 
teSOUJ"(:ta engineer i.8 often required to address mos.t of these su~ecli on a somewha.t basic 
level of detaiL Speciali2ed srudies, where warranted, are referred to specialists in the rcspec
lh-e disciplines. 

Earlier wacer reMurces development p~jecu focused maitlly on engineering aspects. 
Experience with the operation of past water resources engineering projeclS has highlighted 
some of their ad\'ene impacts on other natural resources and the emironmcnt. With 
increasing population and diminishing natural resouoca;, concern is growing about holistic 
impacts of water resources engineering projecu. PL1nning and design of a wa.ter resources 
engineering project tOday and in years an d decades to come mu$t consider their impact.'l on 
other resources (e.g., aquatic biota, ecos)'stem. aesthetics, and recreation). It must indudc 
quantitati\'e prediction of the volume and \'Oiurnetric flow rate of water, methods to control 
water vohune and flow to ser\'e various needs of the society, management of limited water 
resources, in tcrros of quantity and quality, and. ab<n·c all, interdisciplinary consequences of 
the proposed plan. 

1 
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2 WATO lfSOUIW !NGtNIIIIIIG 

Tiu: detaib of ,~ariou." wpics addres.~ in thU book arc commensurate with the require
ments of a practicing w.uer res<~ui'Ces engineer~ and the abridged descriptions of ,'afiou.-; equa
tions and simplified analyticaJ techniques presented in differe.nt chapters are inten.ded to serve 
'" "pod,et book" r•ther than tc:xlbook material. Practical examples are included that iUusttate 
specific methods of computations or analyses.. The reader mwt. refer to other relc, .. ·am pubti
c.uious for sophis.ticared analyses and theoretical details of lhe metJtods described in this book. 
Examples of such referentts include McCuen (1998), ASCF. (1996). Maidment (1995), Bras 
(1990) , and Ponce (1989) for hydrologic anal)'ses (Chapter 2); Martin and McO.ncheon 
(1999), Chapra (1997), .6rater et al. (1996), Pouer and Wiggert (1991), and Tchobanoglous 
and Burton (199 1) for hydraulic analysis (Cllaptcr 3 ); Zheng and Benneu (2002) . Feuer 
(2001), Chatbeneau (2000), Oelleur (1999), Fetter (1999), 8atu (1998), Oomenko and 
Sch"'an:t (1998), and Anderson and Woessner (1992) tor groundwmer (Chapter 4) ; Ma)• 
(1999), Simons and Senturk (1992), Zipparro and Hansen (1993). USBR (1987) , Barfield et 
al. (1981) fo r hydrolulic designs (Chapter 5); and Unsley et al. (1992) for ewJtomic an.-.1)--.is 
(Chapter 6). A number of other relevd.J'l[ public:·ation$ are included in the list of rcfen:ncc:s. 

Planning of Water Resources Engineering Projects 
A typical prqject Otat a water resources e ngincrr is required to plan, analyze, and design may 
include h)'dt'Oiogic anal)>i<. hydraulic anal).;., groun<h.-ater evaluation, design of hydrdulie 
struclures, econonlic anal)~is of v."ater resources de\dopment pr<~ects, and ev.tluation of envi
I'(UlJnental impac.c:s of wate .... related acti~ties. Planning for the completion of such projeciS 
involves the follo"ing: 

• 

• 

• 

• 

• 

Identification of objeea-. This includes a liSt of speciftc goals or producrs that 
the proj-ect is expected to achieve (n' pro\lide. 

Scoping analysis. Titis indude5 identiJkation of sequential technicalta.osk.s required 
to be <:omplered to accomplish the stared o~ecti ... es (e.g., data collection, field 
inspecrion, analyses including computer modeling. preparation of des.igns and 
drawings. and report preparation) . 

IUquiremeo.ts for sof rwwe and ocher equipmenL This includes identification of 
computet models and equipment (e.g., AutoCAD, GIS facilities, and equipment for 
field sun't)ing and data collection) that would be required to comple te the 
required analyses o r prc:pa.n: designs of proposed hydraulic sttuctures. 

Cost ntirnate. Thi.s includes estimation of man--hourz and otbel" activities that may 
impacl cost of lhe project (e.g .. tield surw:ys and monitoring, site inspections, com
munications and presentuions, analyses. aud prod\lction of reports, drawings., and 
const:n•c.tion plans). 

Schedule. This includes preparation of a schedule for the completion of each 
technical cask along with relC'\>ant documentation. It must be noted that collection 
of field data and rele'\ant sit~pecific information from different sources arc fairly 
time-consuming wb: and lt.~ually have to be completed before other significant 
tasb can be undena_ken. 

Documentation of Water Resources Engineering Studies 
Report preparation~r doc.umentalion of the metJ\ods and findings-constinnes an 
important part of water resources engineering SU1dics. The organi1.:uion and decUls of the 
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3 

contents of a study report depend on the type of study (e.g .• surface water, groundwater, 
water qualiLy. environmental impact, modeling, remediation, and fea"'ibility-IC'\·el design 
5rudy), 5COpe of study, and [YJ)C of readership (e.g., general public, regulatory agency, plan· 
nets and designers. or construction contractors). A cypical water resources engineering sn1dy 
report may include the following basic elements: 

• Tlllc. The title ~hould be brief and should indicate the pritnat')' objective of the 
srudy (e.g., "Hydrologic Srudy of Silver Creek Basin in Kansa.•"; "E\'aluation of 
Groundw-.uer Supply Potential in Sarasota County, florida"). 

• Table of Cootents. The Table: of Con tents 5hould include Section and Sul»e:ction 
Titles. lists of Tables and Figures, Referencet. and Appendices, all with page oum· 
ber>. 

• Executive Summary. lf the repon is voluminow. it is ad-..isable to lncludc: an 
Executive Summary that describe$ m..·lin findings, and limitations of the study. For 
relatively shon study reports. main findings and limirations may be included in the 
Conclusions and Reconuneru:t.:1thn1:1 S<:ct"it;m. 

• Introduction. Thi$ should inc;.lude a brief description of the problem being ana· 
ly.c.ed; objeetives., K.-opc, and overall approach of the study; and n:feren<:e to the 
intended readership or recipieo~ of the repon. In addition, a brief description of 
the site location and hydrologic environment in the ~ite vicinity may be lncluded. 
This may indude nearby streams and lakes. mean annual preciphation, snowfall, 
surface runoff. and free sutface ·water evaporation in lhe region. For a design 
report, this roay inch.~de location and pu.rpose of th e hydraulic suucturcs. 

• HydroloKi£ Characteristics of Watersheds or Study Area. For a study related to sur
face water hydrology .. this should include areal extent, soil types, soil covers. 
hydraulic length and slopes of subwatersbeds, and other infonnation relevant to 
the estimation of times of com:entr.ttion and l"3" times; precipitation depths or 
desired durations and return periods: and infonnatioo about snowfull and 
snowmelt For a design stud)', this may include description of salient fearures of lhe 
wat.c:r body where the hydraulic structure i.s located (e.g .• peak flow: 7~y. H)-year 
low Oow; and drainage area). For a groutld'l'lo-ater Sludy. this may include d elineation 
of the sn•dy area a_long with hydraulic boundaries (e.g .• strcam5, lakes, and ground
w.ttcr divides); information on a\'C!r.tge precipitation, infiltration, and evapotr.m
spiration; and location and sizes of lakes and wellands in the study area. 

• Data Collection and Analysis. This should include sitMpecifie and reg;onal hydJ'Oo 
logic dam collected from differc:oL sources (e.g., precipitation and streamflow data 
for gaugin.g station.~ in l.he vicinity; hydrogeologic data for aquifers; topographic 
su.n-'e)' infonnation; and ground .. and surl'a.ce-water uses). Voluminous raw data. 
which may not be available in the cited references, should be included in appen
dices. Me thods to screen and analyu the data and to ex trolCL or develop "walue5 or 
data sets to be used in the stud)' should be included in this section. ln addition. it 
should include limitations on the accuracy of the data and data analysis and jusdfi~ 
catioo for ~ing the selected data sets. values. or methods of analysis.. 

• AnaJytical, NwrtUical~ OT Other Studies. This should include the methods of analy. 
sis or 1imulations including equations, description of numerical or physical modc:l.s 
with implicit or exp licit assumptions. and appropriate references. The methods and 
results or model calibration and \-alidation should be included. Sensitivh:y analyses 
to illusuate the: sensitivity of the results to variations in data values within plau.Uble 
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limiiS also should be documented in this section. The detai.ls to be included may 
vary depending on the objective, scope, and recipients of the study report. In 
de$ign studies, this may include methods and calculations to de~lop Wlrious dea:ign 
dimena.ions. 

• Raults. This should include r~ults of the study along with limits on their accura
cy. Methods to verif)' and demonstrate the reasonableness of the res:ullS should be 
dt$Cribed (e.g., comparison with similar information for o ther sites, estimates 
based on other simpler or empirical methods. and published values fo r similar con
dition.l). 

• Condusi.oot and R.eoommencladons. This should include carefully worded conclu
iions of the study with dear statement of the limitations of the resohs. TI'le recom
mendations should include appropriate caveats and need for refinement by addi
tional studies., if peninenL The wordings muse be clear to avoid misinterpretation 
by potential readert. 

• T ables aod FJ.CUf'U. The text must be clarified through tabular information, fig. 
ures, and photographs. In many cases. v.>luable information may be pr.....,nted in a 
concise rashion through lables and figures.. 

• References. Key infon:nation \Ls.cd for the study mu.~t have a cited rcfereoc;e, which 
the reader may consult to ,·erify or get additional reiC'\'ant information. The cited 
reference should be complete and should include author(s) , year of publication, 
title, and publi$her. 

• Appendices. Information that is used for the 5lUdy but is not available in the c.itcd 
re-ferc::ncc5 and cannot be included in 1he main text (without dinr.teting the re-.ld
er) should be included in appendices. 

lo practice, i t is advisable m prepare a draft of the rcpon for review by pee-n. editon, 
or o ther potential recipient\.. The draft should be finalized after incorporating ruponsato 
the te"\-iew comments. For darir:y of presentation, major sections may be divided into sub
sections comaining information about separate subropia. 
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CHAPTER 2 
HYDROLOGIC ANALYSES 

The .subject of hydrology indudes 5tudy and analysis of the occurrence, circulation, and di.y 
tribution of water through the hydrologic cycle, whkh includes the transfer of mo·istu.re 
from the o<:c:au, to the atmotphere and land surfuce, and back to the ocean. Hydrologic 
analyses are required for most projecu in\'OI\'ing planning. design, construction, rehabilita· 
bon. 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 
principle." and methodologies are generally the 5amC. Commonly u .. ~ hydrologic analyses 
for diffc:rent types of proj«.t.<J include the foUo\'l<i.ng: 

1. Com.mun.ity Development P~ject." 

• Rainfall intensil)'duration-frequency or rainf.llkleptb-duration-frequency analysi!. 
• Estimation or pre- and po:st-dc:velopment peak flO>« for dc.oign of :<t<Jml dr•inage 

S)oteons, sizing of cukoens and bridges, flood iMurance studies. and floodplain 
delineation. 

• Development and routing ofstonn runoffh)'Citugtaphs for design of retention/ 
detention ba'!i.05 and wetlands. 

• Water yield anatysis for streams, re5ei"\'Oil"5, a_nd waten;heds. 

2. Mining Projeets 

• 
• 

• 
• 

• 

• 

F.&ti_mation of pea.k flow" for design of diver:sion chan.nels . 
Oc\-clopment and routing of surface runoff hydrographs for design of sedi· 
mentation basins and tailings ponds. 
Ev.\luation of ·water t'uppty pQientiaJ of s-urfaGc At:ream!'l • 
Evaluation of tow-flow charactcri.'!tic."l or streams recei..,ing mine wastewater 
discharge. 
Estimation of surface nmoff producing potential of watersheds, including mow
melt runoff. 
f..,timation of pre- and post-mining flooding conditions for environmental 
repon'!. 

3. Oam.s., Resenroirs, and Spillw-dys 

• Generation of sequences of strt.:amflows to ev.tluate watenhed yield . 
• Hydrologic. anaty5e5 to determine dependability of available wa.ter supply. 

5 
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• Hydrologic analyses to dctcnninc required rcser\'oir storage. 
• OC!'\'Clopment of design-basis Oood hydrograph.s for spillways conuibuted by rain-

fall, snowmelt, or both. 
• Res.ervoi.r routiog for tli'l.ing of spiUwaf$, re5ervoirs, aod c:l'l_nu. 
• Rescn'Oir operation analysis for single and multiple use of ayaiJablc water. 
• low streamflow analysis tO determine instream flow requirement.'!. 
• Dam-break. analysis for safety e'\oaluation and risk analysis. 
• E\'a]uatioo of pre- and pos:t-project Ooodi.ng and instream Oow conditions for 

environmental reports. 

4. Hydropower Projects 
• Geoe•-ation of sequences of s:o-eamllows co evaluate watershed yield. 
• Hydrologic analyses to detennine dependability of available: "'a.ter suppty. 
• Reser"oir opera.don studies to determine finn and peak. energy generation 

potential. 
• £,'aluatioo of pre- and post-project daily and monthly stscamOow patterns. 

5. Nuclear Power Ptojecu 
• Estimation of local and genc:r.U ~tONU probable maximum ptedpitation. 
• o~'elopment of probable maximum flood and design·basis flood hydtograph.s.. 
• De>•clopment of dam-break flood hydrograp hs. 
• Oe\'elopment of combi.ned event hyd_rogrd.phs (e.g .• snowmelt combined wid) 

less than the probable maximum precipitation event). 
• Estimation of low streamflows tO C\aluate impacrs of cooling water withdr.twal 

for and wastewater discharges from the power plant. 
• &timation o f l>re)\x,ble ntaxhnum .!11\c)W load on safery--,·elau:d structure&. 

In general, ell,iroumenlal reports for m<>-<t de-·elopmem project• require the e.aluation of 
pre- and post-projett daily and monthly il\<tJ'eall\ llows, llood hydrographs and peak n,. .. , 
and low streamflow1 in the site vicinity. 

Hydrologic analyses required for the abo\'e-rnentioned facilitie~ are described in subse
quent foeetions c:•f this chapte-r". 

Estimation of Peak Flows 
E.~titnation of peak. flows is required for hydraulic designs of bridges and culverts, for water 
surface profile a_nalyses for Oood insurance studie5, and fot t:'i".iluation of flooding potential 
at different sites. It is desirable tO estimate peak flows by several different methods and 
select reasonable "aluc:s by judgment. Some commonly used methocb arc described here. 
l\·t cthods to develop surface runoff hydtographs are described in the section of thi.s chapter 
entitled "Surface Runoff Hydrograph~. • Sutface runoff h)drot,rtaphs a.lso may be wed to esti
mate peak tlows. 

Rational Mefhod 
The •-ational formu.l.'l fo r estimation of peak Oows is 

Q s 0.2755 CIA (2·1) 
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where 

Q =peak flow in m'/s 

C e runoff coeffkient (dimensionJess) estimated by judgment in light of rypical \'alues 
gi,·en in Table 2·1 

I= rainfall int.cnsicy in mm/ h for the required return period, con-esponding to a dura· 
tion equal to lhe time or concentration of the watershed 

A =watershed area in km1 

This method is u3Cful for estimation of peak flo>~~ of differem return periods for watersheds 
sm<lller than 2 .. 5 km2, although the basic principles of the method may be applicable to larger 
drainage areas M well. 

Runoff Coefficients 

Commonly used \'3.1Ue5 of runoff coefficients are included in Table 2·1 (ASCE 1976). 
The values given in Table 2·1 are appticable for storms of 5- to 1!l-j-ear return periods. 

Higher valu"' ""'Y be wed for higher return periods and tight clayey soils. For watersheds that 

Table 2 .. 1. Common.ty used values of runoff coefficients 

Descrlpdoa of area 

Downtown busincM 
Neighborhood businC$5 
Si:ngte-famJly rcddcnc:cs 
Detached multi-unit roidential areas 
Attached multi-unit residentiaJ area." 
Residential (suburban) 
Apartments 
Light industrial 
Heavy industrial 
Patks or cemeteries 
Playgrounds 
Railroad yard 
UnimpTO\-ed 
Asphalt and concrete pavement 
Brick pavement 
Roofs 
La:~"'fls on 5andy wib (flat to 2% slope) 
l.:awns on sandy !IOils (2 lO 7% slope) 
Lawns on sandy roils (•lope, 7%) 
La\\1lS on hca''Y soils (flat to 2% slope) 
Lawns on hc.-y soil5 ( 2 to 7% slope) 
Lawns on hea'"f soils (slope, 7%) 

Source: /ISCE (1976) . 

Runoff coeffiCient 

0.70 to 0.95 
0.50 to 0.70 
0.!10 to 0.50 
0.40 to0.60 
0.60 tO 0.75 
0.25 to 0.40 
0.50 lO 0.70 
0.50 lO 0.80 
0.60 lO 0.90 
0.10 to 0.25 
0.20 tO 0.3.? 
0.20 tO 0.!15 
0.10 to 0.!10 
0.70 to 0.95 
0.70 to 0.85 
0. 75 lO 0.9!> 
0.05 to 0.10 
0.10 to 0.15 
0.15 to 0.20 
O.U to 0.17 
0.18to 0.22 
0.25 to 0.35 
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include different t}'J)CS of areas. a Wt:ighted or composite runoff coefficient 1TUl)' be calculated 
using the relationship 

C 8 (C,A1 + C,A, +<;A, + ... + C.,A,J / A, 

where 

C =- composite runoff coefficient 

~. Ct. <;,, . . .• G1 = runoff coefficients applitable to areao; A., A2., A,, . . . • A., 
respectively 

n = number of different type$ of areas within the watershed 

A, .;;. total area c A1 + At + As+ ... + A,. 

Time or Concentration 

(2-2) 

The time o.f concentration is de6ncd ao; the tiroe taken by surface runoff to travel from 
the remotest point in the watershed to the point where peak flow is to be e5tim.ated. Various 
methods have been proposed for estimating the time of concentratioo (McCuen et at 1984; 
USBR 1977, 1987). It is a good prnctice rouse at least three diJferent methods to estimate 
the time of concentration. \Vithin the range of these e5ti.rnates. the final value should be 
"'lccted by judgment- A few relatively simple and useful methods arc shown below. 

Kitpich Mnhod (USBR 1977) 

~ = (0.87 I! Iff)~' (2-8) 

where 

It a~ time of coru:enuation (h) 

L = length of the longest W"dten:olll'l«: (km) 

H & diflet'ence in elevation between lhe upper end of the watershed and the location 
at which flow is ro be estimated (m) 

This method results in relatively low estimates of 11 (Pr.Uwh 1987). 

Soil Consm.oaJi<m Seroic. (SCS) Cun.oe Number Metlwd (USDA 1972, 1985) 

'•· = 1.347 L~'(s. + 2.54)"' ;(1900.J5,) 

IL~ 0.6 ~ 

S, = (2540/CN) - 25.4 

when:: 

IL = basin lag (h) 

f.;= hydraulic length of wat,nhed (m) 

(2-4) 

(2-5) 

(2-6) 
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C.liJ = cu.n~ number of the watershed 

s. ;;; pocc:ntial maximum retention (on) 

s, = "'"'rage land slope of the watershed (percentage) 

This method has been found to result in relatively large values of IL (Pral<ash 1987). 

S>f14r't Met!tod (Chow 1964) 

11• = 0:7517 C, (L L...,)o.> (2-7) 

where 

4. • length along lhe longest watercourse froru the location where Oow is to be esti· 
mated to the cenuoid of the watershed (k.m) 

G = a toefficient 

The value of C, m.ay be b..ken to be 2.0 for fairly mountainou.'> waten.heds similar to the 
Appalachian Highlands, 0.4 for watersheds similar to those in southern California, 0.7 to 1.0 
for those ."'imilar to the SierrA. Nevada areas, and 8.0 for ~-.._tcnheds bordering the eastern 
Gulf of Mexico. An anal)'Sis of20 basiru in the North and Middle Atlantic states resulted ln 
the ernphic;al relatioruhip 

c, = 0.6;-IS (241) 

where S ;;; basin slope (m/ m). Where possible, it is advisable to use calibrated values of Cr 

U.S. BumJu ofHp.v,.usblm M~ (USBR 1987) 

(2-9) 

where 

S = slope of the longest. watc•'Cou.r5<: (m/m) 

K. • a coefficient (typical \..Uues are gi,..en in Table 2-2) 

s,...., Hydrauli<J Mttlwd 

The watershed is dh-ided into different segments along the main watercourse ba&ed on tuugh
neu ch.ardctcristk:.•• and 31ope. The length of the flow path and the average flow velocity for 
eac:;h segment are e.srimalcd. Then, 

~~ [L,/1'1 + L,/V, + L,/1~ + . . . + L./V.)/5600 (2-10) 
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Table 2-2. Typical v.Uues of K.. 

Great Pwns in Colorado, Kansas, 
Oklahoma, Nebraska, New 
Mexico, Wyoming, and North 

Dakota 

Rocky Moumain watersheds in 
Colorado. Wyoming, Urah. 
Oregon, Montana. Idaho, and 
New Mexico 

Southwest de5ert, Great Basin, 
and Colomdo Plate-Au in Ari_zona .• 
California. and part~ of Color.ado 

Sierr.t. Nt!\~.t.da. California 

Coast and Cascade Rang .. in 
Califon1ia. Oregon. and 
Washingron 

Urban basins in California, 
Texas, Kenrucky, Virginia, 
and Maryland 

5.2 10 10,280 

K • • 

0.070 Cor ba~ins with c:onsidcrable 
O\terland flow 

0.030 for basins with wcll-<ltfined 
drainage net\o\-ork 

3.4 LO 6,500 0.260 for 1()().)'T Hood! 

0.130 to 0.160 for general Slorm PMF 

0.050 10 0 .073 for thunckr.ltorrn e>-ents 

6.0 to 12,250 0.070 for basins with coniferous 
forests at higher elevations 

0.042 for dtocrt ttrrairu 

53.4 to !),370 0.150 for brusios with sub$tantial conif· 
erous growth 

0.004 for ba.'lins with well
developed drainage networks 

8.7 to 1,980 0.150 for basins with very heary conif· 
erc:m,, growth exte ndi.ng into the over
bank Ooodpwn 

0.5 to 238 

0.080 Cor low-lying basins with consid· 
erably sparser vegetation 

0.03! for basins "'i.th low-density or 
partial development with only m i.nor 
flood water collection facilit:ieo 

0.013 for basins with high~ensity dC\'el· 
opmenl with a good collection S}'Stem 

• Value5 bel~n indicaled upper and 1~-er Um.iL11Uay be u.'«:d for b.'l.,ins "ith intermediate charnc• 
terinia. 

Sour<"' USBR ( 1987) . 

where 

n = number of segments 

L, . L,, 4. . . . , L. = lengths (m) ofwatenhed segmen" with dill'tl'<'nt roughness char> 
acteri.stics and slopes 

V.. v,, V3, ••• • v;. = O\'erland or channel 00\\' ''elocities (m/ s) in the rapcctivc: watc:r-
5hcd scgmeot"i 
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Table 2-3. Approximate O\'erland flow velocities (cm/ s) 

lAnd Surf..,. type 

slope 
(%) -ryp.. I -ryp..! -ryp.. 5 -ryp... -ryp.. 5 -ryp.. 6 -ryp.. 7 

o.:. 6 11 15 20 22 34 43 
1.0 8 15 21 27 31 46 61 

2.0 II 21 31 40 43 1)4 88 
s.o 13 27 40 49 ~5 82 10i 

4.0 15 31 43 ~~ 61 91 122 
5.0 17 37 49 61 70 104 137 

10.0 24 49 67 88 98 150 198 
:10.0 35 69 98 122 137 210 274 
30.0 43 82 119 152 171 256 366 
40.0 49 98 137 180 198 290 396 
50.0 55 107 l !)2 198 213 335 427 

60.0 61 122 168 213 214 366 4aB 

Source: USDA (1972, 1985). 

The flow velocities may be estimated using Manning's formula for 24 )T peak or bankfull dis
charge for wclkicfincd channels a_nd the values given in Table 2-8 for O\'etland llow (USDA 
1972, 198!'>). '"Type" in Table 2-S refers to: 

• Type 1-0verland flow on fo rest areas l'lith hea"y ground liuer and hay meadow 

• Type 2-Qvcrland Oow on f'allow or minimum tillage cultivation areas, contour or 
s.ui.p-aopped lands, and v."'odland 

• Type 3--0verla_nd flow on short gnw pasture 

• Type 4--0\'erland flow on straight row cuhjvarcd a_reas 

• Type 5--();.'erland flow on nearly bare and untilled arc.as and aU uvial fans in \\es1en1 

mountain regions 

• Type ~Flows in ~d w.uerwar.' 

• Type 7-Sheet flow on pa,:ed areas and in small upland guUies 

Sh«t Flow Ei=tion (USDA 1986) 

An empirical equation to estimate travel rime for sheet Oow of leu than about 90 m on plane 
su.rfuccs or in the head",.ate111 of 5treams is 

where 

4 = tra1-el time (h) 

L = flow length (m) 

t, = [0.0289(nL)'•] /(P2°·'.~·'] (2·11) 

Copyrighted material 



12 WATEIIIfSOUICIS IIIGINIOIIIG 

P, ~ 2·yr, 24-h raiolllll (em) 

S = land slope (m/ m) 

n 1:1. Ma_nnJng's roughness coeffidcm 

Typical values of Manning's roughne" coefficient for sheet flow are included in Table 2-4. 
Average Oow velocities for shallow concentrated floW!> on relath-ety flat slopes less than 

0.005 m/ m can be estimated by (USDA 1986): 

where 

V • flow velocily (m/ s) 

Unp.~vedsmfaces: v~4.9176,/s 

P'•ved suJfuc<s: V = 6.1957 .Js 

S=slope of watercou rse (m/ m) 

&rlryHalhaw<rJ Metiot>a (McCuen e1 al. 1984) 

r, ~ o.024071.}·" .P·" s,-.... , 

where 

(2-1 2) 

(2·13) 

(2-14) 

/"'/ • tlt~ight line di!IQn<:e (m ) from the mast d istant point in the wateDhcd to the point 

under consideration measmed parallel to the slope 

s1 = m~ slope oflhe basin (m/m) 

n o rc:tatdance codJklent or Manning's roughness coefficient 

Typical V'.tlues of the rcr.ardance codficient, n, arc: given in Table 2·5 (ASCE 1959). 

TobJe 2-4. Typical values of Manning's n for sheet flow 

Surface clescripdon 

SmootJ1 ((oucrete, asphalt. gr.wel. or bare soil) 
Fallow (no retldue) 
Cultivated soils. residue cover s 20% 
G\dtivated soils, residue cover> 20% 
Grass (short prairie) 
Grass (dense) 
Grass (Bermuda) 
Range (natural) 
Woods (light underbrush) 
Wood> (dense underbnosh) 

Source: USDA ( 1986). 

0.011 
0.05 
0.06 
0.17 
0.15 
0.24 
0.41 
0.1, 
0.40 
0.80 
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Table 2·5. T)pical values of rctardance coefficient 

Type of surface 

Smooth impervious surface 
Smooth bare pa<ked soU 
Poor grass, cuJlhated row crops, or moderately 

rough bare 5urbcc 
Pa.nure or avenge gnss 
Deciduous timberland 
ConiferolU timberland. dedduous timberland 

with deep forest litter or dense grass 

Source: ASC£ (1959). 

0.02 
0.10 

0.20 
0.40 
0.60 

0.80 
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The aforementioned n1e-tho<h were developed for specific shes and t)'pes of watersbe<h. 
However, their application to a variety of '\llo'atersheds is quite common. Appropriate ~·alues of 
times of concentration should be selected with due consideration of watershed conditions. 

&a.p&e 2·1: Estimate the time or concentration for a 12·lun2 v.atersbcd in the four comers 
area of the JOUthwestcm United Statc5 (c::omcr of Colorado, Utah, New Mexico. and Aril.oua). 
Rclcv.mt watenhed parameters are: 

Wau:nhed length = ~.181un 

S • 0.057m/ m 
CN• 76 

K. ... 0.045 

<; = 0.4 

L.. = 2.591un 

The surface soils are nearly ba~ with some allu"ial fans. 

Solucioft: Vse sa~ methods«> coroput~ 1.-and seko:ct the appropriate value by judgmenL 

I. Kirpich M.elhod-(Eq. (2·5)) 
H • 5.18 X 1000 X 0.057; 295.26 m 
t,. (0.87(5.18)' /295.26]'·"' - 0.71 h 

2. SCS Melhod- (Eq8. (24), (2~). and (2-6)) 
s. • (2540/76) - 25.4 • 8.021 em 
tL = 1.!147(5180) .. (8.021 + 2.!14)U]/[19QO (0.0!17 X JOO)] = 1.448 h 
I,= 1.448/ 0.6 = 2.41 h 

~. Snyder'• Method-(Eq. (2·7)) 
It= 0.7517 X 0.4 (5.18 X 2.!;9)'·' ; 0.655 h 
t, = 0.655/ 0.6 = 1.09 h 
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4. USBR Mcthod-(Eq. (2-9)) 
I• ~ 4.6169 X 0.045((5.18 X 2.59)/(0.057)" ).., • 0.785 h 
~ - 0.785/ 0.6 . 1.31 h 

!;. Scream Hy<traulics Method-(Eq. (2-10)) 
overland Oow velocity = 74 an/s (from Table 2-3) 
~ • 5.18 X 1000/ (0.74 X 3600) • 1.94 h 

TI1e estimates VdJY from 0.71 w 2.41 h. The median "alue of 1.31 h appears to be a rea
IOnabJc approxhnarion. ft is also close ro tlle avel"'.lgt of the fM: estimates. 

Rainfall Intensity 

RainfaU i1uensities for different retum periods and oorl'esponding to different dut"J.~ 
tioru ( e.g .• 1irncs of COilCCntration) can be obtained from NOAA Atlas 2 for the eleven wesll' 
ern states: Montana, Wyoming, C'..olor"do, New Mexico, Idaho, Utah, Nevada, Arizona, Wash~ 
ington, 0 -l"egon. and California (NOM 1973). Sorne states and countie.s have developed 
prcdpitatiou intensily-duratiOJl·frequenc.}' (IDF), depf.b.dur.t.tion-fn:quency, and depth-a.rea
durtltion (DAD) cun-es for areas in their jurisdictions wing relevant precipitation data, 
{e.g .. Bulletin 70 for the State of IUinois (Huff and Angel 1989)). For other areas in the 
United State~ precipitation depths taken from Technical Paper No. 40 (TP--40) may be used 
with a moltiptying factor of about 1.20 to account for uncertainrics a_nd exuemc sto.rm 
C\'Cnts that may have occurred during the lao;t.lh.rce decades since the pubtication of TP-40 
(Hersltfield 1961). 

Atl IDF is a plot of precipitation imensir:y on lhe )"QXis and duration orl the x4.Xis with 
return period iodicated oo each intensity-duration cmve. As convenient. either arithmetic:: 
or IOjfdtithrnic scales fOr both axe.'i may be u.'ied for these plot'l. A depth~ur.~tion.fn:quency 
curve is similar to the IDF curve except that predpila.tion intensity is replaced by prcc:ipita· 
tion depth. The DAD cun-e is a plot of W"J.tenhed a.rea on a log scale on they-axis and pre
dpir.ation depth on an arithmetic scale on the x-ax.is with du:ration indicated on each depth· 
area cun'C. A'i oonvcojent. 1he x and yaxe5 m-ay tx: interchanged. 

For areas .... ·here lin1ited predpitation data are a,~Jilable, preliminary values of precipi. 
tation intensity or depth may be estiooatc::d by (Ponce 1989: RolL'W: 1950): 

i = 4/(1 + h)" 

where 

·i = precipitation intensity (mm/ h) 

d ; precipitation depth (mm) 

t = time duration (b) 

a. b, and m arc empi.rical coefficients 

or d = ol/(t + h)" (2-15) 

For lhe sake of simplicity, the exponent m ,.,.. 1. Values of the other empirical coclficiem.s 
may be detennined by 5ubst.ituring available data for r.tinfall de-pths or intensities and aver
aging che compuced \'alues for different sc:ts of data point.<~. 
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Exa ... 2·2: Prepare IOF CUI"'\o'e$ for use in the dedgn of the drainage system for an indll$
triaJ site ne.ar joliet, Illinois. 

Solution: The rainfall depth! of,>arious duration.~ and return period.' for j o liet,llUnoil. 
obtained from Huff and Angel (1989) are shown in Table 2-6(a). The corraponding inu:n
sities are sbown in Table 2~(bJ . Tbc JDF ru~ lOr duratioru of 5 min to 2 b, plotted on an 
arithme-tic scale,~ 5hown in Figure: 2-1 (a); lhc»e for durations of 10 min to 24 h, plotted on 
a log-log scale, are shown in Figure 2-1 (b). 

Tobie 2-6(o ). Rainfall deptb-duration-frequcocy table 

R.ainfaD depth for different return periods (nun) 

Duration (b) z.,... ~ 10.,... 2~ 50.,... 100,. 

24 81.28 103.63 123.19 153.42 182.12 215.14 
18 74.68 95.25 113.28 141.22 167.64 197.87 
12 70.61 90.17 107.19 133.35 158.50 187.20 
6 60.96 77.72 92.46 115.06 158.65 161.29 
s 52.07 66.29 78.74 98.80 116.59 187.67 
2 48.01 61.21 72.64 90.42 107.44 127.00 
1 38.10 48.77 57.91 72.14 85.60 101.09 

0.500 (llO min) 29.97 38.85 45.47 56.64 67.31 79.50 
0.250 (15 min) 21.84 27.94 33.27 41.40 49.28 58.17 
0.167 (10 min) 17.78 22.86 27.18 33.78 40.13 47.24 
0.083 (5 min) 9.65 12.45 14.78 18.29 21.84 25.91 

Sourre: Huff and 1\nj!cl (1989). 

Tobie 2-6(b). Rain&U intensity-duratiorHJ"equency ~able 

Rainfoll inteolity for different retum periods ("""/h) 

Duration (b) z.,... ~ 10.,... 2~ 50.,... 100,. 

24 3.39 4.32 5.13 6.39 7.59 8.96 
18 4.15 5.29 6.29 7.85 9.81 10.99 
12 5.88 7.51 8.93 11.11 13.21 15.60 
6 10.16 12.95 15.41 19.18 22.78 26.88 
3 17.88 22.10 26.25 32.77 38.86 45.89 
2 24.00 30.61 36.32 15.21 53.72 63.50 
I 38.10 48.77 57.91 72.14 85.60 101.09 

0.500 (llO min) 59.94 76.71 90.93 113.28 134.62 159.00 
0.250 (15 min) 87.38 111.76 133.10 165.61 197.10 282.66 
0.167 (10 min) 106.68 137.16 163.06 202.69 240.79 283.46 
0.083 (6 mlo) 115.82 149.85 176.78 219.46 262.18 310.90 

Sov<ec:: Hull'and Angel (1989). 
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Table 2·7. Rainfall data for mine site 

Duradon (min) 

Return period 

2-,'f high rainf.ill depth (mm) 
5-yr high rainfal.l depth (mm) 

10 

19.2 
22.1 

36.9 
41.7 

60 

54.3 
62.7 

&a.,le 2-3: Fh-e yc.-an of rainfall data for a remote m ine.- s.it.c are included in Table 2-7. 
Develop an approximate IDF table ~JSable fot planning purposes and extrapOlate it up to a lOoyt 
return period. 

Solutioru u.ing Eq. (2-1!>) wioh m • I, i • d/~ and .-ailable 2,.,. rainfall depths for 10-, 
». and 60-min durations, 

i = 19.2 X 60/ 10 = 115.2 = a/ (0.167 + b) 

i = 56.9 >( 60/ liO = 73.8 = a/(0.5 + b) 

i = 54.3 = a/(1.0 + b) 

Solving the first two simultaneous equations results in a • 68.38 and 6 • 0.4266; .solving 
the first and third equatiom results in a • 85.56 and b • 0.5757; and soh1.ng lhe second and 
third equations resuh.a in a • 102.75 and b = 0.8923. The.- a''erages of the three scu of'valucs 
are o ., 85.56 and b • 0.6315. Thus, .a preliminary IDF table may be de"\o-eloped from the 
equation 

i(2-j'T) = 8:..56/ (1 + 0.6315) . 

Similarly. the three: equations fo r the 5-}T rainfall depths an: 

i = (22.1 X 60/ 10) = 132.6 = a/(0. 167 + b) 

i a (41.7 X 60/ 30) • 83.4 • a/ (0.5 +b) 

i = 62.7 = G/(1.0 +b) 

The solution or thnc equ.:atkn:u i.n 1he aa.mc order as before retuha ln 1.1 = 74 .85. b = O.S975; 

o • 99.08., b • 0_1)802; and a= 126.31, b = 1.0140. Using the a\'erages of th~ \'aiU<:l' resuh.1 
in lhe equation 

i(!>-j'T) • 160.08/(t + 0.6641) 

ln the absc.nce of any other data, the estimated precipitation lntensiries for 2· and 5-year 
return periods may be com-en.ed to tbe corre11ponding depth, using the relationship d = it. 
The deplhs for each duration may be plotted on a Gumbel probability paper, and the l~ar 
precipitation depths for the corresponding durdliou.s may be obtained by extrapolation (see 
the section of &his chapter enthkd "Statistical Analysis of Available Oata"}. Ahernativdy, 
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assume the 2-year rainfall deptlls to be ap,eroxhnatcly equal to lhe rC!'peclivt: means; for ex· 
ample. for a duration of 60 min, mean ~ X ~ 54.3 rnm. Then. using F,q. (2·23), 

K (!>yr) = -0.779? 10.5772 + In ( In (5/ 4)]1 = 0.71946. 

Using Eq.. (2·21), 

62.7 =54.~+ 0.71946s. 

Thi> gives • = 11.6754. ReW!Ing Eq.s. (2·23) and (2·21), 

K (l~) = 1.30457 

d ( I~)= 54.3 + 1.30457 x 11.6754 ~ 69.53 mm 

i (10.jT) = 69.53 X 60/ 60 • 69.53 mm/ h 

The I 0-yr \--alues for other durations tnay be similarly estimated. 
Note that thae re5ults arc preliminary and may be usefuJ for planning purposct only. 

They mus1 be modified as soon as additional data arc: a\'aiJabJe. 

For siruatioru where rainfall data for a few yean (e.g., 5 yean) for several gauging sta· 
tions (e.g., 10 stations) within the same climatic region an:: a .. .Utable, the data may be c'om· 
bined and assumed to be equivalent to 50 years of dam at one station. Til is approximation 
is k_nown as the S1atjon Year Method (Chow 1964). Where appropriate, stochastic methoW 
to extend av.lilable data also may be wed. Using the extended data, stati:stical methods 
described in Lhe section en tided •statistic.a.l Analysis of A\'ailable Data" may be used to esf.i.. 
mate raUlfall depths of different return period5.. 

ExaMple 2-4: Oata processing of rainfall records from six rontinuow recording rain gauge 
stations In a TCtnote mining area (approx. 8 km X 8 km) indicated the annual maximum 
10-min values shown in Table 2-8. ll.<timate the ]().min 2·, 10-, SO., and 1~ r.Unfal1 dcptlls 
fOr tbe design of the drainage system for the facility. 

Solution: The rain gauge stations are located within a relatively small mining area. 
which is "'ithin the 5amc climatic region. Therefore, the Stadon Year approximation is wed. 
The ..-alu~s at different stations pertaining to the same date may represent one and the same 
stonn and may not necessarily provide additional independent data poi_nts. Note that there 
are three values for NO\-ember 23, 1998; 1\\"0 for No\'cmber 29, 199S; lbrec for NO\'O)lber 15, 
1995; rwo for Febru.;uy 14, 1996; three (or April 14, 1997: and two for Janu:uy 1~. 1997. To 
dc\-clop an appro ximate equivalent record for more than 6 yean a t o ne atation within the site 
area., only the highest \..Uue observed on each of these dates is considered. This resula in 
25 independent data poinu as shown in Table 2-9, approximating 25 yr of lQ.min annual max
imum rainfaU \'alues at lhe site. 

Nonnally. the bol-fitting probability d:islribution 5hould be used for frequency analysis 
wing lh~ data poinu. HOWC\~r1 the Fishcr-Tippeu T)pe I (i.e., Gumbel) di.,tribution has 

Copyrighted material 



19 

beeo found to fit raiofa.ll dam (HeNhAeld 1961: NOAA 1978). Therefore. this distribut_ion is 
n.Jed ro ettimatc the 2·, lO-, 60-, and 100-yr 10-min rainfall depths for the site area.. Using func· 
tioru available in standard softw.are packages (e.g .. Excel). tbe mean. X. and stotn<lard de,•ia· 
lion, s., of the 2.5 vaJues in Table 2,.g are found to be 19 . .552 and 8.808, respectively. U~ng £qs.. 
(2·24), (2·2r>), and (2·26), 

a • 1.2826/ 3 .803 = 0.88·7 

u = 19.532- 0.~772/0.3~7 = 17.819 

Therdore, 

P (l().yr) = 17.819 - In {- In (I - 0. 10) l/0.337 = 24.50 mm, 

P(5()-vr) = 17.819 - In [-In (I - 0.02)1/ 0.537 = 29.40 mm. and 

P (l00.)'<) • 17.819 - In ( - In (I - O.OI)j / 0.337 = 31.47 mm. 

It must be noted that these estimates are prelimillary and may be useful for design of the 
$ile drainage system using reasonable tactors of safety. 

The U.S. Geological Suf\'C)' bas dC\t loped different set~ of n:gres:sion equations to estimate 
peak Oows of different rerum periods for ungauged sites in different slates of the United 
Stares and Puen:o Rico (USGS 1994). The reponed standard errors of these equatiOn.'! are 

Yeor 

1993 
1994 
1995 
1996 
•m 
1998 

v .... 

1993 
1994 
1995 
1996 
199? 
1998 

Tobie 2-8. Annual maximum lO.min rainfall (rom) 

Slaticm I Station 2 

Dol< RamfaU Dol< 

NO\'Cmber 28 18.0 NO\•ember 28 
Oettmbtr 10 2~.4 p..nuary 2:i 

January4 19.8 NO\·ember 15 
Janua.ry24 16.0 February 14 
April 14 25.5 April 14 
No,~nber2 29.6 January 15 

Sbldon4 Scadon 5 

Dale Raln[oll Date 

NO\'t".mbcr 2tJ 21.2 Novembrr 28 
Ma1·eb 18 14.4 Febnwy 13 
NO\'CIUher 23 23.4 NO\'ember 15 
N'O\'f!'M bfo..r 15 14.2 January 12 
January 12 18.0 April 14 

N<tVcmbcr 17 

Ralnfoll 

19.0 
16.6 
20.6 
17.6 
19.4 
17.0 

Ralnfoll 

22.0 
19.4 
21.0 
18.8 
21.8 
19.6 

Swion3 

n..., 

NO\-ember 29 
NO\-ember 16 
Nm-em~r 15 
f'ebnaary 14 
January 12 
October !N 

Swioo>6 

N<n'ember 24 
November27 
April IS 
NOW':mber 16 
May 10 

Ram[oll 

19.8 
18.0 
24.8 
19.2 
17 .. 2 
22.8 

16.8 
18.6 
18.6 
15.0 
16.6 
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Table 2-9 . 16-min annual maximum screened rainfall (mm) 

11/ 28/ 93 
ll / 29/ 93 
1/ 25/ 94 
2/ 13/ 94 
3/18/9~ 

11 / 16/ 94 
11 / 24/ 94 
12/ 10/ 94 
1/4/95 

11/ 15/ 95 
11 / 2$/95 
11/ 27/ 95 
l/ 12/ 96 
1/24/96 
2/ 14/96 
4/ 18/ 96 

11/ 15/ 96 
1/ 12/ 97 
4/14/97 

11/ 16/ 97 
1/ '15/ 98 
5/ 10/ 98 

10/ 24/ 98 
ll/2/ 98 
1.1/ 17/ 98 

22.0 
21.2 
16.6 
19.4 
14.4 
18.0 
16.8 
23.4 
19.8 
24.8 
2M 
18.6 
18.8 
16.0 
19.2 
18.6 
14.2 
18.0 
25.5 
15.0 
17.0 
15.6 
22.8 
29.6 
19.6 

n:Jati\-ely hjgh. Howc:\-er, they are w.d'ul for verification of the n :-.uouableness of peak flo"'8 
estimated by other mc.-thods. These equatioru are reported in the foot-pounckecond (FPS) 
~~tern of units. It l$ generally convenient to usc them i_n the f'PS sr-stem and con't'C:rt the 
Tl'$ults to 1he Sl 5)'Stem. 

bmnplt 2-S: u,;ng the HECI model. the I~ peak Oowofa creeldn 1>ansas is <'timatcd 
to be 567 m' / s. Use USGS regression equalioos co ''erifY the reaJ002bleneu or lbe estimated 
l()().yr peak flow. Relewnt parameters required for the usc o( the rcgressk>n equations are: 

DA = 61.4 km' (2~. 70 mi') 

m~n ~nnual pret:ipituion (Qt the basin • 71 ctn (28 in.) 

Sok&doo.: The generalized fonn of lhe regression equations for dninage areas of 0.17 lO 
ICM than 80 mi' (M4 to n .7 km') in Kansas is (USGS 20003): 

Q=aDA'P" (2-16) 
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wbere 

Q = peak Oow i'n cubic feet per second (cfs) 

DA • dr.tinage atea (mi1) 

P = mean annual precipiLalion (in.) 

a, b, b1 • regression coefficienu obtained from uses (2000a) 

21 

The values of the regret.'\ion (:OC.((icients for lbc 100-yr return period, along with the esti
mated errors of pn:dict.ions.. are ahown in Table 2~10. Using Eq. (2--16) with the coefficients 
given in Table 2·10, 

Q.01 = 19.80 X (23.70)• .... X (28) 1..,. = IO,nO c:£s = W5 m' / s. 

The estimated 100-yr peak n~ and standard erTors of the estimate b3$ed on the regrc:Mion 
equation an: shown in Table 2-11. 

In vie\\' of the l'alucs gk'Cn by the USCS regression equation, 367 mJ / s appean lO be a 
reasonably cowen-alive e&:timate. 

Table 2·10. Regression coefliciems and erro,. of prediction of USGS regJCMion eqlla
tion for Kansas 

Return period a b 

I~ 0.634 
19.80 

• For drainage :trea<i ranging from 0.17 to le~., than 30 m.i2 • 

Sown: uses (1994) . 

bl 

1.288 

Error (%) 

+it 
-44 

Table 2 -11. Estimated I~ pea~ flows 

Subwatenb.ed 

61.4 km' 

'"See Eample 2-8. 

Pool< flow 
estlmotedby 

HECI' 

367 m'/ • 

F.Pim•led 
pool< flow 

30o m5/ s 

~equad.on 

Predktlon 
error(+) 

217 m'/ s 

Predktlon 
error (-) 

181 m'f s 

Copyrighted material 



22 WAJU IIISOUICES ENGIHHIIN6 

Strrlistical Analysis al Available Data 

The fo llO\\ing four common statistical parameters are required for statistical analysis of data: 

where 

Me= = X = l:X/ n 

Scandal'ddeviation = s = {l: (X- X)2/ (n - I ll"' 

Skcwooellicient = 0 = nl: (X- X)'/ ((n - l)(n - 2) s'J 

Kurtosis = k = [n(n + 1)/ l(n- l )(n- 2)(n- 3)1] X 

[t I(X- X)/>J'J -[3(n - 1) 2/ l(n- 2)(n- 3)1] 

(2-17) 

(2-18) 

(2-19) 

(2-20) 

X ;;;- value of the variable 

n = number of data points 

};=from lton 

for normal distribution, C 1011: 0 and k ;::; 3. For the Gumbel (Extreme Value Type J) distri· 
but_ion, (; = 1.1396 and k = !).4. 

If annual peak flow data are avaHablc for the site, peak Oows of higher rcrurn periods 
may be esti.mated by stuistic-AI analysi~. I.n pr.:sctice, pea_k flc>w5 of the desired return period 
should be estimated using se"\<e:ral probability dis-tributions and the adopted value should 
be selected by judgment, giving more weight to the better-fitting and log-Pearson Type rn 
distributions. The nonnal or log-flormal distribution is a«:eptable if the skew coefficient is 
small. The Cmnbel dUtribution bas a oons:mnt skew coe.Okieut of J .1S96. The IOf,""Pc:a.rsou 
Type ro distribution is applicable for any known skew coefficient (USWRC 1981 ). A simple 
method 10 determine the: g·(IOdl\eM-Of..fit ~~ to plot the anO\lal ~;;,k flows on JK."'\<ernl prob<~· 
bitity papers (e.g., normal, log-normal, and Gumbel probability papel'3) and identify the 
best-fitting distribution by obsenation. 

Computational steps for statistical analysis of annual peak flows are as foliOW5.: 

• 

• 

• 

• 

• 

Arrange the annual peak flow \':l.lues in descending order of magnintde. Assign a 
rank. m, to each va_luc. ~ith the highest v.:duc being l. A,.-;ign d.i.ffercnt (s:uccC!L<;ivc) 
ranks even if two or more values arc equal. Tills can be done on a spreadsheet. 

Comput<log-Jnthms ( to the ba.,. 10) of all the valu..,_ 

Detennine mean, X, standard deviation, s. and stew coefficient. G, of all \alues and 
of thei:r 1ogarithnuJ. This can be done \Qing available functions in standard software 
packages (e.g .• Excel). 

Compute plotting position for each value using l.hc WeibuU formula, rn/(r~ + 1), 
where " is the total number of dam point'S. U5C these plotting positions for prepar
ing straight line graphs on different probability papers. The plotting position i.s 
taken to be rhe probability scaled on the abscissa of the probability paper. 

Estimate peak flow of the desired return period by visual observation or exuapola
rion from the prob.tbiliry distribution plot, or, alternatively, by using the equation 

(2-21) 
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where 

Qr =peak now ofa return period of Tyr 

K = frequeocyfactoroblained from rabies (USWRC 1981; Chow 1964) 

For normal distribution, the values, Q·t. X, and s pertain to untransfonned annw_l pca.k 
flows, and K is the stlndard normal deviate, which may be obtained from statistical rabies 
corresponding toP -= 1/ T, where P = probability lh.at tbe indicated value will be equaled 
or exceeded (e.g .. P = O.oJ for the IOO.yr peak Dow). If tables offrequency f.lcto"' for the 
log·Pearson Type m distribution are med, then tabulated values of X for C = 0 may be used 
for the normal distribution (USWRC 1981). Commonly used \'aJues of K. for t\Onnal ot Jog
normal distribution are giV<!n in Table 2-12. 

For the log-normal and log-Pea...on Type lli distributions, the •>alues of X and s used in 
Eq. (2-21) are computed from the logarithms of the annual peak llows, and the estimated 
value of Qr is the logarithm of the desired peak flow. The frequency facl.l)r for the log
nonnal di5tdbution is the 5allle as for the normal distribution, and for the log-Pearson Type 
Ill distribution is that coi"I"Oponding to the previously computed skew codlicient, C, of the 
logarithms of the a.n.nual pea.k Oows. These values are tabulated in statistical tables (e.g .• 
USWRC 1981). Altc:mati\'ely. approximate \'aloes of Kfor the log-Pearson Type III dis tribu
tion may be estimated by the equation 

K (LP Type tll) ~ 2/ G I( (K, - G/ 6) G/ 6 + 1] ' - I) (2-22) 

where K .. is the value of K for the normal di!tribution. 

Table 2·12. Selected values or frequency factor for nonnal or Iog-norm.a.l distribution 

Roturo period (yr) 

2 
2.5 
S.S$ 
5 

10 
20 
25 
40 
;o 

100 
200 
500 

1,000 
2,000 

10,000 

Sou.rce' USWRC (1981) . 

P(pn>babillty of exceeclaocc) 

0.:.0 
0.40 
0.30 
0.20 
0.10 
0.05 
0.0< 
0.025 
0,02 
0.01 
0.005 
0.002 
0.001 
0.0005 
0.0001 

Frequency foc:toT (K) 

0 
0.2~ 
0.52+10 
0.84162 
1.28155 
1.64485 
1.75069 
1.95996 
2.05375 
2.3263.<; 
2.57583 
2.87816 
8.09023 
3.29053 
3.71902 
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For Gumbel distribution, Q, X, and s pertain to uotraosformed annu:u peak 0""" and 
K may be estima ted from the equation: 

K(Cumbel) = -0.7797 (0.5m + h>(ln T- In (T-1))) (2-25) 

Altem<~tively, Qr for the Gwnbel distribution may be estimated by the following equations: 

a= 1.2826/ s 

u =X.- 0.5772/ a 

1 - P = 1 - l i T = cxp( - expl-a(Qr- u)l] 

or, 

Qr = u -llo[- ln(l- PJJI/ a 

(2-24) 

(2-25) 

(2-26a) 

(2-26b) 

The Gumbel distribution is used 10 define !he mean annual flood. Setting Qr = X, Eq. (2-26) 
gives 

1 - P = 1 -1/T= exp(-exp(-a(X - u)IJ 

Also, from Eq. (2-25), 

- a( X - u) ~ - 0.577'1. 

Thus. T = 2.33 yr = reru.m period of the mean annual flood. 
f·or more refined st.atistkal analyses of annual peak Oows.. refer to standard texts on 

application of sllltistical methcxb in hrdrology (e.g., Haan 1977; Y"'!ie'-ieh l 972a, 1997). 

Example 2-6: Estimate the 500-yT peak flow of the Ohio River at Lowsville. K<:ntuck)·, ming 
the annual peak Oow data given in Table 2~13. 

Solution: 

I. Normal Dislribution 

Using Eq. (2-21 ) with K = 2.87816 from Table 2-12, X = 14529.4, and s • 3677.0 
from Table 2-IS, 

Q.oo = 14529.4 + 2.87816 X 3677.0 = 24.912 m'/s 

2. Log-Nonual Distribution 

Using Eq. (2·21) "itb K = 2.878J61'rom Table 2-12, X= 4.142405, and s • 0.110875 
from Table 2-15, 

Log (Q.;.,) = 4.14240& + 2.87816 X 0.110875 ~ 4.46152 

Therelore, Q.oo = 28,941 m' Is. 
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3. Log-PeaTSOn Type Ill (LP Type Ill) Di>tributi<m 

Using X • 4.142405, 1 • 0.110875. and 0 = - 0.24 from Table 2·1S, and K (LP 
Type Ill) = 2.588996 (by interpolation from ubi<:> fo r ilie frequency factor for 
log-Pea....,n 1i'P" lJl di•tribution for C = - 0.24), Eq. (2-21) give•, 

Log (Q,..) = 4. 142405 + 2.;88996 X 0. 110875 = 4.42946 

Therefore,~ • 26,88'2 013/s. Altemativel)'• using F..q. (2·22) (or log-Pea_rson Type 
rn distribution. 

K (LP Ill) = 2/ ( - 0.24)Li(2.87816 + 0.24/ 6) 
(- 0.24/ 6) + I)'- I) = 2.59 

wb'<:b is nearly the same a~ the va.Jue interpolated from the tables. 

4.. Gumbel Di!rribtttion 

Using Eq. (2-23) tO e!ltimate the frequency factor for Gumbel distribution, 

K (Cumbel) = -0.7797(0.5772 + ln(ln(500/ 499)1J = 4.3947 

Therefore, u•ing Eq. (2-21) wiili X e 14329.4 and • = 3617.0. 

Q,.. = 14329.4 + 4.3947 X 3677.0 = 30,489 m' !J 

Alternatively, using Eqs. (2-24), (2-25), and (2-26b) wiili P = 0.002 for 7'• 500 yr, 

a e 1.2826/ 3677.0 • 0.0003488 

• = 14329.4 - 0.6772/ 0.000!1488 = 12675 

Q,.. = 12675 - In( - ln(l- 0.002)]/ 0.0003488 = 30,489 m'ls 

The estimated 500-yr peak Oow 'oaries from 24,9l2 to 30,489 m'/ s. The: estimated value 
ming I.J> Type m distribution ls ncar the middle of this range. So, a vo:llue of 27,000 m1 /s 
appears to be a reasonable estimate. 

Surface RunoH Hydrographs 
This imoh<es dC\-elopment of a surfucc runoff hydrograpb for the watershed at the point of 
interesL A h)'<lrograpb ;., a graphical plot (Ot' tabulat· presentation) of no... against time. 
Surface nmoff hydrograph5 resulting from 5tonn events of 5pc:d6ed durdtions are described 
here. The peak of T-yr Slorm runoff hydrogr.tph is a."umed to represent the T-yr peak flow, 
although this ID.a)' not aho.Cl)'5 match the: statistically estimated T-yr peak flow. Metltods to de\-el~ 
op ilie probable maximum flood (PMF) hydrogr>ph are described in ilie section of this chap
ter entitled "'Probable Maximum Flood Hydrograph." A typical surface_ runoffhydrogmph con
si.'l!J of a slowly rising approach limb. a rdatively Iauer ri.~ing limb. and a receding limb that 
connects to the bascOow hydrograph (Figure 2·2). 

U•ually, sunace runoff hydrographs are developed using computer models, such as 
HEC-HMS (UMCE 2002), HECI (USACE 1991a), TR-20 (USDA 1983a). and SEDIMOT-ll 
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Table 2-13. Statistical anal)'li!i of annual peak fl(nllo'5 of Ohio Rh·-cr at l..oulsville. Kenn1cky 

Year Q <m'/ o) Orden>d Q Loi <Q) IWil< Plotting pooldon 

1872 11070 31427 4.4973 I 0.0085 
1873 9881 23868 4.3778 2 0.0171 
1874 11885 28358 4.3684 3 0.0256 
1875 14439 22225 4.3468 4 0.0342 
1876 15572 21772 4.8879 5 0.0427 
1877 14524 21235 4.3270 6 0.0513 
1878 6852 20187 4.3051 7 0.0598 
1879 10186 19932 4.2995 8 0.0684 
1880 14638 19451 4.2889 9 0.0769 
1881 11885 18177 4.2595 10 0.0855 
1882 17667 17979 4.2548 11 0.0940 
1883 2123[) 17979 4.2548 12 0.1026 
1884 23858 17865 4.2520 18 0.1111 
1885 11637 17667 4.2472 14 0.1196 
1886 15742 176)1 4.2458 15 0.1282 
1887 15742 17469 4.2423 16 0.1367 
1888 9541 17327 4.2387 17 0.1453 
1889 8296 17242 4.2866 18 0.1538 
1890 16874 17'l14 4.2859 19 0.1624 
1891 15572 17214 4.2359 20 0.1709 
1892 11778 16931 4.2287 21 0.1795 
1893 14213 16874 4.2272 22 0.1880 
1894 7843 16818 4.2258 23 0.1966 
1895 11325 16789 4.2250 24 0 .. 2051 
1896 11920 16676 4.2221 25 0 .. 2137 
1897 16818 16848 4.2214 26 0 .. 2222 
1898 17214 16591 4.2199 27 0.2308 
1899 15714 15940 4.2025 28 0.2393 
1900 8267 15883 4.2009 29 0.2479 
1901 15940 15855 4.2002 30 0.2564 
1902 12797 15798 4.1986 31 0.2649 
1903 1418.? 15770 4.1978 32 0.2785 
1904 12146 15770 4.1978 33 0.2820 
1905 11687 15770 4.1978 34 0.2906 
1906 13279 15742 4.1971 85 0.2991 
1907 20187 15742 4.1971 86 0.3077 
1908 15119 15714 4.1963 37 0.3162 
1909 15770 15572 4.1923 38 0.3248 
1910 14071 15572 4.1923 39 0.3333 
1911 12061 15515 4.1908 40 0.8419 
1912 14185 15232 4.1828 41 0.3504 
1913 21772 15147 4.1808 42 0.3590 
1914 11806 13119 4.1795 43 0.~675 

1915 14609 15)19 4.1795 44 0.3761 
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Table 2-13. (Omlinutd) 

Year Q(m5/s) Onlered Q Log(Q) Rank PloUing pooition 

1916 15119 15062 4.1779 45 0.3846 
1917 14864 14892 4..1729 4.6 O.S932 
1918 13307 148&1 4.1721 47 0.4017 
1919 18675 11864 1.1721 48 0.1103 
1920 15232 14836 4.1713 49 0.4188 
1921 10278 ).1751 4.1688 50 6.427 
19'.!'2 15515 14638 4.1655 51 0.4359 
192.3 13477 11609 1.1616 52 0.4411 
1924 15770 14609 '1.1616 53 0.4~30 

1925 10193 14609 4.1646 54 0.4615 
1926 11976 14581 4.1638 55 0.4701 
1927 16676 14581 4.1638 56 0.4786 
1928 12231 11524 4.1621 57 0.1872 
1929 14581 14439 4.1595 58 0.4957 
1930 10815 14439 4.1595 59 0.504.~ 
1931 10617 14439 4.1595 60 0.5128 
1932 15147 14326 4.1561 61 0.5214 
1933 19932 14213 4.1527 62 0.5299 
19~ 11608 14185 4.1518 63 0.5385 
1935 15798 14185 4.1518 &I 0.5470 
1936 17611 14071 4.1483 65 0.5556 
1937 31427 13958 4.1 448 66 0.564.1 
1938 9796 13958 4.1448 67 0.573 
1939 17979 13930 4.1439 68 0.5812 
1940 16931 13675 4.1359 69 0.5897 
1941 7758 13505 4.1305 70 0.5983 
1942 11382 13477 4.1296 71 0.6068 
1943 17469 13307 4.1241 72 0.6)54 
1944 13109 13279 4.1231 73 0.6240 
1945 23868 13194 4.1204 74 0.6325 
1946 13505 13165 4.1194 75 0.6410 
1947 9966 13109 1.1176 76 0.6496 
1948 19451 13080 4.1166 77 0.6581 
1949 14439 12911 4.1109 78 0.6667 
1950 17242 12797 4.1071 79 0.6752 
1951 14892 12231 4.0875 80 0.6838 
1952 15855 12146 4.0844 81 0.6923 
1953 8890 12118 4..08M 82 0.7008 
1954 6710 12061 4.0814 83 0.7094 
1955 17214 12033 4.0804 84 0.7179 
1956 14886 11977 4.0783 85 0.7265 
1957 13958 11920 4.0763 66 0.7350 
1958 1~770 11891 4.0752 87 0.7~36 

1959 14581 11835 4.0732 88 0.7521 
( "'"'inutd) 
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Table 2 - 13 . ( Continaud) 

v- Q (m'/s) Ordered Q J:.oc (Q) IW>k PlottiD& poo11ion 

1960 10249 11835 1.0732 89 0.7607 
1961 16789 11806 4.0721 90 0.7692 
1962 17865 11778 4.0711 91 0.7778 
196.~ 16648 11636 4.0658 92 0.7863 
1964 22225 11637 4.0658 93 0.7949 
1965 18194 11608 4.064$ 94 0.8034 
1966 14609 11382 4.0562 95 0.8120 
1967 18177 11325 4.0540 96 0.8205 
1968 16591 11070 4.0442 97 0.8291 
1969 9966 11014 4-0419 98 0.8376 
1970 14326 10815 4.0340 99 0.8461 
1971 13165 10617 4.0260 100 0.8.'W7 
197"1 14751 10278 4.0119 101 0.8632 
1973 15062 10249 4.0107 102 0.8718 
1974 15863 10193 4.0083 103 0.8803 
1975 14609 101!16 4.00.'19 104 0.8889 
1976 13930 9966 3.9985 105 0.8974 
197? 14439 9966 3.9985 106 0.9060 
1978 17327 9881 3.9948 107 0.9145 
1979 17979 9796 3.9911 108 0.9231 
1980 ll014 9541 3.9796 109 0.9316 
1981 11891 8890 3.9489 110 0.940'1 
1982 13080 8296 3.9188 Ill 0.9487 
1983 14864 8267 3.9174 112 0.9573 
1984 12911 7843 3.8945 113 0.96..'18 
1985 12033 7758 3.889? 114 0.9744 
1986 13958 6852 3.8358 115 0.9829 
1987 12118 6710 3.8273 116 0.9914 

Stun 1662210 1662210 480.519 
Mean (X) 14329.4 14329.4 4.142405 
Std. deviation (•) 3677.0 3677.0 0.110875 
Skew (G) 1.01088 1.010888 - 0.24026 

(Wilson c:t al. )984). The mO&t common method to dcvw:lop a surfaGe runoff bydl'ogtaph is 
to con~'Olute the unit hydrograph ordinates (UHOs) with rainfall excess increments of unh 
duration arr.mged in an appropriate ~uence. Com'Oiution i.~ a process of multiplication 
and summation. Rainfall excess is precipitation minus IOMCS. The following data arc required 
to generale a surface runoff hydrognpb: 

• WaleOihed parameten including d-rainage an:a and time of concentration or lag time 
to detennine the unit hydrograph ror the basin 

• Duration a.nd time dlsttibution of predpitation and snowmelt runoff' 
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figure 2·2. Typical surface runoff hydrograph 

• Soil losses 

• Bascflow hydrograph 

The entire watt:.nhed is djvided into subw-.ltenheds, each representing the drainage area of 
a significant uibutary of the mai_n stream. Identification of significant tributary subwater
sheds is ba!led on judgmc:nt. The larger the number of subwatenheds, the more complex 
the h}'<lrologic network. A surface runoff hydrograph has to he de\'eloped for each sum.'ater· 
shed, routed along interconn«ting channels, and combined with surface runoff hydnr 
graphs from other sulw.-atcnhcd'l at appropriate locations. A line diagram of the hydrologic 
network should be prepared that showa the location of each subwatenhed and the flow path 
of surface runoff from aiJ subwatersheds to the point where the composite hydrograph for 
the entire \\'3lershed is to be developed. Sometimes. dividing a watershed into different 
numbers of subwatersheds may result in appreciably different peak flows at the watcnhed 
outlet. If all hydrogr.tph parametel'! are ~lected conlist.ently and weighted hydrograph 
parameters. arc used to reflect the contribution of minor tributaries within each subwater
shcd. then the difference in the number of subwatenhed:s in which the watenhed is divided 
may not rc5ult in significant differences (i.e., great.er th.an about 10%) in the ~timated peak 
flows for the entire w.ttcnhed (Prakash 1987) . 

Methods to estimate lhe time of concentration or tag time are described in the section 
of lhis chapter entitled •Rational Method." 

Unit Hyrlrograph 
The unit. hydrogrnph is a hydrograph of direct runoff from a watershed resulting ftom a 
unit depth of effective rainfall ( i.e., precipitation minus losses), unifonnly distributed m•er 
the watershed area oceutring during a specified period of time known a5 the unit duration. 
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The unit duration should be suffidentJy Stnatl so lhat the ptedpilatioo r.Hc during this period 
may be assumed to be constant. Generally, a value smaller than 0.29 times the lag time is 
considered reasonable (USACE 199Ja). The two methods to develop a unit hydrograph 
for a \\~ . .uei'Shed or subwaten.hed are the direct a_nd indirect (synthetic) methods. lo the 
direct r:nethod. subwatenhed area. observed outflow hyd.rograpb at the subwatershed out· 
let. estimated bascllow parameters or baseOow h)'drogtaph, precipitation associated with 
the observed oulfl.ow hydrograph. precipitation loss parameters, and Jag time arc used as 
input to derive the un.it hydrograpb. For t.hi.s method to be applicable, the obsen·ed outflow 
hydrograph should be the result of an i.~lated ston:n with unifonn intensity throughout its 
duration and uniform disuibution over the entire subwatenhed. In the HECl model, this 
method is incorporated in the form of"optimization methodology" (USACE 199Ja). (Refer 
to other texto; for der.'lils. e.g., ASC£ 1996.) The practitioner is ofte.o required to de"\-elop and 
u.sc synthetic unit hydrographs computed by indirect methods. Some relati-.:•eJy ~imple indi
rect methods to develop unit hydrographs follow: 

Dimensionless Unit H ydrograpb (USDA 1972, 1985; USBR 1987) 

Various agencies (e.g., USDA and USBR) have de\.-eloped generalized dimensionk:85 unit 
hydrograplu (i.e., plol> or ~abl<ll of dimension!""' discharge against dimcnsionles5 time) appli· 
cable to $ubw.uenheds <lf diffe~t sizes in different regions. The HECI model ha.o; incorpo
rated the SCS dimensionless wlit hydrogrnph vdluc:s (i.e .• C/ t, venus q/ t'! "'ithin it" code, where 
1 = time in houn at which unit hydrograph ordinate (UHO) is q (m / s), t, = time from the 
beginning w the peal of unit hyd.rogr.tph in hows, and 9; = peak ordinate of the unit hydro. 
graph (m' / s). !fsuhwatershcd area, A (km'). unit duration. 4(h), and lag rime, lc{h), are spec
ified, then 

(2-27) 

(2-28) 

As Star.cd prcviou'lly, 4 ~ 0.291t. For any rime. 4 the ratio, t/ t,. is computed from F.q. (2-27) 
and the corresponding value or q!q, is ob~ained from the ~ables from which q (UHO at lime 
t) is computed. From a practitioner's point of view, this is one of the more convenient meth· 
od.s because it requires onl)' one parameter, t.v to be estimated. in addition to the area of 
the subwatenhcd. 

Clarlt's Unit Hydrograph (ASCE 1996; USACE 199la, 2002) 

To t.LSC: this method, the ~u~-... tenhed a.re-d i:~ d.ivided i.nto severAl tones by isochrones, 
which are loci of points of equal travel titnts up tO the subwd.tershed outlet. The area 
between each isochronc and subwatershed outlet is pla.nimctered and exprcs.~d as a dimen-
5ionless time-area cun·e or table between A• = A (r) / A and t" = t(t)/~ where: A(l) = area 
and 1(1) = (ravel ti.mc (n)m i.soch.rooe i to 5ubwatenhed oudcL lf a !lit~pccific time-area 
curve is not available, then the equations of the HECl and H£CHMS models maybe used: 

A' a 1.4H(f) "' 0" t' <0.5 (2·29a) 

1- A' a 1.414(1 - ()1.5 0.5 sf< 1.0 (2-29b) 
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Although not absolutely neces:sary, the lime step of computations i~ usually taken to be the 
same as the $clected unit du_ratio.n .• AL The UHOs of Clatk's unit hydrograph can be com· 
puted by the followinif-

B(t) ; A [A"(t) - A"(t- At)! (2-30) 

q(l) ~ 2c;,JJ(I) + C,q(t + at) (2-Sll 

l/(1) = 0.5[q(t- <1.1) + q(t)] (2-32) 

C, = At/ (2K + .lot) (2-33) 

C,~ I - 2Co (2-31) 

where K = s.toragc coefficient in units of time. This method is useful only when a site-specitic 
or regional value of K is available o r can be estimated. Methods to estimate K may be rowld 
in other ref~n:neos (e.g., USACii'. 1960; Ponce 1989; Bras 1990). 

Snyder's Unit Hydrograpb 

Th.i.s UJethod dOCll not produce the complete unit hydrograph. It provides the ba>e 
width in houn, peak flow (m'/s), and width• at 50% and 75% of the peak How in houns and 
is useful only when calibra~ed values of Snyder's parameten, c, and 1,_, for the region or 5U~ 
watershed are awllable. The paranteter, t1~ is estimau:d from Eq. (2-7). and C, is a coc:ffr 
dtnt in the equation 

(2-86) 

Typical values of (j, arc 0.91 for watenshedlsimilar to tbooc in southern California, 0.68 for 
those Jimilar to fairly mou.ntainOU$ Appalachian Higblands. and 0.31 for those similar to 
scctioru of states bordering on tbe eastern Gulf of Mexko. (Details of the method are pn> 
vided in other texu, e.g .. ASCE 1996; Chow 1964.) Knowing c;.and ILo the HEC-1 model may 
be used to develop Snyder's unit hydrograph. This model wes a trial and error melhod to 
obtain the corr<tponding (.lark's parametens and then generates the unit h}'drograph. An 
initial value ofOark's parameter, K. is usumed: the time of concentration is estimated from 
the relatioruhip. ~ = t,j0.6; Clark'• UHO. are computed for the desired unit duration, AL 
Then, trial values of Snydcr•s paramc:tcn arc computed by: 

c; = q;(t;- 0.5 Al)/(2.78 A) 

tL ~ I.048lt;- o.7HQ 

whete 

t; • time when q; occurs on the computed Oatk's UHOs 

q; -= maximum UHO 

(2-36) 

(2-37) 

The initial usumed values of lr and K are adjusted to compensate for differcnce5 between 
computed c; and ti. and given values of G and 11 •• A new set of c; and ti is recomputed 
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until d'tese v-.Uues are in close agreement to the given vatues within an acceptable tolerance 
limit (e.g., 1.0%). The 6naJ set of values is then used to develop O.ark'.s UHO.s. 

Kinematic WCMI Methocl 

ThL' method is incorpor.ucd in the HECI and HECHMS models (USACE 1991.., 2002) 
and is useful to develop surface runotl h)•drograph.s for subwa.tersheds that consrirute lateral 
Do~~ to streams. It also is useful to dc--elop surface runoff hydrographs for flOWll acmss lin
ear boundatie§ of subwat:ersheds. The basin area conuibuting lateral flow to the stream may 
be dhided into separate subunits based on land slopes and surface CO\'e.t type~ ot d irection 
of flow. For irL'>tance, overland flow to a stream from the left and right sides of irs banl may 
be: oornputed using two different subunits of the same basin. Surface runofr computation.\ 
have to be m."lde M:pararely for each _s·,lbut\it. The r.•in&--..U exceN i-ll a~~Sumed to flow laterally 
to the stream through a wide rectangular channel. The length of the flow path, L, land &ope, 
~ Manning's roughness factor. n, a_nd perc:entage of basin area that this subunit represents 
arc used as given parameters. The rougbneM fac."COr for overland flow typicaUy varies from 
0.5 for dense vegeta.tion to 0.10 for very shallow depths on surfaces paved with coocret·e or 
asphalt The roughness factor and land slope are used to determine kinematic wave par.une-
ters. a and m. For a wide channel where lhc: wetted perimeter is nearly equal to the chan
nel width~ the kinematic \\ .. a,:e approximation for discharge, Q, i.s 

where 

a • (l/ n)S'13 

"'= 5/ 3 

(2-38) 

Rainfall exces!, q, per unit width of the Oow path constitutes the inflow to the channel. The 
resulting continuity equation with the kinematic wave apptoxirnarion is 

(2-39) 

A discreti1_.ed form or Eq. (2-.39) is solved numerically oo develop a sutface runoff hyd.ro
graph fo r O\'CTL'lnd Oow per unit width of the subunit The avetage width of the subunit 15 
estimated by dividing iiS area by the average length, /. The •urf•ce runoff hydrograph ordi
nat.es per uoit \\-;dth are multiplied by this width to obtain the 5urfacc runoffh}•drograph for 
the entire subunit. Surface runoff hydrogr.1phs from these subunits are combined with the 
hfd.rogrdph entering the strt:as:n reach o r subwatcrshcd a t the upstream edge of each sutr 
unit. Further detail-; of the method are provided in other text.c; (e.g., USACE 199la, 2002). 

Design Sfoml Durolion and Depth 
The duration of design precipitation for the watershed is determined using the estimated rime 
of travel of surfucc runoff from the upper edge of the watershed to the point of interest 
through O\•-erland flow paths, channels, and impoundments. A srudy of annual maximum dis
charge record~ of selected srreams i.n Marylaod indicated that a 24-h $lon:n duration may be 
appropriate for drainag<: area• of5 to 130 km' (Levy and McCuen 1999). Smaller storm dura
tions may be used for smaUer watersheds with smaller travel times of surface runoff, and a 
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24- to 96-b duration may be necessary for larger watershed" Pn:cipitation depths of the desired 
retunl pe.~iods and durations can be:: obf:ained fi'Om NOAA Ada~ 2 for the eleven western states 
(NOM 1973), TP-4{) for other contiguous states (Hershfield 1961), T echnical Paper No. 47 
for Alasl:ll (Miller 1963), Technical P.•per No. 43 for Hawaii (USDOC 1962), and Technical 
Paper No. 42 for Pueno Rico and the Virgin lslmds (USDOC 1961). Methods to estimate areal 
a'erage precipitation depths from point estimates also arc included in these publications. 

For con\'olution with UH0s1 precipitation depths have to be dMded into time increments 
equal to the unit dur.uion and .sequenced to approximate the time discriburion of precipita. 
tion in the storm C\'C'nt of interesL VariOtL\ methods have bt!en proposed for time distribution 
and sequencing of incremental precipitation. If hyetographs of r.llnfall e\"eO.ts in lhe site vicin· 
ity are a"-odla_ble, then the di.s-u·lbuti(m and sequence of incremental precipitation for the 
design storm should be selected to be a5 dose to the ob5ci"\'Cd ones as possible:. A few com
monly used methods are presented here. 

SCS Method 

The SCS has expte!!Sed time distribution a 11d sequencing of 2..,h rainfall by four C-UI'\-'C$ 

applicable ro different regions of the United States. Approximate distributions of precipi
tation depths convenient for computCI' use are included in Table 2·14 (USDA 1986: Ponce 
1989). 

The Type I distribution is applicable to Haw.t.U, the coa.\tal side of the Sierra Nevada in 
southern California, and the interior regions of Alaska. Type lA rep~OIS areas on the 
coastal side of the Sierra Nevada and the Cascade Mountains in Oregon. Wa.-shington. 
nonhero California, and lhe coastal regions of Alaska. Type m represents Gulf of Mexico 
and Atlantic coa.ual ateM where D"Opical Sto1nu bring large 2+h rainfall amounts. Type n i.s 
applicable to the remaining United States, Puerto R.ioo. and the Virgin l_sl.and5. Type H and 
Type UJ distributions an: \o"ery si.J:niJ.ar to each other. 

HECl Model Approach 

This method uses specified ' oalues of precipitation depths for 5--, 15-, and 60-min and 2 .. , 
3--, &, 12·, 24-, 96., 163-, and 240-h durations depending on the duration of the design stonn. 
The model generaces a triangular disuibution such that the rainfall depth specified for any 
duration occun d uring the cen&r.tl part of the s.t0m1. Titis method has been found to be 
convenient for cases where site-specific sequences of incremental precipitation cannot be 
d.etennined. 

Soil Losses 

Soil losses include the portion of precipitation that is lost due to infiltration, transpi.ration 
and interception by Ye'gelation, dcpretsS.ion stOrage, and evaponuion. Methods to e5timar.e 
soil losses thac are relatively simple to use and do not n::qu:irc paramete-rs, some of which may 
he relatively difficult to olxain, are described here. 

1. Conotont inllioll<>so (mm) followed by uniform loss rate (mm/ b) . This method is 
suirable £or watersheds where calibrated values for the unifonn los.-. and unifonn loss 
rnte are available fo.r storm event$ lim liar to those for "'hich the surfucc runolr hydn> 
graph is to be dC\'Ciopcd. The entire precipitation ~ lost until the prescribed initi.al 
1055 is satisfied. Thereafter, precipitation 1055 occun at the prescribed uniform rate. 
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Table 2-14. Time distribution and scquendng of dC$ign stonns 

Frac:ticm of 14-h ninf.U depth 

Dundou {h) Type I Type lA TypeD Typem 

o.o 0.00000 0.00000 0.00000 0.00000 
0.5 0.00871 0.01000 0.00813 0.00500 
1.0 0.01745 0.02000 0.01050 0,01000 
1.5 O.OW21 0.03.'100 0.01618 0.01500 
2.0 0.0!1.'\00 0.05000 0.02200 0.02000 
2 . .5 0.04416 0.06600 0.02813 0.02619 
3.0 0.0!;405 0.08200 0.03450 0.03075 ,,, 0.06466 0.09800 0.04113 0.03669 
4.0 0.07600 0.11600 0.~600 0.~300 
4.5 0.08784 0.1~ 0.05525 0.04969 
5.0 0.09995 0.16600 0.08300 0.05675 
6.5 0.11234 0.18000 0.07125 0.06419 
G.O 0.12500 0.20800 0.08000 0.07200 
6.5 O.IS915 0.23700 0.08925 0.08003 
7.0 0.15600 0.26800 0.09900 0.00080 
7.5 0.1 74<i0 0.31000 0.10925 0.10163 
8.0 0.19400 0.42600 0.12000 0.11400 
8.~ 0.21900 0.48000 0.13225 0.12844 
9.0 0.25400 0.52000 0.14700 0.14575 
9.5 0.30300 0.55000 0.16300 0.16594 

10.0 0.51500 0.57700 0.18100 0.18900 
10.5 0.58300 0.60100 0.2U400 O.ZI650 
11.0 0.62300 0.62400 0.23600 0.25000 
11 .5 0.65550 0.64500 0.28300 0.29800 
12.0 0.&8400 0.00400 0.66300 0.50000 
12.5 0.70925 0.68300 0.73600 0.70200 
13.0 0.73200 0.70100 0.77200 0.75000 
13.5 0.752'15 0.71\100 0.79900 0.78360 
14.0 0.77000 0.73600 0.82000 0.81100 
14.5 0.78625 0.7!1281 0.8.,63 0.83406 
15.0 0.80200 0.76924 0.85350 0.85425 
15.5 0.81725 0.78529 0.86763 0.87156 
16.0 0.83200 0.80096 0.88000 0.88600 
16.5 0.84625 0.8162!1 0.89119 0.898.'!8 
17.0 0.86000 0.83116 0.90175 0.90950 
17..5 0.87325 0.84569 0.91169 0.91938 
18.0 0.88600 0.86984 0.92100 0.92800 
18.5 0.8982.'1 0.87361 0.92969 0.93581 
19.0 0.91000 0.88700 0,9,75 0.94325 
19.5 0.92125 0.90001 0.94519 0.95031 
20.0 0.93200 0.91264 0.95200 0.95700 
20.3 0.9422.~ 0.92489 0.95844 0.96.,36 
21.0 0.95200 0.93676 0.96475 0.96944 
Zl.5 0.96125 0.94825 0.97094 0.97323 
22.0 0.97000 0.95986 0.97700 0.98075 
22.5 0.97825 0.97009 0.98294 0.98598 
23.0 0.98600 0.98044 0.96675 0.99094 
23.5 0.99325 0.99041 0.99444 0.99661 
24.0 1.00000 1.00000 1.0000 1.00000 

Sc>urec:: USDA (1986); Poo« ( 1989) 
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2. Curve Number Mothod (U~'DA 1972, 1985; ASCE 1996). In this method, a curve 
number (CN) is a.~igncd to each component of the watershed based on soil type, 
land we, and antecedent moisture condition of the soil$. P.ubl.i.shed soU sun-cys fot 
most counties in the United States are 3\'ailable in many libraries and local offices 
of the Natur.d Re$0urces Conservation Ser\'ice (NRC'S). The soi.ls arc cla.s.'lificd into 
four hydrologic soil groupo: 

a. Soils having high infiltration .-a.te!\ even when thorough!)• wetted and consining 
chiefly of deep. well-drained to excessively drained sand~ or grdvels. TI1ese soils 
ba,·e a low surfdCe runoff pOtential and are auigtl.ed low curve numbers. 

b. Soils having moderate lnfihr.ltion rates when thoroughly wetted and consisting 
chiefly or moderately deep to deep, moderately well· to well-drained 50ils with 
moderately fine to moderately coarse textures. 

c. Soils haloing •low inftluation rates when thoroughly wetted and consi>ting 
chieOy of soils with a layer that impedes downward mO\-'tment o£ water, or soils 
with moderately fine to fine texture. These soils ha\t a relatively higb runoff 
potential and are assigned moderAtely high CUI'\'e numbers. 

d. Soib having very slow infiltration rate$ when thoroughJy wet ted and eonsi!l.ting 
chiefly of clay soils with a high 5\'lo'Clling potential. soils with a permanen tly high 
water table, soils with a day pan or cla)' layer at or near the surface, and shaJ. 
low soils m•er nearly impel'\1ous material. These soils ha\'e high runotl' poten
tial and are assigned high <:UJ'YC numbers. 

The soil moisture condition n:sulting from weather conditions preceding the storm 
event for which a surface runoff hydrogro~ph is to be developed is referred to as the ante
cedem moisture condition (AMC). AMQ are divided into three clas:scs: 

J. AMC 1: This n:presen lS a condition when soils are dry but not to the wilting point and 
antecedent precipitation ("ithin 5 days prior to the stonn e\'ellt) is Jess than about 
13 m_m for the dormant season and less than about 36 mm for the crop growing st"..t.SOn. 

2. AM.C U: This represents average conditions typifying annual Ooocb when antece~ 
dent precipitation is l S to 28 mm for the donn-ant season and~ to 53 mm for the 
growing M:a'i()n. 

3. AMC W: This represents a condition when heavy rainfall (greater than 28 mm dur· 
ing lhe donnant season and 53 mm during the growing season) or light rain.faJl and 
10\\' temperarures have occurred within 5 days preceding the stonn e\'enr. 

According to the cunre number method, 

whe·re 

Q = surface runoff (em) 

P & total rainfall (em) 

S.. = potential maximum rete ntion a .. defined in Eq. (2-6) (ern) 

Ia • initial abstr.tction (em) = 0.2$4 

If P s 1 •• there is no runof[ 

(2-<0) 
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Table 2-15. Typical runoff cun"' oumben (MIC Jl and 1. s 0.2 S.) 

Cover Hydrolopc soil KJ'Oup 

T reatment H ydrologic 
Lorul .- or pnclice condition A B c D 

Fallow Straight row 17 86 91 94 
Row crops Straight rO'k' Poor 72 81 86 91 

Good 67 78 8> 89 
Contoured Poor 70 79 84 88 

Good 65 15 82 86 
Contoured and Poor 66 74 80 82 

terraced Good 62 71 78 81 
Snu!l grain Straight row Poor 65 76 84 86 

Good 65 75 65 87 
Contoured Poor 63 74 82 85 

Good 61 75 81 84 
Contoured and Poor 61 72 79 82 

terraced Good 59 70 78 81 
Cooed seeded Str.Ught row Poor 66 77 8.> 89 

legumes or Good 58 72 81 8.'> 
rotation Contoured Poor 64 75 8.'1 85 
meadoW' Good 55 69 78 83 

Contoured and Poor 63 73 80 83 
terraced Good 51 67 76 80 

Pa.\ture or General Poor 68 79 86 89 
range Fllir 49 69 79 84 

Good 39 61 74 80 
Meadow General Good 30 58 71 78 
Wood• General Poor 45 66 77 8.'1 

Fair 86 60 73 79 
Good 25 55 70 77 

Fannsteads General General 59 74 82 86 
Roads Din General 72 82 87 89 

Hard surrace Ceneral 74 84 90 9'1 
Open •P"t"' Grass cover <50% Poor 68 79 86 89 

(lawns, parks, Grass cover 50 to 75% Fair 49 69 79 84 
golf courses. c.,... cover >75% Good 39 61 74 80 
cemeteries, c:tc..) 

Commercial and General General 89 92 94 95 
busint!$! areas 
(85% impervious) 

lndwtrial dislricts General General 81 88 91 93 
(72% imperviow) 

Raidential areas CN reduces with I...ot !i_z.cs or 1/ 8 46-77 65-& 77-90 irl-92 
increase in lot size w 2 acres 

P:n'Cd parking lou General f..enernl 95-98 9!1-98 9!>-98 95-98 

AClo.se-drilk:d or broadc:u& 
Source' USDA (1972. 1985). 

36 Copyrighted material 



- - 37 

Cun-e numben for MIC II are given in Table 2-1!; (USDA 1972, 1985). The corre
sponding cu"-e numbers for M!C I and MIC Ill can be estimated using the equations 
(Hawkins et :U. 1985): 

CN, (CNs for M!C I) = <:1\1,/(2.3 - 0.018 <:1\11) 

CN,., (CNs for AMC III) • CN,,/(0.13 + 0.0057 C.'\11) 

(2-41) 

(2-42) 

lf the watenhed i.ndudes segmc:ncs with SC'\'erAI type"$ of wils and soil CO\>er complexes. 
appropriate CNs are assigned to each segment and a weighted C'l can be estimated for 1he 
entire watenhed using the equation 

CN(wcighted ) = C/V(l)A1 + CN(2)A, + . . . + CN(n)A. (2-43) 

where 

C.N(I )J\1, etc. = CN and area, respectively. of different segments 

n = total nwnber of segment~ in the watetshed 

Snowmelt and Snow Loads 
A simple method to estimate the contribution of $OOwtnelt co tainfall excess is to use the 
degre«lay method. as in the equation 

S. = C.(T- T.) (2-44) 

where 

s. = snowmelt per day (rom) 

T = air temperature rC) at the mjdpoint of the zone of snowpad d uring the time 
interval for which snowmelt is being calculated 

T. = air temperature a t which snow melts rc) 
C... ee melt coefficien t per degree-day (mm/"C), wually about 3.20 

Often, air tempe.rawres at differen t e levations within the rone of snowpack arc not avail· 
able. To estimate ail" temperatures at d ifferen t eleva.tions from known values at o ne ele\l'r 
tion, an average temperarure lapse rate .,.,;tb changt5 in elevation may be used. A typical \'alue 
ofl4psc rate is about O.li<rc per 100-m change in ele>-ation. 

If data about rainfall intensit)' and wind velocity are a\'ailable. the contribution of s:uuwrnelt 
during rain may be evaluated U>ing Eq. (2-4!;) or (2-46) (Olow 1964): 

• For open (<10% co\oer) o r partly forested (10 to 60% cover) ba•;i.n area-s, 

S. = ( 1.326 + 0.2386/m + O.OI26P] T + 2.29 (2-45) 

• For heavily rorc&ted (>80% CO\'er) areas. 

S. = (8.388 + O.OJ26P] T + 1.27 (2-46) 
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where 

s ... = daiJy .snowmelt (tnm) 

T., = mean temperature of saturated air at the 3.0-m level rc) 
v = mean wind \"elocity (km/b) at the 15.2-m level 

P .., r.ne of precipitation in mm/ da)' in open portions of the ba.orin 

A ::c coefficient varying Croru O.S for forested areas to 1.0 for uutOrested plains 

The w<tter resource:s engineer is often required to compute r.U_n and snow load~ on 
roots of industrial structures (e.g., nuclear power plant structures) and some residential 
buildings. lf a parapet is provided so that the snow and rainfall are both retained on the 
roof, then the roofload can be estimated using design depths and unit weight-; of snow and 
r.:..inw-ater. n -te average initial specific gr.wit)' of !mow i5 about 0.10. In some ca"Se~. snowfdll 
is foiiC)'.o.""ed by small amount'> of inteiTI)ittent rainfall. As rainwater falls on snow. the snow ts 
compacted, and it absorbs water until a threshold is reached when drainage of excess water 
begins . The average specific gra"ity of compacted ~mow is about 0.40. Co1)1putational steps 
to estimate roof loads due to compacted snow on roofs without parnpcts arc listed below: 

• 

• 

• 

• 
• 

Estimate lOO.year mean recurrence intetval snow load on the ground for Ute loca-. 
cion ofiotetest from available maps (e.g., NBS 1912). 

O btain the COITCSpondiug snow load on the roof by multiplying the snow load on 
the groWld by a basic snow load coetlicient of0.8. Th.is coefficient may be decreased 
for aloping roofA to account for .dide-off of snow and increased to account for accu
mulation of snow on pitched or curved roofs. 

Obtain the snow depth, ho (m), of the computed initial snow load on roof using a 
specific gta\i.ty of 0.10 fOr S'now. 

Obtain initial water equivalent of snow, H0 (m), wing the relationship H0 = 0.10 Jto . 

Obt.rtin the depths of compacted snow, /t. (m), and iiS water equi\'alem, H (m), at 
the threshold condition using the experimental relationships (USBR 1966): 

fl ~ 0.4h 

!VIto= 1.474 - 0.474H/ Ho 

(2-17) 

(2-48) 

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

Ex:ample 2-7: Estimate roof load of compacted snow on a building near Milwau_kee, 
\\r15Con.sin. 

Solution: 

100-yr mean recurrence inten.ctl.snow load on the ground>'= 146.5 kg:/ m2 ( NS6 1972) 

Corresponding snow load on roof; 0.80 X 146.5 = 117.2 kglm' 
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loilial snow dcplh = 1\) = 117.2/ (0.10 X 1000) = 1.172 m 

Initial wat.er equiwlent, Ho = 0.10/ao = 0.1 172 m 

lo/loo • H/(0.41t,) • 1.474 - 0.474H/ H. 

Thuefore, 

H • 0.2~ m 

Roof load due to wmpacted snow • 0.2386 X 1000 = 2..~6 kg/ m' 

A number of methods haw: been proposed for the estimation of basdlo~• (e.g., ASCE 
1996) . Usually, lxu<:Oow is a small oomponent oflhe Oood hydrogr>ph and its ellilnates are 
hard to verify. Unless calibr.tJ.ed values arc k.n0\\'11., a constant ~flow may be found rea.. 
$0nab1c for mon pr'.tctical purpo56. This constant value tnay be nearly equal to lhe dry 
weather flow at tbe point of computation. 

The surface runoff hydrographs for various subwat.crshed:" should be (ombincd at \'<lriOus 
junction points along the main stream_. Some ti.ma, b}>drographs may ba'-e to be lagged 
before combining and routing. Various methods arc available for routing hyd_rogr.tphs 
through stream channeh (e.g., USACE 1991a. 2002; ASCE 1996). Depending on lhe ease of 
estimating the rcq·uired parameters. any one of these methods ma)' be ~ Methods to lag 
a h)dtograph by a certain number of time Sl<ps, !hough straightforward, may require input 
modification for different models. For !he HEC 1 model, use of the Muskingum or Str.lddle
Stlgger options may be con,'l!nient ln lhese c...,., !he channel loss parameters may be set to 
zero. The routing steps may be scl to 1, and the number of ordinates tO be avernged may be 
act to zero (see HECI or HECHMS UM:r 's Manuals, USACE 199la. 2002). 

ba111ple 2-1: Deffiop 100-yr Oood hydrograph for a 60.44-km' watenbed, shown in 
Figure 2-3. 

Soludom 

1. l)h.ide the watenhed into 12 subwatersheds as sho wn in Figure 2·3. Subwalenheds 1 to 
10 ha\>e poiot outle&S and unit h)'<l,rographs have to be developed for chem. Subwater
shccb 11 and 12 conuibut.e lateral 00\'I'S and are analyzed by the kinematic \\'3\'C method. 
For Ibis purpose, Sut>-'al<rshed II ;, funher subdivided into 11 (a), II (b), II (c), and 
II (d). and .12 is di>ided into 12(w) and 12(e). 

2. From topographic and soil maps of the "'3teDhed, estimate h}'<lraulic and kinematic 
wave paratrH!.tenas sbown in Tables 2-16(a) and (b). 

3. Prepare line diagram of hydrologic. network ~ shown in Figure 2-4. 

4~ Prepare sequence of ralofall-runotT computations as shown in Table 2-16(c). 

5. Detennine time distribution of precipitation depths. 
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6. Use the input dco.-,lopcd in the previous Stefl' for the selected model to de>'tlop a sur
face runoff hydrograph for each wbwatetshed and combine them to develop the rur· 
face runoff hydrograph for the entire watenhrd. 

7. (..ompare estimated peak of rhe bydrogtaph for the W.ttenhed with estimates using 
other mclhocb as shown in Table 2-ll. 

Probable McOOmum Flood Hydrograph 
The probable rn>xUuum flood (PMF) is defined as the hypothetical flood (peak dc.cbarge, ,'()j. 

ume, and hydrograph shape) that is considered to he the most """'re reasonably poosible, 
based on comptehei\S:i\'e h)'drometeorologieal application of probable rnaxinl.um precipitation 
(PMP) and other hydrological fact:oo favordblc for maximum flood runoff, 5uch as sequential 
stonns and snowmelt (USNRC 1977). Recuonably con.sen'ati\'e watershed parameters (e.g., 
lime of concentration and soil loss parameters) along with hewistically combined hydrome
teorological eventS are used m develop the PMF hrdrogr•ph (Prabloh 1978; 198.,). Th..., 
indude the magnitude of the prindpal stonn PMP of required dutation, time dinribution and 
sequence of ir\crcmental precipitatiOJ\, antecedent moisture condition. and the anteCedent 
storm that is asswned to precede the principal stonn. 

Tht: antecedent storm may be: taken to be 40% of the P~.IP occurring about5 daf5 prior 
to the principal stonn, and the antecedent moisture condition may be taken to be AMCJl. 

For Wdtershcds within the United States, PMP estimates for various durations can be 
obrained from releo.>ant publications of the U.S. Department of Commerce (e.g., USDOC 

•' .. • . ,' 
• • • . ,/ 

II 1 ' 

Figure 2-3. Watenlhed map 
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Table 2-16(a ). Hydraulic paramctcn of sulno.<~tcnhc:ds 

Hydnullc ponmeten 

Subwatenhed D.A. (bn') L(bn) H (m} l<(b) ~(b) CN 

I 7.61 5.49 45.72 1.55 0 .93 65 
2 6.58 4.43 18.77 1.18 0.71 65 
3 3.16 2.72 53.34 0 .65 0 .39 65 

• 8.18 4.73 76.81 1.07 0 .64 65 
5 7.43 4.12 57.91 1.02 0.61 65 
6 6.21 6 .24 86.56 1.41 0.85 M 
7 2.54 3.35 32.00 1.00 0.60 65 
8 1.94 2.80 49.38 0.69 0.42 65 
9 7.98 6.55 68.58 1.63 0.98 6!; 

10 6.82 5.<19 67.36 1.34 0.80 6!; 

D,A. = draina ge area; L = h)draulic Jc:ng1h; H = e leva don dUTerence betYo"een oudet :~o.nd upMn::uu 
edge of subw.uershed. 

1961 , 1962, 1960, 1969, 1977, 1978, 1982, 1983, 1988, 1994). In areas where borb short· 
du.ration local intense thunderstorms and long-durAtion gener.tl 5tonns an: common, twO 
estbnatct of the principal storm P~{P must be made. Examples of such areas include those 
west of the 103d meridian i_o the Uni ted StaiC$. Methods 10 estimate the short-du_ration 
(u.mally 6 h) localslorm PMP and long-<iuration (usually 24 to 96 h) gcner.llstorm PM.P are 
given in the above-mentioned publications. As an example. the following steps are used to 
compute the general stonn PMP for the Colorado River and Great Basin Drainages using 
figures and tables in Hydromcteorological Report No. 49 (US.OOC 1977): 

1. Esti.mation of 24~h convergence PMP for 2S..km' area at the locatio n of the 
drainage area of intc~L 

2. Reduction of the estimated 24~h con\'ergence PMP for barrier elevation. 

Table 2-1 6{b ). Kinematic wave parameters for Subwatctshcd~ 11 and 12 

Laoenl Dow ...,.., ..... Main--O.A. 
Subwoknb<d , ...... , L s • % .... L s W.O. z 

ll(a) 0.21 21S.M 0.01>0 0.30 100 1158.18 0 .0026 3.05 2.0 
ll (b) I.<Jj !165. 74 0.008 0.20 100 4267.00 0.002; 8.05 2.0 
ll(c) 0.56 609.57 0.005 0.20 100 9 14.56 0.00~ 8.05 2.0 
ll(d) 0.+1 457.18 0.008 0.20 100 1066.7~ 0.0009 5.05 2 .0 
12(w) O.SI 304.?9 0.015 0.!10 S2 N ...... N.A. N.A. N.A. 
12(el 0.62 457.18 O.otO 0.30 68 1676.32 0.0009 S.66 2.0 

t = length (m); S = lllopc: (m/m); !V.D. = bottom widlh of c:hannel approximated by a trapezoid (m); 
Z = slope of the bank (horiromal:ven:i<::aJ): and N.A. • not applknbJe. 
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Table 2-16(c). Sequence of r.Unfall-runofl' compulatiOJU 

1. Oel'elop h)'llrogr.tph for Subwate-rahed 1. 
2. Develop hydrograph for Subwatenbed 2. 
S. Develop hydrograph for Subwatenhed 8. 
4. C.ombine hydrographs for Subwatenheds I, 2, and 8. 
5. Route through the channel up to the outlet of Subwatenhed S. 
6. Oe-'Ciop hydrograph for Subwatenhed S. 
7. Combine hydrographs for Subwatenheds I, 2. 8, and 3. 
8. Route through the channel liP to the outlet of Subwatetshed 9. 
9. O..'Ciop hydrograph for Subwatersbed 9. 

10. Combine hydrograpb~ for Subwatc:nheds I, 2, 8, 3, and 9. 
11. .Route through the channel up to the outlet of Subwatenhcd 10. 
12. De\-elop hydrograph for Subwatershed 10. 
13. Combine hydrograph• for Subwate.,.heds I. 2, 8, 3, 9, and 10. 
14. De\-elop hrdr<>graph for lateral flow from Subwatenhed lla and route combined 

hydrog:raph to the outlet of Subwatenbed 4 (usiog kinematic wave approach of the 
HEC1 model). 

15. De\-elop hydrograph for Subwatenhcd 4. 
16. Combine hydrographs for Subwatenheds I, 2, 8, 3, 9, 10, lla, and 4. 
17. De\-elop hydrograph for lateral flow from Subw•tenhed lib and route combined 

hydrograph to the outlet of Subwatenhed 5 (t.,ing kinematic wave approach of the 
HEC1 model). 

18. De\'<'lop hydrograph for Subwatenhed 5. 
19. Combine hydrographs for Subwatenheds 1, 2, 8, S, 9,10, lla, 4, lib, and 5. 
20. Develop hydrograpb for lateral flow from Subwatenhed llc and roule combined 

hydrograph to the outlet of Subwacenbed 6 (U5ing kinematic wa\'r approach of the 
HECl model). 

21. De\-elop b)-drograph for Subwatershed 6. 
22. Combine hydrographs for Subwatenheds 1, 2, 8, 3, 9, 10, Ita, 4, lib, 5, lie, and 6. 
23. O..'clop h)'drograph for lateral flow from Subwatenhed lid and route combined 

hydrograph to the outlet of Subwatershed 7 (using kinematic "Wa\'e approacb of the 
HEC1 model). 

24. Develop h)-drograph for Subwatenhed 7. 
25. Combine hydrogr•phs for Subwatmheds I, 2, 8, 3, 9, 10, I Ia, 4, l i b, 5, l i e. 6, l id, 

aJld 7. 
26. Develop hydrograph forlateral flow from Subwatenheds 12w and 12e and routecom

bincd hydrograph for all .!lubwatenhcds to the outlet ofSubwaterahed 12 (ming kine
matic wave approach of the HECI model). 

3. E.s:timation of cumulati\'e con"ergence PMP for 6-, 12~. 18-, 24·, 48-, and 72·h dura· 
tions u~ing specified mu_ltiptying factors. 

4. F.!timation of ineremenlal convergence PMP for 6-, 12·, IS., 24-, 48-, and 1'l·h 
durations. 

5. Estimation of areally reduced incrementll convergence PMI' tor 6, 12-, 18-, 24-, 48-, 
and 72·h dur.uion&. 
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Figure 2-4. Line diagram of hydrologic network 

6. Estimation of cumulative drainage area average convergence PMP for ~. 12-. 18-, 
24-, 4S., and 72-h durations. 

7. E.W:mation of drainage: area a\·eragc: 24-h Or<>t,rraphic PMP Index. 

8. Estimation of arcally and 5Ca50nally adjusted 24-h orographic PMP. 

9. F-•ni.mation of orographic PMP for~. 12-, 18-, 24-, 48-. a_nd 72-h durations U.\ing 
apedfied n•ul tiplying factots. 

10. btimation of total PMP for 6-, 12-. 18-, 24-, 48-, and 72-h durations (i.e., sum of 
com-ergence and orographic PMPs). 

StOnn ttan.spo$:ition and moisrore maximization methods described in the aforemen· 
tioned publications and infonnation included in World Meteorological Organi.zalion pul> 
lications (e.g .• 'A~lO 1986) may be used for watersheds in other parts of the ·world whe1-e 
r9Ponal or &he-specific estimates ofPMP haw: not been dew!loped. For siruatiom: where mean 
(X) and standard deviation (&) or the 24-h annual maximum rain.fhll depth& can be e&timated 
from a\'allable sice-specific or regional data, preliminary atimate of 24-b.r point PMP (P .. ) may 
be made umng the relationship (NRC 198$) 

P. (21 h ) • X + 20 s (2-19) 
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ln the absence of reliable infonnation, the empirical relationship enveloping the world's 
maximum rain(alls of different dur.ttions rnay be U$Cd for preliminary cs:timates of the PMP 
(USDOC 1961): 

P. (ern) = 38.90"·.,. (2-60) 

where D = duration in hours. 
The total precipitation depth during the 5tOnn i.s divided into precipitation depths for 

time increments equal co the unit duration or tlle unit bydiogr.-ph. The incremental values 
are arra_nged in descending order of magnitude (i.e .• 1, 2, 3, 4, 5, 6, etc.). Seoi·eraJ method\ 
to di\ide the PMP into !lnlaller time increments equal to the unit duration and to sequence 
them to develop the PMF h)'drogntph are i.nduded in the aforementioned publications and 
also in the H£(',.1 and HECHMS models. The following are some commonly used se
quences of incrcment..'\1 precipitation: 

I. 6, 4,2, 1, 3, 5 

2. 5. 3. l . 2, 4, 6 

3. A hypothetical distribution and .sequen<::e included in the HEG·l model 

4. Methods for distribution and sequencing of S12ndard P"liect and PMP >tonns of 
24-, 48-, 72-. and 96-h duroltion.s included in the HECl model 

An optimal sequence, which depends on the shape: of the unit hydrograph fo r the wat.er
shed, may be used for cases where extremety consenative PMF peaks are de5ited (Prn.kadt 
1978). 

Since tbe PMF i.s a consel"\>atively ~rim:ued hypothetical event, reasonableness of Lhc 
e$timated PMF peak should be verified using heuristic method$. Where practicable, water
shed parameters 5uc.h as the time of concentration and soil lo» parameters may be \>-erified 
by calibration using observed historic ralnfall and flood hydrographs. A few simple empiri
cal methods to estimate peak Oows approaching the P~{f peak are given here (Grippen 
1982). 

). Cr\ppen's Equation 

2. Creager's Equation 

3. Mauhai'i Equation 

where 

Q. • peak Oow (m5 / s) 

A = drainage area (km') 

Q. ~ 577.26A...., x z .... ,., 
Z= 0.621~u + 5 

Q. = 130(0.:186A) 8 

B = 0.9358A -"""' 

Q. = 174.M .. , 

(2-5Ja) 

(2-Mb) 

(2-52a) 

(2-52b) 

(2-53) 
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It should be verified that the estimated PMF peak is dose to the ra_nge of those computed 
by the empirical methods. In addition, the estima1cd PMF peak should be reconciled with 
any other previously estimated PMF pea.lu in the region. 

Example 2·9: The w:uenhed of a su-cam i.'i located in a hurricane-prone area. A dain i:s to 
be cons1rueted on this strea.m at a point where the drainage area Is 535 kJnt. Rainfall ana1)'5i~ 
of limited data and cxtrapolalion5 from data for watersheds in similar latitudes resulted i.n 
PMP depllu shm.n in Table 2·17(a). Develop a PMF hydrograph for !he design of !his dam 
assuming a corurant baseflow of 100 m' /s. 

SolulioG:: The watershed is divided into Je\·en subwareNbeds a1 showo i_n Joigu.n: 2·5. The 
pon.ions of SUbW<lterShed S on the left and right skies of the m-cr contribute lateral Oow along: 
the S.ll"e:UY\ reach. So, the kinematic "''a"~ option of the HECJ model is used to d~>elop 1hc 
hydrogr.tph for this su~o;uenhed. Rf>Je\'ant panunet.en for each wbwatershed are shown in 
Table: 2·17(b). An AMC U cutve number of 70 is used for all sui:'A'I-ateOOed.s. The sequence of 
rainfall runoff computationJ i5 sho\'ln in Table 2·17(c). 

For the sake of simplicity, the hypothetical d.isuibution and .sequence of iocrememal pre
cipit:uion incorporated in the HECJ model is adopted. Thi$ requires PMP \'alues for!). :md 
IS. min durations. lo the absence of llite.!!pccific inform.ation, l'a.lues for smaller dun. lions may 
be e~timatcd from the 1-hr value using the ratios shown in Table 2 .. J7(d) (NOM 1978): 

!kuio PMP • 0.29 X 109.74.,.. 81.82 nu» 

lf>m.in PMP = 0.?7 X 109.74 ~ 62.55 mm 

The inpuL developed previously may be used for the JCI<:cted rainfall-runoff model. In this 
Q.Se, the HEC l model is wed. which results in a PM'F peak of ll,4M m'/s,. 

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

I. Crippen's Equation 

Z = 0.6214 X 535°•!1 + 5 ., 19.373, and 

Q.. = 577.26 X 6$.'!1°~ X 19.S7!ro..?SI = 12,24.2 m'/ s 

2. Creage(• Equation 

B = 0.9358 X 535_, .... = 0.6922, and 

Q. = ISO (O.SSG X 535)0·..., = 5,rol m'/5 

3. Matthai'a Equation 

Q.. = 174.3 X 535 ... ' = 8,046 m' / s 

Thus,. the e5-timated value of 11.435 ro' / s i'Sjudged 10 be fairly comef\o-ath."C. 
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Ta b le 2 · 17(a ). P~tP depth-• 

Dundon (b) Rainfall (mm) 

1 
2 
3 
6 

12 
24 
48 

109.74 
211.67 
309.06 
5~'\.87 
828.07 

1092.58 
1338.40 

Risk Analysis and Estimalion of Failure Probobilities 
ASCE (1988) and P1-akash (1992b) pro,ide elaborate riJ.k a_nalysi.s of daJ:'IlS and other struc
tures. In some situations, the water resources engineer is required to estimate the proba
bUitr or rillk of occurrence of a certain Oood duri_ng the design life of a structure, which has 
been designed for a T-yr (/J = 1 I T) flood. Forsuch analyses, 

• Probability that at least one (i.e .• one or more) f.Ulurc e\-ents will cx:cur in n }':an: 

P!"' I) ~ 1 - (1 - fJ)" (2·54) 

• Probability that no fai lure e"'·ents will occur in ·n yeats: 

I' (none) = (1 - /J)" (2-55) 

Table 2 - 17(b ). Subwatershed pat,.meters 

Area Lag time (hn) and 
Subwatenthed (km') CN kin~matic wa"~ parameters 

I 70 70 1.60' 
2 70 70 2.08' 
4 24 70 2.14' 

• 56 70 1.91' 
6 164 70 7.42' 
7 106 70 1.58' 

3 (lateraJ Oow from right L .. ·1 ,500 m; 
side looking downstream)b 27 70 S -= 0.50 m/ m; ,., = 0.30 

3 (lateral Oow from left L • 1.500 m: 
side looking downstream)" 18 70 S = 0.40 m/ m; n = 0.30 

3 (main channel flow)., 45 70 1.. ~ 8,500 m; S = O.oJSS m/ m; 
n ;;;. 0.010; IV .D. = 85 m; : = 1.0 

•1..3g time (hrs). 
bKineomOc wa\'t: parameaei'S. 
t • hydr.t.uUc lca,gth; S = land Jlopc; n • roughnca coefficient; \V.D. • bouom width of channel 
a_pprox:imated by a trapo:oid; and Z = Jl~ of the: bank (horizontal to \lertical) . 
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Table 2·17(c). Sequence or rain£-a.U-runotT computations for huniQne-prone wat.c:J'1hed 

I. 0.:.-elop hjdrograph for Su!K<atershed I. 
2. O.:.'e.lop hydrograph for Su!K<atenhed 2. 
5. Combine hydrogntphs for Su!K<;uenhcds I and 2. 
4. Lag the combined hydrograpb by 2 hours to reflect flow to the end of Sub\<'3tenhed 3. 
$. 0..-elop PMF hydrogntph for Subwatcrsbed 3. 
6. Combine the hydrogntph for Su!K<at0111hcds I and 2 with that for Su!K<-atenhed 3. 
7. Lag the combined hydrogrclph by 1.5 houn lO reflect Row lO the end ofSubwd.tc::nhed 4. 
8. 0..-elop hydrograph for Su!K<atershed 4. 
9. !m'Ciop hydrogntph for Su!K<atcrshed 5. 

I 0. Combine hydrograph for Su!K<atenheds I. 2, and 8 with those for Su!K<atenheds 4 and 5. 
I 1. Lag the combined hj-drograph by 3 hours to reflect flow to the end of Su!K<-atenhed 6. 
12. 0..-elop hj-drograph for Su!K<atenhed 6. 
IS. OC\'elop hjdrograph for Su!K<atenhed 7. 
14. Combine h)"itograph for SUbM"d.tenheW 1, 2, a, ... and 5 wilh those from 

Subwatenhc::d~ 6 and 7. 

Tab~ 2-17(d). PMP depths for 5- to !I<Hnin durations 

Source: NOM (1973). 

Dundon (min) 

~ 

10 
15 
30 

Rado 10 1-hr value 

0.29 
0.45 
M7 
0.79 

Agure 2-5. Hurrican~pronc watcnhed 

4.7 
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ba..,le 2·10: A bridge is designed for the 100j>T flood (p = 0.01). Wbat ;, the prob.,bmty 
of (I) no oo.-ertoppiug and (2) one or more .... -.noppiog events during the next 20 and 100 
yr. 

Solution> 

• Probability of at least one O\•enopping event. P ( C!! I), in 20 yr. 

1 - (I - 0.01)10 = 0.18 od8% 

• Probability of at least one O\•enopping even~ P (2: 1). in 100 yr: 

l - (I - O.oJ) '"' = 0.63 or 63% 

• Probability of no ove.rtoppin.g event. P (none), in 20 yr: 

( I - 0.01) 20 = 0.82 or 82% 

• Probability of no overtopping event. P (none) , in 100 yr. 

( I - 0.01) 100 = 0.87 or 87% 

Thu.J. lhere is an 18% chance thai the bridge may be cwertopped at least once during Ute next 
20yr. 

in cenain cases, it is desirable to estimate the probabllicy• of x number of T-yr C\'ents occurring 
i~:t ;a period of n yean~. Fol" these computation.!-. Poio.son's distribution can be wed. 'Thus, 
(Haan 1977): 

(2-56) 

where 

x! = factorial x 

A ; 11/T 

pi.A,x) = probabili<y that x number of T-yr events occur in n )'e:u"S 

bample 2·11: The risk nf damages to a flood control facility is lObe~ for the flood 
season duriog which no time may be available for repairs. Estimate tbc probabiliry tbat 1hree 
IO.,T flcxM!s wou_ld oc:cur in that period of 6 mo wben tepain may be difficult. 

Solution: 

n • 0.5 yr: T • 10 yr; A ~ 0.5/ 10 = 0.05; and x ='· 
Therefore, 

J>(0.05,3) = (O.OS)'exp(-0.05)/ (3 X 2 X l) = 2 X 10-'. 
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Benefit-<:ost anal}':SC.5 are requi.red to perform compar.•ti,·e e-.~.Uuadon of alternative water 
resources development projeciS. AJ\ approxim~ne procedure is illtVJtrated here. 

Example 2·12: An erosion and llood control p~ca is propo>ed for a stream passing 
through an urbanized area. PertOnn a simplistic benefit-con analysis and identify tJte opli· 
mum level of Dood protection for which the pr~jc:ct should be desjgned. Ignore decision fa.c· 
ton other lhan monetary benefits and c~u. Usc a discount rate of 6% to conven present-day 
c:.tpital f.."();$1 to annwaJ values. 

Solution: Preliminary estimates were prepared for altcmati\'e projects de!igned to pn> 
vide different lc\''CI' of protection using a project life of 50 yean. Tile benefit-oost computa
tions are included in Tables 2·18(a) and (b). The operation and maintenance cmt decreases 
as the <.:O!'t (size) of the project increases and the indkated costs are adjusted to include price 
escalation from }"ear to )'ear. 

Annua.l con= Ci(l + t) "/[(1 + •)"- l ] 

wbere 

C = preaent~ay rnpital cost 

i = discount rate 

The estimated benefit-cost ratios !llq,rgtst that, based on costs alone, it may be des.ir.lble to 
design the projeet for 7().. to 1 ()O..yr return period Ooods.. 

Table 2-18(a). Computation of expected damage prorectioo or benelirs 

Total 

D<oisn Incremental lnc:rementol up«:ted 
Rtwn probebllity Damoge -ed~ dam*Cf! 

period Probability 0< freqU<D<)' protection protection prolectlon 
(T, yr) (J> = 1/T) (ll. J>) (D, million $) (Daf>, mlltion $) {millioo $) 

sl ).00 
2 0.50 0.50 0.10 0.05 0.011 
5 0.20 0.30 0.20 0.06 0.11 

10 0.10 0.10 0.30 0.03 0.14 
20 0.05 0 .05 0.40 0.01! 0 .16 
25 O.M O.ol 0.50 0.005 0 .165 
30 0.033 0.007 0.60 0.0042 0.1692 
40 0.01!5 0.008 0.80 0.0064 0 .1756 
50 0.020 0.005 1.00 0.0050 0 .1806 
70 0.014 0.006 1.50 0.0090 0 .1896 

100 0.010 0.004 1.7 0.0068 0 .19&1 
150 0.0067 0.0033 2.3 0.0076 0.2040 
500 0.0033 0.0034 '-5 0.0119 0.2159 

>300 aO 0.0033 4.0 0.0132 0.2291 
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Table 2·18(b). Computation of benefit<OSt ratio 

A_... 
Total .....w -.... __. opencioG" Total ......... -... Preoent.doy maine...,..,.. ..... ual 

period pN>Iedlon capital.- Am>ual ... ..... .... _ , 
(T, yr) (miltion $) (mlllion $) (mlllloo $) (mlllioo $) ('"'Ilion $) -

Sl 
2 0.05 1.103 O.o7 O.o7 0.14 0.!!6 
5 0.11 1.21il 0.08 0.06 0.14 0.79 

10 0.14 1.576 0.10 0.05 0.15 0.93 
20 0.16 1.7M 0.11 0.045 0.155 1.03 
25 0.165 1.891 0.12 0.04 0.160 1.05 
so 0.169'l 2.049 0.13 0.034 0.164 !.OS 
40 0.1756 2.128 0.135 0.0!!0 0. 160 1.06 
so 0.1606 2.21io 0.145 0.025 0.170 1.06 
70 0.1896 2.448 O.IS5 0.020 0.175 1.08 

100 0.1964 2.522 0.160 0.017 O.I n 1.11 
150 0.2040 3.~ 0.20 0.01 0.21 0.97 
!!00 0.2169 4.729 0.!10 0.01 0.31 0.70 

>!!00 0.2291 7.88 1 0.50 0.01 O.SI 0.4& 

•Joc:.ludes price ~alar_ion (rom year to year. 

Re5eTVOi_r operation studie$ are required for sb.ing reservoirs to meet specified demands for 
municipal water supply, irrigation, n~creat:ion, flood control, h)dropower, and instream 
Oow.s. Sc-.-ernl type> of hydrologic aoal)>a may be required U> perform re>en'Oir operation.< 
srudies. Commonly required aoal)>a are described here. 

lf the objective of r.he study ls to evaluate We adequacy of available surface l'l'3tcr supply on 
a daUy basis.. then daily strcamJlow data have to be collected or synthetic-..Uiy generated. 
This may lx: required for rufH1f-river systems whe.re ~t:ream water is used or di'·ened 
depending on the quantity available in the river at that point in time, e.g., for diversion 
dams with little storage capacity. For resenroirs \\ith rclati\>cly large conservation storage to 
absorb diurnal flucruations in streamflows, monthly streamflow data may be adequate. lf 
reliable data are available, lho5C'. data mmr be med. However. i_n r:nany ca\e!, only limited 
data ate available at the time of re$Ccrvoi_r planning. In such case..s, sttearnflow generation 
models may be used to extend 3\"a.ilable data and generate daily or monthly sb'camflow 
sequences for 50 to 200 years or so. 

In some cases, only monthly data are a\'ailable and sequences of only nwnthly !treant· 
flowa can be generated, but daily ateant.Oow dam arc: required for fC$C:I'\o'Oir oper.ttion stud• 
ies. ln such c;a,o, daily streamflow data for atream.s in similar watenh~ may be examined. 
Sim.Uarir:y between watersheds may be judged by size of drainage area, time of concent:f"a. 
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tion, precipitation pattern, climatic region, baseflow patten!$ (i.e., low streamflow patte l'llS), 
etc. The percentage of monthly strcamnow that occurred duri_ng each day of a month in an 
average year may be estimated for the stream for whjc;.h daily streamflow data are available. 
This distribution may be used to disaggreg:_lte monthly strcamOows into daily v.:tlue.s. Note 
that this distribution is useful only for preliminary planning and must be modified as soon 
as appropriate data a_rc available. 

Deterministic Methods 

These i.nvof"e simulation of continuous hourly, dait)•, or monthly strc.amJlO\II'S using con· 
tinuou~ hourly rai_nfall data for the: w<tte,.,hc:d along witl1 other par.uucters goveming tem· 
por.U Y.uiation of &oil moisture oooditions, ev.\pottanS'piration, percolatio~ etc. (Prakash 
and D<:anh 1990). Some of lhe models that can be used for this purpose arc the National 
Weather Service (NWS) Ri\o'Ct Fore<:a.~t System (NWS 1998); Hydrolo~ric Simulatioo Prograrn 
FORTRAN (HSPF) (USEPA 1991a); Precipitltion·Runoff Modeling S)'Sttm (PRMS) (USGs 
1983); and Streamflow Synth.,.is and Reservoir Regulation (SARR) (USACE 1986). The 
res~ctivc user's manuals mu.<rt be studied for the use of these models,. Such analyses may be 
treated as special studies. 

Regression analysis is useful fOr eases where daily or monthly streamflow data with con· 
current daily or monthly rainthll, mean air temperature, and other parameters that may 
affect surface runoff arc available for a relati-..·ety short period of time (e.g .• 5 to 10 years) 
and data for rainfaiJ, temper.nure, and other rclt"<ant parameters arc: av-.Ulablc for a longer 
period of time (e.g., 25 toW years or more) . ln these GaCK:$, rcg:rc5.o;ion equ:ation5 may be 
developed u.<ing lhe 5 to 10 year data ,.;lh streamflow as the dependent \'ariablc. The cor· 
relation coefl'kienu and standard erTOrs for regressions with untransformed variables and 
log-.trithms of ,'llfiables should be compared and the best..fitting regression equation should 
be used to generate additional streamflow data. ming additional available dala for the inde
pendent variables. 

ba•ple 2·13: For evaluating the rea,ibiUty of a \011\ter supply project, monrhty strea.m· 
Oo·v;'S bave to be estimated ror a period of 24 yeats a1 a..n ungauged stream at a poinL where 
rbe drainage area is 58 k..mY. Howe\'er, only monthly rai.nfail data. are available for the 
•watershed for the above period of24 years. Monthly streamflow and rainfall dam are a"-ail· 
able (C)r a.nothe1· nrea.1t1 in tbe vid nllr will\ shu liar w:atenh ec:l c: h:.r.l!CIC~t::ies for a pe riod 
of 13 years a1 a point where the dr.Unagc: area is 40.66 km'. The a\tetage basio slopes, a1ti· 
tudet, hydrologic roil group5, and mean annual precipitation io c.hc: ungaugcd and gauged 
watersheds are 0.013 and 0.02 m/ ro, 68 and 100m, A 10 8 and A tO 8, and 500 and 550 mm, 
respectively. 

SoluliGD• The dminage areas for the two siTeams are difFerent and the watenhed c;~umc. 
t.eristics are similar. The foli«)Wiog is an approxirmue approach ro generate moothl)' stream.O~~: 

• Estimate monthJy streamflows per square kilometer of drainage area for tbe gauged 
stream. 
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• De'\'elop a linear regrwion equation between monthly MreaJOJloW$ per 8<fuare kilo-
meter and monthl)' rainfall for lbe gauged stream. For comparison, develop a second 
linear rcgn"5sion equation between the logarithms of these rwo \'3riables. 

• Usc the equation 'With the higher correlation c:oefficient w estimate monthly strcamilo~A-l 
per unit ~quare kilometer from knowu rnondlly rcUnfull data for the: ungalJ!.ted sueam. 

Monthly streamflow and r.Unf.alJ data for the gauged watershed au shown in Table 2-19(a). 
tiner rcgressiou bct¥.'CCn Q/ A and Paod log (Q/ A) and log (P) ra.uJtcd in 

or 

QJ A= -0.00966 + 9.14 X 10-', 

Log (QjA) = - 6.27588 + 1.732749 k>g (P) , 

i'=0.71 

,. = 0.85 

The $COOnd equation is adopted because it bas a higher correb.tion coefficient: 

'= .Jo.ss = o.n. 

(i) 

(ii) 

The lUlown monthly rainfall values and estimated monthly flOM for the ungauged watenhed 
(A = 38 k.m2) osing the second equation are shown in Table 2-19(b). 

Statistical and Stochastic Methods 

TI1C$C ai"C u.'I'C-IUI for situations where only daily or month!)· streamflow data are avail
able for a limited period of time (e.g., 10 years or more) with little information about con--

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

Rainfoll Streomflow Q/A 
Yur P(mm) Log (P) Q(m'/s) (m0/s/km') Log (Q/A) 

I 45.5 t6sn 0.0453 0.0011 -2.9531 

2 3>1. 7 2.5461 0.5379 0.0132 -1.8784 
3 253.0 2.4031 0.2831 0.0070 -2.1572 
4 323.0 2.5091 0.2600 0.0066 -2.1795 
; 393.4 2.5949 0.3398 0.0084 - 2.078 
6 96.1 1.9829 0.0275 0.0007 -3.1707 
7 147.0 2.1671 0.0849 0.0021 -2.6801 
8 68.3 L8S46 0.0311 0.0008 -3.1158 
9 324.5 2.5112 0.7928 0.0195 - 1.7100 

10 103.3 2.0139 0.0340 0.0008 -3.0730 
11 316.6 2.5005 1.2458 0.0306 -1.5137 
12 628.9 2.7986 2.7180 0.0668 -1.1749 
13 52.1 1.7166 0.0235 0.00063 -3.2381 

A = dr.ainage area in km1. 
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Tab .. 2-19(b). Kno\\n momhly rainfall and estimated monthly 001\11 

Year P(mm) Q(m'l•l 

I 5.33 0.0004 
2 112.52 0.0721 
3 96.52 0.0!;!;3 
4 29.21 0.0070 
5 193.55 0.1846 
6 171.70 0.1 !>00 
7 244.09 0.2760 
8 156.97 0.1284 
9 72.64 0.0338 

10 94.23 0.0530 
II 33.78 0.0090 
12 234.19 0.2~69 

IS 82.80 0.04.24 
14 152.40 0.1220 
15 216.15 0.2236 
16 16.76 0.0027 
17 27.43 0.0062 
18 ss.o; 0.00% 
19 186.94 0.1739 
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 stocha5tic modeling may be treated as a speclal study 
for which the reader may refer to other publications (e.g .. Q.limpo 1968; Fieriog and Jackson 
1971; YeYjevich 1972b, 1982). For generating long sequences of monthly strcamllo\\~ using 
monthly streamflow data for a limited period .• the HEC-4 r:nodel (USAO: 1971a) l-. a con
venient tool. This model has the additional capability to fiU i:n Oow valuet for months for 
which dara are miMing. 

Flow duration cun-e is a plot of streamflOW'S (on ~) 0\Pins.t percentage of th:na that flow 
is equaled or exceeded (on x-axis). It is useful to determine the dependability of dally or 
monthly streamflc>w~ at a gk-en toc;ation to rncct a spe.;i6ed water demand on a daiJy or 
monthly basis. Daily computation." may be requin:d for run~f-river dh-enioru to meet hydn> 
poo.t.-er or irrigation requirements. Monthly computations may be required for reservoirs 
with significantstorage so that daily variations in streamflo"''S are not important. so long as 
the toW monthly inflows are maintained. Computational procedure for Oow duration curve~ 
is illustrated in Example 2·15. 
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Mass Curve (Jlippl} Analysis 

Mass curve an-aJysi_s is u.dhl i_n dctennining prelimiual)' size of a reservoir tequired to satisfy 
a simpijfi<d pattern (i.e .. time ""JU<nee) of water demand. 

Mass cun'CS include two plots on the same gr<~ph. The first c;urve i.' a plot of cumuJati,'t:: 
streamflows or inllows (y-axis) against time (x·a.'<is), and the second is a plot of cumulative 
demand on y-axis ag-.Unst time on x-axis. If We demand curve is a suaigbt line (i.e., demand 
is constant). then select a point on the inflow cun·e at the beginning of the longest 10111'-flow 
period and draw a line tangent to the ma.o;.1 Dow curve and parallel to the demand cut\'e Stan• 

ing from thjs point. The maximum vertical distance between thUs line and the inflow cun·e 
gives the required storage. In certaln cases, the demand may be variable with time. For 
instance. "'-ater dernaod m.ay be low during the initial and final monlhs of the cotutruction 
ol' a major p~ject and may be high during the peak construction period. A slightly modified 
procedure is used for this case. The computational procedure is illusuated in Example 2~14. 

Example 2:-14: Five years of monlhly nreamtlow data are available: at tbe location of a pro
post"d dam (Table 2·20(a)). The reser.,.oir is proposed 10 mee1 a constant demand of 8 m' / s 
im::luding evaporation and other losses. Determine the sUe of conservation storage required 
to meet the ahem~: demand. AW!rne that the reservoir size is such that diurnal Oucruations 
in stre:u:nOows wiU not impact the capabiliry of the n:servoir to meet lbe required dema_od. 
Abo. determine the conservation storetge to meet the variable demand shown in column (3) 
orTable 2·20(b). 

Sotuti<lnt For the case with constant demand. flows, c:umui;Jt:iv.: ~. cumulatM: demand, 
flow-demand. and cumulath-e flow-cumulati,•e demand are sb~·n in columns (2) tbrough (6) 
ofTable 2-20(c). Then, 

• Identify tl1e pail'S of successive peaks (P) and 1rougb-' ('f) in column (6). 

• Com pure the differen ces.: P1 - T1; P2 - 7'2~ P'3 - '1'3, e tc. 

The maximum of these differences i:s the required ttorage. Note lhat some peaks and troughs 
\\ith reL'lti\'(·Jy small differences (P - T) are not included in c:olu1no (6). The maximum dif· 
ference is between P2 and 12 and its value is 39.37 m' / 5-CJlO. To verify that this storage ls ade
quate, reservoir storage and ~pills during eacb month are 5hown in columns (7) and (8). 

The graphical solution for a constant demand of 8 m'h is illustrated in Figure5 2-Q(a) 
and (b). F4,rure 2-6(a) i.nch.lde$ plots or cumulative flO"'S and demand ag-.Uust tirne. The peak 
preceding tbe Jongcs1 low-flow period is denoted by P. A tangent to lhe mass cnrve of OoW!I at 
Pdrawn pa_ralld to lhe m.a.u cur"e of demand ls shown in Figure 2--t>(b). The largest veni<:a) 
intercept givtll the •tomge, which can be scaled 10 be about 39.37 m' / $o1110. 

The flows, demand, Oow<lemand, cumulative flo~. cun:ndati\'c demand. and cumulath:-e 
flOM'-CUmuJative demand for the (.'35e with variable demand are shown i.o columns (2) through 
(7) in Table 2·20(b). As io the previous ca5e, successive peab and [l'()ughs are identified, and 
lhe differences--PI - TJ: 1:'2 - '1'2; PS - TS; and P4 - T4-ate computed. The maximum 
difference is between P2 a11d T2 and its \'alue is 64.33 m 5/ HDO. This gh:-es rbe required $fOr

age. To \'Cri.f}t that this :uorage is adequate, resen'Oir stor-etge and spills during eac;h roonth are 
shown in columns (8) and (9). 
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Table 2·20(a). Monthly streamOow daoa (m' / !) 

v- JOII. Feb. - April May June July Aug. Sept. Oct. Nov. Dec. 

I 8.77 4.91 5.52 11.13 22.48 11.50 9.51 14.10 20.15 35.92 6.65 4.60 

2 24.53 9.47 3.35 4.59 3.85 4.32 9.27 7.04 36.47 6.45 6.15 5.28 

3 5.72 5.36 3.61 3.47 5.78 4.28 4.90 1.94 7.39 4.30 15.26 18.97 

4 9.55 5.83 4.50 8 .22 16.86 12.28 10.75 10.46 9.92 9.01 16.39 16.16 

5 6.16 9.46 8.37 7.29 19.20 23.97 26.77 10.38 5.67 4.69 8.91 15.95 

Table 2·20(b). Mass cun-e anal)'Sls with variabh.•: d~rnand 

(I) (!) (S) (4) (5) (6) (7) (B) (9) 

flow. Cum. Cum. Cum. n.-
Flow DemiDd - Dow d........t ...... - Scontae Spill 

Momb <m'!•mo) <• 'I•- > (Dt'J•mo) (m'J•mo) (m'/•mo) (m'J•mo) (m' / •D:lO) (m' / •mo) 

I 0 0 0 0 0 0 64.38 0 
2 8.77 4 4.77 8.77 4 4.77 64.38 4.77 
$ 4.91 5 -0.09 IS.68 9 4.68 &U4 0 
4 B2 6 -0.48 19.2 15 4.2 6$.76 0 
5 11.13 7 4.1S 30.S8 22 8.8S 64 .. 35 3.56 
6 22.48 7 15.48 52.81 29 23.81 64.33 15.48 
7 11.5 9 2.5 64.31 88 26.81 64.35 2.5 
8 9.51 10 -0.49 75.82 48 25.82 65.84 0 
9 14.1 8 6.1 87.92 56 31.92 64.38 5.61 

10 20.15 6 14. 15 108.07 62 46.07 6U5 14.15 
II 35.92 8 27.92 14S.99 70 7U9 GUS 27.92 
12 6.66 6 0.66 150.64 76 74.64 64.85 0.65 
IS 4.6 3 1.6 155.24 79 76.24 64.35 1.6 
14 24.5S • 20.55 179.77 83 96.77 6US 20.M 
15 9.47 5 4.47 189.24 88 101.24 PI 64.35 4.47 
16 3.35 6 - 2.65 192.59 94 98.59 6 1.68 0 
17 4.59 7 -2.41 197.18 101 96.18 59.27 0 
18 3.85 7 -3.15 201.03 108 93.03 56.12 0 
19 4.32 9 - 4.68 206.85 117 88.35 5 1.41 0 
20 9.27 10 - 0.73 214.62 127 87.62 50.71 0 
21 7.04 8 - 0.96 221.56 135 86.66 T l 49.75 0 
22 56.47 6 30.47 258.15 141 117.15 GUS 15.89 
23 6.45 8 - 1.55 264.58 149 115.58 62.78 0 
24 6.15 6 0.15 270.75 1!>5 115.75 62.95 0 
25 5.28 s 2.28 276.01 1[>8 118.01 sus 0.88 
26 5.72 4 1.72 281.73 162 119.73 64.38 1.72 
27 5.36 5 0.36 287.09 167 120.09 P2 64.38 0.36 
28 3.61 6 -2.39 290.7 173 117.7 61.94 0 
29 S-47 7 - 5.55 294. 17 180 114.17 58.41 0 

(""'linsud) 
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Table 2-20(b). ( Contintud) 

( I) (2) (S) (4) (5) (6) (7) (8) (9) 

f1.,... Cum. Cum. Cum. no-
flow Demand d ...... d Dow <Iemond ...... ........... Sto'"'" Spill 

M.ootb (m'l •mo) (m'l •mo) (m'/ s-mo) (m'/ •mo) (m3/ .. mo) (m3 /~Jomo) (m3 /&-mo) (m' l • ·mo) 

3(l 5.78 14 -8.22 2l.J9.95 194 1!1;.9!; 50.19 0 
31 -1.28 18 - 13.72 304.23 212 92.23 36.47 0 
32 4.9 20 - 1M 309.13 232 77.13 21.!7 0 
!13 1.9·1 15 - 1M6 31 1.07 247 64.07 8.31 0 
34 7.39 12 - 4.61 318.46 259 59.46 S.7 0 
35 u 8 -3.7 322.76 267 65.76 T2 0 0 
~ 15.26 6 9.26 3:!8.02 273 65.02 9.26 0 
37 18.97 :! 16.97 ~56.99 276 60.99 2&.23 0 
!13 9.65 4 5.5~ ~.5-1 260 81L'14 80.78 0 
39 5.83 5 0.83 372 .. 37 285 87 .. 37 51.61 0 
40 u 6 - 1.5 376.87 291 80.87 30.11 0 
41 8.22 7 1.22 380.09 298 87.09 :!1.33 0 
4.2 15.86 14 2.86 401.9; 312 89.95 P3 34.19 0 

·~ 12.28 18 -5.72 414.23 MO 84.23 28.4"7 0 
44 10.75 20 - 9.25 424.98 350 74.98 19.22 0 
·15 10.46 15 - -4.5-:1 435.44 !166 70.<14 14.68 0 
46 9.92 12 - 2.08 445.36 377 68.36 1'3 12.60 0 
47 9.01 8 1.01 454.37 !135 69.37 13.61 0 
48 16.39 6 10.89 470.76 391 79.76 24.0 0 
49 16.16 3 13.16 486.92 394 92.92 37.16 0 
50 6.16 4 2.16 493.08 398 9MB 39.32 0 
51 9.46 & 4.46 />0'1 .54 403 99.54 43.78 0 
52 8.37 6 2.37 ~10.91 m 101.91 46. 15 0 
f>3 7.2lJ 7 0.29 518.2 116 102.2 46.44 0 .. 19.2 14 6.2 637.4 4SO 107.4 51.64 0 
55 23.97 18 6.97 661.37 448 113.37 57.61 0 
!iO 26.77 20 6.77 588.14 488 120.14 P4 64.33 0.5 
57 10.38 if> -4.62 598.?2 483 115.52 59.il 0 
58 ~.67 12 -6.33 604.19 495 109.19 53.!13 0 
59 4.69 8 - 3..!11 608.88 503 1!1;.88 50.o7 0 
60 3.91 6 - 2.09 612.79 509 103.79 1'4 47.98 0 
61 16.95 ' 12:.95 628.74 512 116.74 60.93 0 

P ~ peak; T -= U'Ougb. 

Estimation o/ 7-day Avwoge IO.yr Low Flow 

Many times, Oow diversions from strearo.s are penni'l.o;ible on I)' if fl<rn-"S equal toOl' more than 
tbe 7-day, 10-yr (7Q10) low Oo"''5 of the sb"eam arc left in the stream to meec ins:u-eam flow 
requirements. The 7QIO low ftow is abo wed w evaluate the impacts of wastewater diJ<Charges 
on the water quality of tbe recei\ing §tream. "Mle 74ay average implies an 3\terage of all sue· 
cessive combinations of 7 days of flows in a year, i.e., averdge of no~ from day J tO day 7. 
day 2 tO day 8, day 3 to day 9, ecc. This is also known as lhc 7~ay mewing :'t\'C'r.tge. TI1e lowest 
7~ay average Oow is computed for each year for which records arc available. The mean, 

Copyrighted material 



Table 2-20(c). M.:l.S.S (UI"\'C an-:d)'8b wil;h con:s1ant demnod:a 

(I) (2) (S) (4) (5) (6) (7) (8) 

Cum. Cum. Flo,.·· Cum. Row-
llow llow danand demand cum. danand Stonge Spill 

Mooch (m..s / e-mo) (m' / s-mo) (m' / HDo) (m3 / &-mo) (m'/ Hno) (m' / .-.mo) (m' / ..-no) 

1 0 0 0 0 0 39.37 0 
2 8.77 8.77 8 0.77 0.77 39.37 0.77 
3 4.91 13.68 16 - 8.09 - 2.82 36.28 0 
4 5.52 19.20 24 - 2.48 - 4.80 !13.80 0 
5 11 .13 30.33 32 3.13 - 1.67 36.98 0 
6 22.48 52.81 40 14.48 12.81 39.!}7 12.04 
7 11.50 &1.31 48 3.50 16.31 39.87 3..?0 
8 9.51 73.82 56 1.51 17.82 39.87 1.51 
9 14.10 87.92 &I 6.10 23.92 39.37 6.1 0 

10 20.15 108.07 72 12.15 36.07 39.87 12.15 
1l 35.9'1 143.99 80 27.92 63.99 39.37 27.92 
12 6.65 150.&1 88 - 1.35 62.61 38.0'1 0 
13 4.60 155.24 96 - MO 59.24 84.62 0 
14 24.53 179.77 104 16.53 75.77 39.37 11.78 
15 9.47 189.24 112 1.47 77.24 PI 89.37 1.47 
16 3.35 192.59 120 - 4.65 72.59 34.72 0 
17 4.59 197.18 128 - 3.11 69.18 31.31 0 
18 3.85 201.03 136 - 4.15 65.08 27.16 0 
19 4.32 20!Ul5 1H - 3.68 61.35 Tl 23.48 0 
20 9.27 214 .. 62 152 1.27 62 .. 62 24.75 0 
21 7.04 221.66 160 - 0.96 61.66 23.79 0 
22 36.47 258.13 168 28.47 90.13 P'l 39.87 12.89 
23 6.45 2&1.58 176 - 1.55 88.58 37.82 0 
24 6.15 270.73 184 - 1.85 86.73 35.97 0 
25 5.28 276.01 192 - 2.72 84.01 33.25 0 
26 5.72 281.73 200 - 2.28 81.73 30.97 0 
27 [>.36 287.09 208 - 2.64 79.09 28.33 0 
28 3.61 290.70 216 - 4.39 74.70 25.94 0 
29 3.47 294.17 224 - 4.53 70.17 19.41 0 
so 5.78 299.95 232 - 2.22 67.95 17.19 0 
31 4.28 804.23 240 - 3.72 64.23 13.47 0 
32 4.90 309.13 248 - 3.10 61.13 10.37 0 
33 1.94 311.07 256 - 6.06 5M7 4.31 0 
34 7.39 318.46 261 - 0.61 54.46 3.70 0 
35 4.30 322.76 272 - 3.70 50.76 T2 0 0 
36 15.26 338.02 280 7.26 58.02 7.26 0 
37 18.97 3!;6.99 288 10.97 68.99 18.23 0 
38 9.55 36M4 296 1.5& 70.54 19.78 0 
39 5.83 372.37 304 - 2.17 68.37 17.61 0 
40 4.50 376.87 312 - 3.50 64.87 14.11 0 
41 8.22 385.09 320 0.22 65.09 14.33 0 
42 16.86 401.95 328 8.86 73.95 23.19 0 

( continr..d) 
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Table 2 -20(c). (Continud) 

(I) (2) {!) (4) (5) {6) (7) {8) 

Cum. Cum. J1ow. eum.n ..... 
Jilow Dow demand d ....... d cum. demand Stonp SpW 

Mon1h (m' / lHilO) (m'/HDO) (m' / lHilO) (m'/HDO) (m'/......o) (m0/ lHilO) (m0/ lHilO) 

4S 12.28 414.23 SS6 4.28 78.23 27.47 
44 10.75 424.98 344 2.75 80.98 30.22 
45 10.46 435.44 352 2.46 83.44 32.68 
46 9.92 445.36 360 1.92 85.36 34.60 
47 9.01 454.37 368 1.01 86.37 35.61 
48 16.39 470.76 376 8.39 94.76 39.37 
49 16.16 486.92 384 8.16 102.92 39.37 
50 6.16 493.08 392 -1 .84 101.08 37.53 
51 9.46 502.54 400 1.46 102.54 38.99 
52 8.87 510.91 408 0.37 102.91 39.36 
53 7.29 518.20 416 -0.71 102.20 38.65 
54 19.20 537.40 424 11.20 liMO 89.37 
55 23.97 561.37 432 15.97 129.37 39.37 
56 26.77 588.14 440 18.77 148.14 39.87 
57 10.38 598.52 448 2.38 150.52 P3 39,, 
58 5.67 604.19 456 - 2.33 148.19 37.04 
59 4.69 608.88 464 -S.SI 144.88 33.73 
60 3.91 612.79 472 -4.09 140.79 T3 29.64 
61 15.95 628.74 480 7.95 148.74 37.59 

"'Constant de-mand '""' Sm'/s. 
P ., peak; T = trough. 

"'' ~-~---1~,--·~-~--~--~--~ 
100 l-·--l---4f---t---l-- - + /- .,.-=r- - -l 

ICO 1-- - 1-- ----J--·--+---+---di.L--4-----

- ""\ / / 

I ::r-r-h::=· ~_;--71~~;:::-j-~ I IY__,V -
100 1-- -l- =-4:_,..-<q..---l----1---1---l 

y ./ V L--4----+i ·-·--1---1 
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0 10 .. JO " ., -Figure 2-6(a ). Mass cun•u of flow and demand 

0 
0 
0 
0 
0 
4.63 
8.16 
0 
0 
0 
0 

10.48 
15.97 
18.77 
2.38 
0 
0 
0 
0 
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FfiluN 2-6(b). Ma.'l.' cur"e analysili 

standard deviation, and skew coefficienL of the resulting lowest annual 7-day a\'erage low Oows 
are computed, as described in the section of this chapter entitled "Statistical Analys.is of 
Available Data." Using nonnal, log-nonnal, or log Pearson Type Ill distributions, the r.,.,ar 
low now is computed using lhe equation, 

Qr=X-K• (2-2 1) 

where K is as defined in the section of this chapter entitled "Statistical Anatysi" of Available 
Data. .. Gumbel used the Extreme Value Type Ill or Bounded Exponential distribution of 
the smallest values for analyzing annual low strcamflows (Ye-je-ich 1972a, 1997). Analytical 
estimation of K '""lues for !his distribution is relatively complex. For moot practical eases, lhe 
\'alucs may be plotted on plotting papers for Extreme Value Type lll distribution and low 
.streamfi0"-"5 for the desired return period obtained by eye judgment. 

~le 2·15: Daily strcam8ow da1a for a low-flow year for a stream are sho..n in Table 2-21 (a). 
It is proposed to di\'ert w.lter from this stream to meet a uniform daily demand of 7.0 ms Is 
with minimum instream Oow requirement\ of 1.0 m' / !I. Oetennine the dependability of thi5 
source to meet the water demand of the municipality. 

Soluciom Oe"\oelop a flow duration curve for the low-flow period following these com· 
putational steps: 

• Sort aU daHy 80\\'S in descending order of magnitude. 

• t\.s$ign a rank number to each daily "alue (i.e .. r.ank number 1 to the highot flow and 
so on). lf the same flow occurs two or more times, then each \'alue is assigned a di.f· 
fe rent rank in succes&ion. 
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• Di'fi.de the rank. of each value by the total number of days for wbicb data are ava.ilable 
and multiply the quotient b)' 100 l9 obtain lhc: percentage of timc11 that flow is equaled 
or exceeded. 

• Plot nov.., (on y-ax.is) against pc:n:eutagc exo::t:dance (on x-wcis) as shown i.n Fi~;.'Ul'e 2~7. 

Table 2~21 (b) shows 27 selected Oows, their ranks, and percentage of times each flow is 
equaled or exceeded. It may be seen that the dependability of the stream to meet a total daily 
demand of 8 m' / s ls 66.03%. The 3\'ailable st.reamflc>\\' wiU be short of the demand during 
$3.97% (100- 6tl.03%) of da)" in a 1ow4low year. 

Table 2-21 (a ). Dai.1ptreamRowdata (I year) (m'/ s) 

Day J- Feb. Muc:.h April May June July Aug. SepL 0«. Nov. Dec:. 

I 14.39 18.75 20.84 11.33 10.27 17.4 5.66 17.15 11.45 7.67 7.5 12.94 
2 33.74 6.06 9.79 5.96 6.97 19.17 4.58 2.84 15.08 17.55 5.69 8.49 
3 10.8 26 6.79 18.5 13.09 18.31 7.67 2.56 15.22 4.66 5.06 14.19 
4 8 .93 10.81 5.04 19.01 7.42 11.2 21.19 8.44 21.92 5.35 11.97 14.76 
5 8.15 9.23 19.05 10.19 20.36 10.69 7.8 16.19 15.84 2.63 16.45 25.93 
6 11.06 5.47 12.61 15.2 26.95 8.14 4.88 4.26 24.07 3 8.77 27.07 
7 6.58 8.74 20.0'1 7.02 21.99 5.14 6.01 4.61 24.91 6.44 9.75 7.77 
8 10.98 5.42 17.55 7.78 25.91 4.41 9.66 8.8 16.22 4.03 12.91 6.28 
9 9.35 28.34 33.64 3.92 20.06 3.53 8.69 8.4 27.53 7.47 5.58 3.92 

10 7.38 25.2.5 26.26 3.5 16.04 3.93 24.16 11.04 16.81 10.39 7.78 3.42 
II 12.78 23.68 16.07 43.92 11.98 2.66 20.44 9.02 10.57 3.32 2.85 3 1 
12 13.26 8.64 13.31 31.42 24.46 2.82 16.05 8.66 11.45 24.25 2.67 II 
13 14.9 47.05 7.78 6.93 13.12 4.01 7.72 31.9 7.48 26.6 3.69 8.9 
14 7.82 9.94 12.57 9.38 11.38 6 7.14 14.14 8.56 19.56 5.66 9.85 
15 5.61 8.65 8.16 9.21 9.35 9.41 11.97 7.55 3.45 17.22 3.26 6.09 
16 4.53 7.96 17.51 10.51 7.66 23.06 15.44 5.44 2.76 11.25 26 3.34 
17 23.62 6.18 17.09 8.47 6.11 41.72 I 1.4 4.39 17.9 6.7 21.82 8.16 
18 39.37 7.67 41.75 8.06 6.6.~ 10.97 10.81 3.98 38.45 5.17 23.62 3.76 
19 66.9 7.34 46.6 12.25 5.95 12.81 19.72 15.26 4.96 7.24 28.77 9.18 
20 13.37 14.16 9.64 43 7.81 15.83 9.31 8.35 6.99 4.21 20.93 7.79 
21 73.1 8 31.34 17.42 9.84 10.73 9.61 17.3 7.29 11.82 32.67 14.7 
2"1 35.69 8.91 11.18 14.83 14.72 10.26 10.65 33.88 5.12 8 .15 26.04 22.19 
23 27.85 11.09 58.18 11.23 10.88 10.4 9.47 22.6 9.68 3.69 14.68 9.55 
24 9.94 23.71 13.65 12,07 13.14 7.54 3.3 18.98 8.71 7.1 11.06 2.93 
25 8.59 17.22 5.77 15.89 15.06 7.12 3.73 19.02 7.0'1 6.85 9.78 7.79 
26 8.8 8.04 4.76 30.15 11.85 6.43 3.35 16.31 3.65 I 1.51 18.115 8.13 
27 4.51 16.37 3.81 12.01 12.56 17.98 2.38 24.04 3.73 11.7 21.21 6.29 
28 12.29 10.4 4.57 13.37 10.25 8.37 5.49 13.1 4.12 30.48 20.12 10.96 
29 9.17 9.47 10.27 8.72 13.3 7.47 23.67 7.66 12.54 I 1.57 5.01 
30 8.28 4.83 11.97 7.07 7.03 23.13 19.55 23.46 6.05 5.58 5.53 
31 13.32 10.12 5.74 19.35 13.36 7.92 8.1 
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Table 2 · 21 (b). Flow duration table 

Q (m'/ o) Rank % &.coedaoce 

73.10 
33.64 
26.26 
23.67 
20.44 
18.50 
16.81 
15.20 
13.37 
12.57 
11.51 
10.98 
10.27 
9.64 
8.98 
8.49 
8,04 
8.00 
7.67 
7.14 
6.44 
5.69 
5.06 
4.26 
3.65 
2.76 
2.88 

t-.... 

10 

I 0.27 
IS 4.11 
30 8.22 
45 12.53 
60 16.44 
75 20.55 
90 24.66 

105 28.77 
120 32.88 
185 36.99 
150 41.10 
165 45.21 
180 49.59 
195 58.42 
210 57.53 
225 61.64 
240 65.75 
241 66.03 
255 70.14 
270 75.97 
285 78.08 
800 82.19 
815 86.30 
330 90.41 
845 94.52 
860 98.6., 
865 100.00 

20J0 40~6070 

-{%) 

FlguN 2- 7. Flow duration cun·e 
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Example 2·16: Use tile daily stre:unOow dati of Example 2· 15 to estimate the 7-day average 
low flow tOr that year. The <:stimated 7-day average lowest n ows for tbe pl'e'·ioos l5 yr for chat 
stream are gr.'en in Table 2·22(a) . Estimate the 74ay 10-yr low Oow for that stre:u:n. 

Solution: Tht: s-tcp5 of computation arc as follows: 

• Record daily 0""> giVl:ll in Table 2-21 (a) in a column of a sprcadsh<eL 

• Using s.uatistical func.tiom of a standard sohwarc package (e.g,. Excel). compute 7-day 
ntoving a''erJges and insert in the next colwnn. This give$ ~59?~)' a-..'Crnge values ror 
365 daily Oows. A few selocu:d ,-..Jues are shown in Table 2·22(b). 

• fo1nd the minimum ofth~ 859 \ 'aluet, wbk.h is f"ouod t1> be $.786 m3/ s. n,u is the ?-day 
a,yerage low flow for the year for which data att: gft'Cn in Tab&e 2·21 (a). 

• Use this ''alue along with the giYen values for the preceding 15 yr to compute lhe 
mean, standard deviation, and skew coeffideot for lhe 16 -..-atues. The results are 
shO\\'Jl in Table 2·22(c.). 

Using normal distribution as descri'lxd in the 5«tion '"'Statistical Analysis of Available Oam.· 
in lhis chapter: 

7-day, 10-yr low now (7QJO) ~ 4.16 - 1.281&5 x 0.95 = 2.94 m5/ s 

Using log4 Pc:arwn Type 111 distribution: 

K (by Eq. (2·22)) • (2/ 0.341)[1(1.28155 - (0.341/6)) 
X (0.341 / 6) + IJ' - I] = 1.312 

log (7QJO] = 0.609 - (1.812 X 0.096) = 0.48~ 

7QIO ~ 3.04 m' / s 

Thus., a value of S.O m' / s appears reason3ble. 

Hydrologic Models 
With continuing advances in computer technolog)•. there ha~ been a proliferation ofhydro
logjc models t11at can inrer.tct with \~J.riou~ gt"Jph.iC5 and visual packages, e.g., Surfer, CADD, 
C IS. A number o.r these models are available from various private \'endon. A brier disc.twion 
o n sonu:: conunouly t.J.Sed public."<<omain hydrologic mode ls follows. 

Models for~~ and Routing 
ol Slorm Runoff lfydrographs 

• HECI, Flood Hydrograpb Pociaor (USACE 1991a): This model comput"" surface 
runoff hydrographs for given rainfall and snowmelt events with known h)tlra:ulic 
characteristics of watcnhcd'i-, combines hydrographs of subwatenhcd'> at pre· 
scribed locations. and routes them through rcservoin and channels in a gin:n ne-t· 
work. It can also perform simplified dam-break analysis and economic aoalyJi.s for 
flood damages. 
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Table 2 · 22(a). 7-day a'•erage annual low Oows 

Year Flow (m0/ s) 

I 4.111 
2 3.212 

' 5.,13 
4 6Jl05 
5 2.891 
6 2.976 
7 3.505 
8 3.987 
9 3.831 

10 5.892 
II 4.905 
12 4.803 
IS 4.550 
14 3.525 
15 3.761 
16 • 

'VaJul! to be determined br moving :n-cr.agc analysis of given data. 

Table 2·22(b). Computation of ?~y average low now 

Doily flow (m' /o) 

14.39 
33.74 
10.80 
8.93 
8.15 

11.06 
6.58 

10.98 
9.35 

5.14 
4.41 
3.53 
3.93 
2.66 
2.82 
4.01 
6.00 
9.41 

7-dlty moviDg "ftl1l&"' (m' / o) 
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13.379 
12.891 
9.407 

12.864 
I 1.009 
8.774 
6.720 
5.500 
4.376 
3.786 
8.909 
4.623 
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Table 2 -22(c). Statistical parameters of 7~y average annual low Oows 

P uamder 

Number of values 
Mean 
Standard deoo·iation 
Skew coefficient 

Untransformed 7Gy average 
low ftOWB (m' /s) 

16.00 
4.16 
0.95 
0.72 

Logarithms of 7Gy average 
low flows 

16.000 
0.609 
0.096 
0.341 

• fiEC.HMS, Hydrologic Modcllng System (USACE 2002): This model is a successor 
to the HECl model. It is an interactive model and has the capabilities t:hatare avail· 
able:: in the HECJ model. In addition, it includes: 

- A distributed runoff model for me with distributed precipitation data. such as 
data available from weather radar. 

- A continuous soli-moisture accoumtng modd wed to simulate the Jong-tenn 
response of a watershed to wetting and drying. 

- An automatic calibration package that can estimate certain model patameten and 
initial e:ondition.c;, given observations of hydrologic conditiom in the watershed. 

- Link to a databuc management 1)'5te-m that permits data sroroge. rccrieYal, aDd 
connectivity with other analysis tools a"ailablc from lhc USAC£ Hydrologic 
Engineering Center and other sources. 

• TR-20, Prognm for Project Formuladon Hydrology (USDA l.983a): This model per
forms generally lhe same computations as lhe HEC I model. It has lhe capability to 
develop nmoff hydrograpbs. route them through channels and resen'Oirs, and com· 
bine or separate them at c.:onOuences. lt is designed to pe·rfonn multiple anat)'SeS in a 
single run so that variou.~ altemati\'U can be evaluated in one nm. 

• TR-55, Urban H,.trology for Small Wat.,g,eds (USDA 1986): This model includ<:S 
sirnpllfied procedures to compute stonn runoff \-'Olume, peak rate of discharge. 
h)•d togtaphs, and stordgt: volumes required for Oood-retarding reservoirs in small 
Vr'atersheds. A\'ailable suppon functions lnclude computation of CN, time of con
c:c:otration, and travel time through a subwatenhed. 

• SWMM, Stann Water Management Mockl (USf.PA 1 989a): This modd anal>=' both 
w-ater quantity and quality lU.iOCiated with a ~nglc: S:lonn event or continuow long
term climatic patterns in urban or rutal watetSheds. It can s.i.mulate flOl'I'S through 
storm ~·er5 and naturnl cba_nnels, pcrfonn storage and subsurface flow routing. and 
simulate mO\'ement of runoff and pollutants from ground surface to the receiyjng 
water lxx:i)' through pipe and channel network.i a.nd storage treatment u.nit~. 

Although choice o\mong the aforementioned models should be made based on speciJic study 
requiremellts, it may be convel.liem to use the HECl or HECHMS models in most cases. 

Conlinuous Flow Simulation Models 

• NWSRFS, National Weather Senlc:e RM!r Forecast S)..-ro Model (NWS 1998): This 
model indudes a snow accumulation and ablation model. soil-mois.rure accounting 
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mcxlc~ rainfall~runoff model. and a reservoir routing model to produce a continuous 
Oow h)'tlrograph using continuous {hour1y and daily) climatic data. 

• PRMS, Precipitodcm,Runoff Modeling System (USCS 1983): PRMS simulates mean 
daily flows and can generate shorter time hydrographs using continuous climatic 
data. The model indudt.s soil moisture accounting, channel routing, l'eset\'Oi.r rout· 
ing, sediment transpon. computations, and groundwater Oow computations-

• HSPF, Hydrologic Simulation PrOS"""'"FORTRAN (USBPA 199Ja). This model 
performs basin-scale anaJys-lo; for one-dimensional channels$ including soil-moisture: 
accounting. 0\"efland Oow, routing lhrough channeLs. sediment trallSport, and move-. 
mcn t of SC\'Cral l'f"3tcr quality constituents using continuous climatic data. 

• SSAIUt, S~reamtlow Synthesis and Reservoir Regulation Model (USAGE 1986): 
SSARR performs yea_r-round surface runoff 51mulations for flood forecasting and 
reservoir oper-.uions: using continuous climatic data. h include-s models for ·water
shed h)•drology and river and J't:SeJ'VOir routing, snow ac::curnu.lation and melting, 
infiltration, and interception. 

These models are fairly complex and require large voh:unes of data. Studies im'Oiving these 
model'> should be treated as special studies.. 

• HEC4, Monthly Streamflow Simulation (USACE 1971 a): This model dC\'elops se
quencu of monthly streamflO\\'S foT desired nwnbeT of years (e.g .• 50 to 100 years or 
more) using a''<lilable monthly streamtlow data for a smaller number of years (e.g., 
10 to 15 yean OT n:aote). It reconstitutes any missing stre".unOows \\ithin the available 
data, estimates the statistical characteristics of 3\'ailable or reconstituted data, and 
generntes sequencc:s of streamflows having lhe same statistical c.harncteristits. This 
model is fairly simple to \L"C and providc.s useful data for reservoir operations.. 

• HEC3, Reservoir System AnalyiU for Conservation and HE~ Simulation of flood 
Conaol lllld eo_....woo Syotemo (USAGE 1981, 199lb): The"' models perform 
storage routi.ng computat_ioos for a system of reservoirs for hydropower genera-
tion, water supply, navigation. rtereation, Oow augmentation, and otheT sc:a.tonaJ or 
momhl)• ~s. For HEC3, the lnput includes monthly stteantflows obrained from 
models such as HEC4 or data colle<:ted from other sources. HEC5 can usc any time 
inten'al from one minute to one month. and h also allo""'S multiple time intervals 
within a single simulation. Econ(')mic computations can be made foT hydropower 
benefit~ and flood damage evaluation. ReM:rvoiT operations can be performed t:O 
minimitc downstream Oooding, e\<tcuate flood control storage :u quickly a'§ pos
sible, pro"ide for low-flow requirements. and meet water supply and hydropower 
requirements. These models are useful for resen<Oir planning. 

• BECFFA, DEC Flood Flow Frequency Analysis md FREQ (USAGE 1995): HEC 
~'FA perfOrms [requcncy computations of given annual maximum Oood! using Water 
Resources Cow>eil Guidelines for Detennini.ng Flood Flow Frequency (U~WRC 1981 ). 
f"J:ttQ is a gmphic.ba.~d LP Type UJ llo·vd frequency estimation model It aUo"" 
the user co cakulate unbiased frequency factors and confidence UmiL'> fo r estimates. 
It al\0 allows alteration of skew coefficients. 
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CHAPTER 3 
HYDRAUUC ANALYSIS 

Classification of Flows 
The $uq;ea of hydraulics includes the study and ana_lysi.' of the movement of water through 
natural and mano.made watercourses including open channels and pipes. The flow of water 
is classified in SC'\'ernl categories: 

1. Free Surface a.od Prets:ure Flows. Free surface flow occurs when the top of the wa· 
ter 5urface bat auno:spberic pn:s.~ure. Pre5.5urc Oow occurs when the water ~u_rface 

i.s confined by a .solid boundary (e.g., flow in closed conduits and through certain 
cul\'erts and bridges under flooding conditions). 

2. Uniform ood Nonunifonn no- Unifom1 Oow occurs when lhe deplh of Oow is lhe 
same at e\'ery c:ross section of the channel and the water surface is parallel tO the chan
nel bed. Nonuniform or '<aried flow OCt."Ufl when flow enteR or le-.M.'$ the channel 
along its length and lhe depth of llow \'aries from ~~ scc1ion to C1"'SS section. 

3. Steady ood IJDII<ady flowo. The Oow is stead)' when the deplh of flow does not 
change with time and unsteady when it docs change from time to time. Steady flow 
may he unifonn, gradually ,..,;ed, or rapidly ,..,;ed (e.g., occurrence of hydraulic 
jump). Unsteady uniform Oow &s practically impossiblci hoWC\'CT, unsteady flow may 
be gradually varied (e.g., in a 11ood wa\•e) or rapidly "aried (e.g., in a bore). 

4. LwrUnar and Turbuleot Floq. Laminar flow is dominated by Yiscos:iry and rurbulent 
flow by inertial or gravhalional rorc.:e.~. Whether the Oow b laminar or rurbulent is in· 
dicated by the Reynolds number, R,., defined as 

(3-1) 

where 

V = veloeilJ' of flow (m/ s) 

R = hydraulic radius (m) ~ A/ P 

A • cros.Heetional area of flow (m') 
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P ., wetted perimeter (m) 

, = kinetna[ic viscosity of water (m2/s) 

If R, < 500, the flow i.< laminar, for 500 < R, < 12,500, flow is traJlsitional from lam· 
inar 1.0 rurbulent Dow; and lor R, » 12,500, flow;, rurbulent The upper limit may 
vary significandy depending on !pecific now conditions. 

5. Sllbcrltlcol, Cridcol, ond Supercrilicol fl.,...., When gn'ity fo,.,.. dominate, flow 
i.s characterized by the Froude number, F, defined as: 

F = V/'l(gl)) 

where 

g: gra .. itation.al acceleration = 9.81 m1/ s 

D = hydraulic depth (m) = .VT 

T = top w;dth of flow (m) 

Flow i.' subcritical ifF < 1; oirical ifF = 1; and supercritical ifF > 1. 

($-2) 

Steady Uniform Flow in Open Channels 
Uniform flow in open channel' or conduits i.' governed by the following: 

1. Manning' .s Eqllation 

V = (1/n) Rtf' vS 
2. Chezy's Equation 

V= C-I(RS) 

3. Darcy-Wei.sbach Equation (generally used for pipe flOW5) 

4. Hazen-W1U.ia.Jns Equation (mostly used for pipe f1ows) 

where 

v = 0.84917 c, flO·"' suo 

S = ene<gJ &lope (m/ m) 

l = length of pipe (m) 

h -= head loss in the pipe (m) 

d = pipe diameter (m) = 4 R 

(~3) 

(!1-4) 

(~5) 

(3.-0) 
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n = Manning's roughne:l! coefficient 

C = Chezy's coefficient 

J = Darcy-Weisbach friction coefficient 

Cw = Hazcn-Williaou coefficicnl 

The coefficients in Eqs. (~3) 10 (3-0) arc intern:latcd: 
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C=R11•;,. or n = ~16/C = ~1•{J/V(8g) (!1-7) 

J = Bg n' J R'" or n = R" '{fl{ (8 fil (~) 

C11 =1.17762R0.os1/(nS""') t>r n=l.l7162R0""' ! (CHS""') (~9) 

If grain-size disttibution of channel bed material or armor material is kno\\n, then 
Manning's roughness coefficient may be estimated using Strickler's Equ.·uion (Si.mons aod 
Scnturlt 1976, 1992): 

(3-1 0) 

"nere .;, = panicle size (m) than which 90% of the material is finer by weighL Values csti· 
. mated by Eq. (~10) may be too low fo r m.any 6e:Id dtllations. Typical values for field condi
tions are shown in Table ~I (Chow 1959). 

Design of Nonerodible Channels 
Nonerodible: channels include (Oncre-te-tined, rod,ut.. and annored dlannels. Us·ually, 
such chan.nel" ate requi.ted where ground slope along the channel alignment is steep, avail· 
able right'<Jf·way is limited, anticipated bed and bank erosion for an unannored channel is 
un.acceprable, or the channel ha.'i to pa. ..... through exposed rock.. The procedure for the de
sign of such cbannels is iterative. and the computational steps are listed below: 

I. Determine design discharge. Q (m'/s) (e.g .. pt":ak flood flow for flood control or 
divenion channel, or full suppl)' discharge for an irTigation or power canal). 

2. Plot ground profile along the channel aUgnmc:nt, mark required imen. eiClations 
at the upstream and downstream ends, and detemUne feasible bed slope for the 
channel to minimize cxca\o1ltion. Channel bed may not be placed on fill . 

3. Estimate maximum perrnisslblc: ,:e locity, V (m/ s), for the type of lining or annor 
roateriaJ. Concrct~ined or rock<ut channels may \\-;thsund about 5 to 15 m/ s de
pending on the abras.i\'e resis.tance of concrete or rock; those lined with grass may 
witlutand 1.0 to 2.5 m./s depending on the: type of soils and gr.us. Preliminary C5ti

mat.es of maximum pcrmiMiblc: velocity for annor material may be e5thnated wing 
proccdun:s described in the s«:tion of this chapter entitled "Design of Ero<l.ible 
Olannels." 

4~ EstilM[C Manning's roughnas. coefficient, n (Table 3-1 ) , and hydr.aulic radius wing: 

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

Type of cbannel 

Clean, straight and unifonn, excavated in earth 
Strnight and uniform with short grass and some \\'eeds, 

excavated in earth 
Winding and sluggish earthen chanoel with no ''egcration 
Winding and sluggjsh earthen chaooel with grass and some weeds 
Smooth and unifonn nx.k~ut <:hannel 
Jagged and irregular rock. --cut channel 
Unmaintaincd channel with dense weeds as high as flow depth 
Urunaintained channel with dense brush and high S'tage& 

Narural channel "ith clean straight hank, ful.l slllgc, no rifts or 
deep pools 

Natur.t.l c.han.nel l'lith strAight bank, fuU stage, no rifts or deep pools, 
some weeds and stones 

Natural "'i.nding. dean channel with some pools and shoals 
Nanu'al winding. clean channel with some pools and shoals, 

lower stages_, more ineffecrive slopes and sections 
Natural "'inding, dean channel with some pools and shoals, 

some weeds a_nd stones 
Natural \Or'inding, clean chanoel \\i.th some pools and shoals, 

lower stages, more ineffective slopes and stony sections 
Sluggish river reaches, weedy or with very deep pools 
Very v.-ecdy stn:a.ru reaches 
1-"loodplains, pasture. no brush 
Floodplains, cultivated areas 
Floodplains " 'it.h brush 
Fl()odplains "';m trees 
Co•lcrete-lined channel 
Cunited channel 
O.annel with \'cgc:callining 

Source: Chow (1900). 

5. Estimate cros.\-5Cetional area of flow: 

A= Q/V 

Manning's rougtmew 
coefficimt, n 

O.Qlf>-0.020 

0.022-0.033 
0.023-0.050 
0.02~.033 
0.025-0.040 
0.035-0.050 
0.050-0.120 
0.080-0.140 

0.025-0.033 

0.030-0.040 
0.033-0.045 

0.040-0.055 

0.035-0.050 

0.045-0.060 
0.050-0.080 
0.075-0.150 
0-025-0.050 
0.0'.5-0.050 
0.035-0.160 
0.050-0.160 
0.011-0.016 
0.016-0.025 
0.030-0.50 

(3-11) 

6. Estimate suitable side slope for the channel banks. Typical values are sh~n in 
Table 3--2. f"or earthen channels, side slopes should be tested by slope stability 
analyti!>. 

7. Assume water depth, D (m), and estimate bottom width, B (m). for the de•ired 
trapezoidal channel; 

A c; BD + zD~ (3-12) 
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Table 3-2. Suimble side slope. for nonerodible channels 

Concrete lined 
Rock<ut 
Annored·\\~th scone 
Shotcrete or gunited 
Soil cement 

Source; Chow (1939) . 

8. Estimate: 

9. F..still)ate: 

Side slope (z H orb.cmcal•l Venic:ol) 

Venical walls (0:1) to 2:1 or Dauer 
0:1 to practical limit of rock c-ut 
1.5: I or Dauer 
Existing rock face to I: I or Hatter 
2:1 

P D [B + D2v'(i' + I )) 

R=II/P 
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(3-13) 

($.14) 

lf this value of R i.s not nearly equal to the value estimated in step {4), Q.S.<tumc a new value 
of D and repeat step! (7) to (9) until the two estimates of Rare neatl)· equal. 

The d~n steps for other channel shapes arc similar except that differe-nt expression.\ 
will be required for A and P. 

ba..,le 3-1 : Derign a concrete-lined section for a 2-km stream reach with S • 0.0025 m/m., 
upstream of an existing drop structure. The existing channel is approximately 5.5 m wide. The 
channel d ownstream of the drop structure is lined and has sufficiem capacity such that the 
proposed linlng will not impact flooding and erosion conditions in the dOWIUltt'alll reach. 
Use Q • 500 m'/s. Permlssible velocity for concrete lining is 5.0 m/s and n = 0.01~. 

SoJutiooc From Eq. ($-3), 5.0 = (I/0.015)R"' v'(O.OO'l!i). So. R = Ul, m, A= 500/5.0 = 
100m~. Since ooncrcte lining will be installed o n earth slopes~ a suitable side slope of 2H.l V 
is adopted. Computations with trial values or Dare shown in Table ~3. 

To minimiz.c potential tOr excc:.t:Sivc flood velocities in localized areas, lhc channel may 
be designed to have a bottom width of about 46 m, side ! lopa or 2 H: I V. and a t.oral depth of 
2.65 rn~ which will provide a freeboard of aboUI 0.65 m abo\'e the anticipated Dood IC"'C:I. 

Velocir.y in flow sections oC open channels varie~ in both vertical and hori~ntal direc
tion.&. Diffe rent equations arc used to estim:it.te velociri~ at ~pecified depths ror smooth and 
rough channels.. For turbulent flows, a channel may be t:re:ated cu smooth if lU./11 < 5; 
rough if lU. /11 > 70; and transitional if 5 < lU./11 < 70, where U. = fric.tion or sbear ve
locity (m/s) = Y(gRS) and A= equivalent roughness height (m). For riprap-lined channeb, 
A = do,. For movable b<!d channel!, A will nonnallj' be much larger than do, because of 
boundary irregularities and bed fonns and may vary from 0.09 to 0.91 m. If Chezy's Cor 
Mannlng's n are known. then l: for rough channels may be estimated by 

C = R'101• = 92.6log (12.2 RIA) ($-15) 
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Trial value 
of D (m) 

1.75 
2.50 
2.0 
2.027 
2.023 

Table 3-3. Trial computations for concrete--lined channel 

B (m) =(A - :Ii)JD 
(Eq. ($.12)) 

53.64 
85.0 
46.0 
45.28 
45.3855 

P (m) 
(Eq. ($.15)) 

61.47 
46.18 
54.94 
54.345 
54.4327 

For turbulent flow in smooth cha_onels, 

U/ U. = 5.5 + 5.75 1og (U.yl•) = 5.75 1og (9 U.y/ •) 

where U =velocity at depth, J. abo'-e ehannel bottom (m/ s). 
For turbulent flow in rough channels, 

U/ u. s 8.5 + 5.75Iog (y/ k) = 5.75 1og (30 y/ k) 

R(m) =Al P 

1.63 
2.16 
1.82 
1.84 
1.837 

(!1-16) 

(3-17) 

In transition between smooth and rough channeb, the constant8.S in Eq. (3-17) varies 
with kU./ • (SiJnoo> and Sen turk 1976, 1992). For laminar flow in a rectangular open chan
nel, \•e.lodty distribution in vertical direction is given by (Chow 1959): 

U = ('YS/p) (yD - 1!2) 

where 

'Y = unit weight of water (kg/m') 

D = depth of flow (m) 

I" = dynamic visc:osity of water (k~/ro?_} 

(3-18) 

Laminar Oow may occur if velocity and depth of flow arc rclativcty smaU. 
Depth-averaged velocities at different locations along a channel cross section may be 

:u.~umed to be proportional to ·im. in which J is depth (m) of water at that location. Distri~ 
bution of depth<"'<raged velocity along c,hannel CTO<S se<:tions should preferably he oblllined 
from HECRAS (USAC£ 1998), HEC2 (USAGE 1991c), or other similar models. 

Design of Erodible Channels 
Maximum Permissible Velocity 
The bed and ban.b of erodible channel'> experience erosion and deposition under ''3.1)'ing 
Oow conditions. The stability of s:och channels is governed by the character of the bed and 
hank materials and hydraulics of flow. A relati\'efy simple and practical method for the de-
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Table3-4. Typical 'alues of Manning's roughness coefficiencs and maximum pcnnis.,ible 
velocitie5 

Maximum permlulble velocity (m /1) 

Water tnnoporting 
noncolloidal silts, 

Water tnDopol1ing aaodo, gnvelo, or 
MaterioJ ft O earwater eolloicl.ll slit rodc f~ 

Fine sand (colloidal) 0.02 0.46 0.76 0.4.6 
Sandy loam 

(noncolloidal) 0.02 0.53 0.76 0.61 
Silt loam (noncolloidal) 0.02 0.61 0.91 0.61 
Allmial silt 

(noncolloidal) 0.02 0.61 1.07 0.61 
Ordinary tinn loam 0.02 0.76 1.07 0.69 
Volcanic a.Jh 0.02 0.76 1.07 0.61 
tine gravel 0.02 0.76 1.52 1.14 
Slilf clay (very colloidal) 0.025 1.14 1.52 0.91 
Gr.tded loam to cobbles 

(noncolloidal) 0.03 1.14 1.52 1.52 
Alluvial silt (colloidal) 0.025 1.14 1.52 0.91 
Graded silt to cobbles 

(colloidal) 0.0!!0 1.22 1.68 1.52 
Coarse gravel 

(ooncolloidal) 0.025 1.22 1.83 1.98 
Cobbleo and shingles 0.035 1.52 1.68 1.98 
Shal.,. and hard pam O.O'l~ 1.83 1.83 1.52 

Source: SCS (1954); Simons and Scnturk (1976, 1992); Chow (1959). 

sign of erodible channels is based oo maximum pennissible velocitief for the bed aud bank 
ma1erials. Typical values of Manning's roughneu coefficient and maximum permissible ''e-. 
locities for different types of soils are gil•en in Table~ (SCS 1954; Simons and Senrurk 1976, 
1992: Chow 1959). 

Suitable side slopes for erodible channels are indicated in Table !1-5 (Chow 1959). 

Table 3·5. Suitable side slopes for erodible channels 

Material 

Stiff clay 
Finn compacted day or soils having day. silt, and sand mixtures 
Silt, loam, and sandy .Oils 
Sa_ndy loam. pot'OWS clay, and fine sands 

Soorce: Chow (1959). 

Side slope (H: I') 

0.5:1 tO I: I 
1.5: I 
2:1 
3:1 
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To a\•oid silt dcposition in cha.unc:b (e.g .• inigation canals), design of erodible c.banneb 
may !10metiooe5 require that c.hannel velocltia be a~'e a cenain minimum perm.i.ssible 
(nons:ilting) velocity. The following are Gommonly used equ.ationa to c:atimate noruUting, 
nonscouriog velocities: 

1. Kennedy's nonsUting, nonscouring velocity: 

1'0 (m/ s) ~ C IfM• ($-19) 

where C = O.S7 for extremely fine 50ib; 0.55 for fine: lrilty, sandy soils; 0.60 for 
coarse, light. sandy soils.; 0.66 for sandy,loamy JOib; and 0. 71 fo r coane silts or hard 
!IOil debris (Chow 1959; Singh 1967). 

2. Lacey's regime '"loci!)': 

($-20) 

where 

f =Lacey's •ilt factor= 1.761d 

d = mean particle size (mm) (Da\ois and Sorensen 1970; Zipparro and Hansen 
1993) 

blllllple 3-2: Design an earthen (w1li.ned) cba.nnel for !he • .,..,am reacb of Example $-1. 
The channel bed con1ahu graded tilt and loam to cobbles. Use skle :dopes of 2H:I V. 

Solution: This channel may not be well main&a.i.ned in the future and son-.e weeda n1ay 

grow~ilh time. So, use • = 0.055. Th• existing cba.nnel b<d slop< i55t<ep (0.0025 m/m) . To 
reduce c::bannel bed slope, prO\lide a 4.1-f'll drop strucrure at the upsueam end or ooe 2-ro 
drop so-udurc: at th<! upstream end and another 2.1-m drop struct:UJ"C 1.0 t.m downsttea.m 
from the upstream end. Th_i.s b· dcterrnJned after seveml trials wh.h different heigh" of drop 
sttuc.tu.teS such that. the resulting bed slope provides no more than 1he maximum permiuible 
velocity with a bed width not much larger than the ex.btiog bed width of the channel. 

Average bed slop< with drop structures • (2,000 x 0.0025 - 4.1)/ 2.000 • 0.00045 m/ m. 

During Oood events, the channel wiU transpon noncolloidal silts. sands, gra .. "ees, and rock 
fragmentS. Tbu~ 

Permissible V<:locity = V = 1.52 mJ• (Table $-4) and A= S00/ 1.52 = 328.95 m2• 

U2 = (1/ 0.0!10) 11'" 'V(0.00045). So. R = 3.97 m = (BD + 20')/ [8 + 12¥(6)~). By trial and 
error, D = 4.605 m and 8 = 62.2:23 m. To minimize the p01:cmW for exccssh·c: flood ''doci-
ties ln localited areas, the channel may be designed to ba\'C a bottom width of about 6S m 
\\itb a tocal depth of !>.25o m, which ~ill provide a freeboard of about 0.6.? m above the antic· 
ipatt"d flood le'\'Ct With drop structures. the channel excaY.ltion will be more. the channel bed 
will be lower, and flood IC'\'Cb may be somewhat lower. 

Copyrighted material 



75 

Anai)'Sis of il<diment stability (i.e., potential for erosion and deposition) is required to 
detign stable chan.nels) evaluate ero.'iion pror.ection requirements, a_nd a-ssess lhc polential 
for exposure of contaminated sediments already deposited on channel beds. Commonly 
wed equations to evaluate sediment stability include !he follo.,ing: 

I. Sbidds Sbeor s.r- Equodoo (Simons and Scnn1r~ 1976, 1992). This method com
pal'C5 the Shields shear stTCS8 for initiation of motion with the shear SlTC$S at the chan· 
nel bed due to Oow in the channel. 

Shear resistance of sediments = a ('y, - ..,.) d 

Shear srress at ca_,lal bed due tO flow CiC ..,. R S 

,., • unit we-ight of sediments (kg/m1) 

..,. !;< un.it weight of water (kg/m') 

d = particle size (m) 

R = hydraulic mean radiw (m) 

S = cnagy gradient (m/ m) 

a = a coefficient that is a function of (}..d/ v 

U. =shear \'e locity (m/ s) = v(g R S) 

., • kinematic viscosil)' of water (m2/ s) 

(3-21) 

(~22) 

Approximate valua of a. for gi'"'ell \'alues of U.d/v are given in Table 3-6. Values of 
a for U.d/., < 0.2 have not been estimated. Tbe trend of available expcrimcnra_l 
data sugge5t6 that the coefficient •tf' increa~s with decrea~i.ng U.d/.,. For mon 
open<hannel Oows, a value of 0.011 is suggested. 

2. M.,......Peter·Muller Equadoo (USBR 1984). The modi6cd Meyer·Pcter·Mullcr bed 
load crampon equation for beginning of transport of individual particles is 

d a D S/ [57.9/n/(tJ,116)1'~'J 

where 

d ~ nontranspormble panicle size (m) 

D = mean water depth (m) 

n = Manning's roughness coefficient 

(3-23) 

4o = particle .size in mJUJmeten than which 90% of the bed ma[erial is finer by 
weight 

3. Einoteii>Scridder-Manning Equadooo (Simons and Senrurk 1976, 1992; USACE 199ld; 
Singh 1967). This method is ba!sed on Manning's equation co estirnare dlan.ncl 
roughness. Strickler's equation to esti.m.ate grain roughness, and Einstein's equation 
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Table 3-6. Approximate values of codlicient a in Shields equation 

u. d/• a 

0.25 0.45 
0.3 0.39 
0.4 0.29 
0.5 0.22 
0.6 0.19 
1.0 0.12 
2.0 0.06 
3.0 0.047 
4.0 0.040 
6.0 0.035 
8.0 0.034 

10 0.033 
20 0.034 
30 0.035 
40 0.037 
60 0.040 

100 0.045 
200 0.0;2 
500 0.06 
800 0.06 

1.000 0.06 

Source: Adapted f.rom Sh_ield.J d_il\g:ram in Si_r:oor:u aod Seoturk (1976). 

for initiation of motion. According to this equation. partide size fot initiation of 
motion is given by 

d= 18.18R'S (~24) 

where H = hydraulic rndius associated with grain roughness. Approx.imatc values of 
f( may be estimated by (S;ngh 1967): 

K! R= (n' / n) >l' (~25) 

where n' = grain roughness coefficient given by Strickler's equation (Simons and 
Scnruri< 1976. 1992): 

n' = (d...ol'/6/ 25.67 (~· d,o is in meren) (~26) 

or 

n' = (d,so) 11fl/ 81.2 (if 4, i~ in millimc:ten:) 

where d,o = particle size 1han which 50% of c.h.a_n_llCI bed material is fmcr by weight. 
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4. Camp's Equation (ASCE 1976). This merhod is based on the Shields equation for 
initiation of motion, tractive Stress at the canal bed. and Manning•, eq·uation toes
timate energy slope. According to this equation, a\•erage channel \'Clocity for i.n.iti
ation of motion, q,, is gi\>en by 

where 

II> c (1/ n) £rl 6 [v'(a (s - 1) d l] 

1\J ~ v'[(8 81'/l a ( s- I) d] 

$ = 5pccilic gr.Mty of M:dimc.nt particlc:t 

J = Oarcy-WeiJbach friction factor 

d ~ particle size (m) 

(3-27a) 

(3-27b) 

For the coefficient a, Camp suggest'S a v·.:tluc: of 0.04 for initiation of motion and 
0.8 for sign.ific-.mt scour irrespective of the energy slope. For flat slopes where 
l).d/" < 0.3.larger values of the coefficient a may be used for initiation of motion 
(.ee Table $-6). 

Equations (3-21) to (3-27) are based on limited laboratory or field data (or noncohe
si\'e sediments and practical experience. Particle 5iz:es smaller th.a_n about 0.009 mm (e.g., 
clays) may exhibit cohesi\·e resistance. which is not accounted for in these equatiOo5. f_osti4 

mates of erodible particle sizes obtained from these equations for gh-en h)'draulic condi4 

tions may be significantly different. lt is advisable to estimate ero.o;ion potential wing more 
than ooc equation and select reasonablc .sizes of erodible particles by judgmcm~ 

U..ple 3-3: Estimate the potential for sediment eroslon from lhe bed of a controlled 
cbannd under normal flow conditions when R == 3.4 m, S • 0.00001, and Manning's rough
Des& coeffietent, n. • 0.025. The 4o llJ)d t4o of cha.nncl bed material arc O.S and 0.8 mm. 
respecc:i\-ely. Use"= 1.1' X 10-' m'/ s,..,. = 1,000 kglm'. andy.= 2,650 kg/ m' . The channel 
is wide. so a.»ume R - D (mean wa1er depth) . 

Solution: Using Manning'!~ equation, a\'Cr.tge channel velocil)' • (1/ 0 .025) X (3..4)t.l3 X 

{0.00001 • 0.286 m/ s. 

Use Shields, Meyer-Peter-MuUer, Eins:tein-5t.ric:kler~~t_an.ni.ng, and Camp's ~uations co c:a:ti· 
mate particle sizes that can be: eroded under gk-en hydraulic conditions. 

I. SIUelds Equation 

U. = {(g Rio) = {(9.81 X M X 0.00001) • 0 .018 m/s. 

As a first oial. ford= 0.~ rom. Uod/> = 0.0 18 X 0.3 X 10'/ (1,000 X 1.15) = 4.78. 

Use a • 0.04 (Table 3-6). 

• (canal bed) = -y RS = 1.000 X 3.4 X 0.0000 1 • 0.0541;g!m' . 

< (resUCUlcc) = 0.04 (-r,- -y) d = 0.04 X 1650 X d. 
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li:qualing 1he trac:tiYe and r<:5isth-e sbear stresses. d.= 0.000!>1 m = 0.51 mm. With 

d = 0.51 mm, U-dl• = 8.12 and lbe adopted value of a (i.e., 0.04) is conserv.ui•·e. 

2. Meyer·Pet.er-Mnller Equation 

d = 3.4 X O.OOOOI/[57.910.02$/(0.3)118~sn] =- 0.00014 m • 0.14mm. 

3. Elnstein-Scrickle..,.Manniug Equation 

n' • (0.3) 116/ 81.2 ~ 0.010; K • 3.4 X (0.010/ 0.025) 1 .. = 0.87m. 

<I = 13.18 X 0.87 X 0.0000 1 ~ 0.00016 m = 0.16 mm. 

4. Camp's Equation 

'= (2,6.~0 )/ 1,000 = 2.65. 

0 .286 = ( l / 0.025) X (H) 115 X "(0.04 X 1.65 d) 

So, d = 0.00001 m = 0.5 1 mm. 

T"'·o of me estimates of erodible particle size are less than and the other lwo are grearer than 
lhe ~of cha~utel bed material. This suggelts that there is potential for sediment mo\'ement. 
Note that lhe estimates are for initiation of motion and not for slgntncant S(Out. 

Design ol Vegeloted Channels 
F'rom environmental, aesthetic. and economic eonsideratioru.. it is often desirable to ev.alu· 
ate the feasibility of vegetari\'e lining for erosion comrol on channel banks. A commonly 
used metJ\od for the design of vegetared channels is based on the use of permissible \t loc
icics1 rvVR chan or table, and reaardance classes for different typc..':5 of vegetal linings defined 
by the U.S. SoU Conser<"ation Service (SCS 1954; Chow 1959; Barfield el al. 1981 ) . VR rep
resents the product of velocity and hydraulic rddiu.'J, and n is Manning's roughness coeffi4 

cient. Grasses ha\'e been di\'ided inoo five retardance classes (i.e., A. 8 , C, 0 , and E) based 
on type. height, and condition of gra. .... ~s.. Guidelines for deu:nnioing telatda.nc:e cla.\.'i of a 
vegerallining are included in Tables !P and 3-8 (SCS 1954). 

Pcnnis.sible (nonscouriug) \o'docities for differ-em types of b'~"'.US CO\'el'$ arc shown in 
Table 3--9 (SCS 1954). Vc.locities exceeding 1.52 nl/ s should be u!sed only where good CO\'t:-1'5 

and proper m_ai_ntena_nce of vegetal lining can be cn.rured. 
The vdlues of Ma_ooing's n. and the product VR for d ifferent retarda_nce cla.s.<iies a_re 

shown in Tables ~lO(a) and (b) (SCS 1954). 
After a rewdance class has been assigned to the desired cype or ' 'egetal lining, tbe steps 

of design computations are as fol.lows: 

1. Select permissible ,·elocity, V, for the type of vegetal lining from Table 3-9. 

2. A~'>ume a trial .. .uue of Manning's n and tead the e:orl'esponding VR from Table 
3-10(a) o r (b) . 

3. Compute the value of R = VR/ V. 

4. Use Manning's formula to .,.rimare VR = (l/ n) R'" "S. 
5. If this value of Y.R is not ne-Miy equal to the value obtained in step (2), then b)' 

another \'<!Jue of n until the twO estimates closely match. 
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Table 3-7. Rct:ardancc: classes for different vegetal covers 

A 

8 

c 

0 

E 

Weq>ing lovegr.us 
Yellow bluestem lsch.tumum 

Ku&u 
llcnnuda gr.w 
Nath'C gra.'5o$ mixtu_n: 

(little bluestcm, blue grama, 
and other long and shon 
midwest gras...,•J 

Weeping lo''egra&S 
fAf>tdl!uJ uri<M 

Alfalfa 
Weeping lovegr.us 
Ku&u 
.Blue gr.una 

Cra~ 
Bennuda gr.w 
Common lnptde:.4 
Crass-legume mixwruwnmer 

(orchard gnw, redtop, 
Italian ryegnw, and 
common inptde:.4) 

Centipede V""" 
Kentucky bluegra\5 

Bermuda grass 
Common~ 

Buffalo grow 
G...,. legume mixture-fa!~ 

spring (Orchard gr.w. 
redtop. taliao ryegr:us. 
and comou)~:• b:sJI'.deuz) 

U.f>tdl!ul uri<M 

Bermudagnw 
Bermuda gr.w 

Source: SC'.S ( 1954) . 

6. Estimate the area of Oow u.<ing A a Q/ V. 

Condition 

Excellent stand, tall, (a.·erage 76 em) 
Excellent stand, tall, (a\'erage 91.5 em) 

Very dense growth, tmcut 
Good stand, tall (»'<'rage 30.5 em) 

\,t:>Od stand. unmowed 
Good stand, tall, (average 61 em) 
Good stand, nol woody, tall 

( a.'Crage 48 em) 
Good stand, uncut (average 28 em) 
Good stand. mowed (a..,rage 33 em) 
Dense growth, uncut 
Good stand, uncut (a>"Orage 35 em) 

Fairstand, uncut (25.4 to 122 em) 
Good stand, mowed (average 15 em) 
Good stand, uncut (average 28 em) 

Good stand, uncut (15 to 20 em) 
Very dense CQ\'er (a.,.-enge 15 em) 
Good stand, headed (15 to 30.5 em) 

Good atand, cut to 6 em height 
ExceUentstand. uncut 

(average 11.5 em) 
Good stand. uncut (7.5 to 15 em) 

Good a-tand, uncut (10 to lS em) 
After GUtting to 5 em height. 

Very good •tand before cutting. 

Good stand, out to 3.8 em height 
Burned stubble 

7. Determine acceptable side slopes._. %,. for the trapezoidal channel M:ction, and a.t

sume a reasonable trial bed width, 8. 
8. Estimat.c cha_n_nel depth from A = B D + : D'. 

Copyrighted material 



Table 3-8. Guide for sele<:tion of retardance class 

A-longtb Devee (d.-) 
OfpaN(tm) of retardance 

>76 A 
28-61 B 

Cood 15-25 c 
!>-15 D 
<> E 

>76 B 
28-61 c 

Fait 1!>-25 D 
!>-15 D 
<5 E 

Source: 50; (1954). 

Table 3-9. Permissible \'elocities for channels lined with vegetation 

c .... cover 

Bennuda grass 

Buffalo grass 
Kentucky bluegrass 
Smooth brome 
Slue grama 

GraM mixture 

L<s~
Wccping lo\oegr.u& 
Yellow bJuestem 

Kudzu 
Alfalfa 
Crabgrn." 

Common t.sp.da<i' 
Sudan grass' 

Slope raage 
(pe<eODI) 

0-.'> 
!>-10 
>10 

0-5 
!>-10 

>10 

0-> 
!>-10 
>10 

0-5 
>5 

0-5 
>5 

PenniAible velocity (m/s) 

Eroslo-t 
IIOik 

2.44. 
2.13 
1.83 

2.13 
1.83 
1.52 

1.62 
1.22 
NR 

1.07 
NR 

1.07 
NR 

Eully eroded ...,... 
1.83 
1.52 
1.2.2 

1.52 
1.2'2 
0.91 

1.22 
0.91 
NR 

0.76 
NR 

0.76 
NR 

•Annuals used on mUd alopcs or ;u tcmpotary proceecion until pennaoent covers an: utablishcd. 
NR • NvL rec:-ommc:nded. 
Sour<<' SCS ( 1954). 
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Table 3·1 O(a). VR and n \'alues for different rewdance classes 

Product of •elod1)' IDd Manning's n nlua for ret:arda.oee dau 
bydraulle radius. Jill 

<"''/•) A B c D E 

0.093 0.29 0.1 !i 0.085 0.06 0.0!16 
0.186 0.175 0.10 0.058 0.046 0.030 
0.279 0.13 0.08 0.048 0.040 0.029 
0.372 0.11 0,07 0.042 0.038 0.027 
0.4&1 0.092 0.063 0.039 0.037 0.0'16 
0.557 0.085 0.059 0.038 0.035 0.025 
0.743 0.075 0.052 0.035 0.034 0.025 
0.929 om O.Q48 0.034 0.032 0.025 
1.858 0.06 O.Q4 0.032 0.030 0.024 

Sowu: SCS (1954) . 

Table 3·1 O(b). nand VR values for different retatdance claJses 

Product of velocl1)' IDd hydnullc radius, 
VR (m'/s), for ftWdaoce duo 

PtC:.nnlng's 111 A B c D E 

0.0'14 1.858 
0.030 1.858 0.195 
0.040 1.858 0.446 0.297 0.068 
0.050 0.836 0.248 0.145 0.0!16 
0.060 1.858 0.520 0.172 0.092 0.021 
0.070 0.929 0.!162 0.128 0.064 0.014 
0.080 0.641 0.279 0.100 0.046 0.010 
0.090 0.502 0.223 0.084 0.037 
0.10 0.409 0.186 0.072 0.031 
0.15 0.232 0.104 0.040 O.Ol!i 
0.20 0.156 0.064 0.027 
0.30 0.086 0.033 
0.375 0.037 

- indica~ that r.be pt'Oduet \IN is oot vb.ble for !hat value of " and retardance class. 
Source: SCS (19!'.4). 

81 
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Eu..,&e 3-4: Esti.mat.e the dimensions of a channel to be excavated in ea.sity erodible ~Us 
and lined with Bermuda gra.u that will be maintained at an average height of about6 em. The 
channel is to carry a discharge of3 m' / s with a bed slope of 0.02 and side slopes of 2.5H: I V. 

So1uaioa: From Tables ~7 and~. the retardance class is D; and &om Table 8-9. penru..Jble 
maximum nomcouring \--clocicyfor S = 2.0% is 1.85 m/ll.. 

Aso<une a trial n • 0.033. From Table 3-IO(a) or (b). Wl = 0.836 m'/o. So R = 0.836/ 1.83 • 
0..568 m. 

Using Manning's equation, 

Wl • (1/ n) R"' vS = (1/ 0.033) (0.4568)" ' v0.02 = 1.16. 

SimJla_rty, other trial values of Matming's n give the values shown below: 

(I) (f) (3) (4) 

• I'R (from Table 3-10) R J'1l = (1/ n) If'' VS 

0.034 0.743 0.406 0.926 
O.OS7 0.464 0.254 0.388 
o.oss 0.557 0.304 0.556 

For n = 0.03?, valuell io column• (2) and (4) are clooe. So select R = 0.304 m. 

Cross-sectional area • A • 3/ 1.83 • 1.64 m' e BD + zrJ (i) 

Wetted perimeter= P= A}R = 1.64/ 0.304 = ~.386 = B + (h1(z' + I)]/)= 8 + 
(2 v(2.5' + I)] D • B + 5.385 D (ii) 

Here, D = water depth and B = bed widtb of tbe c.hannel. 8y trial and error. estimate the 
value of D. wbich gh-e5 the required area A= 1.64 m'. 

D (triahalue) 

(1.~9 

0.38 
0.383 

B [from Eq. (U)) 

8.280 
3.34 
3.323 

A (from Eq. (I)] 

1.662 
).680 
).64 

To achit'\'t' a channel velocity less than the permi.uible nonscouring , .. .t.Jue of 1.83 m/s. and to 
allow a freeboard of 0.32 m, we B = S,4 m and D = 0. 7 m. 

Flow Through Bends 
Due to centrifugal forces. wa.ter surface elevation on the outer (convex) side of a channel 
bend tends to be higher and that on lhe inner side lower than that ar the channel center. 
Th_i$ r<:Sults in shifting of maximum velocity from the center li.nc of the channel. Erodible 
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channel' tend ro scour toward the outer side of bends. The rise in water surface ele\'ation 
(supen:levation) may be estimated by the following equation (USAGE 1994): 

(~28) 

where 

Ay = superelevatioo = difference in \\ .. ,ner 5utface eleo.-ation (m) beoveen theoretical 
water surface at the center line and at the outer side of tbe bend 

V a mean channel \'elocity (m/5) 

8 = c;banncl width at elevation of center·line wau:r surface ( rn) 

r = radiu.\ of bend (m) at channel center line 

C z 0.5 for subcritical and 1.0 for critical and supcrcritical flows 

To minimite secondary 00"1 and di.uortion of •·elocity distribution at bends, rshould be 
greater than 3 times the channel width. 

In some c~, flood diven.ion channels in erodible soils may be purposely designed 
with a apecified curv.uu:re away fl'om an ex1s1ing or proposed stnlC-ture to m;nimi:ze the 
potential o.r channel migration toward the structure. 

It has been found that a sand bed channel rends tO deo.·elop a meandering pattern when 

(3-29) 

The 5ame channel may tend to dC\'dop a braided pauern when 

s Q!" "'0.0041 (~30] 

and is in traJuitional stage between the values given by Eqs. (3-29) and (~30) (Simons and 
Scnrurk 1976, 1992). 

Freeboard 
Freeboard is the dis:rn.nce between the design \\'3ter surface elC'\•ation and the top of chan
nel bank or levee. Suggeotc:d values offreeboard.• an: given below (USAGE 1994): 

• Rectangular channel!: 0.61 m 

• Trapezoidal sections of concrete· or riprap·lincd channels: 0.76 m 

• Earth le\•ees: 0.91 m 

Watw Surface Profiles 
Steady flow analysis to determine water surface profiles for chan.nel5 whose cros.o; section$ 
and dJschargC5 change frorn location to toc.ation a.te perfonned usi.ng computer models, 
sucb as HEC2 (USACE 1991c), HECRAS (USACE 1998), and WSP·2 (USDA 1976). Tbeoe 
analyses are required co estimate flow velocities and w.ater depths at different lcxatioM along 
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and acrOM the channel, height and alignment of levees, waterwa)'S of bridge$ and bridge 
backwater, and delineation of OC)()((plai.ns. etc. Floodplain analysis invol\-'es water sutfetcc pre> 
lile computations for floods of di!Terent return period> (e.g., I C)., 25-, 50., 100., and 500-yr 
f1oods) with and without enctOachmen ts. Hydraulic anal)"5is with encroachments provides 
information required to limit deoo·elopmeuts within the floodplain and im'Oh.'C$ identifica· 
rion of imaginary encroachment boundaries on either ~ide of the stream bank., ntch that the 
rcsuJtjog rise fn water surface e levation is within a ptescribcd maximum (e.g .• 0.3 m) or the 
available unobs-ttuc-ced width of flow i.s not las than a prescribed minimum. The Oow sec
tion within such imaginary encroachments is called "floodway." O ptions to perform back
water analysis with different types ()f en.(T()aChments arc included in the aforementioned 
models. In addition, these model! include analysis of How through bridges, junctions of trib
utaries, and bifurcation or !lj)lit flows. The bMic input data include channel cross section~ 
along the study reach: discharges at different cross sections; and loss coefficient.'> for fric
tion, com:raction. expan5ton. and bridge piers and abutments. Although there are no limirs 
on the number of c-.ross sections required for a particular study, it is desirable to h3\•e a min
imum of 6 to 10 Cro!l.~ sections for the sntdy reach. Additional cross sections must be in
cluded in the vicinit)• of structures (e.g., bridges and cutvcrts, wein and drop structures. 
channel junctions, and groins). The cro55 sections should be oriented nearly perpendicuJar 
ro the anticipared flow lines.. To meet this condition, sometimes lhe cross sections may have 
to be curved or crooked, 

Some environmental mitigation projects for major streams (e.g., MWouri and Mi'-\i:r 
sippi ri\'en) require habitat TC$torarion on the floodplains by di\'erting a small portion of 
the streamflow onto the floodplain through ungated chutes or d_ivcnion channels. These 
chutes are intended w create wetlands. rimes and pools., and meandering ......atercourses 
through the floodplains, generally along the alignment of historic chutes that may ha.•e 
been blocked after channdi7.ation. The diverted Oow returns to the m-ain ri'\'Cr' at the chute 
outlet. Split flow analysis for such projectS invoh'e5 estimation of flows that would be di· 
\'Crted by a chute with specified dimensions (i.e., width and inven elevations of the ungated 
inlet and outlet structures, and cn»S !lections and bed slope of the chute) under different 
strcam.flow conditioru. This analysis can be accomplished by uial and error wing hydmulk 
models, such as HECRAS and HEC2 (USACE 1998. 1991c). The computational 5teps are 
"' folio"• (Chow 1959): 

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

2. A~5uroe that the flow, Q, is divided into Q.., (flow through the main channel) and 
Q, (Oow through the chute) at the inlet. such that Q = Q. + Q, (see Figure Sol ). 
Tbus1 Q,. is the main channel Oow through the: reach from lhe location of the chute 
inlet to that of the chute outlet. At the location of the outlet. the flow, Q. di\'ened 
through the chute returns to the main channel; thereafter. flow through the main 
ehannd becomes Q. 

S. Compute water surface profile for Oow, Q.., through the main channel from chute 
outlet to chute inJct and for Oow, Q, starting from a specified d0\\'1\Stream station 
to the chute oudc t.. Find the resulting energy grade elevation at the in'c::t. and the 
wJ.ter surface elevation at the outlet of the chute. 

4. Compute w:lter surface pro61e for the Oow, Q. through the chute, stlrting with the 
computed water 5urface clevation at the outlet, and find the energy grade elevation 
at the in1eL 
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--t - . ....._A 

c • • 

Figure 3·1. Split flow schematic 

5. If the <w0 energy grade elevation.• at the inlet do not match. then repeat <teps (2) 
through (4) with modified Q.. until the two energy grade eiC\'>tions an: reasonably 
dose. 

In planning stages, a large number of triat computations are required to detennUle ac-
ceptable chute dimensions and diverted flo\11'5 under different flow conditions in the river. 
HoweYer, wually Oow diversion through the chute, Q, is a small fraction of the total river 
now, Q (I""' than 10%), so that the energy gr•dc and water surface e levations through the 
main channel with a flow, Q.., are not significantly different from those with the tom! flow, 
Q. For .suc:h ca.~~es, simplified computati()nal.steps are as follows: 

I. Compute water surfaoe e levations at the outlet and energy grade elevations at the 
inlet for the main channel for different rh·er Dow conditions. Q 

2. For each rivet now COildition, a..~ume se\'eral values for di\'erted flow and perform 
water 5\lrface profile computations for the chute for those flows., ~starting with 
computed water surface elevation at the outlet (step (I)). 

3 . Select dive:ned flow, Qn which resulb in energy grade c le\•ation at the inlet, which 
ls nearly equal to that computed in .step ( 1). 

batllple 3-5: A traperoidal chute-v.ith 8 = 30.5 m, side slopes 3H.l V. bed slope = 
O.OOO~U. and im·ert c:leo.-ation = 245.6S m- is proposed to divert floWll from a major $tream 
with an average annuaJ How of 1,060 m3/ s. The energy grade elevation in the river at chute 
inlet for average anoual now COilditions b 246.32 m. Estimolte now di"e-rted by the chute 
under average annual Oow conditions. Use n = O.OS5. 

Solution.: Since the ch\lte ha1 a con.st•'lOl (:!"()$$ seetion and bed sJo~. u.~ Manning'J 
formula to estimate energy ele\'3tion in the chute at inleL 
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By trial and error with se••eral trial values of Q.. y • 0.685 m; A • 2'1.30 m1; P~ 34.83 m; 
R • 0.6402 m; V = 0.3075 m/ i; and Qr = 6.857 m• / s fo r chute Oow. Energy grade: elevation 
at chute inlet = 245.~ + 0.685 + (0.30752)/ 2 g = 246.S2 m. wbicb is equal 10 the gh'eO 
energy grAde ele\'ation at the inlet for average annua.l river Oow. So, Oow divened by the 
chute= 6.867 O.l"/ s. 

Critical Flow 
Critical flow i$ dt".fined by mini.rnum specific energy. Speci6c energy. E (m). at a flow section 
~given by 

where 

y = Oow d epth (m) 

11 a >-elocity (m/ s) 

For a recr:angular open channel, 

(!HI) 

f.' s y + q2/ (2gy') ($.32) 

where q • discharge per unit width of channel (m2/s). To obtain minimum specific energy, 
set df:/ dy • 0. Thus, 

,, = (q'l g> '" 

E (minimum) = 3/2 (JJ 

whete 

Jr =- critic:.al depth (m) and 

V, c \'e)oci<y for critical flow (m/ s) 

(!1-3!1) 

(!S-S4) 

At critical flow, Froude number • F • V/ ..f(g J) • 1. \\-ben F > 1, flow is supereritkal and 
subcritical when F < I. 

For a prismatic channel with given discharge. Q (m, / s), 

E~ y+ Q'/ (2g A1) (!l-S6) 

To obtain minimum specific energy, set dE/ dy = 0. Thus, 

Q:tg~ A'/ T (!S-S7) 

or 

V2/ 2 g= D/ 2 (!1-38) 

Copyrighted material 



T = dllldy = top.,idlh (m) 

D = hydraulic depth = A./T 

87 

Eq. (3-87) can be used to derive equations {or critical discharge for various channel shapes. 
For example, for a rectangular channel, 

Q. = Bv(g/J ($-39) 

For a triangular channel. 

(3-40) 

For a trnpaoidal channel, 

Q, = (By + ty')'~ vlg/(B + 2:y)l (3-41) 

For a parabolic channel, 

Q, = Tv' I (8/27) gy') (3-42) 

where 

: = side slope 

B = bottom width 

A critical flow section may comtirut~ a control section for both sulx:ritical and super
critical fJOWJ. A control section is one where a definite relationship can be established l)e.. 

no."een stage and discharge. At this section, flow Is contrOlled in such a way lhat Oow condi· 
tions on one tide of it (i.e., either upstream or downstream) do not affect those on the other 
side. ln the case of subcritical flow. flow control is at the downsueam end; in the ca.'K': of 
supercriticaJ flow, flow control is at the upstream end . 

Hydraulics of Weirs and Spillways 
IJrootl.CnJsteJ anJ Sharp<tesr.d Weirs 

1f the crest of a weir is sufficiently wide to pre"\'ent the nappe from springing free at the u~ 
stream comer, the welr is cla.Mified as broad-crated (Rou5e 1950). The weir bcha'<cs as 
broad-crested if the head above th~ crest, H, is less than 1.5 Bt where B = width of the crest 
along the direction of flow. If H > 1.5 B. the nappe of the free overfall becomes deoached, 
and the wcir behaves similar to a sbarp-cre!it.ed weir. 

II the upstream edge of a broad<rested weir is \0.-e.ll rounded to minimjzc contraction~ 
and if friction along itt width is negligible: or the crest is sloped tO 0\'e.tt:ome loss of head 
due to friction, then now occurs at critical depth, 1r l.n a free overta.n. 'Jf-occun at S 1e to 4 y, 
upstream of the brink (down5tream comer) of the crest. and Jf = 1.4 y,. where J• = water 
depth at brink. At the critical section, 

(3-33) 
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H = J, + l','/2g = y, + (q/yJ2/ 2g & J, + J/ 2 ~ 3/ 2 y, ~ 2.098 y, 

q a [ .f(8 g/27)] H'~' = 5.17 y,'~' 

Thus. for a broad<rested weir, the theoretical maximwn diKhlU'J!" is gi••cn by 

Q = 1.70 L H'" = 5.17 L 1,srz 

(3-43) 

($-44) 

(3-45) 

The head. H, anwt be measured about 2.5H upstream from the upstream edge of the 
broad~ested weir; for most practical cases, lhe weir coeffident, 1.70, should be reduced to 
account fOr friction losses ou the cre§t. This coefficient has been found to vary with the 
head, H. and width of the broad-crested weir (Brater e t al. 1996). Flow O\'er a broad-crested 
weir is not appreciably aJI'ected by submergence if ]Y < (2/3 H + P), where Jr • lllilwater 
depth and P = height of weir above channel bottom. 

Flow over a sharp-erested \\'eit is given by 

($-46) 

The weir codlicient, C. varies from about 1.76 10 2 . .54- with the ratio fl/Pand end contmc· 
tiom due to sharp edges at the ends of the we ir. Flow over a .sharp-crested weir is not ap
preciably aJI'ected by submergence if ]7· < (0.25 H + 1'). For larger •ubmcrgence, 

Q1/ Q = [ I - (H1/ H)" 'J":>a> (s-17) 

where 

QJ ;;;~ discharge with submergence 

H1 = tailwatcr dc:pth abo\'C "-eir crest 

If the upper and lower nappes of Oow over a sharp-crested weir arc aerated (i.e .. bolh 
nappes ate atarmospherk pre:ssure), then the discharge coefficient is gh-en by (Chow 1959) 

C ~ 1.805 + 0.22lfi/ P (s-18) 

If the lower nappe is not aerated, it re$ulu in undesirable hydraulic perfonnancc: and 
negative prC!$$ures on the downstream face. To minimize nqr.u.Jve pressuru. ogee profiles 
ha ... 'C been de\--eloped to confonn to the shape of the lower nappe: a.s far a$ pmcticable: 

X" = K H/ - 1 Y (~9) 

where 

X and Yare cootdinat~ of the profile witlt origin at lhe highest point of the crest 

H4 ;;;~ design head including \"elociry head due to approach flow 

K and n are given in Table ~1 1 
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Table 3-11 . Coefficients and exponents of ogee profile equation 

Slope of upotroam 
foce or spillway K' .,. it' "' 

Vertical 2.000 1.872 2.141 1.837 
IH:3V 2.00<) 1.851 2.141 1.817 
2H:3V 1.901 1.802 2.058 1.772 
IH.l V 1.852 1.780 2.0.>8 1.761 

Source: USBR (1987). 

•Neglecting ''<=~t)· of approach head. 
"Velocity ofapp.-oo.ch h~ad '"'0.20 H4 . 

Based on model tests., geometric shape!> have been dC'\o-eloped to provide a smooth urr 
stream edge 10 the <>gee crest in the fonn of CWO al'CS with different radii. A typical ogee crest 
shape is illusu-•ted in Figure 3-2 (USBR 1987). 

-

i 
l 
~ 
• : 
" 
I 

FlguN 3-2 . Typical ogee crest shape 
Source: VSBR (1987). 

' ' •• % 

= • .. 
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The discharge for an ogee crest is given by 

Q: CLH!Jt 

where 

C = 2.181 to 2.225 if H. = H, 

P/ H, > 2.50 

(3-50) 

Experimental cur-..-cs are available tO estimate C for other values of H. and PI H,. H. being 
other than the design head (USSR 1987). Selected \'alues of Cfor different \'3.lues of P/H4 

are included in Table 3-12(a) . 
Approx:h:nate V".alue!O of discharge c:~fficienrs for other than tht: design head of the ogee 

crest arc included in Table 3-12(b) (USSR 1987). 

Tobie 3·12(a). Di.scbato"' coefficienr. for •'el'tica).faccd ogee crest with v.uying \'3.lues of P 

0 1.7 
0.5 2.098 
1.0 2.142 
1.5 2.159 
2.0 2.17 
2.5 2.176 
S.O 2.181 

u~ ... design head indudin,g \'tlochy of apptoac.h. 
Source: tJSBR (1987). 

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

H.IH4 C.!C 

0.0.'1 0.8 

C. = discharge coefficient for head H, 
Source: USBR (1987), 

0.2 0.85 
0.4 0.9 
0.6 0.94 
0.8 0.97 
1.0 ].0 
1.2 1.025 
1.4 1.05 
1.6 1.07 
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A commonly encountered caJe of superttitical flow involves Oow a long downstream faces 
of s:pillwa)'S or sloping aprons downnream of drop structures. EstimateS or the velocity and 
depth of flow along and at the toe of these steep slopes is required to design energy d:i.Mi· 
pation measures lOr such structures. Thi.s can be d one using the energy equation 

H + : = y + q"/ (2 n •) + q• n• L/713
' 

where 

H =head above the crest including velocity of approach (m) 

t = height of crest abo\•e roe (m) 

L ~ length of slope (m) 

q = unit d.i.scbarge (m1/8) .,. C H I.' 

C = discharge coefficient of crest 

y = depth of flow at toe (m) 

(3-61) 

Eq. (3-61) is soh'td by trial and error. Knowing y, velocity atthetoe = V = q/ ycan be cst:imatc:d. 
For steep slopes varying from 0.6H: 1 V to O.SH; 1 V. \"t"Jocity at the toe all'oO may be e5ti

mated from experimental curves a'oailable in the literature (e.g., Chow 1959; Peterka 1978). 
Selected \'alues are shown in Table $-13. 

Hydraulic Jump 

A hydraulic Jurop oc.:curs at the tran$ition from supcn.Tir.ical to subcritkal flow. O:n:nmonly 
encountered cases include superc.rirical flow down the steep slope of a !pillway or drop 

Table 3-13. Toe velocities for spillwa)'5 with downstream face slopes of0.6H:1 Vto 
0.8H:1 V 

Toe vftocitr (oVo) 

Z (m) 11; 0.76m H;U9m H= 5.0Sm H:: 6.1 m H = 9.1 m H~ 1%.2 m 

12 12.2 13A 1~.7 13.7 IS.7 15.7 
24 15.2 18.6 18.9 19.8 19.8 19.8 
87 1!~.8 21.3 22.9 24A 2.fA 24.4 
49 1~.8 23.2 24.7 27.4 28.0 28.0 
61 15.8 24.1 26.2 29.9 31.7 32.0 

" u.s 24.4 27.4 S2.0 ll3.8 3M 
as 15.8 24.7 28.0 33.5 :!6.3 37.2 
98 15.8 24.7 28.3 ~.4 :!6.1 39.6 

110 1~.8 24.7 28.5 :!6.6 39.6 41.5 
122 15.8 24.7 28.8 57.2 4 1.5 4S.6 

"""''"" Petetb (1978). 
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structure or supercritical now through a gate opening emeriog a mild slope channel on the 
downstream side. for hydraulic jumps in horizontal recCIJlgnlar channels (see Figure$-,), 

where 

, , ,. 0• + :ft) = 2 q'! g 

:tt/J1 = 1/ 2 [v'(l + 8 F1 
2) - I) 

H1, ~ (.)'! - ")'/ (4 '' y,) 

E, = 1, + v,'/ 2 g =,. + q2/ (2 gy,'l 

E, s J'i + 1'// 2 g = y, + q1/(2 K:ft') 

]I = pre-jump supercritical water depth 

J'i = post jump subcritical water depth 

"" V2 ... p~jump and po5t:,ju.n1p \·dodtics, respectively 

F1 =pre-jump Fronde number= V1/'l(g y1) 

Ht =energy loss through jump 

q = discharge per unit width of channel 

E,, E1 ~ pre-jump and post jump specillc energy, te$pecti•"Cif 

(~'l2a) 

($-52b) 

($-55) 

($-54a) 

($-54b) 

Post:Jwnp depth. , 1, may be estimated from publi.\hed experimental plots be-tween h i '!& 
and F1 for different apron 5lopes (e.g .. Chow 1959). [n many practical siruarions, the unit dis
charge, q, and surface water elevations and 'docities upstream and d~11Stream of the drop 
are known from w.tter surface profile computations. A trial and error procedure may be 
adopted to determine hyd_raulic jump parametcn for such cmcs. The parameter$ are non-

·-~-~~ 
~--------.-----

'• 

'• 

'• 

Flgu,.. 3-3. Hydraulic jump in a horizontal channel 
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dimeruionali'"Led b)' setting x -= y1/y;, y • 'hfJt. I a. H 1j y,; m os £./ y,; and ·n ~ EziJt~ where 
Jt • critical depth • (t/liJ II'. Note that xv.tries from 0 to 1. With any .selected .. atue of x. 
the other non4imensional parameters- m, y, ~and x-can be computed recognizing that 

m = x + l / (2 •') 

x y (x + J) 111 2 

n=y+l / (2/) 

I = (y- x)'/(4 xy) 

(3-55a) 

(3-55b) 

(!1-5!\d) 

Se.lec.ted values o£ J• x. m, n, and J are included in Table 3-14. One set o£ plots can be 
prepared between 11 and E. fOr various values of q.. This set can be expanded to ind\lde 
plots between J> and £,. This becomes the specific energy plot A typical specific energy 
curve is illustr.tted in Figure 3-4. A second set of plots can be prepared between H~,. and E2 

for variolts values of q. These curves, called Blench curves, are useful for location of still
ing basin floors in practical applications (Singh 1967). A typical Blench curve is illus<nued 
in Figure ~5. 

l..oeation of h)draulic jump is required for the design or aprons and sti.lling basim be
low drop structures, spillw·.t.)'S, and sluit:c gates. Typical configuration of a drop widt sloping 
apron is illu.nrated in Figure 3-6. If available tailwater depth is higher than the postjump 
depth. the hydr.tulicjump will fonn on the sloping apron, constituti.ng the down_~tream fac;c 
of a drop strucrure or spillway. lfthe tailwater depth is lower thao the po:stjurnp depth. then 
the h)-'<iraulic jump wi.U fonn on the horb:ontaJ floor connecting the dtop to the do\ll"fl· 
.strC'am channel or downstream of the &luice gate. The location of h)'draulic jump on hori
zontal aprons with low friction, where now 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 well-defined rone for the 
full range of flow conditions. Therefore, from a practical standpolnt, it is desirable that the 
hydmulicjump fonns abo\.-e or at the toe of the ~lopi.ng: apron for m<>5t Oow cond.itions (see 
Figure !Hi) . 

The length of jump. L, on a horizontal floor may be C!timated from values given in 
Table S.l5 (USBR 1987). 

Computational sr:ep.s for the location of hydraulic jump on a horizontal apron or floor 
with mild slope (Figun: ~7(a)) are 35 follm-• (Chow 1959): 

J. Compute w:uer dep1h, y. on lhe sloping apron or immediately downstream of the 
sluice gate and tailwater depth, 'JJ'. in the downstream channel. 

2. Compute critical depth, Yt-

3. Compute mild slope w•ter surface profile starting with J, al the downstream end up 
to y at the upstrC'dOI end. 

4. For each depth. ya. on the computed watcT ~urface profile, compute F1 and the cor
responding posl:iump depth, ,., and plOl these postjump depdu (figun: ~7(a)). 
The jump will fonn on the mild 31opc if 11' < Yt· 

5. Locate the point of intersection of the po.stjump profiJe and tailwatcr depth line. 
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Table 3- 14. Selected values of x, y, m. n.. and l 

'= y,ly. • = y./y, .. = E,ty, .. = E,.Jy, I= H,Jy, 

1.0 1.0 1.5 1.5 0 
).l 0.906256 J.5l5047 1.515223 0.001824 
1.2 0.82361 ).56071 1.!>47222 0.013488 
1.3 0.750343 1.638419 1.595858 0.042561 
1.1 0.685125 1.750328 1.655102 0.095221 
1.5 0.626893 1.899175 1.722222 0.176953 
1.6 0.574773 2.088256 1.795313 0.292944 
1.6681 0.543177 2.287854 1.846458 0.391396 
1.7 0.528031 2.321321 1.87301 0.448811 
1.8 0.486042 2.602566 1.954321 0.648245 
1.81 0.482082 2.633514 1.96262 0.670894 
1.82 0.478)6,; 2.664995 1.970948 0.694047 
1.83 0.474288 2.697013 1.979303 0.71771 
1.84 0.470452 2.729573 1.987684 0.741889 
1.85 0.466656 2.76268 1.996092 0.766.'188 
1.86 0.462899 2.79634 2.004525 0.791814 
1.87 0.459182 2.830556 2.012984 0.817573 
1.88 0.455503 2.865335 2.021467 0.843868 
1.89 0.451863 2.900681 2.029974 0.870708 
1.9 0.44826 2.9366 2.038504 0.898096 
2.0 0.414214 8.328427 2.125 1.20!14.27 
2.1 0.~5486 3.785431 2.213379 1.570052 
2.2 0.35571 4.307359 2.308306 2.004054 
2.3 0.330562 4.906319 2.394518 2.5ll801 
2.4 0.307758 5.586763 2.486806 3.099957 
2.5 0.287043 6.355485 2.58 3.175485 
2.5078 0.285508 6.419362 2.587303 3.832059 
2.6 0.268193 7.219615 2.6H964 4.54565 
2.7 0.251012 8.18661 2.768587 5.418022 
2.8 0.235324. 9.264254 2.868776 6.400479 
2.9 0.220974 10.48065 2.959453 7.501202 
3.0 0.207825 11.78423 8.0555!>6 8.72867') 
3.1 0.195755 13.24374 3.152029 10.09171 
3.2 0.184657 14.84821 3.248828 I 1.59938 
8.3 0.174434 16.60703 3.!145914 18.26111 
3.4 0.16.'1003 18.52966 3.443253 15.08661 
3.; 0.156287 20.6267 3.540816 17.08588 
3.6 0.148219 22.90788 3.63858 19.26925 
8.7 0.140739 25.38366 3.736523 21.fJ4733 
3.8 0.138793 28.06568 3.884626 24.23106 
3.9 0.127335 30.96452 3.932873 27.03165 
4.0 0.12132 34.09188 4.03125 30.0606.~ 
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Figure 3-6. Drop with sloping apron 

6. E.'Otimate uial length of jump-, L, corresponding to the postjump depth a t the afore
mentioned point of intenection. 

7. Mark a hori-zontal interGept, 4 between the tailwater depth and post:jump depth 
proliles. This is the location of the jump (A). If the post jump depth at this loca
tion is !ligniJicantly different from that uM:d for estimation of the trial length of 
jump, then recompute trial jump length and mark that i.ntercept tO refine the 
jump location. 

Table 3-15. Length of jump on horiwntal Ooor 

1.5 3.6 
2 4.4 
5 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 6.02 
14 6.0 
15 5.92 
16 5.85 
17 5.8 
18 5.7 
19 5.6 
20 5.45 

So\ITcc:: USBR (1987). 
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Figure 3 -7 (a ). Hydraulic jump on mild slope 

The hydraulic jump will fonn on the steep apron if :~r' > 'J't- Compurational steps for 
this cue (Figure S.7(b)) are as follow. (Chow 1959): 

1. Compute water depth, y. on the sloping apron or immediately downs:cream of the 
sluice gate and tailwatcr depth, 71', in 1hc do\llmtream channel. 

2. Compute critical depth. }• and plot the critical depth line (COL) abo•"< the steep 
apron. 

3. Compute steep slope water Jurfdce profile starting "ith Jc at lhe upstream end up 
to Jt' at the downseream end. 

4. For each depth y1 at the water surface on the ueep apron, compute the po.qjump 
(sequent) deptb" and plot the sequent depth Cut'<e. 

5. Locate the point of intenection of the posljump profile and tailwater depth line. 

6. Estimate trial length of jump. L. correspondi.ng to the postjump depth at the 
abo\,e--mentioned point of intersection. 

7. Mark a horizontal intercept, L. between the tailwatcr depth and postjump depth 
profile. This is tbe location of the jump (.4). If the postjump Mpth at this location 

Figure 3- 7(b ). Hydraulic jump on <teep <lope 
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is significantly different from that u.\Cd for atimation of the oial length of jump. 
then recompute trial jump length and mark that intercept to refine the jump 
location. 

Where water surface pro(ile computations for a known q are 3\'ailable both upstteam 
and dowmtream of the drop structure, and hydraulic jump is desired to be located on a ho,... 
izonta_l Ooor at or upsO"eam of the toe of the sloping apron. shnplified computational steps 
fot practical ca.oses are a.'i follOWS;: 

• Estimate total energy upsueam of the drop, TELl • upsttcam "atcr surface eleva· 
tion + V.'l2~ where v. = velocity of approaching Oow. Negle-ct friction losses on 
the stopjng apron. 

• Estimate totlll energy d""nsiTeam of the drop, TE.L2 = tailwa~ elevation + v• /2g, 
whe1·e V a \'t.IOCiry in downstream channel. 

• Estimate head lc>.5$ ~ HL = TELl - TE.L2. 

• With kno""ff qand Hu estimate Et using Blench curves or computational steps used 
to develop those Cl.l.f\!es (de5Cribed previously in this section). 

• With k.no~n q and£., c!timat.e .h from 5peci6c energy plot.~ or computational steps 
used 10 develop thooe curves (described previoutly in this se<tion). 

• Draw a tine at depth 4 below TEL2.., and locate the point where this line intcrr.ecL\ 
the sloping apron. If the horizontlll apron is located at or below this elevation, the hJ' 
drdulie jump i.~ li.kely to form at or above the toe of the sloping apron (Figure 3-6) . 

• If the length of the sloping apron is large, the.n Jt and Vj atlhe estimated location 
or the horizontal apron may be estimated using the procedures gk'en in the section 
entitled '"Flow along Steep Slopes. .. Then, TELl ia oomputed wing these values and 
the remaining computational steps are repeated to obtain rcvi.o;cd location of the 
ho riJ:ontal apron. 

Dc!Sign elevation of the horizontaJ Ooor or stilling basin downstream of a drop, spillway, 
or sluice gate requires testing for \"ariou:s di.Kharges (e.g .. JO, 25, 50, 75, and 100% of the 
design discharge). The horitonral apron or apron toe should be located below the location 
of hydraulic jump for lhe full range of anticipated di..:harge•. 

Example 3-6: T.wo design conditions for asdlling basin include q = 1.7 m'/sand $5.1 m2/s, 
respectively. WateT rurface profile computations for the lower Oow indicated T£1..1 = 201 m, 
tailwater d c,oation = 193.35 m, and TEL2 = 198.45 m. FoT the hlgher Oow, TF.l.l= 208.18 m. 
tail\01'3ter ele\1ltion = 206.05 m, and T£L2 = 206.22 m. Octen:nine the location and approxi
mate length of lhe horizontaJ floor. 

Solu.tioa: Using Blench CU.I'\'eS, Et can be estimared from known "alues of q and H1• • 

TEU - TEl.2. Then, 12 corresponding to the estimated ~can be read for gh-en q from the 
spccifk energy plocs. The cle\'atH>n of tbe borizonral Ooor should be at or be~ the clcwtion 
TE.l2 - £,. 

An alternati\'C trial and error method of computations is illusbiltrd in Table 3-16. A trial 
,aJue of xisasswned and the corresponding value ofyisc;omputed from Eq. (s-5.5b). Tbiscn-
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abies compuuuion of Jl• .Yt• £,, and £t. The trtals are continued until £1 - f1 is dox to the 
known \'alue of H1 •• 

Computations for the two gi\'cn discharge conditions !ruggt:5t that a 40-m-long horizontal 
apron thould be pm,ided at elevation 196.0 m, approx:irnalely (see Figure 8-6). 

Unsteady Flow 
One of the most common unsteady flow problems enoo'-mtcred in practice l' the analysis of 
dam-break flood waves. For detailed analjsis of dam-break flood waves, the NWS Dam-Break 
model (Fread 1988) or'" equivalen" should be used. Se\-eral simple, approximate equations 
have been de\-eloped to estimate the maximum flow, tr.n'CI time, and flood depth resulting l.i"Om 
dam-break. For some practical cases, these simpler methods also may be useful. 

For a full depth, partial width breach, 

Q,_ = (8/ 27) bY0 (B/ b) V< v(g Y0)) 

For a partial depth, full width breach, 

Q- = (8/ 27) BY ( Y0! 1') 1" v(g Y) 

For a partial deplh, partial widlh breach, 

(ll-'.\6) 

(ll-'.17) 

Q- • (8/ 27) bY (B/b) 11' (Y.,/ 1') 11' v(g Y ) ($-58) 

where 

Q.,.. = peak flow (m' / s) 

8 = width of channel (m) 

b = width of breach (m) 

Table 3-16. H)-draulkjmnp calculal'ions for location ofho•iwotal floor below sloping 
aprons 

q (m'/see) 
HL (m) 
J, ( m ) 
I= Hu7, 

Parameter 

x (for known I from Table 3-14) 
y (Rq. ($-55b)) 
Y• (m) 
.h (m) 
£., (m) 
E, (m) 

F, = q/v(g J•'> 
Elevation of hori2ontal floor (m) 
Length of hori1.0ntal floor (m) 

Lower flow conditions 

1.7 
201.0 - 198.45 = 2.55 

0.6654 
3.8323 
0.281;5 
2.5078 

0.2855 X 0.6654 = 0.19 
1.67 
4.27 
1.72 
6.55 

198.33- 1.67 = 196.66 
6.2 X ].67 = 10.4 

Hiper flow eooditions 

35.1 
208.18- 206.1?2 = 1.96 

s.oo 
0.39'1 
0.5432 
1.6664 
2.72 
8.33 
11.19 
9.23 
2.498 

206.05 - 8.33 = 197.72 
4.8 X 8.33 = 40 
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Y = depth of water alxl\'c bottom of breach (m) 

Y0 a depth of ~mer behind dam (m) (USAC£ 1977) 

For i.nstmtaneo\15 and complete failure of dam and flow through a rectangular chan
nel, water depth, Y (m), at time, 1 (s), and distance, x (m), from the dam (neglecting fric
tion) is given by the following equation (Chow 1959; Rome 1!150): 

x = 2 tv(g Y0) - S tv(g Y) (:I-59) 

Empirical equations to enJmat.e dam-break peak Oows based on historical dam failure 
data arc (USBR 1987) 

Q..,.. = 19.13 (Y0) 1-" (3-60>) 

The Soil Conse"'ation Service equation for dam-break peak flow is (USDA 1981) 

Qn>Q • 16.58 (Yo)*~ (li-OOb) 

ln practice. preliminary es-timates should be made using SC'\''Cml different methocb. and 
a reasonably conservati\'e value !hould be M'Jccted by judgment. Another convenieot method 
10 estimate dam-break flood flo""- tr.ovel times. aod water depths in a prismatic river chan
nel for i.nstaotaneous and complete dam failure i.s to use Sakka's charu (USACE 1974). 

If it l5 possible to estimate cross-sectional data for lhe downs:u-eam v.tlley. $l0r.tge-e.la-ation 
data for the reservoir, length and lOp elevation of the dam. time of breach development. 
reservoir elev.ation at which failure staru, and bottom width, bottom el~tion. and ~Lidc 
slopes of potential breach, then the H£Cl model (USACE 199l a) may be used to compute 
peak flo"~ and flood lt\>els at different times and locations in the downstream channel. Com
par.un.-e el'aluations of HECl and NWS Dam-Break models have indiuted that the two pr~ 
duce compar..tble results for peak. flO'olo'S and maximum stages in the downstream valley 
(TliChantz and M~jib 198)). It is advisable to use the NWS dam-break model (Fread 1988) 
for a more sophisticated analysis. 

Overland Flow along Slopes 

Storm-related overland flow along slopes i• '"ually unsteady, spatia.lly '"·ried. and diffictdt to an
alyu. Empirical methods to estimate flow rates along slopes of solid wa.<te piles and tailings im
poundmenrs i.nc;.lude lua.rd's method for laminar Oow and Horton's method for rurbulent flow 
(Chow 1959). O.'trland 0~• along sceep sk>p<s w)liected to signifi<:ant ero<lion may be.,,. 
sumed to be tutbulent. Fot such cases. Hutton's equation for uniform rate of rainhll exec:&~ i'> 

qL • 0.000278 i tanh' (6.06 I li/(c LJI"' $""") (s-61) 

where 

9L = flow at the lower end of an elementary strip in Vs per square meter of area con· 
uibuting surface runoff 

i = rate of rainfall execs~ ( mm/ h) 

t = time from beginning of rainfall excess (h) 
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Table 3·17. Typical values of rougtmCM faclor, c 

'I)pe or surface c 

Bare, compacted soil 0.10 
Poor gr.w cover or moderately rough bare surface 0.20 
A•oerage grass eov<:r 0.40 
Dense grass cover 0.80 

Sooro:: Chow (1959). 

S = surface slope along direction of'tlow (m/ m) 

L = length of elementuy strip lm) 

c = a roughness factor; values are shown in Table ~ 1 i 
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Assuming area conaibuting JUrl'ac:e nmoff is an elementary ship of length.. /,., and unit 
width. "'""'land Dow per unit ,.idth of the slope is given by 

(!1-62) 

If the flow is found to be laminar (i.e., iL < 3,871),1_7.7..a_rd's equation should be u.'SCd 
(Chow 1959). Honon's equation gives overland Oow hydrogr-J.pb atlhe end of the elemcn· 
tary strip due to rainfall excess continuing at a unifonn rate for an indefinite period of time. 
0\·erland flow hydrogr.a.ph for a ftnite duration of r.Unf.Ul, to, can be estimated using the 
principle of superposition. For conservative estimates of overland flow along steep slopes.. 
rainfaU excess may be .w:umed to be neatly equal to r.UnfaU. 

Usually, O\'tt"land flow at the toe of the stope i5 collected by a lateral ditch (paraJicl to 
the embankment length) and conveyed to nearby streams.. The flow ncar the upstream end 
of the ditch is that at the bottom or the first elemernary strip. flow in the ditch increases 
with distmce from its upstream end as more and more e lementary suips discharge in it (i.e .• 
Oow in the ditch is spatially wried). Momentum or the incoming flow from successive e lc
mcnuuy strips impedes the flow in the ditch. A relathoely simple method to design the ditch 
i\ to pnwidc a steep (supercritical) bed slope of about 0.05 and estimate ditch dimensions 
a~"iumlng c;ritial flow at the dOlllo'DSfrCam end (figure 3-8). 

bantple 3-7: Develop an overland Oow hydrograph at the end or a 61-m~ong strip or unit 
widLh along a slope with S • 0.014 and ' • 0.198, :;asswning a unifonn r.ainf.all intensity, i I:S 

243.17 mm./h, during se\'Crt:: stomu or 6- and L2·min duratiOO-'· The length of the embank
ment is 1,000 m. Design a lateral ditch along lhe tOe or tbe cn:tbao_kmeOI slope to carry over
land now to a nea.rb)' stream. To be C:Onset'Y3lh-e and for the sake of simplicity, assume that 
the timings of flows from lhe eJementary strips reaching the ditch arc such that the peaks can 
be combi_ned. 

Solution: In this cue, i/(c 1. ) = 20.13i; using Eq. (!1-61), q1_ = 0.00i6 tanh' [9.5!'>4 t]; 
and q - 61 q,. .c 4.1236 tanh1 {9.364 t]. Computations with linear supe~lion are illustrated 
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in Table ~18. Column (3) represent$ a h>'<lrograph for continuous rainfall. For a &-miu du· 
ration rainstorm. hydrogrnph ordinatc5 of column (S) are lagged b)• 0.10 h (column 4). and 
the difference in column (5) represents the corresponding h)drograph. For a 12-min dura
tion rainstorm, hydrograph o rdinates are lagged b)• 0.20 h, and the diffetence in column (7) 
represeniS the co,...ponding hydrognph. 

The peak or the hydrograph for a 6-min rainnom1 is q, .. ~ = 0.3171/s, and lhat fora 12-min 
r.a..ins.Lonn is 0.629 1/s. 

Q • totaJ di.K:harge at lhe downstream end of the ditch during a 12-min duration stonn = 
0.629 X 1,000/ 1,000 = 0.629 m'/ s. Provide a trapezoidal ditc-h with 8 • 0.3 m. One side slope 
of this ditch i.s 0.014 or 71.4281+. 1 V, and the other is 2H:l V. 

A • 0.$1 + (2 + 71.428)J'/2 

T • 0.5 + (2 + 71.428)1 

Use critical flow equation, Q • 0.629 • v(gA'! T) • 3.132 (0.3J + 36.714 /)"/ (0.3 + 
78.428 y)o.&. By trial and error. 1 = 0.14 m. Using a freeboard of0.2 m, provide a 0.3+m-deep 
ditch. The bed width may be uniformly reduced in the upstream ditection to have a minimum 
ofO. I!) mat the upstream end. 

-!-
L i 

i 

Toe Dildl 

FlguN 3·8. Overland flow along embankment slope 
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Tab .. 3· 11. Ch-erland now computations using Horton's method 

6-mln duralioo nliDfaD 12-mlo duration nliDfaD 

t lanb 9 9 9 9 9 
(b) (9.554 t) (1/1) (!aged) (cliff) (!aged) (dlff) 

(I) (2) (3) (4) (5)= (3)- (4) (6) (7) = (3) - (6) 
0.1 0.0997 0.041 0 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 O.S09 
0.4 0.38 0.595 O.M 0.245 0.161 0.435 
0.5 0.462 0.881 0.595 0.285 0.35 0.531 
0.6 0.537 1.189 0.881 0.309 0.595 0.594 
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 2.1)6 1.818 0.297 1.506 0.61 
1 0.762 2.39 2.1)6 0.276 1.818 0.574 
1.1 0.800 2.642 2.392 0.251 2.116 0.527 
1.2 0.834 2.866 2.642 0.223 2.39 0.474 
1.8 0.862 3.062 2.866 0.196 2.642 0.42 
1.4 0.885 3.232 3.062 0.170 2.866 0.366 
1.5 0.905 U78 3.232 0.146 3.062 0.316 

Soil Erosion 011 Slopes 
Ooeriand Oow along steep slopes resuiiS in sheet, rill, and gully erooion. Sheet and rill ci'05ion 
is described in the next section of this chapter. Gully erosion on steep !lopes is described in this 
section. Empirical equations have been de\'eloped co estimate the maximum depth and top 
width ofa gully. Computationalstepo for a oonsen-ati'-e estimate are .., follows (johnson 1999): 

1. Estimate dr.tinagc area, A (m2). triburary to the gully: 

II = 0.276 [L CO< B)'·"" (3-93) 

where 

L = length of slope (m) 

6 =angle of !lope with horizontll =arc tan(~). Sbeing the slope (m/ m) 

2. Estimate average annual precipitation depth, P (m), and total average precipitation 
over the period of analysis (i.e., t yr). Mean annual precipitation at nearby precipi
tatioo ga·ugea may be obtained from published records (e.g .• Gale Research O>m
pany 198.S). 

S. Estimate average runoft' to rainfall ratio, C. for the site. A~rage an.nual runoff in 
the lite viciniry alJO may be obcained from published records (e.g., Gerben et al. 
1989 and Water Re50urces Data for ruR'erent states annually published by the U.S. 
Geological Sun><:)'). 
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4. E.~timatc tOtal volume of runoff, V (m'), expected at the toe of the slope during the 
period of an.al)~Sis: 

V= C PtA (!1-64) 

5. Estimate maximum depth. Dma,. (m), or gully incision: 

D,_ z GLS (3-65) 

lfclaycontentofslope material< 15%. 

G = 1/[2.25 + 10.789 VI (H'W0·" J (:!-66) 

Jf 15% <clay contr:nt of slope material < 50%. 

G ~ 1/ [2.80 + 10.197 Vf(H'W" .. '"J (3-67) 

If day co•ucnt of slope material > 50%. 

G = l/[3.55 + 10.76 V/ (H ')I"0..,) (3-68) 

where H (m) = Lsin 9 -a: \'enical height of slope. 

6. Estimate top width, W (ru). of gull)' at the point of decpcsl ioci . .<>ioo: 

IV • (D,.,./ 0.61)'·' .. (3-69) 

7. E.<ilimate distance. D1• (m), of Dnt:Ul. along the &lope measured from the crest: 

JJ,J D.,u = 0.713 [VS/ IL')r•·•" (3-70) 

Bec:"ause of the empirical natu.t'C of these equations, the estimates 01ust be u.sed only for 
qualitative analysis.. 

bmaple 3-8: Eslimate potential for gully erooion on the slop<: of • solid wa!ltc disposal pile 
during periods of 10 and 200 yr after remediation. 8 "" 14"; L = 62 m: clay content of slo~ 
(1)3terial < 15%: P = 0.5 m/ yr: and C = 0.20. 

Soludoa: S= lan 14• = 0.2l)and H= 15m. U!ingEqs. (,_.,S)and ($-64), A= 2:24.8m2 

and V( IO )T) = 0.20 X 0.50 X 10 X 224.8 = 224.8 m' and V(200 yr) = 4,496 m' . Using 
Eq. (:!-66), C (10 jT) = 0.137 and G (200 yr) ~ O.Sl. 

Using Eq. (3-6&), 0,... ( 10 yr) = 0.137 X 62 X 0.2!; = 2.12 m. 

o_, (200 yr) = 0.31 x 62 x 0 .25 = 4.81 m. 

Using Eq. (~). W(IO yr) = 4.18 m and IV(200 yr) = 10.73 m. 

Using Eq. (3-70), DL (10 yr) • 48.4 m and DL (200 yr) = 51.67 m. 

TI•e t3rimoned values of Dmu aJ'e such that there is potentiaJ for exposure of lite waste 
ma~rial. 

An empirical equation to estimate lhe rate of gully head am'31lcemem is (Thompson 1964) 

(ll-71 ) 
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where 

R = rate of gully head advancement in mc:ten per unit time, the time period is that rep
resented by the rainfall variable, P 

P ; summation (mm) of !hose rainlaJI deptlu during !he period of analj•is !hat 
equaled or exceeded 12.7 mm in 24 h 

A • drainage area abc.we gully head (ha) 

S = slope of approa<:b channelabo>e gully bead (%) 

E = soil factor defined as clay content (I.e., particle size$ of0.005 mm or smaller) ln per· 
ceotage by wtjgbt in the soil profile through which gulty head is likely to advance 

A oimplcr empirical equation developed by the Soil ('.on:semtion Service ;, lhe following: 
(USDA 1900) 

(ll-72) 

The rates given by these: equations may be significaml)' different. Judgment and field \'ef'

ification, where pos.1ible, mu~ be used to eUimate tbe potential for gully head adwncement 
and design structural o r nonstruttur.tl measures for its controL 

Sedi-t rlflld Anolysis 

A••erage annual :sediment )ield of a watershed can be approximated using lhe Universal Soil 
l.o" Equation (USUi.): 

where 

T = soil loss (1/ha) 

R = rainfall factor 

K = soil erodibility f.tctor 

LS = length slope f.tctor 

C = t~oiJ cOYer factor 

T= 2.243 R KLSCP 

P • consenation practice factor 

(~73) 

These parameters may be estimated from published tables and charlS (e.g.1 .Batfield et al. 
1981; USEPA 1977). 

Empirical expre:Woos a1&o have been developed to estimate rome of these pardmeten. 
To esdmate ave~e annual soil lou , 

1. For regions where Type J ~•ornt (see "Deslgn Stonn Duratioll and Depth" in Chap
ter 2) is applicable, 

(3-74) 
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2. for regions where Type D >tonn is applicable, 

R = 0.0219 P'·'u 

where P1.4 = 2-yr. 6-h storm precipitation (mm) . 

To estimate soil 105.S for a single storm event, 

(3-75) 

I. For regions where Type I storm (see "Design Storm Duration and Depth" in Chap
ter 2) is applicable, 

R= 0.0122 P'-';f>"P'6' 

2. For regions where Type 11 stonn is applicable. 

where 

P = total stonn precipitation (mm) 

D • stonn duration (b) 

(3-76) 

(3-77) 

The values of K for different types of soib in d ifferent regions nuy he oblllined from local 
and srate offices of the Natural Resource Consenation Service. Typical values are shown in 
Table 3-19 (SCS 1978; Barfield etal. 1981). 

LS = (A/ 22.13)" [(430 x2 + 30 x+ 0.43)/ 6.613] 

where 

x = sin8 

fJ • angle of ground !lope 

A = slope length (m) 

m = 0.2 for x s 0.01 , 

= 0.3 for 0.01 < x s 0.08, 

= 0.4 for 0.03 < x :s 0.05, 

= 0.5 for 0.05 < x S 0.12. and 

= 0.6 for x > 0.12 (\ISEPA 1980). 

(3-78) 

Usually. Cvaries from 0.003for 95 to 100% ground ctmr with brush to 1.0 for no ground 
co,>c.r, and P = 1.0 whc·re no soil conservation practica are adopted or for land wes other 
than cropping. For .;on tour cropping. Pmay v.ary from 0.50 for land slopes of2 to 7% to 1.0 
for land slopes of25 to 80% (USEPA 1977). Ao updated computerized venion of the soil l055 
eq\l3.tion is designated as tbe rcvi\ed unh·enal soiii05S equation (RUSLF..) . The basic equa
tion is the same as tl>e USLE. RUSL£ is a lumped process-type model ba.ed on the analysjs 
of a large mass of experimemal data to define the various factors of RUSLE. It includes de
railed methods to calculate facton such as the cover management factor. C. for 'ituation." 
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Table 3- 19 . Typical values of soil crodibilil)' factor, K 

Soiltype K 

Silt loam, silty clay loam. \'ery fme r.andy loam 0.37 
Clay, clay loam, loam, silty clay 0.~2 
Fine sandy loam, loamy very fine sand, sandy loam 0.24 
Loamy fine sand, loamy sand 0.17 
Sand 0.15 

Source; SCS (1978). 

where experimemal data are inadequate to detlnc these parameters (Renard ct al. 1991; 
Foster et al. 1996). 

The Modified Uni~l Soil Loss Equation (MUSLE) may be used 10 estimate soil loss 
during a <tonn """nt (Williams 1975): 

Y= 11.79 (Qq)0·"KUCP 

where 

Y = soil loss ( t) 

Q. = runoff volume during stonn (m' ) 

q ; peak Dow (m' / s) 

($-79) 

All the sediment eJtimated by USL.E or MUSLE may not reach the 5lTCam draining sur· 
face runoff from the watenhed becau.o;e of deposition aloog the overland flow path from the 
location of sediment erosion to the stream. To estimate the net amoum of sediment reaching 
the sf.t'eam., the above-mentioned estimates should be multiplied by the sediment deli,·ery 
ratio, SDR (USF.PA 1988a): 

SDR = 0.77 r..,-o.w (~0) 

where~= O\'erla.nd Oow distance (m). An alternative equation for SOR is (USACE 1989) 

(~I) 

where A ~ drainage area (km'l 
lle<:awc: of the subjective nature of the parnmeten of the USLE. MUSL£. and SDR. the 

reasonableness of the estimates should be ' 'erified b)' seo;·eml alten1ative metho& and, If po• 
sibJe, by field meouurements. One alternative method L~ to use che Dendy and Boulton cqua· 
lions (USACE 1989): 

T = 101.25 R'·"' [1.54 - 0.26 1og A) if R ~ 50.8 mm (~2) 

T ~ 685.83 [exp(0.002165 R) [1.54 - 0.261og AI) if R > 50.8 mm (~3) 

where 

T • sediment yield (t/km' / yr) 

R = mean annual surface runoff (mm) 
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The values of R may be obtained from Gernert et al. (1989) or flow records of nea.rby 
Streams published in USGS Water Resources Data for each year. 

Computer models, e.g., SEDIMOT-2 (Wilsoo et al. 1984) have been developed to com
pute stonn runoff hydrographs and 5Cdimc:nt yield from the watershed using USLE or 
MUS.l..E and ~dimeot delivery ratio, and to route the mno6' and sediment hydrographs 
through a sedimentation basin. These models estimate deposition iu the sedinletltation basin, 
based on Ji-ze frc~.ctiont aud fall '·elodtic.s of sedimentJ eroded from the '"''.ttershed and de
tention time in the ~>Min. and compute sediment load in the outflow. 

An empirical equation to estimate the quantity of sedimem reaching a reset\'Oit is 
(USBR 1987) 

(3-84) 

where ~ = sediment yield (m, / krn1/ yr). To U.'le this equation tO verify the estimates ba~ 
on USl..E or Dendy-Boulton equations. (6 shou.ld be inc:.n::a~d by about 5 to 25% to account 
for bed~oad transport (USBR 1987; Simons and Senturk 1976) and by the im•erse of lhe 
SOR to estimate soli loss from the watershed. 

Another approximate method to \'erify the reasonableness of these estimates is tO tHe 

available streamOC'A\• and sediment load data for other location.5 on tbe !tre-.un or another 
stream with similar flow and sediment tr.msport char.teteri.'rtics. The obsen-ed daily discharge 
(rn3/ s) and J:wpended sediment load (t/day) are ploued on a log-tog paper. A straight line 
is fiued through the ploued points. This straight line or 11.'5 equation may be used to estimate 
lhe •uspended lood from known daily discharges at the location of imere.st To u.'le lhi.'l 
method 10 verify the reasonableness of the prev;ous estimates, the estimated suspended load 
should be adjusted for bed load (i.e .. multiplied by 1.05 to 1.25) and divided by the SDR. If 
site-6peclftc data are not a\'ailable. preliminary estimates should be made wing 5e\val ap
proximate methe'.Kb and rea'lc>nable values 5elcctcd by judgme.nL 

ba"'ffle 3-9: The meuun:d daily suspended sediment load and correspOnding sU'eam· 
Oows for a creek are sl:to'l'ln i.n Table 3-20. The bed load is ~t.imatcd to he 5% of the su.1-
pe:nded load, and the SDR Is estimated to be 0.18. Ea-timate sediment yield from tbe ~ter
shed during the snowmelt period when lhe avernge streamflow is 0.25 m"/ s.. 

Solution: Rc:st""ion of the log-.uilluns of Q. (t/day) and Q (1/s) as depcudeot and 
independent variables, respeet.i'"'ety, gives 

log Q. = - 4.182 + 1.788 1og (Q) 

or 

Q, = 0.()()()()608 Q'·'"· ,.;lh r' = 0. 72 

For Q a 2:.0 1/•, Q. • !.24 I/ day. Adjustiog for bed load (i.e., multiplying by 1.0~) and 
for SDR (i.e.., dividing by 0.18) gh-es approximate a\·erage sedin1ent yield of the wouenbed as 
7.23 t/day. This must be \'eri.fied b)' estimates obcained by other methods. 

An approximate equation to C"Stimate total sediment transport capacity of a stream is 
(Johnson 1999; Simoos et al. 1981 ) 

'1- = [ (8.281) .. ~'1 a.D' V' (!1-$5) 
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q, • sedimem transport r.ue ln rn'lt 

D • a-.:-erage depth of Oow (m) 

V = a\'erage vdoci<y (m/s) 

a. b, and tare coefficients shown to Table 3-21 
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Eq. (3-86) may be applicable to Froude number = I to 4; V • 1.98 to 7.92 m/ s; bed slope • 
0.005 to 0.040; and 0.062 mm s do. s 15 mm. 

Table 3-20. Sus~nded .roiment load and su-e-•mDow data 

Q. (t/d) Q (1/ S) Q. (t/d) Q (VS) Q .• (t/d) Q (t/ S) fl. (If d) QO/ S) Q. (t/d) Q O/ S) 

O.IS 36.81 0.11 73.61 0.18 67.911 95.26 1101.40 0.02 70. 7l! 
0.22 45.SO 0.54 70.78 o.O'l 70.18 2.54 545.60 0.04 70.78 
0.07 42.47 1.81 368.07 o.o; 65.12 1.54 206.68 0.02 70.78 
0.59 45.50 0.41 65.12 0.1 1 124.58 0.91 IIOA2 0.16 50.96 
0.44 65.12 0.25 56.65 0.54 266.1 4 0.24 87.77 0.01 5'-79 
0.53 87.77 0.20 65. 12 7.!15 540.77 0.17 82.11 0.01 53.79 
0.08 93.45 0.06 . 67.95 12.70 637.04 o.oo 79.28 0.06 73.61 
1.18 2!15.00 0.14 113.25 5.17 597.40 0.08 84.94 0.20 178.57 
0.31 198.19 0.15 130.24 8.44 664.02 1.09 265.31 Ml 70.78 
0.68 127.41 3.99 669.09 7.62 679.50 0.41 2!1;.00 0.11 31.14 
0.17 4_2.47 0.58 596.38 19.05 )044.70 0.20 121.74 0.18 42.47 
0.12 ,9.64 0.41 198.19 15.42 %9.80 o.o.; 70.78 0.22 113.25 
0.06 42.47 0.29 185.07 2.90 685.17 O.o7 59.46 0.32 76.44 
0.28 45.30 O.o7 65.12 O.ill 266.14 0.91 50.96 1.72 662.40 
0.53 90.60 O.IS 73.6 1 0.05 62.29 0.02 70.78 O.S? 268.97 
0.16 84.94 0.06 82.11 0.20 79.28 0.()6 56.65 0.25 82.11 
0.08 155.90 0.08 104.76 0.04 70.71l 0.•«1 42.47 0.08 56.63 
0.53 542.58 0.22 251.98 0.02 70.78 0.22 59.46 0.27 56.63 
1.45 274.63 15.42 317.10 0.05 59.46 0.08 67.95 0.13 50.96 
0.31 93.43 0.31 73.61 0.44 65.12 0.44 118.91 O.oJ 33.98 
0.12 61U2 0.18 84.94 0.03 104.76 0.40 !19.46 0.05 b3.79 
0.20 53.79 0.05 59.46 0.54 205.85 0.05 28.51 0.09 55.79 
0.32 <IS. IS 0.21 67.95 1.54 314.27 0.16 56.81 0.18 31.14 
0.03 53.79 0.05 62.29 1.18 Sl 1.44 o.o~ 39.64 0.15 6$.'19 
0.11 30.96 0. 14 59.46 1.72 311.44 0.06 42.47 0.46 66.63 
0.49 67.% 0.06 67.95 9.98 869.20 0-02 53.79 0.11 104.7& 
4.!1; 515.29 0.05 62.29 31.75 9'12.99 0.02 53.98 0.25 209.51 
1.91 232.16 3.72 637.94 94.55 1223.10 0.05 48.13 11.27 467.16 
0.28 <IS. I! 2.00 549.27 16.M 1330.70 1.54 319.93 0.46 184.03 
0.18 36.81 3.63 311.44 1&2.•U 1647.80 <.81 566.25 0.27 121.74 
0.44 50.96 0.15 99.09 19>9.50 1843.2il 0.51 20\l.!H 0.09 65.12 
0.30 <&.50 0.06 56.65 470.84 1616.70 0. 15 99.09 0. 12 67.95 
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Taba. 3·21. Coefficient, i_n sediment transport capacity equation 

G • gradallon coefficient • 0.5 [(deo/ d,o) + (d,o/ d16)) 

d,. (""") 0 

c = 1.0 

0.1 3.30 X W ' 
0.2!> 1.42 X 10-6 

0.5 7.60 X 10-6 
1.0 5.62 X 10-• 
2.0 5.64 X 10-• 
3.0 6.32 x w-• 
4.0 1.10 x w-• 
s.o 1. 78 x w-• 

0.25 
0.5 
1.0 
2.0 
3.0 
4.0 

0.5 
1.0 
2.0 

1.0 

1.59 X 10-' 
9.80 x w-• 
6.94 x w-• 
6.32 X 10-6 

6.62 x to-• 
6.94 X 10-6 

1.21 X 10-' 
9.14 x w-• 
7.44 x Jo-• 

G s 4.0 

1.05 X 10-' 

Source:: Johnson ( 1999). 

Wind Erosion 

0.71& 
0.495 
0.280 
0.060 

- 0.140 
- 0.240 
-0.300 
- 0.340 

0.510 
0.330 
0.120 

- 0.090 
-0.196 
- 0.270 

0.360 
0.180 

- 0.020 

0.210 

c 

3.30 
!.61 
3.82 
3.93 
3.95 
3.92 
3.89 
3.87 

3.55 
3.73 
3.86 
3.91 
3.91 
3.90 

3.66 
3.76 
3.86 

3.71 

E&ti.mates of soil loss due tO wind erosion are required to evaluate the potenlia.l for exposure of 
tailings ot solid wa1ces protected by soil 00\'ets. Soil loss due to wind erosion is expressed in a 
functional limn (USDA !982, 198.~b): 

E = f(l, K, C, L, V) 

where 

E • average annual .oilloos tons/ acre/yr (t/ha/ )T)) 

1 .. a function or iodicated variables 

(3-86) 
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I = ~il erodibility to wind stress. usually expressed by dividing soils into wind erodibtt.. 
ity groups (WECs) based on soU types (e.g., 83nd~ loam, silt, day, clods, and stones) 

K = surface roughn«s fucwr, usually expressed by an index of 1.0 for 5mooth surface 
and 0.5 for ridged swface 

C = climatic factor (expressed as a percentage) dt\·eloped for each month for differ· 
cnt locationJ' ba~d on aver.tge wind ' 'elodty and pn:-cipitation-e\>apol'3.tion index 

L • unsheltered distance, usuaUy obtained from available chart.'l for different widths of 
soil 5u.rfaces, distance& along pre\>ailing wind direction, and angles of deviation of 
pre"'3iling wind 

V = \•-egetati\-e cover, usually exprc55td in tenns of weight of flat small grain residue per 
unit a.n:a 

Vegeta.ti\<e cover, V. i!> estimated from charts lhat express a given amount of flat grain sn1bblc 
of a given crop (e.g., sorghum~ cotton, or com) in a field into an equivalent amount of Oat 
small grain residue (R) from the previous crop. Tite dtal'l5 and tables developed for different 
states mould be wed for specific studies. Technical notes. including these chan:o aod tables for 
diffi:rellt &tates, are a,oaiJable from local offices of the NRCS (USDA). To facilitate wind ero
sion predictions, the wind crooion equation ako ha• been computerized (e.g., USNRC 1982). 

ba..,le 3-10: Estimate ao.nual soil I0..'\.'1; rate due to wind erosion for a site in W')'Oming 
where WEC (rellecling variable I of Eq. (3-86)) = 2; pile surface is unridged (reflecting,..,.;. 
able K) ; C .. 30% (for critical month at the location of the site in Wyoming); V = 500 lb/at:re 
(560.41tg/ha); and I,~ 2,800 ft (853.4 m). Usually, the crilical month would be that in which 
the most severe wind erosion is expected. 

Solutioo: RelC\'aOt values of £for unridged surf-.1ce in WEG2 with C "'"' 30% for Wyoming 
arc included in Table 3-22. Using Table 3--22 for Wyoming (USDA 1982). E = 26 tons/ ac::re 
(58.5 t/ha) per year. 

Sediment Transport Analysis 

Sediment transport anal~is includes estimates or aggradation. degradation, and deposition 
in riwN and reservoirs and can be performed using computer modcl1,1 suc;.h a ... the HEC6 
model (USAGE 199l d) . lnput for tim mndel includes the following: 

I. Hydrographs of flow in the main channel and tributtries 

2. Channel cross sections with roughness coefficients and d.isc::ha.rgC$ at each, 5im.Uar to 

the HE(',2 and HECRAS modeh (USACE !99lc, 1998) 

3. Crain size distribution of channel bed material at each cr055 section 

4. Suspended loads of inflowi:ng water in the main chan.nd and tributaries and their 
grain size disuibutions 

In most field Airuations, detailed site--specific infonnation ls not available and input data 
have to be as.~U:nilated based on limited data andjudgmenL In some cases, prellminary esti· 
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Tab .. 3-22. Soil )ol§S in t/al.Te (t/ba) on unridged llUrfd.ee, WEG ... 2., C = 30%. in 
Wyoming 

UnahellenddioW>ce flat oma11 snoin residue [lbo/ac:re (q/ba)) 
acrooo field along 
prevoiling wind direction 1,000 750 500 250 0 
(ft (m)) (11 20.8) (840.6) (560.4) (280.2) 

100 3.3 6.8 II 14.5 19 
(:!0.5) (7.4) (15.2) (24.7) (32.5) (42.6) 
200 5.5 JO 15.7 20 25.> 

(61) (12.3) (22.4) (35.2) (44.8) (57.2) 
500 8.5 15 21.9 27 33.5 

(152.4) (19.1) (33.6) (49. 1) (60.5) (75.1) 
1.000 10 17 24.5 30 37.8 
(304.8) (22.4) (38.1) (54.9) (67.2) (84.7) 

2.000 1Q.6 17.7 25.8 32 39.9 
(609.6) (23.8) (39. 7) (57.8) (71.7) (89.4) 

3,000 10.9 18 26 32.7 40 
(914.4) (24.4) (40.3) (53.3) (73.3) (89.7) 

1 .. 000 11 18 26 33 40 
(1.219) (24. 7) (40.3) (53.3) (74.0) (89.7) 
5.000 11 18 26 33 40 

(1,524) (24.7) (40.3) (53.3) (74.0) (89.7) 

Sourec: Adapted from c:ha.ru given ln USDA ( 1982) . 

mates have tO be made with limited data if ront.aminated sediments eroded from a site wuuld 
reach a specific downsrream location or settle mostly within the stream reach upstream of 
that location. Computational5tep5 for such preliminary analyses i.nclude the following: 

J. Ea-tirna.te ex:pected maxhuum, a\'etage, and minimum flow '-'elocities and water 
depths in lhe study reach. 

2. Estimate a\'erage d,., d,_ and d .. of the sediment likely to he eroded from the site. 

3. Estimate fall velocitia for known particle sius from cha_n.., (e.g., USBR 1971) or 
using Rubey's equation (Low 1989): 

w= (((2/ 3) g(G,- I) d' + 36v')"" - 6v]/ d 

where 

ru = fall velociiJ' (m/ s) of panicles of size, d (ro) 

v s kinematic viscosity (m2/s) 

Gs s specific gravity of partides 

(~7) 

4.. F.stimate rnioJmum, a,.-eragc, and maximum trd.\.-c-1 distances, L (m), of particle of 
si:1.e, d (m). u....-ing the relationship L = D V/w, where D =average water depth (m) 
in the study reach and V = flow velocily (m/s). 
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E:m.ple 3-11: The maxllnum velocity and depth of flow in a stream flowing by a contami-

nated site an:: estimated to be 1.52 m/ t and 4.6 m, rcspet.·th·ely. The <t.\1:rage d1> of the con
taminated aedimcnts is about 0.05 mm. A rescn•-oir ls located about 6 km from 1he site. Esti· 
mate if any significant portio n of the contaminated sedimenll is likely tO reach the resen'Oir. 
Ute G, • 2.65 and" • 0 .000001181 ru''/s. 

w= (v'l(2/3) X 9.81 X 1.65 X (0.00005)' + 36 X (0. 000001131 )'] 

- 6 X (0.000001131) ]/ 0.00005 = 0.00197 m/ s. 

l. (maxhnum) • 4.6 x 1.52/ (0 .00197) = 3,.5..?0 m. 

This auggr.su that potential is remote for any significant portion of tonta.rninated sediments 
rea.cbing the resen'Oir. 

To control the amount of sediment transported by a slJ'ta111 from reaching downslmi11l 
facilitie.s., sedimentation basins are pro\1ded. A major portion of the annual sediment load 
of a.reams is uansported during storm evert'-'. Sedimentation basim for Oood peak au:eoua
rion and ~~ediwcnt entrapment during storm C"\'t!nts can be: designed wing computer modeb 
such ao SEDIMOT·2 (Wilson etal. 1981). 

A pr~liroinary e5timate of the trap efficiency of a sedimentation basin for sediments of 
mean size, d (m), may be obtained using the empirical equation (USBR 1971; Barfield et al. 
1981; Vetter 1940) 

IV/ II• = exp (-wL/q) = exp(-wA/ Q) 

where 

Ill> = weight of :oediment entering basin (kg) 

Ill = weight of sediment leaving basin (kg) 

L =length ofba1in (m) 

w • fall \'docity (m/l) of panicles of size d (m) 

q = discharge per meter width of basin (m2 / s) 

A = surface area of ba:sln ( rn2) 

Q = basin inflow or outflow (m3/ s) 

(3-88) 

Sedimentation or settling basiru also are required to trc~p sedhnenL' u-.tnsported by 
dle inflowing water on a continuous basis (e.g .. seuling ba'>i.ns are required to trap sed_i
ments from water used for ground\'to<atcr recharge aystems or water recycling S)'l'tem a of 
industrial f.u:ilitics). Such balin• may be sized using the follo,.; og equation (USSR 1971; 

JohJUOn 1999): 

P = [(I- cxp(-A)] 

X= (1.055 L w)/ ( V X D) 

(3-89a) 

(3-89b) 
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where 

I' & fraction of sediments of size, d (m), depo:sitcd Q\'cr the length of the basin 

V = avu..ge How velocity in the inOowing channel (m/s) 

w = fall velocity (m/ s) of particles of size, d (m) 

D & water depth ln the basin (m) 

balllple 3-12: Estimate the size of a setding basin for a channel canying 6.5 m'l s with a.• 
erage now \'elociLy of 0.15 m/ s and aver.\gc an_nual sediment load of 20,000 m' / yr, \\;tb par
ticle size distribution given ln Tab&e s--23. Usc G. = 2.65 and",. 0.00000094 m1/5. 

Solution: For first trial, ;w:ume a ba\.in with I .. = 300m and D = 3m; then, X= 1.055 
(300 w)/ (0.4.5) = '703 w. The computations for trap efficiency of lbc: se:ul.ing ba(lin are 5bown 
in Table 3-24. 

The ttap efficie-ncy of the b:uin is 13,181/20,000 • 0.66. 
If the basi_n i~ to accommodate only one year of sediment load whh a sediment depth of 

O.S m, then its avu..gc width is 18,181/ (300 X 0.3) = 146 m. If m;, size of basin ;, not ac· 
ccptable, computations should be repeated for olher values of L 

Open<honnel Dispersion 
Near-Field Dispersion 

Oispcnion and mixing ronc anai~U b required to c:va.luatc impacu of pollmam d~ 
charges in streams through point and nonpoint sou_I"CtS. For s:ingl~n di&chargcs. such 
analyses can be conducted using models such as CORMIX (USEPA 199&). NeaNield 
di.\penion includes dilution resulting from discharges th.rough jeH and d.i:ffu\eN, whidt a~ 
affected by the momentum and buoyancy of the jet discharge and geometry of the outfall. 
Computational steps for a preliminary analysis for simp&e horizontal roundjeu, similar to a 
pipe outlet. are (Fischer et al. 1979) listed below: 

• Estimate the momentum Owe of jet (m•/ s1): 

M=QV; ($-90) 

Table 3-23. Patticle size distribution of annual sediment load 

100 
98 
83 
46 
ss 
22 
13 

7 

Porticle size (mm) 

0.5 
0.25 
0.125 
0.062 
0.031 
0.016 
0.008 
0.004 
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(I) 

D(mm) 

0.5 

0.25 

0.125 

0.062 

0.081 

O.ot6 

0.008 

0.00< 

TOial 

- ......... 
Table 3-24. Computations of trap efficiency 

(2) (5) (4) (5) (6) (7) 

Fro<doo ~ 
InlOW -·-........... (m'/ )T) 

load •(m/J) X = 703w p = I - .-:r Avenor,. (col. (2) X 20,000) 

0.0619 43.52 1.0 
0.02 1.0 400 

0.0305 2 1.44 1.0 
0.15 1.0 5,000 

0.0 116 8.15 0.9997 
M7 0.96 7 ,-100 

0.0056 2.11$ 0.92 
o., 0.69 2.600 

0.000118 0.619 0.-1<; 
0.11 0.806 2.200 

0.0002:15 0.165 0. 1~2 

0.09 0.096 1.800 
0.000058 0.0408 0.04 

0 .()6 0.025 1,200 
0.00001-1<; 0.0103 0.0102 

O.o7 0.005 1.400 

1.0 20,000 

• Estimate the characteristic lengtlt: 

~ ~ characteristic length (m) = Q1 M'"' 

• Estimate the maximum jet velocity at distance, x. from jet orifice: 

w. • 7 M 1,/( Qx) 

• Estimate: 

t..IC. ~ 5.6 J.lx 

• Estimate mean dilution (s..-) at distance, x, from jet orifice: 

s..-.. = (volume Oux at dLiitance xJ/ (vo lume OtLX atjel orifice) .... 
p/ Q = 0.25 x/~ 

where 

Q = discharge lhrough je< orifice (m'/ s) 

J'l =jet velocity (m/ s) 

,.,. a volume Oux at dittance x (m$/ s) 

115 

(8) 

.,.,_.d.., 
(m 11/yrl 

(col. (6) x ..,._ (7)) 

400 

3,000 

7,)01 

I ,794 

6'13 

173 

30 

7 

·~.181 

(:1-91 ) 

(3-92) 

(3-93) 

(3-94) 
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('.,. = maximum concentration at di~rance ·"' 

G, = initial concentrdtion 

For a 5i.ngle round buoyant (i.e., density of W".astewal:er ia less lhan the density of the re
ceiving water) vertical pon, it is found that flow becomes. similar to a plume within a shon 
dlnance from the jet orifice. Computational steps for a preliminary analysis are (Fische.r 
el a!. 1979) as follows: 

• Estimate the momentum Oux ofjer (m4/ s2): 

M=Q ij 

• Enimate the characteristic length: 

~ = characlensric length (m) = Qj M'" 

• Estimate the characteristic lengtlt for the: bUU)'a.m jet: 

1,. (m) = M!J/ 4/VB 

• Estimate the buoyant')' flux: 

B = [(p. - p) f p] g Q 

where 

p ., = density of receiving water 

p = density of effiuent 

(3-90) 

(3-91) 

(3-95) 

(3-96) 

• 

For)' >> 1..,., where 1 = water depth abo\'C the port, flow is similar to a plume, and for y « 
1,.., flow is similar to a jet. 

• Estimate the Ricbard.oson number, Ro, lOt a tOW\d jet: 

Ro = V I,.= QvB! M" ' (3-97) 

• Estimate dimemionle55 depth: 

t = 0.25 (}I 1J CRo/ 0.557) (S-98) 

• If J > c_ estimate \'Oiwne Oux io a plume at depth y above pon.: 

• If y < l... estimate volume Oux in a jet at dep~ J abm'C pon: 

(!5-99) 

(3-100) 
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• £5timatc mean dilution at depth y: 

,.; Q = i< (0.557/ R.J (3-101) 

Multipon diffusers consist of st'f-eral closely spaced pom. Wastewater discharges c.xiting 
through these ports tend to merge to fOnn a ven.ica.l plwne witbi.n a short distance from the 
locations of the ports. Steps to pc.rfonn a preliminary analysis for dilution in the plume are 
(Fischer et al. 1979) li"ed below: 

• Estimate di&cbaq,re. q. per unit k:ngth of diffuser; i.nitial poUurant concentrntion, ((,. 
above that of receiving '*'"'ter: densities of discharge, p., and receiving water, p (kg/ m'); 
t,\p = P.- p;andg' = gt,\p/ p 

• Estimate: 

(C- C.J/ (C,- C.l = 2.63 qW/(g' '" J) 

where 

C • diluu:d conccntr.uion at height 1 abo\'<: diffuser ports 

C. "" background concentration in ambient water 

(3-102) 

For cases where a.nal)'!is of multiport diffu.\t-r i5 not practic:able, the plane vertical 
source for f.lr-field dispenion analysis may he assumed to he equal to lhe length of lhe dif. 
fuser. L, and height equal to 30% oflhe deplh oflhe diffuser (Chin 1985). 

Far-FieiJ Dispcnion 

Far..field dispersion includes dilution due w flow tutbulence in the channel aw-.t.y from the 
outfall where jet momentum is not significant. Some model'S for M.mulation of water quality 
of riven and raen'Oin include QUAUE (USEPA 1987a), WQRRS (USACE 1978), and 
WASP4 (USEPA 1988b). Fot preliminary analysis of dispen.ion of cootaminaot.1 released into 
a stream, simpler and approximate analytical or qua.ktnalytical equations may be usefill. 
GeneraUy, regulatory agencies $pC:Cify an acute or chronic regulatory mixing zone (ARMZ or 
CRMZ) of surface water bodies ~ithin which nonnaJ ·water quality scmdards arc not applied. 
It is lhal region of the swfuce water body downstream of the point of wastewater discharge 
where ph)'Sical mixing c.lC.au~ in aU directions until the constituenl5 in the discharge achieve 
uniform concentrations in the receiving water. Complete mixing is a\.\:Wlled to occur at a 
sueam eross scxtion where concentrations at all points within the cross section are within 5% 
of the mean v-.tlue for that cr05$ section. Most water quality st."lndards specify the use of 7-da.y, 
I ().yr average low flow ( 7Q I 0) to evalua.tc wa ~r-q uaiiLy-tcla tcd im p:u;ts <m 11urf'l'.t.Ce w.ue-r. The 
.o;b:e of the mixing tone &hould be kept to a minimum atld should allow We pa.uagc:. pro-
tection. and propagation of aquatic organisms. In addition, contamination in the mixing 
zone should not be acutel)' toxic. For a point soun::c::, mixing lengths, 4.,;._. may be atim:ned 
b)' (Fiseher •• >1. 1979) 

L..a (eomplete mixing) ~ 0.1 u I¥'/ D1 

if the source is located at centa of stream cro5.~ M:c;tion, or by 

L..a (complete mixing) = 0.4 u 111'! D1 

if the source is located on the bank of the stream 

(3-103) 

($-104) 
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where 

u o flow veloc-ity 

W • width of slr'Cam 

D, = coefficient of lateral dispersion 

Three anatyticaJ models to simulate far-field dispersion in streams are descri~d here.. 
Tile first. of the.<e models"""' (Pr•kasb 1977, 1999) 

where 

C (•, }• z)/ c;, s [Q,/ 14 (., - z1) {(, • u D,)IJ 

l: I ((eo·l'(£1) - erf (E.!)IIexp (£3) l] 

£1 a [z - mD - (-l)"z,]/[v(4 D,>/u)J 

E.2 = [z- mD- ( -1)" z,)/ [v' (4 D,>/u)] 

E3 = - [y - n W- (-I}'JI>]t/ [{4D,>iu)J 

where 

erf (x) = e rror function of x 

~ (first) i5 from m =- -:» to :» 

I (second) is from n .;;. - .::o tO~ 

C(x_, .Y· :) =concentration at the point (x, J, .t') 

C0 ;;; source concentration 

Q. = rate of discharge of contaminated water 

D,. Dt • tran.sverse and "ertical dispersioo coefficients, respectively 

D • depth of Oow 

(3-105a) 

(3-105b) 

(ll-105c) 

(3-105d) 

x, y, z = distances in longitudinal, tranS\-erse, and vertical direc.ti<ms. l"eSpeeti,'et)', 
\ll'ith origin at the center of the channel 

.t11 z..! a;; vertical coordinates of the vertical line source 

10 = _t<:oordinate of the point where the \"ertical line rource is located 

TI1e channel downstream of the source &s rep1·esemed by an equivalent a\'etage rectangular 
cross section. The bed. banb, and water surf".tce of the channel are assumed lo be no-Oux 
boundarie5.. The effc:cu of the5e boundaries are accounted for by the method of images. For 
stead)'•State U"ansport, the contribution of longin•dinal dispersion is neglected. The Oow in the 
SlrC3IIl is ""'umcd to be unifonn and steady, and the contribution of secondary cttrT<nl> is 
assumed to be a('('.Ounted for by the u-.u:t.'i\'ene cfu_pen;ion coefficient 

Eq. ($-105a) is applicable w a ''erticalline source located at :c ;;:~: 0, where xis taken to 
be positive in the downstream direction. If the soutce is a ~-enical plane with fin ite length. 
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4 parallel to the direction or now (i.e., »direction), then it is assumed to consist of a num~ 
her of vertical sources of i_n.finitesimallength placed adjacent to each other. The contribu· 
tion of these \'ertical sources i.s obtained by linear superposition: 

C'(X.1> ~ L) = l: C(x + i().x, ,, •) (~106) 

where 

C(x, ~ 1. L) ; concentration at a point(~ y, .t) due to a plane ''ertical source of finite 
length, I. 

C' (:< + i 6"'- J• z) = concentration at (x + i 1.\x. }• z) due to a .;-enicalline wutGc:: locoued 
at x = 0, given byEq. (3-105a) w;th Q, n:placed by Q,/ N 

Ax = infmitesimallength of a vertical source = L/ N 

N = number oh"Crtical sources of infinitesimal length io which the source length. L. is 
di>idcd 

For continuous point source di~harge, the com'eCJive.dispersion equation in steady. 
uniform flow (advection) i.n the longitudinal direction (i.e., along the direction of rh·er flow) 
becomes 

where 

C(x,y,:)/(GJQ0) = [1/ (hx-/(D,D,)I] 

(cxp(-A x/u) ] !l:cxp(- (y- nB- (-1)",_,12/ (4D1 x/u)l)] X 

cxp(- (•- mD- (-l)"'i>l'/ (41), x! u) ] 

C0 = concentration in the dischatgc: at oulfall 

Q., = rate of outfall discharge 

C(x. ~ .t) = concentration at the point (x. y, .t) 

D1 • ll'aJ1.5\'e_f'5e dispersion codficicnt 

u • v.!-locicy 

D; = '"'C-rtical di$persion coefficient 

A ;;;;: decay coefficient (11) 

Jo = y-coordinate of the poi_nt source or outfall 

zo = .Koordinate of the point sourc.e or outfall 

x ~ distance downstram from the outfaU. whic.h is lcx:atcd at x = 0 

~ (fint) is from n = - .ao to oc 

I. (second) is from m == --ce tow 

(3-107) 

The origin of coordinates b located at the center of the river al mid-depth at x = 0. 
For ma.u con.senration in some aa.~s.. 100 or more terms of Eq. ($-1 07) may ha\'e tO be 
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used in the computations. Therefore. it is advi5able to pe.rfon:n the cornputatioo5 usi_ng a For
tran program or spreadsheet Dl~harges from several outfalls locared at variou., point'! oo 
the riverbank may be simulated using the principle of superposition: i.e., 

where 

C(x, }I • T) = concentration at point(:<, J. :) due to W.Charge,.t T oudillb 

subscript i = 1, refers to the most downstream 

i = 2, refel"5 to the next upstream outfalJ, and so on 

L\~ = distance of outfall number i from the most d~-nstream outf.UI 

(3-108) 

Qx + i Ax,, y, z) ;;~~ value (l'ight·hand side) computed from .Eq. (3-J07) using {x + i b.xil 
for x 

I i!S from i c I to total number of outfall!, T 

Tllls model may be used to estimate concentrations at variow points along the width and 
depth of the river at the do...,.nsrream edge of the mixing zone. This model assumes the: 
following: 

1. There is stead)', unifom1: fkw.· in the ri\'t':r reach. The stead)"Statc assumption implies 
continuous discharge: from the outfalls. Unifonn Bow implie5 a constant river ct055 5tC..'" 

tion in the t".ntin: ~r n::ach. A rcprescntatn>e average rectangular c::ross section is esti· 
mated for the river reach "'ithin the mixing zone. irregularities in the river Cl"OS$ section 
are likely ro enhance dispersion and dilution. Therefore, the assumption of a uniform 
l<ectlllgulat cross section may be conscr\"ative. 

2. Ri·\'er now is ooe-dirnen!'llonal (i.e., along the ri'·er course) with no secondary floW¥ 
in other directions.. This assumption is also con.scrvativc because s«ondary Oo"'S 
tend to enhance mixing ot i.ncrea.se tranS\·erse di~persion. 

The se<ond analytical model to simulate far-field dispersion in stream< (USEPA 1987b) 

"'"' 

where 

C(x, yl/ Q, = ( 1/v'(4 r D, I) If exp(BI) df + { exp(£4) df + 
f exp(FA) df + f exp(BI) df + ... ] (3-109) 

the li1nit~ of the fits~ second, third, and fourth integrals are from a to b. r. to d, e to f. 
and g t.o h. respectively 

~)I = - (J - f)'/ (4 D, t) 

a= -B/ 2- y, 

b=B/ 2 - , , 

c = -B/ 2 + y, 
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d = 8! 2+y, 

, a-BJ2 - 2W-y, 

t ~ B/2- 2W- y, 

g • - B/2 + 2W+ y, 

h=B/ 2+21V+ y, 

t = x/~ 

B = length of horizontal line source located across the ~tream 

121 

'!• = distance from center line of oourcc to d\e scream bank, which is as.o;u:med to be 
located at 1 • 0 

This model simulates only lonoritudinaJ advection and trallS\-'Cne dispersion and internally 
computes the transverse dispersion coefficient using the relationship D1 = 0.6 u. D, where 
u. e shear velocity~ V(g D S). It assumes a horizontal line source with a fini£e \\idth across 
the stream and u.'§Cs the method of images to account for the effects of the channel bound
aries. Eac.h of the integrals in Eq. (3-109) represents the contribution of an image of the 
source and the image pattern repeats up to in1lnity. 

The third model (USNRC 1976) s-irn·ulates a poilu source and \.l.SCS 

where 

~ is from I to oo 

C{x, q)/ C, = CQoiQ) (I+ 2! [exp(£5) 
cos(~" q,/Q) cos (n" 9/ Q)Il 

1:5 ~ -(~ ,t £1 D1 " x)I Q' 

Q = total >tTcam flow 

($-110) 

q = stream Oow from the bank (as.<tumed to be at y = 0) to a distance 1 where C(x, q) 
is computed, such that as J- \>V, q- Q 

Js • disrance of point source from the bank. 

q, = stream flow between 1 = 0 and J a y~ 

This model abo si.mu.late5 only longitudinal ad\'ection and transverse dispersion. 

bal"'ple 3-13: Contaminated "''~uer teep5 through a 3.S5-nw:leep seepage zone along the 
bank of a perennial stream. Estimau~d rates of M:epage throu~rh different lengths of the seep
age :rone along the nream are given in TabJe &-26. Average widlh and depth of the receiving 
stream are 244m a.od S.~ ro, respectively, and average velocity corrtSponding to the 7Ql0 
6ow is 0.62 m/ s. A.uumc D

1 
• 0.16 mt/s and unifonn distribution of concentration along 

depth. Estimate the length of complete mixing. 

Solueiorc For uniform dis:rribution of concentrations along depth, U'-ume a rcl:ati.,.ely 
high .,:;due of D1 (e.g., 0.16 m1/ s). The source may be !imu_l:ated a.'J a \'Crt.icaJ plane extending 
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rrom x = 0 to x = - 2,936 m (x being positl\·e in dowtl.$tream direction);~~ • - 1.675 rn; 
~ • 1.675 m; and.»= -122m (origin being at the center of channel cross section). For rna.M 
consemotion, a large number of inug<s (i.e., 1,000) is used in a Fortran program. Oniding 
the seepage t one into 10 smaller segments and Wling Eqs. (~105a) and (~106), estimated 
con centrations .;u different locations are shown in 'fable ~26. 

At x = 320,000 m, eoncen1r.uions throughout the width of the channel are found to be 
0.012 mg/ 1. Thus, the theoretical fcngth required for c:omp~te mixing may be about 820,000 m. 
Uting enhnared ooncenttatious a1 additional points along lhe channel width. mixing zone 
with it' tail defined by a speci.6ed wncenrration (e.g., 0.012 mg/1) can be sk.etched. A Coln
mooly uM:d criterion is to define tbe limit of complete mixing or mixing tone at the cro.u M:C

tion where concenttatiom at all points are within 5% o( the mean ,'aJuc for that c.ross section 
(Fischer eL al. 1979). The cross section where maximum dC\iation from tbe mean concentra
tion iJ v.ithin about !)% is about 2r>.OOO m dowrutteam from the source. Theoretically. this 
large length may be required because D, is relath<ely small. 

ln cenain cases, constituent concentrations in suJfacc waters may be affected by 
processes such as biodegradation and \-olatili:zation. The contribution of Lhest: processes 
may be estimated by inuoducing a multiplying factor in Eq. (S.IOS;o), such that 

C(x, ,, z, >.) = C(x, J. z) exp( ->. >:/~) (3-111) 

where: 

C(x. y.z) is gi"en by Eq. (S.l05a) 

C(x. ) · :.. >.) • oonceotrntion at point (.)(. y. .:), including the contribution of biodegra• 
dation and "olatilization 

.\ - A, + At 

A1 .., biodegro~.dation rate constant (t- 1) 

A2 -= \"Oiatilizatlon ra.te cons:ran.t ( t .. 1) 

Biodegr.u:lation rate con.stlnl$ in an aerobic cnvi.ronmcot for dJffercnt comtitucnts may be 
obcained from the Literature (e.g., USEPA 198.'>) . Suggested lint-order biodegradation rate 
consr:am s for selected con_stitucnL' for screening level an.al)~ a_re given in Table 3-27 
(USF.PA 1985]. 

Table 3-25. Rates of seepage of contaminated water 

Loop of 
seepage 10ne (m) 

0--5&1 
564-1,203 

1,203-1,961 
1,961-2,701 
2,701-2,9!16 

Rate of 
seepage (1/t/ m) 

0.0155 
0.008 
0.0011 
0.0065 
0.0053 

Conoentratioa 
(mcfl) 

250 
250 
250 
250 
250 
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Tabt. 3-26. Concentration distribution in stream 

Concentration (IIIJ/I) 

Diolanceofrom Distances along stream widlh from bonk 
d-f!dge where &eepage occun 
of~- zooe, 
"(m) 0 (m) 70 (m) 120 (m) 

30 0.19 0.002 0.00004 
300 0.11 0.005 0.00007 

3.000 0.05 0.014 0.0016 
15,000 0.025 0,018 0.010 

320,000 0.012 0.012 0.012 

The \'Olarilization rate constant is a function of Henry's law constant and is im'Crscly 
proportional to the depth of warer in which the cotutituent i.s dissolved. Henry's law con .. 
$tarn (KH) for selc:ctc:d chemicals is given in Table ~28. For others, K11 may be estim ated by 

KH ;; [(vapor pressure in mm of Hg) X (molecular weight 
in gm/ mole))/ [(water solubility in mg/1) X 760] (1!-112) 

Table 3-2 7. First-orde-r biodqr.tdation rate constants and Henry's law eou.sta.nu for 
selected chemicals 

Heptachlor 
Carbon tettachloride 
1,1-diehloroethylene 
1,2-dichloroetbylene-ci< 
1,2-dichloroeth)·lene-tron.s 
Trichloroethylene 
Te-trachloroctbylcnc 
Benzene 
Chlorobenzene 
1,2..-d.ichlorobcnune 
1,3-dichlorobcnzenc 
l,~ichlorobenzcne 
Ethylbem.enc: 
Toluene 

'Source: USEPA (1985). 
"Source: Maidment (199S). 

Sugosw! 
bioclepacladon rate 

CODICalll, A" for ocreenlng 
1.-1 onaJyseo (day -I)• 

0 
>().5 (u>e 0.5) 
>0.5 (use 0.5) 

0.05 to 0.5 (use 0.05) 
0.05 to 0.5 (use 0.05) 
0.05 to 0.5 (use 0.05) 
0.05 tO 0.5 (usc 0.05) 

>0.5 (usc: 0.5) 
>0.5 (IJ$<: 0.5) 

0.05 to 0.5 (we 0.05) 
0.05 to 0.5 (use 0.05) 
0.05 t.o 0.5 (use 0.05) 

>0.5 (u...: 0.5) 
>0.5 (U$e 0.5) 

Heruy'sbw 

""-' (lllDHn'/mole)• 

8.19 X 10"' 
2 X 10-2 

3.4 X 10- ' 
7.58 X 10"' 
6.56 x 1o- • 
9.10 X 10"' 
2.59 x to-t 
5.59 X 10"' 
~.72 X 10"' 
1.93 X 10"' 
3.59 X 10"' 
2.89 X 10"' 
6.43 X 10"' 
6.37 X 10"' 
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Table 3-28 . Typical \'alues of volatilization rate constanos 

Henry"a law c:o.....,r, /4, 
(at:JD.m' /mole) 

I 
J0-1 
10-· 
JO-> 
10- · 

Sout<e; USEPA (1985). 

Volatllbatioo rate constan4 At~ 
for mixed water ckpth of I m (day-') 

4.8 
4.8 
4.7 
4.2 
1.8 

Typical \'alues of volatilization rate constant for a water depth of 1 mare given in Table 
~28 (USEPA 1985). Values of A, for water depths other than I m may be estimated by 
dividing the vJiuc:s in Table 3-28 by the water depth in me-ters. 

En*44e 3-14: E&timate the concc:ntr.ation in .Ex:am.ple 8-13 at a distance of 15,000 rn from the 
lO<"'dtion of~ and 70 m from lhe ""nk along the river width. The coos(in.tem i.s tridttoro
cthricne (TCE). and contributions of biodegradation aud \'Olatili2ation ate tO be induded. 

Solution: Using a fortran program or spreadsheet to perfonn the computations of 
Eq. (J05a) a1 x = 15,000 m aod ala distance or70 m from river bank, C(x. 1· z) = 0 .018 mg/1 
with " • 0.62 an/ s and water d~pth - S.!\6 m, Alto. lhc oo~tjtu-::nt U. ul:lifon:oly diu_ributcd 
O\'Cr depth. From Table ~25, for TC.E, A 1 = 0.05 day-1. From Table ~28. for TC£ whh KH = 
9 .10 X 10- '. At 9f 4~6 day- 1 (or water depth o( I m and 4.6/ S.S6 = 1.373 day- 1 for a water 
depth of3.!15 m. So.A • 0.05 + 1.573 • 1.423day- •. 

Aloo . .tu = 15.000/ (0.62 X 86,400) = 0.28 day. Tbercfore, C(x, .7> 1. A) = 0.018 exp( - 1.423 X 
0.28) = 0.012 mg/ 1. 

Some equations to estimate longitudinal dispersion coefficient. D_. are 

where 

lJ.f(U.lJ) = 5.915 (IV/ D}0
·
60 (U/ U.) '·" " (Sco and Cheong 1995) 

D, = 5.93 U. D (USNRC 1976) 

D • aver..ge water depth 

U. = shear \'elocity 

W = average channel width 

(~113) 

($.114) 

Experimental data for 110mc streams are included in Table 3-29 (FtSCher e t aJ. 1979; Crnf 1995) . 
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Table ;1•29, Longintdinal diJpenion cocllicieno. for selected •~reams 

Depth 
(m) 

SacramentO River. California 4.0 
South Platte River, Colorado 0.46 
Missouri Ri\'er 
Clinch River, Tenoes."'e 
Clinch River, Vrrginia 
PO\II'ell Rh-er, TennC!I.'lo« 
Copper Creek. Vu-gioia 
Colorado Ri\'cr, Lc<:s Feny to 

Nautiloid Canyon 

2.7 
0.85 
0.58 
0.85 
0.40 

8.2 

Source: Fiocher e t al. (19?9); Grnf (1995). 

~~dth 
(m) 

200 
47 
S6 
S4 
19 

71.6 

Meon 
ffiocloy 
(m/o) 

0.5S 
0.66 
1.55 
0.32 
0.21 
0.1!; 
0.16 

0.91 

Some equations to estimate transverse dispc.rs:ion coell'icient, D, are 

D, • 0.23 U. D (USNRC 1976) 

D1 ~ 0.15 U. D (Fischer et al. 1979) 

D1 ~ 0.60 u. o,.,;th va.Urion of 50% (USF.PA l991c) 

log (D,fU.D) ~ - 2.698 + 1.4981og (II'/ D) (Bansall971) 

J..oositudlnal 
dispeniOtt 
coeffiden~ 
D, (m 1/ o) 

15.0 
16.2 

1,500 
14.0 
8.1 
9.5 
9.9 

109-164 

(3-115) 

(3-116) 

(3-117) 

(3-118) 

Experimental clara for ~me streaol5 arc i_ncluded in Table ~SO (Fischer et al. 1979). 
Some equations to es-timate \'Crtical dispers:ion coefficient, D,. are 

D, = 0.067 U. D (Fischer ct al. 1979) 

log (D/ •) = -8.08 + 1.89 1og (U. D!•) (8ansa1 1971) 

(3-119) 

(3-120) 

Table 3-30. Tnmn>e-ne dispersion coefficients for 5electcd streams 

Transvene ...... cllopenion 
Depth Width ~locloy coefflcienc, 

Stream (m) (m) (m/1} D,<m'/•} 

Potomac River. Maryland 0.73-1.74 550 0.29~.58 0.01~.058 
MiMOuri River, downstream 

of Cooper Nuclear 
Station, Nebraska 4 210-270 5.4 1.1 

Missouri Rh'er, 
near Blair, Nebl'3$ka 2.7 200 1.7; 0.12 

Source: F"I:$Cher cc a1. ( 1979). 
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A relative-ly high Ds (ne:arly equal to 0,) may be used to $imulate conditions where the 
contaminant i5 well mixed over the depth of the stream and concentration variation! in the 
vertical direction arc not significant. 

Dispersion coefficienu should be estimated using 5e\-eral methods and teasonable ,~,u.. 
ues selected by judgmenL Where practical, valua should be verified by field measuremenu. 

Diuolved OX)'9ell Concentrotions in Streams 

Wastewater discharges in streams result in increa.set in their biochemical oxygen demand 
(800), which consum<:$ dissolved oxygen (DO). 00 concemrations in ri\-er waters below 
4- to 5 mgll are detrimental to aquatic biota. The h)•draulio and processes of BOD exertion 
and DO consumption in rivers are dependent on the follo·v.>ing: 

1. Temporcal (rimcxtcpcndent) and spatial \'3riations in streamflOw$, water depths, 
and velocities 

2. SpatiaJ variations in rhoer geometry (i.e., shapes of stream cross sections and exis
tence of ri\o-er bends) 

3. Temporal ""ariations in climatic factors (e.g .• wiod \'elocity, temperature, atmos
pheric preMure, rain, snow, and sunlight) 

4. Temporal and spatial \'ariations in ambient DO in the ri\·er 

5. River conditions (e.g .. areal extent of ice cover. l'loater temperatures below the ice 
cover and in ice·free a_reas) 

6. Geomcll)' of the outfalls (e.g., poin~ line, or non point configuration) and vdocity of 
discharge from !he outfulls (i.e., high or low v.locities that may affect initial mixing) 

7. E.xcent of phowsynthe5U, r~pir.ttion. and sediment oxygen demand in the riverine 
environmenl 

Some eonmu:mly u$ed nuxleb to simulate tl:J.ex pn:x:es.ses indude QUAL2.E (USEPA 
1987a), WASN (USEPA 1988b), and WQRRS (USACE 1978). For preliminary estimates of 
DO concentrations in slt'eams resulting Crom BOO di'SC.harges through poi.m soun::es (e.g .• 
outfalls), a relatively simple approach based on the Streeter·Phelps fonnulation may be 
used. For steady. uniform flow conditions, the St:reeter~Phelps equation prediclS DO deficit 
allocations downstream (rom a point where initial DO deficil and BOD concentrations are 
known. DO deJkit is defined as 

D=C,-DOo (~121) 

where 

D = DO deficit (mg/ 1) 

C6 = DO saturation concentration (mg/1) at the water temperamre of the ri"-er and 
at lhe altitude of the ri"-er at t_he location of imereu 

l>Q) = ambient DO concenuation in ri\'er water (mg/ 1) 

Copyrighted material 



127 

The Streeter-Phelps equation forD at a point downstream from a gi\-'en location is (USEPA 
198~. t987a; USACE 1978) 

where 

D = IKL41<K. - K,)] [exp(- K1 • .x/u) - exp(-K., .x/u)] + 

Do exp(-K,.x/u) 

K.. = n:-aeration coefficient (day- 1
) 

K, • BOD decay coefficient (day- 1) 

D = DO deficit at x (mg/1) 

x = distance downstream (m) 

u = Row velocity (m/day) 

Do = initial DO deficit at x = 0 (mg/1) 

I.., = initial BOD (ong/1) at x = 0 

The Streeter·Phelps model a1.•umes that 

($-122) 

1. The contributions of photosynth~i.s, tetplntion, and sediment oxygen demand are 
negligible. Usually, these contributions are sroaU if there b no algal growth In the 
ri'-er reach of interest. 

2. l.n the river reach of interest, strearnJine5 an:: p:uallel to the direction of flow, and 
there is no DO or BOD interchange between twO parallel streamlinc:"S. This is the ba· 
sic assumption of the Streeter--Phelps formulation. Once steady, unifonn Oow con· 
dition.s are assumed, this may be the ~ultantsituation. This may be conservati,·e be
cause it implies no dilution of BOD or DO enhancement due ro transverse mixing 
(b)' dispersion) in the entire m-e-.un reat:h. 

Using Eq. (~122). the DO deficit OT 00 concentrJ.tions at vJ.riom locations io Ute 
downstream river reach may be estimated. A plot ofOO concentrations ()'""Xis) against rive•· 
distances is called the oxygen aag curve. The critical (lowe&t) v.tlue of DO concentr.lt.ion or 
mrocimun'l value o( DO dehci1 is given by 

D_ ~ ~ exp( - K. (,) + 1Kt.41<K. - K,J){exp( - K,. t,J - exp( - K.,t,JJ 

= IKL41 K..l [exp (-K<t,)} 

whe-re 4 • critical ti_me when D.wu. occurs and is g:i"'Cn by 

4 = [1/(K.- K,.))l.n [(K. I K,.) - ~ K, (I(. - K,) / (4 K,!)] 

The distance where n_ occurs ls gi'•en by 

X= u I, 

(!l-12Sa) 

($-123b) 

(3-124) 
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00 analysis requires that the Initial BOD concenu-.uion at x = 0 be kno·wn. A widely 
used measure of BOO is d>e !><lay .800 (or BOD,), which is defined as the 800 1ha1 bas 
been exerted (oxidized) after 1 = 5 days of exertion/ oxidation, i.e .. 

(3-125) 

where 

BODo =initial BOD (mg!l) a1 1 = 0 

I = time in days <aken 10 be 5 to estimate BOD, 

Typical values of K1• at 2()<>C vary from about 0.2 to 0.3 day- 1 with a commonly LL~ v.ilJuc of 
0.28 day- •. Its variation witJt respect to temperd.ture may be: estimated by 

K, (a1 T'C) = K1, (at 2()' C) X (1.185).,._, (3-126) 

The re-aeration coefficient may be estimated by O'Connor's fonnularion (USEPA 
1985), i.e .. 

where 

~ = velocity (m/ s) 

Y = wat.er dep<h (m) 

Values at other temperatures may be estirnared by 

K, (at 1'' Cl ~ K, (a1 20' C) x (1.021) ,._*' (:1-128) 

The DO sarurarion concentration may be laken from <abulated values (e.g., USEPA 
1985) or approxima~ed by 

C, (at rc and at 0-m altirude) = 14.65 - 0.11022 T + 

0.00791 T' - 0.00007774 T' 

Values at alrirudes, E, od>er man 0 may be estimated by 

C, (at altimde Em) a C, (al altitude 0 m) X (1 - 0.00011656 E) 

(3-129) 

(3-180) 

The values estimated by Eqs. (&-127) and (S..l 28) a_r-e for 0% ice e()ver. A mu_ltiptyi.ng 
factor of0.05 may be used to estimate values for 100% ice cover (USEPA J987a). Values for 
other percentages of ice cover may be approximated by li:oear interpolation. T)plcal v.tlues 
of C, at atmospheric pressure and T = 0' to 85' C are given in Table 3-81 (USEPA 1985). 

The BOO discharged from an outfall b diluted by advection and dispersion in the ri\'er 
water. Usually. water quality criteria may not be met within a relatively small mixing 7.0tJC in 
d>e immediate •icinicy ofd>e outfall. According to USEPA (199Jc), d>ere may be up to two 

l}'PCS of mixing zonct applicable to aquatic life triteria: cbron.ic and a('ute. In the zone 
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Table 3-31 . Solubilil)' of oxygen in water at atmospheric pressure 

Source: USEPA {1985) . 

T('C) 

0 
5 

lO 
15 
20 
25 
so 
35 

c. (mg/l) 

14.6 
12.8 
11.3 
10.2 
9.2 
8.4 
7.6 
7.1 
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immediately surrounding the outfall, neither tbe 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 ron e. Commonly adopted mixing zones 
contain no more than 25% of tbe CI'U.S5-kGtional area and should not exrend O\'et more 
than 50% of the riV<:r width. 

Exctatple 3-15: BOD decay rate ooefficien&s for a constituent are reponed to be 0.2'21/ day 
at 20•c and 0.026/ clay at S"C. The rc-ac:ration coefllciem for the stn::am is 3.515/ d:ty at 20"C. 
Estimate the valutS at 2~tC with 81 ~ of icc coo.-er in the stream.. 

Solution: The \'3riation of BOO decay rate coefficient \\ith temperature is gi\'ell by 
Eq. (3-126): 

K1• (at3' C) = K,. (at20' C) (A),_," 

So. 0.026 = 0.221 (A) - ". This gives A= 1.134. 

So, BOD decay rare coefficient at 2' C = Kt.{a12•c) = 0.221 X (1.134),_,. = 0.02298/ day. 

The re-oeration coeffident at 2' C (Eq. S.l28) = K, (a! 2"G} = 8.~ X (1.024),_,0 = 2.SO/ day. 

1be recommended multiplying fucron tO adjust K., for 0% and 100% ice cover conditioru are 
1.0 and 0.05, rapccth.~l)· (USRPA 1987:.). 8 )' Unear in terpolatio n , the multipl)',ng faetor for 
81 % ice CO\'Cf i.$ C$timated 10 be 0.23. llnw, 

K. (at2' C with 81% ice c~r) = 0.23 X 2.30 = 0.5S/ day. 

ExaMple 3-16: In a stream., 33.85 mg/1 of BOD is introdueed a1 a point where che initial 
DO defidt is 2.0 mg/ L Due to downstream controls. the stteam ha.~ a rclativcly slow now \ 'e

lodty of 2.592 m/ day. F.atimatll." DO deficit at a di.~t.ancc of 1,200 m downstream from the 
point where the BOO wu introduced. The re-aeration coefficienc ( K.,) and BOD decay co
efficient (KL) are 0 .0933 day""1 and 0.0178i day· •, respcclive.ty. Also, estimate the critical 
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time and critical DO deficit. Assume that the effectoftnnsverse dispersion on BOO dilution 
can be negJecu::d. 

Solution: U"" Eq. (l!-12.2), ~ilh 8. = 0.093Sday"1, I<L = 0.01787 <by" 1, ~ • 2.0 mg/1. 
u = 2,592 m/ day, x = 1,200 m, >nd 4 = 33.8.? mg/ L: 

K, x/ u = 0.0933 X 1,200/ 2,592 = 0.0432 

KLx/ u • 0.01787 X 1,200/ 2,592 e 0.00827 

DO deficil (at x • 1,200 m) • D • 2 .. 0 X [cxp( - 0.0432)1 + (33.85 X 0.01787/ (0.0933 -
O.OJ787))1exp(- 0.00827) - exp( - 0.0432)1 • 2 X 0.9577 + 8.019 [0.9918 - 0.9377] = 
2.19 mg/1 

Using Eq. (3-123b), ~ = (1/ (0.0955 - O.OJ787))ln ((0.0935/ 0.01787) (I - 2 X (0.0933-
0.01787)/ (0.01787 x 33.85)1) • 13.2571n (3.9189) • 18.1 days. 

Using Eq. (3-1233), o_ = 2.0 X exp(-0.0933 X 18.1) + (55.85 X 0.01787/ (0.0933 -
0.01787)J(exp( - 0.01787 x 18.1 ) - exp(-0.0933 x 18.1)) • 0.569 + 8.019 (0.7256 -
0.1846) = 4.69 mg/1. 

Pipe Flow 
l-1ow through pipes or lunnels may be pressure Row or open<hannel flow. Open<hannel 
flow may be analy£«1 usi.ng the method> described p.mioU5ly. Pres.'l!J'e flow lbrough pipes 
may be laminar if the Reynolds number. ~. (using pipe diameter) :s; 2,000; tra.nJitionaJ if 
2,000 < R,., < 4,000; and turbulent ifR,.,"' 4,000. Uling pipe diameter, 

(3-UI) 

where d = diameter of pipe. For a pipe flowing full. R = d/4. So, R..t = 4 R,, where R, is the 
Reynolds number computed using the hydraulic radius, R. in place of d. 

I.Dminor Flow in Pipes 
Usltally. laminar flow occurs when viSCOU5 flttids (e.g., crude oil, glycerin. and certain lubri
cating oib) are transported through pipes at moderate~· low "elocitieo. Velocity disuibution 
along the cross se<:rion of the pipe for laminar Oow b given by the Hagen.Poioseuille equation: 

where 

u = [(P, - P,)/ (4 ~ /.)] [(d'/ 4) - 1'1 

1 = distance from center of pipe (m) 

u. = velocity (m/ s) at J 

p,. p, = p~ure head at the UJl"tream and downstream points (~m') 

L = dls-tance between the twO point& (rn) 

Jl = d)'llamic \'iM:o.<s.ity (kg~/m1) 

(3-132) 
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The maxin:mm velocity in the cross section occurs al the center and is given by 

u,..,. = ( (P, - Pr) d'/ (16 p L) (3-133) 

and the average velocity over the cross section is 

V= [(p, - p,) d'/(32 p L) (3-t:H) 

ExaMple 3-17: Estimate the head and power required to transport crude oiJ over a cfu:t:tnc.c 
o( l k;m al the rate of 1.500 1/h through a t().cm-d_i~tmecer pipeline, p. .. 0.12 po1se and t_hm· 
aity, p = 860 kg/ m11. The minimum expected temper.awre in the 11ite viciQity b aboul 7°C. 

Also, oompute ~-

Solutioru 1,500 1/h = 0.0004167 rn' f •. V = 1.5 X 4/(3,600 X • X 0.10') = 0.053 m/5. 

"= 0.12 poi"'= 0.12dyneo/ cm' = 0. 12 gm/ UM = 0.12 X 1.020 X IO- 'gm</ an1 = 0.1224 X 
10- • kg .. / m1 = 0.012 kg/m ... 

v (m'ts) • " (kg/ m.,)/ p (kglm3) • 0.012/ 860 • 0.000014 m' / s. 

Using Eq. (3-134) , P, - P, = 32" (kg-s/ m1) V U d' = 32 X 0.001224 X 0.053 X 1,000/ (0.10') = 
207.6 kg/m'. 

Required bead = 207.6/ 860 = 0.24 m. 

Required pow<1' • Q (p, - p,) • 0.00041673 X 207.6 • 0.08651\g-m/$. 

~ • Vdp/ p. • 0 .053 X 0 .10 X 860/ 0 .012 • 380. n tis is 1m than 2,000.So, lhe Dowis lamhw. 

T utiwlent Flow in Pipes 
Steady flow of incompressible fluids in pipes is gO\-emed by the Bernoulli equation: 

where 

P.h + V,'t2g+ ,, = p,h + v,'J2g + " + 11,. 

Pt = pressure (kg/m~) at poim l 

Pt. = pressure at point 2 

V1• v, = velocities (m/ s) at points I and 2, respectively 

z., z1 = ele\oation at poinlS 1 and 2, respectively 

(3-185) 

n,. = head los." due to friction a_nd other minor los.~ between poinL<t I and 2 

lf the pre5.~ure in F.q. (S.l 34) is expres.~ in height of Ou_id (m). then 

h ~ (/>o - p,Jfy~ 32" VL/(pgd") & (61/ R,.) (LV'J(2gd)) (!1-136) 
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Setting WR,• = j = roughneo.• f.u:tor for the pipe, Eq. ($-136) becomes the Dill'C)" 
Weisbaeh equation fOr friction loss through pipes.:: 

h • JL 11'! (2 gd) ($-137) 

The \oalues of frna.y be obtained from Moody's diagram, which is available in most texts 
(e.g .• Streeter 1971; Pouer and Wiggen 1991: Brater et al. 1996). AJtcmati\'ely. Manning's, 
Chezy's, or Haz.en-Williams equations [Eqs. ($-3) , (!H), and (~)] may he used if the 
respecti\'e coefficients can be estimated. The roughnes.11 factor, f. can be esriroated without 
kn<>~>ing the pipe diameter if Chezy's, 4 is known: 

j = 8 g!c' ($-1 58) 

To estimate /from n., the pipe diameter mun be known; and f:rom C,., both pipe diam· 
ete:t and gradient, S, 1:0ust be known: 

j= 124.58 "'/ (d'"> 
j= 156.06/(CH' t'·"' ,SO.OO) 

($-139) 

($-140) 

Typical 'loot.IUe$ of '11 and CH for commonly used pipes are gi'·en in Tables 8-52(a) and 
$-32(b) (Brater et al. 1996; ASCE 1976). 

Man ahernati-.1:: 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. e. kinematic viscosity of 
Ou.id, "·and the od1er [W() of the three parameters are known (Swamee and Jain 1976): 

h L o (1.07 (! U (g D')] [In 1(•/ (3.70)) + 4.62 (• D! Q)0 ·•n-• ($-141) 

valid for 10- 6 < 4 D < J0-1 and 3,000 < R,., < 3 X JO'. Note thau and D tnu." he in some 
uniL~. 

Table 3-32(o). Typical ,oaJues of Manning's n for pipes. 

Type o f pipe 

AsbcAt~ment 

Clean uncoated cast iron 
Oean coated cast iron 
Galvanized iron 
Corrug'clted mct.al 
C"..orrugated metal. stn.ac:t.ural plate 
Rough fonncd O?ocrete 
Steel fonned concrete 
Vitrified clay 
Clay tiles 
Unlined rock runnel 
Enameled l>teel 
Brass or glass 
Plastic (smooth) 
PVC 

Source: Bratcr <t a!. (1900); !\SCI: (1976) , 

Mannln(•. 

0.011-0.01 ~ 
0.013-0.015 
0.012-0.014 
0.0!5-0.017 
0.023-0.029 
0.030-0.033 
0.015-0.017 
0.0\2-0.014 
O.Oll-0.017 
0.0\2-0.014 
0.058--0.041 
0.009-0.010 
0.009-0.013 
O.Oll-0.015 
0.009-0.010 
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Table 3·32(b). Typical \'alucs of Hazen-Williams, C11 

Type of pipe 

PVC, glass. or enameled steel pipe 
Riveted "eel pipe 
Cast iron pipe 
Smooth t.oncretc pipe 
Rough pipe (e.g., rough concrete pipe) 

Source: Brater et al. (1996); ASCE ( 1976) . 

150-1~0 

100-110 
95-100 

120-140 
60-aO 

Q • - 0.965 (g d' h1j L)ou In [.((3.7 D) + (3.17 v' L/(g D' h,))•·' I 

"alid for R,.. > 2.000. 

valid for 10-• < e/D < w-• and 5,000 < R,.. <3 X 10'. 

133 

(3-112) 

(3-143) 

Equations (3-141) to (3-143) are particularly useful for computer applications. Typical 
values of rare given in Table 3-33 (6mer ctal. 1996; ASCF. 1976; Chow 1959; SU"ecter 1971) . 

ln addition to friction, there are minor losses in pipes at the entrance, exit, contrnctions 
and expansions, bends, and gates and "aku. These losses are expressed as 

h1_ = k V'l 2g 

where 

h" = loss of head 

V = pipe flow velocity at or imm«<iatdy upstream of the respecti\'t features 

• = minor loss coe.fficiem 

Table 3-33. Typical v.tlues of pipe "'~au roughltess, e 

Drawn tubing 
Enameled steel 
Wrought iron 
Cah'3nitcd iron 
Cast iron 
Com..gated me-tal 
r ully riveted steel 
Concrete 

e(mm) 

0.0015 
0.005 
0.06--2.4 
0.15-4.6 
0.12-8.0 
0.30--60 
O.So--9.0 
0.30--3.0 

Source: Srater et al. (1996); ASCE ( 1976); Chow (1959) ; Strttlet ( 1971). 

(3- 144) 
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Table 3 .. 34. Samrnted '-apor pr~urc of water 

Temperature ·c Saturated npor p,.,..,., (m) 

(I 0.06 
10 0.125 
21 0.256 
32 0.49 
f,() 2.03 

100 10.33 

Source: Streeter ( 1971 ). 

Values of .t for different feawres may be found in standard texlS (e.g., Streeter 1971; Pouer 
and Wiggert 1991; Brater et al. 1996). At pipe enlargements or contractions. Vpertains to 
the sm-aller pipe. 

Sometime$, flO\\' through a com.r.u:tion t~ limited by c;a\litation, which occurs when a~ 
solute pressure at the contraction reaches the sarurated vapor pressure of the liquid. Ca\i.tation 
also may occur at the high point in a siphon. Sanarnted vapor pressure for water at selected 
temperarures is gi\·en in Table s-34 (Streeter 1971). 

f----- 30 m -----1 

Figure 3· 9. Schematic of low-level oudet 
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ba.,le 3-11: Estimate critical safe di!cbarge of water at 16'C at whicb ca\'itatioo may be
gin at the location of the vai\'C in the low·IC':'\'t':l out.lct of a dam shown in Figure S-9. Assume 
J- 0.015; 4.. • 1051 coefficient at contraction • 0.30; k,. z loss cot":fficicnt at expansion • 0.3.5; 
p. = atmospheric pl't"SSurc •10.3.3 m. Compan:: safe disc~ of the !)'Stem with the condi· 
don when a O~m val\.-e is installed without lhe contracdorwxpansion. Assume vapor pressure 
of water at 16"C • Pt/'Y • 0.18 rn. Note that both ArandA:, are reported with respect to the 
velocity in the SD'laller pipe. 

Soludoru To avoid cavhation, pressure at the concraetioo where the v.a.tw: is located 
should remain above "apot prt:!Sute. Point 1 is located at the reservoir water sutface, and 
point 2 is at the center of the outlet pipc-. 

By continuity equation between polnu I and 2, 

V, X (w/4) (0.41) = VX (w/ 4) (0.81) and V, = 4 V 

where 

v .. =velocity through oomract.ed ~lion 

V • \'elocity through regular pipe section 

By Bernoulli's equation between point' l 3nd 2, 

'' + p.h = '< + p,jy + fL V'!2gd + 0.30 V!! 2g+ V,'/ 2g 

60 + 10.33 • 20 + 0.18 + (0.ot5 X !10 X V1)/(2gX 0.8) + 0.!10 X 
16 V1/ 2g + 16 V1/ 2g 

So, V= 6.79m/nndQ= 6.79 X (w/4) (0.64) = 3.411 m5/ sor8,41ll/s. 

If thert: was no conlnaio~xpamion. point 2 rna}' be taken at the pipe outlet. Now 
applying Bemoulli's equation bet'Aoeen poinu 1 and 2, 

zt + p.f-y • :, + p.f-y + fL V1! 2g d + V1! 2g 

60 + 10.33 = 20 + 10.33 + 0.ot5 X 82 V'/(2,rX 0.3) ... V2! 2g 

Or, 40 • 1.60 V1! 2g; I'• 22.15 mjs; and Q a 22.15 X (w/ 4) X 
0.64"" 11.13 m'h or ll, lSO 1/$. 

ba.,a. 3-19: Eatimau: the sizes of new suhdlvisioos (:u.wming four persons per house) 
that can be supponcd by the water 5uppfy lines shown in Figure 3--10. The water is to be sup
pl.ied at beads of 222 and 220 m, tespecthdy. The quandl)' of a\'3ilabJe water is 1178.1 1/5. 
The aver.age wdtcr requirement in the area is 650 I per capita per day. Abo, estimate lbe 
pumping capacity required at the connection to the water source where the a\..Uiable bead, 
\\<ithout pumpi.ng, l$ 200 m. Although some valvet will be installed for control of Dow to either 
subdkision, :mume DO \'3.1\'eS in lhe S)'Slenl for this preliminary· artaJ)'!il. 

Solution: H; = 222m; d1 = 0.6 m: Lt ~ 1.200 n1:j. • 0.018; H, • 220m; tit • 0.8 m; 4 • 
1.500 m;f, ~ 0.015; H= 200m; d= !.Om; L =I,OOOm; andf= 0.012. Applyingtheeomi
uuity equation, 

V1 (w/ 4) d1' + V1 (w/ 4) d/ = V( w/4) a'= Q = 1.1781 

V= 1.1781 / [(w/ 4) Lot)= 1.& m/5. 

( i) 
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A.~wue that, with pumping. the head at the eonnec.tion to the 50urcc at 0 is H,. Applying 
Ben1oulli's eq·uation between points Oand land point' Oand 2. 

H, =fl. V'/ (2g d) + fi l~ V,'l(2 gn) .,. H, 

H, ~ f£. V1/ (2 gd) + j, /.o V,'/ (2 gd) + Ht 

Equating (ii) and (iii), 

0.018 X 1200 X V,2/ (2 gX 0.6) + 222 ~ 0.015 X 

]50() X V0
1/ (2 g X 0.8) + 220 

Or, 1.83486 X V,1 + 2 = 1.43349 V1' 

And (i) gives. 

0.2827 v, + 0.50265 v, = 1.1781 

From (v), Vt = 4. J678 - 1. 7780 V,. Substituting in (iv) gi"u 

1.43349 V,' - 2 - 1.83486 (3.1613 v,• - 14.8189 I>+ 17.3&;S9) = 0 

Or. 4.S671 V,' - 27.1906 V, + 33.86489 = 0 

(ii) 

(iii) 

(iv) 

(v) 

'fhis gives \'t = 4.50 or I. 7214 m/ s. h may be seen from (v) that Vz = 4.50 rn/ s wouJd rc51llt 
in a negative value for V1• So, Vt -= 1.7214 m/ s and V1 • 4.1673 - 1.7780 X 1.7214 = 
1.1067 m;.. 
Q1 • 1.1007 X ( ... / 4) X 0 .36 co 0.512'9 m~/s and Qr = 1.7'214 X (•/ 4) X 0.64 = 0.8652 mot/ s. 

Watel' supply required per ho~ = 6...1)0 X 4 = 2.600 Vday = O.OOOOS m' Is. 

Max. numbe1' ofhoweJ in Subdivision 1 • 0 .3129/ 0.00003 • 10,430 

Max. number of ho•""-' in Subd.ivi.Oon 2 = 0.8652/ 0.0000S = 28,840 

Required head at connection to source a' point 0 =H. ""' 0.012 X 1.000 X 1.5'1 (2 gX 1.0) + 
0.018 X 1,200 X (1.1067)'/(2 gX 0.6) + 222 = 1.376 + 2.247 + 222 = 225.6'13 on 

Requited ptuuping bead at 0 • 225.623 - 200= 25.623 m. 

Required I""''« = ~ Q H = 1,000 X 1.1781 X 25.623 • 30.1861.g-<n/s. U.Ong an "'"ral1system 
dlidcncy of about 0.8, a pumping 'l'tem with a C>P"city of 38.000 l.g-m/s may be requi)'l!d. 

For anaJyziug pipe netwOrks involving se"\-eral pipes a1\d junction.-s, it is preferAble to U5e 

omtilable computer programs (e.g., Stree-ter 1971_: Po tter and Wiggert 1991; 8rate:r et at 1996: 
KYP1PE2 and KYP1PE8 1992). 

Hydraulics ol Diffusers 
Wa.ucw:u.er is sometimes disc.h..'\rged toto a receiving body of water through muJtiport dif· 
fu.Y!rs. The diffu.o;er consists o( a pipe that extends neart,• perpendicular t.o the shore and is 
connected ro another pipe (diffuser) that may be parallel or nonnal to the current. The dif
fuser pipe has ..,...,,.d! clooely spaced ports (noxd<ll) atta<hed w ic If the retching body of 
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J 0 ... ,. 

Figure 3·1 0. Schematic of w.uer supply line~ 

water is unifonn (notsuatified) and s~atic (e.g .• a lake or an oeean), a preliminary estimate of 
dilution, s. in deep waten may be obtained by (F'JSCher et al. I 9i9) 

s. m c.,;c = O.!l8 <tO'" Jll " 
where 

y = depth of ~ner above $Ou:tce 

S., aod Care centerline dilution and concentrdtion, re5pccth-ely, at depth, y 

C, c initial concentration at di!Tuser port (i.e., at} = 0) 

q = w:utcwatcr discharge per unit length of diffuser (m' Js) 

g a gflp/ p 

p = density of wastewater 

flp = fJo - p 

Pn = density of receiving water 

(il-l~) 

F;.q. (3--145) may not provide conservati\•e e1tirt1ates beau!Se of the: blocking effect of lhe 
waste field that may exist ne..'\.r the top of the rising plume. An appropriate factor of safety 
may be used in designs. 

An approximate equation to estimate a\'erage dilution of a diffuser oriented nonnalto 
a deep. uoifonn current including the effect of blocking is (Fischer c t al. 1979) 

S. = S./(1 + f(Q0 S..)/ (ul.J.lll (3-146) 
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where 

S,. = average dilution in a perpendicular current lnduding effect of blocking 

L & lenglh of diffuser pipe 

u = \'ciocity of ambient current normal to the diffuser 

1• -= maximum height of rising was:tewater 

Qo = total wastewater discharge through the diO\uer 

A''CJ'3S" dilution, S,. for a diffuser oriented parallel to a deep, unlfonn cum:nt including effect 
of blockage may be approximated by (FISCher et al. I 979) 

s, = 0.38 (g') 11'1.fq'l' (3-147) 

Hydraulic analysis for a diffuser Ul\'olves the we of the oarcy..Weisbach equation (Eq. 
(3-137)) and the orifice Oow equation 

Qo • C,. ( .. d1/1) .'(2 g H) 

where 

c~ - orifice dil(;barge coefficient 

H = head abo"-e the center of the orifice 
d = diameter of orifice 

(3-148) 

The diKba.rge coc:fficic:nt varies from about 0.59 to 0.98, depending on the shape of the 
entrance. 

The steps of computations are as follows:: 

I. Determine required dilution. S., or s,. at specified depth, y, and orientation of dif· 
fuscr with respec.t to ambient currenL 

2. lf the dHJuser is oriented normal to the ambient current. assume s. = 1.2 tol.5 S" 
and c$timate q using Eq. (3-146). lftbe diffuser u oriented parallel to the ambient 
current, estimate q using Eq. (3-147) with required ,oaJue of s., 

S. Knowing the wasteWater d.ischarge, Q., estimate the preliminary d.irru.cr length, L = 
Qofq. 

4. Knowing u. L. y, s. and Q.. we Eq. ($.146) to check if the required S. is acbie\'ed. 
Othcl'\\isc, modift L This >tep is not required if the diffu.'IU is oriented parallel to 
ambient current. 

5. By judgmen~ estimate rea.onable port •p•cings (L., L,, L,, . .. , L,) between 1 to 
10m. approximately, depending on lhe 10tlllength of the diffuser pipe and num
ber of pom. n. 

6. A\$uming a\'cr.tgc flow velocity of about 1.26 to 1.8 ru/s, Clltimat.e diffuser pipe 
diameter, D. 
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7. Estimate preliminary pon diameters (d11 ~. d,, ... , d.,, etc.) between 5 and 24 ern, 
approximately; the sum of the areas of all ports should be between t and t of the 
cross-sectional area of the diffuser pipe. 

8. Number the lau port adjacent to the dead end of the diffuser pipe as port No. 1, 
and es:timare initial \alues of G.t~o d1, and <JliOr this port. 

9. Use Eq. ($-148) to csti.tnatc the required head, H1, at this pon. 

10. Based on tbe bathymetry of the receiving water body, cotimarc the slope at which 
the diffuser pipe will be laid, and fmd the elevation change (4:,. 6.,, a..,, .... 4.:,) 
of the pipe invert from pon to port. 

11. Find the velocity in the farthest segment (adjacent to port No. l ) of the di(fhscr 
pipe, V1 = '!1/ (r !J'/ 4) . 

12. Compute the \•elocity head v,'/ 2 g. 

13. Determine the spe<:ific gravity, s,, of the receiving water, s. of the wastewater, and 
tu;J

0
- S. 

14. Estimate tbe head, H'l• at the second pon: 

H, = H , + fL1 V1
1/ (2 gD) + 6s (6:1)/ s. 

15. Estimate 4m for the second pon lL~ing 

C., = 0.975 [I - V1
2/ (2 g H,)]OSI> for rounded pon entrance 

C_, = 0.63 - [0.53 V1' / (2 g H2)] for shaf'J><'dged pons 

16. Estimate q, =C.., ( r d}/ 4) ./(2 gH,). 

17. Estimate V, = V1 + (q2/ ( .. D'/~)]. 

18. Repeat steps (12) through (17) for all porL' upton in su<c<:S<ion. 

(S.I~9) 

($-1~0) 

After these pndUninary· t--omputation-.. appropriate changes 1nay be I:'IJ.ade iu pc:ut dia· 
mettn, diffuser pipe diameter, and port s,pacin~ etc., to obtain an acceptable dlfi\L~ de5ign. 

Exa .... 3-20: lt is desired to achie'\--e a dilution factor or 85 at an a'•erage depth of about 
45 m above the diffUser pipe for waatCW'dter d ischarged at a r.ue of6,5 m~/s through a diffuser 
into a recei\.ing water body with /J.pf p • /J..&/s 'la 0.025, and/• 0.012. The diffuser pipe is to 
be laid at a. unifon:n slope or 0.08 m/ m. Assume tb:u. tbe diffi.tses· i.s o.rieou:d oos·ma.lw lbe 
ambient current and u = 0.25 m/ s. E.stima.te preliminary diffwer dimensions. 1be wastewater 
storage i5lcx.aled 2m above the water l~'el in the recei"ing water body and will be connected 
to tbe diffuser pipe with a l,()()().m-long pipe of tbe same size and cype. This pipe bas two 
elbows (A, ..,. 0.20) and one tee (kr • l.l), Water surface in the n:c:ei\iug "'-ater body is 62 m 
above the first pon (i.e., oear tbe dead end of diffi.lSCr pi:pe) . Detennine tbc pumping capadcy'. 
i( required. 

Copyrighted material 



140 

Solution: For a prelimlnaty estimate. asswne S. • 1.3 X S,. • 1.3 X 85 • U 0.5. 
From Eq. (3-145), 1105 • 0.38 X (9.81 X 0.025) 11' X 45/ q"'. or q = 0.030 m'/s. 

L • Q,/rt • 6.!,/ 0.030 .. 216.7 m. Adopl L =200m. 

Use unifonn port spacing of 1.0 m; d for ports 1 to ~ = L!) em: d for ports Sl to 60 = 14 on: d 
for pc:tru 61 10 130 = 13 em: and d fOr ports 13) 10 200 = 12 em. Note that the sum of areas of 
all poru is abou1 60% of lhc crOJHeClional area of the pipe. 

Assume 3\'t l'"dg-C:: \'ek>dty Lhrou.gb ditTmer pipe • 1.4 m/ s. Then, A= 6.5/ 1.4 = • d / 4. 
Or, D= 2.4 m. 

Assume C,1 = 0.97~ and q, = 0.030 m' / s. So, from Eq. ($-148), 0 .030 = 0.975 X (r 41
1/ 4) X 

-1(2 g H1) . Or, H1 = 0.15 m. 

V1 • q1/ ( • 1'?/ 4) • 0.030/ (• X 2.4' / 4) = 0.00663 m / s.lf this '"locity is judged to be 100 
low, r.hen the diffuser pipe diamc::tc:r near the dead end may be reduced. 

Using srep (16] , H, a 0. 15 + 0.012 x 1.0 x (0.0066~)'/(2 x 9.81 x 2.4) + 0.025 x 0.08 = 
0.152 m. 

Assume rounded pon eo <ranees. Then, using Eq. (S-149), C,. • 0.975 [I - 1(0.00663)1/ (2 X 
9.81 X 0.152)J]0·'" = 0.975. 

q, = 0.97; X (T d,' / 4) X v(2 g N,) = 0.975 X (r X 0.15'/ 4) X V(2 g X 0.152) = 0. 030 m 5/5. 

The compucations up co the 200''-' pon may be carried out using a simple Fortran program 
or sp readshec:L Computed pon discharo-es. \'C:Iocity through diffuser pipe se~'lllents ups:tream 
of the port.. C., fOr the porr. and head at the port a1 selected port.' are shown in Table $.S5. 

Computed head (ab<n·e ambient "'uer le-.·el) required for the diffu.~r • 0.582 m. The 
computations may be: refined to achiC\-e an acceptable diffuser design. 

f'or ~ = 6.5 m' I s and 1) = 2A m lOr the l ,OOO.m-long pipe connecting the ditruser W'ith 
IJ\C W:l!I.CW:llcr SC)Uf'CC, V = 6.3/ (11' X 2.41/ 4) = 1.44 m /.11. 

Using Eq. (:1-137) , head loss through this pipe = 0.012 X 1,000 X (1.44)' / (2 X 9.8 1 X 2.4) + 
( 2 X 0.2 + 1.1) X 1.442/ (2 X 9.81) = 0.528 + 0.158 = 0.686 m. 

ToW bead 1-equired to force wastewater lhrough diffuser ports= 0.686 + 0.582 = 1.268 m. 

A\'ailable head ar \lla~u:watt'.r storage point (measured abo.,·e the farthest pon) = (62 + 2) 
s = &l 1 kg/ m2 (s = uni1 \\'eight of effluent). 

Depth of ambient "'~olter at first port e 62 m; depth of ambient water at last port • 62 - 0.08 X 
200 ;; 46m. 

A\'erage head of ambient water agaio.s1 wbicb wastewal.Cr i.s di.\Charged = ((62 + 46)/ 21 .to = 
54 So kg!rn' (So ;; unit weight of ambiem water). 

T o ed h ead required tO discharge wastewater through the poru = 1)4 .10 + 1.268 'kglm2• 

Since tJ.s/ .s • 0.025. ~ • 1.025 .1. So, 54 ~ + 1.268 .s • 56.618 .s kg/ m1
. 

Rc<tui.r'ed head is about (56.618/ 64) X 100 = 88% of a-..'ailablc head. So1 pumping may not 
be rc:quil'ed unla.s pipe corrosion and other facton increase the required head. 
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Table 3-35. Computed hydraulic par.unctc:n at selected diffuser ports 

No. of Port cllocharr Velodcy in Heodatport 
port (m'/s) diffuser pipe (m/o) c. (m) 

I 0.030 0.00663 0.975 0.150 
2 0.030 0.013 0.975 0.1~2 

5 0.030 0.033 0.975 0.158 
10 0.031 0.067 0.975 0.168 
50 0.033 0.353 0.966 0.249 

100 0.033 0.704 0.949 0.352 
150 0.032 1.069 0.928 0.462 
200 0.035 1.436 0.006 0.582 

For 5haJiow streams.. "c:rtical mixing is n:lath·dy rapid, and initial dilution, Sr. \\i.thin 
approximately one diffuser length may be estimated by (Tchobanog.lou.' and Burton 1991; 
Adams l982) 

S, = [u D l./(2 Q,ll [I +I II + (2 Qo V,""" cr ) / (u' l. D)IJ (~151 ) 

where 

u • velocity of Oow 

Q, = rd te of WMteW.J ter discharge 

L = length of diffuser 

$1 ~ initial dilution 

D = to~o"ater depth in river 

V0 • '\'eloci ty through diffuser pons 

a = angle of inclination of port to the horizomal measured i_n a \'C-rtical plane pa_ral· 
le i to the direction of river flow 

SometimeJ. dilution at the end of the initial mixing region has to be estimated for 
single-port \'C:rtlcal di$(;barga (e.g., d.ischarge through a single pipe discharging vcnicaUy 
upward) in a lake., an ocea_n, or a ri\'Cr. I_n sucb ca~~. in_i(ial dilution cao be ct'linuucd by 
(Tchobanoglous and Button 1991; Muellenhofi ct at 1985}: 

1. For a stagnant receiving \•i'3.ter body (e.g., a lak.e or an ocean with low cu.rrenLS), 

s, = o.u (g'! U ! Qo'J 11' (3-152) 

2. For a Oo\\ing receiving water (e.g., a ri\'er)) 

S; ~ 0.29 (u U / Q.) (~153) 
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where 

S( ;; average dilution at end of initial mixing zone 

i a buoyartt.-yofv.aste"'·ater = g(p,- p)f p 

p , = density of was.te"'3ter 

p = density of receiving water 

Minimum diluti(,O at the cenrerline of the plume S., a! 0. 55 S;. 

&ample 3-21: Estimate: prdiminary dimensions of a multipon diffuser in a stream to 
achie\-c ncar.f.ield dilution of' abotu 2() fo•· a v.'3Stewater discharge of 1.3 tn 'IJ { s when Lhe 7-day 
average IO.,·r low Oow is !)0 m'/$. The diffu.o;er poru are oriented horizon tall)' and parallel to 
the direction of river flow. The a\'eragc velocity and depth of flow in the rivc::r are 1 m/s and 
1.8 m. n:spectiwly. 

Solution..: From practical considerar_iOI\!1 and for expe<:ced initial cW\uion, ~~ = 20. M$u_me 
a poro \'elocioy. I~= 3 m/ s. Using .Eq. (3-151), with u = I m/ s, D = 1.8 m, ~ = 1.5 m'/s, aJld 
a = 0, by l.l'ial aud error. L = 16 tn. 

A5Sume port spacing e ri\'CT water depth (for shallow streams) = LS m. Therefore, the num· 
ber of pons = 16/ 1.8 "' 9. 

Also, assum.ing average diffuser pipe \'elocity of 1.4 m/ s, a;\~rage diameter of di!fuser pipe for 
CAl = 1.6 rn~/t ltll) = '1/ [( l .!t/ 1 .~) X 4/ •1 = 1.17 m. 

Auuming ncarl)' equ.'lJ discharge t.hrough each port with Vt = 8 m/ s, di.ameler or port = 
J(!l.5/ (9 X 3)1 X 4/ .. ] • 0.266 m . 

The dilution, s.., es.tin.laled by Eqs. (8-151), (~152). and (3--15..,), iocreMes as the plume 
rises up to the watrr surface. For preliminary eu1mates. thlo; increa.~ may be neglected, and 
tile now rate, Q.. ~<ir_hin the plume can be estimated by (TchobanogJou.'land Bunon 1991) 

(!1-1;>4) 

l11c maximum (cem.erlioe) co•tcemr:nion in this plume, C., is es.timaled by 

c, = c;,;s. (!1-155) 

TI•e leugLh of lbe plurne ma}· be ow:umed ro be equal to the leogth or the dlffu.ser. L Thus. 
the heigh•. ohhe plume, h- is gjvcn by 

h,= Q/(ul.) (~156) 

Computation for f3.r.fleld dispel'sioo can be made using F.qs. (5-105(a)) and (3--106) with 
Q., =' source di"Charge, 4 = Murce concentration, L = length of plane vertical source. and h, -
height of plane ' ·erticaJ source. 
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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
kred field situation i.s dt\<elopment of water hammer p~ure in a penstock d\IC to closure 
of turbine gates. A conservative ,mue of water hammer preMUrc, llH (m), may be obtained 
auuming sudden valve or gate closure: 

t.H =aVofg (S-157) 

where 

Vo s initial flow velocity in pipe 

a • ' 'elocity of pressure wa\'e in pipe 

If the valve U located at a distance, L, from the reservoir, then sudden valve closure •nay be 
a.$$umed if T S 2 L/ a, where T = time of valve dosure. The \'docity of pres.<Jure wa\o"C i5 

given by 

a= v[E,./I('Y/g) (I + dE./(~ 1))1) 

where 

E. = modulw of elasticicy· of water (kg/m') 

~ = modulu• of elasticity of pipe walls (kg/m2) 

1 = thickne» of pipe walls (m) 

d • inside diameter of pipe (m) 

(!l-158) 

For slow valve or gate closurCt it may be preferable to usc available computer models (e.g., 
Streeter 1971; Wauen 1984; SURGE!i 1996). 

Example 3-22: A reservoir ls connected 10 the point of diuriburion by a 1,000-m-long, 15-cm 
steel pipeline. The pipe cartied 44 Vs when the vak-e located at tbe point of distribution w.u 
rapidly closed. E5timate water h:unmer pres-\ure at lhe valve. After 0.5 s of the v.th'C ci08Ure, a 
pressure gauge located at the valYe ex.bibited a sudden prewu-e drop indicating a leak in the 
pipeline. Eatimate the location oftlte leak. E.-= 21,100 kg/cm2; ~ = 2.04 X to' kg.lcm't t ... 
12 mm; a.nd 1' = 1.000 kg/m' . 

. 
Solulion: 

l(y/&) (I + dE../(~1))1 • (1.000/9.81) [I + U5 X 21.100/ (2.04 X lo' X 1.2)1) • 

115.116 

a= v (21,100 X 104/115.116) = 1868.86 Rl/'

V= 0.044/(T X 0.15 X 0.15/ 4) = 2.49 m/s. 

Water hammer p=surc =a V/g = 1353.86 X 2.49/9.81 = !143.6 m. The pipe must be 
able 10 withstand this ex.ua pressure. 
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Jt otppea.n the pressore wilve reaches the point of leak aud the te$ponse tr-aveb tmd: to 
the '>-ahoe in 0.5 s. i.e .. 2 L' I a e 0.5, where L' • distance of leak from the vah·e. This gh·es L' 
~ O.o X 1353.86/ 2 ~ 338.46 m. 

Hydraulic Models 
Some public~omain numerical computer models commonly tt'ied for va_riou!> types of 
hydtaulic analyses are listed and described below. 

• Water Surface Prolil<S Modd, HEC.2 (USAL'E 1991c): This model computes water 
!lurface pro61es for one-dimensional, gradually varied, .stead)"!itatc flows in natural or 
man-made channels. It can be used to determine the df«ts of obstructions or struc
tures in the channel. Hydraulic c::omputation~ are made lL~i:n.g the standard step 
method. Both supercritical and subcriticaJ flows can be modeled. ln subcrirical flows, 
&trcam cross sections arc arranged from dOWJ\5tream tO upsucam. In supercrhical 
flows, they arc arranged from upstream to do"'nstteam. The geometry of cross sec
tions is defined from left to right looking downstream. The model has the capability 
to perform hydraulic computations through bridges. culvens, side Oow weirs, flood
plain encroachments, and split Oo"'-s. In addition to water surface proftles, the model 
computes channel and overbank \•'Ciociries.. flO\\' area"', and di~barges and energy 
grade elevation~ Jossc....., and top width at C\'ery CJ1.)SS section. It also can provide veloc
it)' dlsUibution io selected portions of the cross sections. 

• River ADalysis System, REC.RAS (USAGE 1998): This model is a Windows·ba.«:d 
W"dter surtace profile program, which replaces the HEC2 model described previ· 
ousty. h can usc the data developed for the HEC-2 model, or the user can input 
data .specifically for this model. The user interac(S with the model through a graph
ical user interface for file management, data entry and editing. hydrnulic analyses, 
graphical dis-plays or input and output. and report preparntion. It can perform suh
criticai. supercritic.:al.. and mixed flow c;:m:nputations and can simulate floodway 
encrouhmenu.. brid~ and culverts. scour at bridges. a.nd split nows.. The i.nput 
and output can be viewed and printed graphically. Also. the computed results can 
be exported to GIS and CADO files. 

• Water Surloce Proflles, WSP·2 (USDA 1976): This model simulates Oow characU:I'· 
i."tiC'§ for a given set of stream and floodplain conditions. It computes wate-r surface 
pm61es in open channels and cni.rnatcs head ICNCS at rcstrieth:c sections, including 
roadwa}-s with bridge or cuh.-en openings. Generally, the model perform.' the same 
compumtions :u the HEC.2 model (USAGE 1991c). 

• Dam-Break Model, DAMBRK (Fread 1988): DAMBRK is a relati,·ely complex model 
to 5imulatc water surface ele'\~ation.s rc:s:ulting from dam failures. Jt includes a 
breach component to estimate the temporn.l and geometrical dCKription of tJte 
breach for a given sc:t of par.uucrets. The model computes outflow bydrograph fo r 
the breach, including effects of reservoir storage depletion and reservoir infl0\11'5. 
and USC:$ a dynamic routing technique to estimate water surface elevations and 
times of arrival of the dam-break flood wave at different cross sections down1tream 
of the dam. h can perform computations for subcritical. supercritical. and mixed 
flows and can incorporate the: effects of bridge embankments.. other dam.~. debris 
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flows, lan<bHde-gencr.tted resen-oir waves, and Ooodplaio.s.. Usually. dam-break. 
analysis requiring the usc of this model is undertaken as a special study. 

• Scour-DepooidoninRm.nand~oin, HEC6 (USACE 199ld); HEC-Qisa 
onMimcruional model that computes the depth!S of sc,our or deposition at various 
cross sections of a channel or re$cro'Oir. Major input data inc.:-lude geometry of cm~s 
sections similar to the HEC-2 model ( USACE 1991 c). tables of tUS'peuded :sediment 
loads \'er&us discharges, and gradation of swpendcd sediment and bed material at 
various cross sections. The hyd.rograph of inflO"r'5 is input as a step function of time 
durations. TI)e model can perform bed load transport computations u.osing one of 
the 12 transport fwlctioru included in the model. It can simulate deposition and 
erosion of clay and fine-silt1i.ted p._micles. and it adjtL'lt.'l sediment transport esti
mate~ for "ash loads. 

• CuJvwt Ana.lysia Program (CAP 2001 ): This model uses standardized procedures of 
the USGS for computing flow through cul\'erts. It can de\~lop stage-discharge rela
tionships for rectangular. circular. pipe arch, cUiptical, and other nonslandard 
shaped culveJU. The model solve-; the one-dimensional stead)"'S'tate en~.rgy and con
ti_nuity equations for upstream water surface ele\>ation given a discharge aod a down
stream watet surface ele\'3.tion. It can be downJoodcd from http:/ /www.waterengr. 
com/freoprog.hun. 

• EnMnced Sift- Water Quality Models, QUAL2E- QUAUE-UNCAS (USEPA 
1987a): Tht$e: are water quality planning tools that can be operated as stc:ad)'-$late 
or dynamic modd5. They arc: used to study the impacl of w.:tSte loads on innream 
water quality or ro identify the magnitude and quality cbaractc:ri!'tics of non point 
wa.<te loads as pan of a field sampling program. They also can be used to model the 
cffecl5 of diurnal variations in me-teorological paramete~ on water quality (prima
rily dissolved OX)'gen and temperature) or to examine diurnal di-..-.olved \'al"iatioru 
cawed by algal growth and respiration. They have t.he capability for uncenainty 
anal}'Sis, an option w input reach-variable climatolOf,"}' for sread)"S&ate temperature 
~imulation, and an option to plot observed and predicted diMOivcd oxygen con
centrations. 

• Hydrocly1wnk MW nc Zooe MocW - Dedsion Support Syotem for PoUucant 
Diocborges into Surf_, Waters, CORMIX (USEPA 1996a): Thi• model pn:diciS the 
dilution and trajectory of submerged single-pon discharges. submerged mult.iport 
dilfwer discharges., and surfuce discharges of arbitrary density (posith·e, neutral, or 
negative) into a !Jtrati6-ed or unifonn density en\'ironment with or withoutcro.Oow. 
The model checks for dam consistency, assembles and executes the appropriate 
hydrodynamic models. and interprets the results in terms of regulatory discharge 
criteria.. h er:nphasites rapid initial mixing and aMumes a conservative pollutam dis
charge, neglecting any reaction or decay process. 

• Dilution M.odelo for Effluent Diocbarg<s, PLUMES (USEPA 1994): This model is 
Ulloeful for designing outfall diffusers where the ambient Oow is unstratified and the 
receiving water body is relati .. •ely deep. It includes no.·o relatively sophisticated initial 
d ilution models and two relatively simple far-field algorithms. The required input 
includC$ port geometry, spacing, and total discharge; plume diameter and depth; 
effluent salinity and temperarure~ ambient conditions in receiving water; and fd.t-

6eld dis12nce ror compumtions. Compared to the CORMIX (USEPA 1996a) model, 
this modcll,. simpler to u.«:. 
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• w...,.. Quolily for Ri_..~oir Syl<ema, WQR.RS (USACE 1978): Th.is model con
Ji~ts of three separate modules: reservoir, stream hydraulics, and stream quality 
module. The rhree modules may be integrated for a complete ri'-er basin water 
quality analysis. The rescn'Oir and stream hydraulia modules also can be executed 
35 independent models.. The stream quality module functions in conjunction with 
the stream hydrauUcs moduJe. The reservoir module i.' applicable to relatively deep 
impoundments with long raidence times. Shallow impoundments with rapid flow
through times may be treated as slow-moving streams. The 5tTcam hydraulia mod
ule computes hydraulic parame-ters for gradually \'aried Oow in neady and unsteady 
flow regimes. The stream quality module simulates peak pollutant loads in a steady 
or unsteady hydraulic environment. Th.is model is fairly complex. and pn~ects 
im•olving the u.,. of this model should be undertaken "' special srudies. 
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CHAPTER 4 
GROUNDWATER 

Occurrence of Groundwater and Types of Porous Media 
Groundwater occurs in soil pore. or rod:. fracmres in the lbnn of hygroscopic or extractable 
water. Hygroscopic water is tightly held b)' roil particles ~uch that it cannot be extracted ex· 
cept by O\'en drying. Extractable water can be extracted by plants, by gravity drainage, or by 
pumping. The rates of extr:lctioo depend on pcnncability of the porou.' medium and the 
quantity of water held in soil pores or rock fractures. A soil mass or rock that can yield rea· 
sonable quantities of water is called an aquller. From the standpoint ofwau:r tr.msrnissibil· 
il}'. aqui.feno an: classified a. .. foii0\11'5: 

1. CGn.fined Aquifer: Tilis type of aquifer is bounded by impervious formations at its 
top and bottom. 

2. Arlrsian Aquifer: Artesian aquifer is a confined aquifer in which piexometric head 
is higher than the wp of tlle aquifer. Piezometric head is the elevdtion up oo which 
groundwAter will rUe in a tube 5crtened iu t.he aquifer, 

!. Phreatic, Water Table, or Unconfined Aquifer. This ey·pe of aquifer has water table 
(at aunoopheric pretSure) as its upl"'r bound••Y· 

~ Con.fi:nlng Unit: A confined unit includes ao aquitard, which is a semi-permeable 
formation that re-tards m<)\o'Clllent of w.uer thmugh it, aod an aquiclude, which is 
an impenneable formation that pt'"C\<Crll$ IU(WCIUCil.l Of W'.lter lhn:rugh iL 

!>. Semi-Confined or Leaky Con~ Aquiltt: An aquifer thal may g-.Un or Jose water 
through underl)ing or overlying aquitl.rds. 

6. Leaky Pbreotic: Aquifer. An aquifer that rest< on a semi-l"'r\1ous layer through 
which it may gain or Jose 'o'l1lter. 

7. Perched Aquifer. A phreatic; aquifer where an impervious or scmt-pervio\L" layer of 
limited a_n:al extent occurs betwec::n the water table of a phreatic aquifer and 1.he 
growld sutface. Cround~-.tter is retained in tJte pctviow medium m·erlying the im
pervious or semi-pervious layer. 

147 
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Properties of Porous Media 
Phys-ical properties of porou." media and wat(".r. whkh arc commonty used in analyzing 
groundW".tter flow and u-ansport. are dcscribcd in this section. 

Unit weight is the weight of material per unit volume. Oeo.sity i.s unh we·ight divided by 
gravitational acceltrdtiOn . Specific gr.t\'ity L~ the ratio of unit weight of the material to unit 
weight of water. 

If VJ c \'Olume occupied by soU grains in a toral soil \'Oiume ~ "· l;i ' 'o lume occupied 
by l'Oids; V., c ' 'oturoe occupied by \\ .. ,uer; W = toral weight of soiJ of volume ~ 'Yw or "Y = 
unit weight of water: W, = weight of soil grains ln ' 'olume \1; and w .. = weight of water in 
soil of volume \'~ then: 

P-drticle unit weight or unit weight of soil grains = y, = W,/ V.,; 
Dry bulk unitwcightofsoil = 'Yd = H1.f\\ 
Moist unit weight of soil ;;;. "Y· s (n~ + w. )/ V, 
Total poi"'Sity m 'P .. V./ ~ 
Void ratio c e o V./V,; 
Water content = '" = W.,/ l-V,; 
Volumcoic water content ;;;; f!J. ; V.,/V.; 
Volumcoic air or gas content in vadose (uruarur.ued) soil zone .= f/J - ~ .. ; 
Degree of saruration or saturation ;;. S.. = v.; v.; 
Subtnerged unit weight of soil g:rainJS = y, - 'Yw: 
Toed \'Olume of soil = V 1:;1 V, + v .. i and 
Volume occupied by ai.r or ga.'S = V, = V., - V"'. 

It may be seen tha t 

"' a e/(1 + e) or e A ,.; (1 - I'); 

-y, = (I - l'h> and 
'Y .. (sanuated soil);;; y1 + iP'Y.,; and VJ .. = (w 'l'~)/')'. ; 

The porosil}'. particle unit weight, and dry bul_k unit weight of selected porous media 
;u·e given in Table 1 ·1 (USEPA 1985). 

Physical propetties of pute \\'"ollC:t at atmospheric pressure are &umm.aritc:d in Table:: 4-·2 
(USEPA 1985) . 

Permeability and Hydraulic Condudivity 
The \\'a-tc:HraNmiuing propercy of a porous medium is defined by its penneabililf or h)-. 
draulic conductivity. Permeability or intrinsic. permeability (cm1), A:. is a propc::.rty of the 
porous tnedium only and Is defined as 

where 

d = mean grain size of porous medium (em) 

Cis a coefficient 

(4 -1 ) 
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Table 4-1 . Pormity, particle unit weight, and dry bulk unit weight of porous media 

Porticle 

Porosity(%) 
unitwdpt 
(gm!c:m') 

Clay 84.2-56.9 2.51- 2.77 
Silt 33.9--61.1 2.47-2.79 
Fine sand 26.0-53.3 2.54-2.77 
Medium sand 28.5-48.9 2.60-2.77 
Coarse sand 30.9-46.4 2.52- 2.73 
Finegm•el 25.1-38.5 2.6S.2.76 
Medium graYcl 23.7-1'1.1 2.65-2.79 
Coarse gravel 23.s-36.5 2.64-2.76 
Loess 44.0-57.2 2.64-2.74 
Dune sand 39.9-50.7 2.6S.2.70 
Till, predominantly P.lt 29.~.6 2.64-2.77 
Till. predominantly !'lalld 22.1- 36.7 2.6S.2.7S 
Till, predominantly gravel 22.1-30.3 2.67- 2.78 
Glacial drift. predom_inantly silt 38.4-69.3 2.70-2.73 
Glacial drift, predominantly sand 36.2-17.6 2.6!>-2.75 
Glacial drift, pn!dornlnaot.ly gravel 54.6-11.5 2.65-2.75 
Sandstone (fine-grained) 13.7-49.3 2.5&-2.72 
Sandstone (medium-grained) 29.7-48.6 2.64-2.69 
Sill>tonc 21.2-41.0 2.52-2.89 
ClaystOne 41.2-45.2 2.50-2.76 
Shale 1.4-9.7 2.47- 2.83 
Limestone 6.6--55.7 2.68-2.88 
Dolomite 19.1-32.7 2.64-2.72 
Granite (weathered) 34.s-56.6 2.70-2.84 
Ba.<alt 3.0-35.0 2.95-3.15 
Schist 4.4-49.3 2.70-2.84 

Source: USEPA (1985). 

Table 4-2. PbysicaJ propetties of pure wate-r 

Temperature 
("C) 

4 
10 
If> 
20 
25 

Unit 
weipt 

(pl!an') 

1.00000 
0.99973 
0.99913 
0.99823 
0.99708 

Source: USEPA (1985). 

Dynamic 
vilcolity 

(gm/c:mc) 

0.01567 
0.01307 
0.01139 
0.01002 
0 .00890 
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Klnemalic: 
viscosity 
(c:m'/•) 

0.0157 
0.0131 
0.0114 
0.01004 
0.00893 

Dry bulk 
UDitwdpt 
(gm/an') 

1.18-1.72 
1.01-1.79 
1.1S.l.99 
1.27-1.93 
1.42- 1.94 
1.60-1.99 
1.47-2.09 
1.69-2.08 
1.2~1.62 
1.3S.I.70 
1.61-1.91 
1.69-2.12 
l.?'l-2.12 
1.11-1.66 
1.36-1.83 
1.47-1.78 
1.34--2.32 
1.50-1.86 
1.35-2.12 
1.37-1 .60 
2.20-2.72 
1.21-2.69 
1.8s-2.20 
1.21-1.78 
1.99-2.89 
1.42- 2.69 

Compreaoiblllty 
( ....... / gm) 

4.959 X 10"" 
4. 789 X 10"" 
4.678 X 10"" 
4.591 X 10"" 
4.524 X 10"" 
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The coeflicient, C. depends on porosity, shape of pores, and tortuosity of the porous path· 
\'io'a)'$.. The values of C for sand vary from about 1 o-.s tO 1 0_,. Typical valu~ of mean gra_in 
me and kare included in Table 4·~ (USEPA 1985). 

Depending on spatial variation of wat.er-tran.5m.itti.ng characteristics, porolL1 medla a.re 
classified as homogeneous or heterogeneous. A homogeneous porous medium ha5 the same 
penneability at all poin~. Otherwise, it i:s classified as inhomogeneou. .. ot heterogeneous. 
The porous mediwn is isotropic if its penneabilil}' is the same in au direction. .. (i.e .. laterJl, 
\'t:rtical, etc.). Otherwise, it i-s 5aid to be ani~tropic. A porous medium is anistropic and ho
mogeneou..'> if h)·draullc conductivities in different directions (e.g .• ~and K, in x and y dt
rcctions, respectively) are different from one another but do not change from point to point. 
lt is isotropic and inhomogeneous if K1 = Ka1 = K,1 at pointl and K:~ = K,r:z = K,2 at poi_nt 
2 (i.e .• h)'draulic conductivities in different directions remain the ll3.me but \'alue5 change 
from point to point). It is anisotropic and inhomogeneous if K.-:1 ':F K, 1 * Ka:t ~ Kft. 

Equivalent hydraulic conducthi.ty, K, for Oow perpendicular to n layen of different 
thickncoses (H,. H,, H., .• . , and H,.) and hydraulic conducti>ities (K., K, K,, ... , and K,.) 
is giv<on by 

K= (H1 + H, + H, + . .. + H.)/ ((H1/ K 1 + H,/Y., + 

H,/ K,, + ... + H.,/ X.) l (4-2) 

lo some groundwater flow models (e.g., MODFLOW, USEPA 2000) , conductance, C, 
for flow through a unit area of a layer of thickness, H, and hydr.aulic conductivity, K. i5 
defined a.' 

c ~ K/H (4-3) 

Table 4 · 3. Typical values of permeability (A) and hydraulic conductiYiiJ' (K) 

Unweathered marine day 
Silt. loess 
Silty sand 
Ocan sand 
Oeao gr.>Yel 
Sandstone 
Ume5tone 
Kant limestone 
Shale 
Fractured igneous and 

mcramorphic I"'ds 
Pcata 

Source: USEPA (198;), 

Mean p-ain size 
(mm) 

0.001~.009 
O.CJro-0.074 
0.07~.297 
0.297-4.76 
4.7&-76.2 

• Sourc(': Bradley and Gih-ear {2000). 

• (em') 

10"" 16_]0"" " 

10-"-JO-• 
w-••-w-• 
10·•-1o·• 
w·•-10-• 

10-"-10-· 
lo-"-lo-* 
1o·•-10-• 

10-··-10-" 

K (cm/ a) 

10- 11-10_, 

10- ' -JO- · 
10-•-w-• 
10- ' - l.O 
O.IG-100 
10·•-1o'"" 
ro-'-•o-4 

10-'-1 
10- 11-10"' 

1o·•-1o·• 
1.2 X 10- 4 

2.s x 1o·• 
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Thus, in Eq. (4-2), C = K/ (H1 + H, + H, + . . . + H,), and 

(1/C) • [1/C1 + 1/C, +1/ C, + . . . + 1/ CJ (4-4) 

Equivalent hydtaullc conductivity for flow par.tllel to n layen of different thicknesses 
a.nd hydraulic conductivities ill gh'Co by 

l = (K1 H 1 + K,.H, + K,H, + .. . + K.H,)![(H1 + H, + H, + . . . + H,)) (Hi) 

&a.,a. 4-1 : In a groundwater flow model, la)·cr J is 16m and layer 2 is 2$.5 m thic k.. The 
,-en;caJ hydraulic conductivities of layer I and 2 are 2.0 and 5.0 m/ day, respectively. Oe1ennine 
conductance between th~ two layers. 

Solution: 
C.= K1! H1 = 2.0/ 16.0 = 0.125day-1,and C, = Ko/H, = ~.0/25.5 = 0.2128day"1• 

So, 1/C = 1/C, + 1/C, or C = (C, Ct)/ (C, + C.,) • (0.125 x 0.2128)/ (0.125 + 0.2128) • 
0.0787 day· '. 

One-Dimensional Steady-State Groundwater Flow 
Damon Flaw 
Groundwater flow is govented by Datcy~s law: 

V= Ki, ifR, =Reynold> number = Vd/• < aboUI110 10 (4-6) 

where 

V • velocity of flow ~,. unit area o f soi_l mau including area of soil pores 

K = hydraulic conductivily 

i = hydraulic gradienl represented by sine of the slope angle or the hydraulic grade 
line: 

d • mean gr.Un size of porous medium 

., • kinematic viscosity of water 

Hydraulic conductivity depends on penneabllily of the porous medium and kinematic vi.\;. 
cosity of water and is defined as 

K= kg!• (4-7) 

Typical values of K are given in Table 4-3. The \'Clocity, v, through void> of the porous media 
at which contaminana dissolved in water may travel is knov.n as seepage velocity, linear 
velocityt or pore velocity and is given by 

" ;~;; V/ fP (4-8) 
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where 4J a poros'ity. Steady groundwater flow from a resen'Oir to a stream per unit width 
(perpendicular to flow) of a conlined aquifer is gh•en by 

q = K i A= K [(H1 - H2) / L] (8 x 1.0) 

where 

q c flow (m' / S) 

i = hydraulic gradient= [(H, - H2)/ Ll 

A = area of porous medium nonnal to the direction of the hydraulic grAdient 

H 1 = head in the reservoir abo,•c an arbhn.ry datum 

fit. ;;; head ln the uream above the same datum 

L = distance from reservoir to stream 

B ~ thickness of confined aquifer 

(4-9) 

If the aquifer is unconfined, then it l$ assumed that the slope of t11e water table i!s relalh-el):· 
small and is gi'•en by tan 8 instead of sin 8, where 9 = angle of slope of hydraulic grade line 
and the groundwater flow is assumed to be: unifonn and hotixontal. These are known as 
Dupuit's 3Mumptions (Todd 1980). With these assumptions. 

q e - K (h X 1.0) clh/dx. a - (K/2) tf}('f dx. (4-10) 

where h ~ head abo\'e datum at a diswtce x from dle resen'Oir. The minus sign indicates 
that head decreases in the positive x-dircction (i.e., as ~increases). 

Integrating Eq. (4-10) with heads H 1 and H, in the resen'<>ir and stream, respecth'ely, 
gives 

q ~ (K/2 L) [H1
2 - H/J (4-11) 

Once q &. .. estimated, head. h. at any distanceJ x. and shape of the phreatic surface can be 
estimated by 

q; (/(/2 x) [ H1' - h2) (4-12) 

Eqs. (4-11) and (4·12) do not include the >eepage face that fonn.• along the slope of the 
stream b..'Ulk above the water surface i_n the riot-er. Because of this. and because of Dupuit's as
sumptions, the phreatic surface computed by these equations is not acc;urate. Hcw.-cver, for reJ. 
ativcly flat slope£ and away from the stream bank, the pn::dia.ed and acruaJ phreatic surfuces 
are reawn;>bly close. Eq. ( 4-10) may be used for preliminary estimates of rile dra.in spacing in 
agricuhural areas where continuous infdtration from irrigated fielru may be assumed at a con
stant rate. For siruations where infilu-.uion changes with irrigation season, a more complex 
approoch may be u<ed (see the section in this chapter entided "Flow toward Drains and Drnin 
Spacing"). 

figure 4~1 is a vertical cross &e<:tion of the aquifel:', dtowing two par.t.llel drains located 
at a spacing, L, between them. It may be seen that Q. = f• = Dow p3Ming through a cross 
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.......... I II I 
6' ------.---- -- ""b -
L~ ~_J 

~ ., ., 

Figure 4-1 . Schematic of tile drains 

section ofunit length pa_raUel to the drain located at di'>tance •. ~ froOl the midpoint between 
the two drains. where f = ln.filtration rate. Al>o, from F.q. (4-10), Q.. = - (K/2) dlt"! dx. 
Equating me lWO values of Q..and integtat:ing gives h'l. .. - pet/ K + cAt X ... 0, h - H a and 
at x = l./2, h = H,. So, 

H 1
1

- H.' • fL'/ 4 K, or L ~ 2 Y((H1
1 - H.') K/fl ( 4.-13) 

&a..,lt 4·2: loan irrigated area, infiltration may be :usur:ned to be uniform a1 an average 
rate of 0.98 m/ )T. An imperviow formation is located 9 m below the field 1C""o·cl. T ile drains 
are to be located at a deplh vf 2.3 m below !.he field level. Tbe dr•inagc syJtem is to be de

signed so that abe wau:r table below the fie ld.l Ll maintained at least 1.08 m below abe field 
IC!"o'el. Estimate preliminary drain spadng. 1be hydraulic. conducti\ity of soil$ below the Oekb 
is estimated to be S.O& m/ day. 

Sotuo- H, = 9.0 - 1.08 = 7.92 m: H, = 9.0 - 2.8 = 6.7 m: and f = 0.98/ 865 = 
0.00268!) m/ day. So, L = 2v'[(7.92'- 6.1') X 8.05/ 0.002685] =285m. 

Non-Darcion Flow 
Darcy's law i.< not valid for flows with R, » 10 where R, =Reynolds number = qd/ •, q ~ spe
dfit discharge or Darcy velocity. d = representative pore diameter (mean or d10) , and ., = 
kinematic viscosity of grouodwatcr. Th.is may occur for flOWJ through ooanc porous media, 
such as rockfill, riprap, and coatse gntvc.l or boulders. The following i'l an equation for flow 
through mono-sized (un.iformly •iud) roc~<$ with a s~cific gr-.-ity of 2.87 (l.eps 1975): 

(4-H ) 

Copyrighted material 



154 WAltiiiSOUiaS 1116111111111$ 

Table 4-4. Typical values of W.,.,,. 
Gninsb.e

(cm) W.,....(cm/o) 

1.90 
5.08 

15.24 
20.32 
60.96 

121.92 

Source: l.ep11 (1973) . 

where 

0.48 
0.78 
1.38 
1.56 
2.81 
4.04 

25.40 
40.64 
71. 12 
81.28 

H7.32 
213.36 

Vv = average velocicy in voids of the coatsc porous media (cm/ s) 

W = empirical constant for given material 

m = hydrau1ic mean radius (em) 

i = hydraulic gradient 

Typical value5 for the tenn ( W,...O.&O) are shown in Table 4-4. 
An empirical equation ba$ed on e.xperimc.nu for flow through riprap with d10 ranging 

from 15 to 97 mm is as l'ollows ( Abt e t at 1991 ) : 

Vv = 0.79 (g X d10 X •)"'" 

where 

V,, • ' 'eloclty through void'> (m/ s) 

g c 9.81 m/ s'l 

d10 = grain size (m) than which 10% of the grains are finer 

(4·1 5) 

Example 4-3: A mountain rivulet 1m a bed slope of 0.025 and a 1-m·tbic:t. boulder bed un· 
d.erla.in by bedrock~ During tow flow period$, a water depth of a.boul 10 em is observed to flow 
abo\oe the boulden. Estimate lhe total quantil)' of flow t.h.U rivulet contributes to the low Oo\ft 
of the stream inw which it discharges. Ave:rage bed width of the rivulet i5 5 m. For the boul
der bed. aw.r.tge porosity = 0.30; 3\"CJ'age stone size is 60 em; and d10 = 2S em. 

Solutioru From F..q. (4-14) and Table 4-4, Vv = 147 X (0.025)0·" = 2Q an/ s. Alu:ma
tively, wing F..q. (4-1!;), V,, = 0.79 V(9.81 X 0.2,; X 0.025) = 0.196 m}s, which;. nearly the 
same as obtained from Eq. (4-14). 

Using a tiJJematic •i!co•ilyofO.U X 10" ' m'/• funau:r. R, = Vd/• = 0.20 X 0.60 X 10'/0.13 = 
9.23 X 10~, i.e., flow through the boulder bed ia far be)'ond lh~ range of validity of Darcy's law. 
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The area of Oow th1ough bouJden = ().0 x I .0 x 0.30 = 1 . .5 m2• 

Q (rhrougll boulder bed) = l.~ X 0.20 = 0 .30 m ' />. 
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Open cbannel Oow abO\-e the boulders may be cslimaled using Manning's equation (F.q. ~5). 

Manning's nfor OOuklerbed = 0.05;wat.erdepth = y = O.l Om a R. (hydmuUc radius); and area 
<If !lowe A • 5.0 X 0.10 • 0.50 m1• 

Q (above boulder bed) • (1/ n) R.'l> (v'S)A • (1/ 0.05) (0.1ot'') (>"0.025) (0.50) • 0.34 m'ls. 

Total flow • 0.30 + 0.34 • 0.64 m' / s. 

Steady-State Radial Flow 
Flow fo a Single Well 
The head. II, at a radial distance. r, from a "'ell pumpi_ng at a constant rate, Q. in a confined 
aquifcr i~ given by the following (Bear 1979; Todd 1980): 

where 

h., ~~;~ head above the base of the couJined aquife•· at clle well face 

r. ,., radius of well 

K - hydr .. ulk oonducth.i.t)• 

B = aquifer thickness 

(4-16) 

Fanher from the v.-ell, the influence of pumping graduall)' vanishes. This occ.u.rs at a di:r 
tance, R (called radius of influence) . fr<lm the well. The dtawdown at the well face, s.,. is the 
difference betwee-n the head, h~ at Rand It,. at the well face: 

s,. = [Q/(2wKJI)] In (R/r,~ (4·17) 

Abo. d.rawdc>wn at distance, r, from the well: 

s, & ho - h a [Q/ (2•KB) ) In (R/i) (4-18) 

The 5pccific capacicy•. S,. of' the wen is given by 

s, =(Q!s.) = (2•K B)/ ln (Rir.) (4-19) 

Hydraulic conducti\'it)• of a confined aquifer can be estimated if he-dds at b\."0 observa
tion wells arc known; for example~ 

K • [Q/l2d(lty - h1)1] ln("t/r1) (4-20) 

where h1 and Itt are head" in observation "-elt.. located at distances, ,., and r1 from the 
extraction well. 
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Using Dupuit's assumptioos, radlal Oow in an unconfined aquifer i.~ given by 

h' - h} ~ (Q/1rK) In (r/ r.J (4-21) 

and 

"•' - h.'~ (QI.-K) In (Rir.) (4-22) 

Setting II() + h., = 2H, dr.lwd0\\11 in an unconfined aquifer may be approximated by 

s.. = [Q/(2.-K H)] tn (R/r.) (4-23) 

With this approximation. <:On.fined Oow equation~ may be u.~ for preliminary analysis 
of Oow in u.nconfmed aqulfcn~ a' w<:U. 

Infihration from a recharge ba.'ln, surface impoundment. or open landfill results in ground
water mounding. To estimate the extent of groundwater mounding in such cases, the 
recharge area may be approximated by an equivalent circular area of radius, R. Using 
Dupu_it'5 assumption..\. the groundwater table within the mound can be approximated by 
t\\."0 parabolic curves. The first curve extends from lhe center to the perimeter of the 
recharge area. The second c.un:•e extends from the perimeter to the coo.Mant water table in 
the region, which is relati\'ely far from the recharge area and is not appreciably affected by 
mounding (Bou¥.-er et al. 1999). The equation to the lmt curve is 

(4-24) 

where 

H1 = groundwater eiC\'lltiOn at the center of the recharge aRa abO\•'e the impcr.ious base 

h ~ groundwater elevation at r.dial distance, r 

i = recharge tAte (L/T) 

K • h)'<lm-ulk eonduclhity 

The equation. of the second CUJ'\Ie is 

h1 - H,' ~ (iR'!K) In (Jl./ r), RS rS R. (4-25) 

where 

h = ground",..ttcr elev.ation at r.tdial dinancc, r, from the center of the recharge area 

H1 =- ele\o'arion of comtant warer table in the area above impervious base 

R" = radial distance of constant water table from center of rc:charge atea 

The radial distance, R... up to which groundwater mounding extends can be estimated by 

H1'- H{ = (i R'/2 K) [1 + 2ln (1!,/R)] (4-26) 
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&anaple 4-4: The rare of infiltration from a 500 m X 480 m lagoon at an industrial site is 
estimated t.o be 0.0015 m/ day. Awc:ragc water depth in lhc lagoon ls Sm. The bottom of the 
lagoon is at £1. 180 m and the 3\'Crdge water table ele\'ation in the area is 179 m. Bedrock i& 
encountered at El. 160m. The hydr-aulic ronduttivity of the:: aquifer is 2m/ day. Estimate the 
extent of groundwater mounding and the sbape of the altered l'l'atcr table around tbe lagoon. 

Solulion: 

Equh'31ent rndius oflllgOOn = R = vl(!lOO X 480)/~1 =276m. 

Hydraulic head ar the center of the lagoon above bedrock = H1 = 180 + 3- 160 = 2S m. 

H)'draulic head at consta_nt water wble ab<we be<fl(l(',k = Ht = I i9 - 160 = 19 m. 

From Eq. (4-26), R,. = R exp [I(H1' - Hr') K/(ilf)l- MJ = 276 X exp(I(2S1 - 19') X 
2.0/(0.001~ X 2761)1 - 0.5] = 5,168 m. 

From Eq. (4-24).shapeol'mound from r= Oto •= R= 276m is given by (251 - I!) = 0.0015 X 
r"/ (2 X 2) or A'= 529 - 0.000375?. 

from Eq. (+-25),1ihapc of mound f-rom,. .. R • 276m tor = R. ,. 8,168 m isgh1en by,;= 
361 + (0.0015 X 276 X 276/ 2) In (S,168/ >) = 361 + 57.132 1n (3,168/ .j. 

Height of mound above bedrock at the perimeter of the lagoon ( i.e. at. r = R = 276 m) = 
V(529 - (0.000073 X 276 X 276)) a V!l00.43 • 22.37 m. 

Elc: ,-ation of mound at the perimeter or the Lagoon = 160 + 22.37 = 182..157 ru. 

Coplvre Zone 

('.apturc zone i:~ the area fror:n which groundwater 1.5 extr.tcted by a pumping ~-ell. lf there is 
no ambient groundwater flow and no river or impcnneablc bo·undary within the cone of in
Ouence of the well, the capwre zone may be defined b)' the radius of Influence.. u~ually, there 
is ambient groundwater flow in aquifers whete ex:ttaction ut ret:haq,re "-ell:s a.re irutal.led, and 
capture zones have to be estimated for s:pec:i(ied ..-.ue5 o f pumping to estimate the a.n::a from 
which groundwater and dis.ow>lved subsrances in groundwater can be extr.tctcd by a system of 
wells. For multiple aquifer system.'li and variable rates of extraction or injection, through muJ.. 
riplc wc.lb, numerical models (e.g., USGS 2000b) must be used. For multiple welb in an 
isotropic and homogeneous aquifer, relati\·dy simpler modeb ma)' be tt~d (e.g .. Bait ct al. 
1992). For one, 1:\tt'O, or three wells pumping at the same constant r.ue in an isotropic and 
homogeneous aquUc-:r with unifonn groundw'atet flow, the ¢11)ture woe m.-y be estimated 
wing aru~lytical cquatiom (Javandel and Tsang I 986: PraWh I 995 ). For a o.ingle well located 
at the origin. with uniform groundwater Oow velociry, tJ. in the negative x-d.irection. 

whcxe 

x,~ - QI(2 .. v 8) 

y/ x = :!: mn (2 ~ v B y/Q) 

K~ = location of uagn.ation point oo 1he x-axis 

Q ~ well discharge 

(4-27) 

(4-28) 
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8 o aquifer thickness 

x and y are t."'Ordinates of the line defining the capture zone 

Stagnation point gives the location along lhe x-ax.ls up to whjch the capture zone ex1enc:b 
downgradletlt from the wclJ, a.ud Eq. (4-28) gh-cs the equation of the capntre 7..ooe. The 
right-hand side ofEq. (4c-28) is given a p<~tive sign to plot capture rone on the positive !lide 
of the y-axis and a negative sign for capture zone on the negati,·e !>ide of the yJOt.xis. For 1:'\'1'0 

wells located along the x<ll<is at (0, b) and (0, - b), the com:oosponding equations are 

x, = [-a :!:via' - 4 .~ b'IJ/(2 ~) (4 ·29) 

and 

2• J/ (x' - y' + li') = - tan (h v By/(!) (4-30) 

where 

a ~ Q/( .. 8) , a ., 2vb 

For a < 2vb, each well would have a separate capmre zone. On rhe )"'<txis, as x- « , the cap
ture zone approaches asymptOtically the lines y = :t Q12vB. 

banlple 4-S: An extraction well discha.rgi tlg at a C:OO$l3tll rate of6.681/s penelr.nes a &0-m· 
thick confined aquifer where nonnal groundwater Oow \'Ciocit)' is 0.20 m/ day. Estimate the 
caputrc zone of the weU. Also, esti.m:ne tbe capuu·e zooe if two wen~. eac.:h di:Jeharging ~~' a rnte 
of 6.68 1/s. arc: kx:atc:d at 20m from each o ther. 

Soludoa: For a single well, x, = - IQ'(2nB) = - (0.1J0668 X 86,400)/ (2.- X 0.20 X 30) s 
-15.3m. 

The capture zone is estimated using Eq. ( 4-·28). Selected coordinates of the C'.tptu~ :rone 
bouodary are sboW'O iD Table 4~(a). For cwo wells., 

a ~ IQ'( .. B) = (0.00668 X 86,400)/ ( .. X 30) = 6. 124 m'/ day 

and 

2116 = 2 X 0.20 X 10 • 4.0. 

Since a,. 2vb, x, • (-a :t .,f(,l - 4v'lll)/ (2v) = [-6.124 :!: v(6.124' - 16.0)] / (2 X 0.20) = 
- 26.90 o r -3.7 m. The capture :woe for two wells has to be larger than a single \tt'ell, so select 
x~ .;; - 26.90 m. 

The caprure zone ls estimated using Eq. ( 4 ·30). Selected coordinates of the capture zone 
boundary are shown in Table 4~5(b). Since there are two valud of x for each y. the com:ct 
\'".lh.•c has to be selected based on judgment so as to obtain a smooth capture zone. 
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Table 4-S(a). Coordinates of capture zone for a single well in unifonn flow 

J (m) • (m) 

0 - 15.3 
10 -13.1 
)!) - 10.1 
20 - 5.4 
30 12.2 
35 30.3 
40 68.2 
4f> 217.3 

Table 4-5(b). Coordinates of caprure zone for two wells in uniform flow 

7(m) •(m) 

0 - 26.9 
5 -26.7 

10 - 26.1 
IS - 25.1 
2!> - 21.4 
35 - H.9 
45 -4..4 
48 -0.04. 
:.o 2.9 
60 23.9 
70 59.9 
80 135.8 

Partiolly Penebaling Well 

If a well does not penetrate the entire depth of a confined aquifer, then drawd0\\11, ,.. at 
the ~--ell face due to a partially penetrating well may be estimated by the foUo-ni.ng (Bear 
1979): 

s.., = vi<UBJII + 7 cos (r .l/2 B)v(r,./2L)I) (4-31) 

where 

'- = (Q/2rKB) ln(~r.) 

L = length of ..-.,u sere"" of partially ~netrating wdl 

For the same drawdown, s..,. 

Q..!Q a (LIB) II+ 7 co• (r L/(2 B)IV(r,./2L)] (4-32) 
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where 

Q, = discharge of partially penetrating well 

Q ua discharge of fully penetrating v.-ell 

An approximate equation for discharge of a well partially penetrating an unconfined 
aquifer is as folio~• (USAGE 197lb): 

Q.. = (rXHH - •)'- 11)/ lo (ll/,,))(1 + !0.30 + (10,,/H)Isin (1.8 s/ H)] (4-3~) 

where 

s =height of well bottom abo\-e impervious layer 

H = heigh t of initial phreatic surface above impenneablc base at r = R 

t = depth of water in weU, such that (s + t) a h, 

An alu::rnative equation to estimate drawdown in a partially penetrating well is as follows 
(Bear 1979) : 

s.., = [Q/(21t KB))[(I - p)/ f>] In 1(1.2 - p)L/(/Jr,) ) + ((¥2 w K B) In (R/r,~ (4-34) 

where 

p= L/8 

fJ ;;= 1 if well screen stam from lhe wp or bouom of the confined aquifer 

• 2 if the s.creen b located ln the middle of the confined aquifer 

Eq. (4·34) is valid for lOr." L" 0.88. 

Rodiw ollnlluence 

Some .o;emj.empbical and empirical equations to C$limate radius of influence, R (m), are as 
follow.s (Bear 19i9): 

where 

R = 1.9 to 2.45 v(H KJIS) 

R = 3.000 .t,. v'K 

R = 575 ,,.,v'(H K ) 

(4-35) 

(H6) 

(4-87) 

}/ == inibal saturated thickness for unconfined aquifer OT thickncss of confined aquifer (m) 

K s hydraulic conducli,,i[)• (m/ s) 

S • •pe<."i6c )ield for unconfined aquifer or !Stor•tivity for confined aquifer 

1 = time (s) 

Sor = dra-wdown at well face (m) 
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Generalty, R is larger for coarser materials than fOr finer soils and greater for confined than 
for unconfined aquifers. 

Welllnterfwence 

The effect of interference between closely spaced wells discharging at a given rate may be 
approximated by comparing the discharge, Q~ of a single weU with drawdown. s.,, at its well 
face with tbc disc;:h_a_rgc of IWO. three. and four wells with the same drawdown at their weU 
faces (Todd 1980); lim is, 

l. For two wells with a distance, b, between them, 

Q1/ Q = In (1{/r,.)/ [ln llf / (r,.b)J) 

2. For three wells located on the vertices of au equilateral triangle of side b, 

Q1/ Q = In (1{/r.l/ [ ln U~/(r. b')l] (4-39) 

~. For four wen~ located on the \'ertic.es of a square of side b, 

Q11Q ~ In (J{(r.)/[ln1R'/ (v(2) r.b'))J (4-40) 

where~ =discharge of each well in the groop or two, three, or fourweUs. These equations 
M.\ume a confined aquifer with R >> b. They abo may provide approximate results for 
unconfined aquifcr5 \'lith relatively small drawdown. 

Exa .. le 4-6: Four wells arc located in a con!i.ncd aqui.fer on th(: fou_r c.ornen of a 152.4 m 
X 152.4 m square, with a 6fth well at the center of the square. If the welb arc pumped so :u 
to create the same d.rawdown at the "''ell faces, estimate the reduction in discharge due to in
terference. A\.wme R = 304.3 m and r.., = 0.075 m, 

Sotudoo! If the welb \li-e.te located f.u- apart .so lhat lhere was no imerference, then, 
from Eq. (4·17), 

Q = (h K 8 s,J/ In(R/r,) (i) 

It will be seen later tha~ if drawdown at lhe lilces of lhe five wells has to be lhe same, !hen Q1 'I 
Q,, wbere Q, = discharge of eacb comer well and Q, = discharge ofthe crntr.ll well. l.et the 
side of !he square be b. 

From Eq. (4-18), dl'a\lo'd<Wrn at the outer wells, s.1• is given bv 
. ' 

s,.1 = [Q,/ (2r KB) J [In (ll/r.) + 21n (Rib) +In (ll/!v'(2)b))] + 
[Q,/(2TKB)] [ln iRv'(2)/ bl) (ii) 

Orawdown at lhe centrnl lii'Cil, s., is given by 

S.. = fQ1/ (2rKB}Jf4 In IV(2)R//II + [Q,/ (2r KB)J[ln (1{/•..Jl (iii) 

Copyrighted material 



162 WllllllSOUIW EIIIIIIIOIIIe 

Equating ( H) and (iii). 

Q1 In [b/ l4v(2JrJJ = Q,ln [b/IV(2)rJJ 

Also. substin1ting (iv) in (iii), 

' ·' = ~w =[Q,/(2rK8)] [In (4R:'//J) + 
In (R/r.J · In (b/14V(2)r.J)/ In (b!lv(2)rJ)] 

From ( i) and (v). for Swt = Sw • Sw. 

Q1/ Q= In (Rir.) ·In [b/rV(2)r.IJ/ (ilo (4R'/ b'JI·In lb/rV(2)rJ) + 
In (R/r,.) · In (b/ 14V(2)rJ)] 

Q,IQ =In (R/r.J ·In (b/ I4V(2)rJ]/ (Un (41!'/ b')l ·ln lb/rV(2)r..JJ + 
In (R/r.) · In (bii4V(2)r..J)] 

Q,/ Q = ~n (~.8/0.075)] 1n [15H/10.075Vi2111/ 

[In 14 X ~.8'/ 152.4'] ·In 1152.4/ 0.075¥(2)1 + 
In )!504.8/ 0.075)· 1n 1152.4}(4 X O.o75V(2))1] = 

[18.~1 X 7.270)/ [(4.159 X 7.270) + (8.~1 X 5.884)] = 0.76 

Q,/ Q = [18.31 X 5.8841/[(4.159 X 7.270) + (8.!1 X !1.884)) • 0.62. 

(iv) 

(v) 

WeH ittterference reduces the discharge of the comer "-elb to 76% and that of the a:n
trnl well to 62% of that which would be available if we wells were located r., apan. 

Induced recharge from a nearby perenniaJ stream to a pum:pi.ng well located in a confined 
aquifer with uniform groundwater flow toward the stream may be estimattd by the follow
ing (llear 1979): 

where 

Q ,I Q = (2/ 1r)[tan- 1v'((Q/" dvB)- II
( r dvB/Q) v'HQ,!" dvB) - II] 

Q = total weU dLs<:harge 

v :-= \·elodry of un.ifonn groundwater Oow 

Q~ = di'W:ha.rge induced from the stream 

d = distance between the well and stream 

(4-41) 
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If Q s rdvB. there is no conuibution from tlle stream. F.q. (4·41) also may provide ap
pl'()xJmate resutu for unconfined aquifers with relati,·ely small dra.wdowns where the a"cr· 
age sat:urated thickness can be u.')ed for B. 

ba111ple 4-7: A fully penetrating well is located 60 m away from a stream in a 2!'>-m-lhkk 
tonfincd aquifer where nonna1 ground flow .. ·elocity toward the stream is 0.15 m/ c:by. The 
wrll is pumped at261/s.. Estimate the portion of the total discharge that is extracted from the 
a~.un. 

~ B= 25m; d= 60m; v = O.l!;m/ day.and Q= 26 X 86,400/ 1,00() = 2.246.4m' / 
day; QlrdvB = 3.1780: and rdvB/Q = Q.31466. 

Using Eq. (4-41), Q,/Q = (2/ r)[tan-• v(3.1780- I) - 0.31466 v (3.1780- I)) = (2/ r ) 
(0.97527 - 0.46438] • 0.325. Note llm tan- 1(2.1780) has to be expressed in mdiaru. 

Approximately 32.5% of the well discharge is induced from the stre".un. 

For many field situations~ recharge to an aquifer due to precipitation has to be estimated 
without adequate site-$pcx:ific dam. Often, a reaM)nable \'3.lue is a.s."fumed and a modified 
"alue i.s obtained b)· using recharge as a calibration parameter in groundwater now models.. 
A reasonable practit."C is to estimate recharge by SC'\"Cr.U altemat:i"'e methods and select a plau
sible value by judgment. Some approximate methods include 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 sitl\ilar climatic and hydrogeologic 
conditions. 

2. The Soil Conservation Se"1ce (SCS) Curve Number (CN) method may be tt>ed to 
estimate: runoff, and groundwater rcch.argc may be a\.<JU.med to be ncarty equal to 
tlle difference between precipitation and computed runoff (5ee "Soi.l Lo:s..ow:s• i_n 
Chapter 2). Estimated CN for a StOt'1n may be higher tban that for annual precipi
tation and may re5ult in lower annual groundwater recharge. On the ot.hcr band, 
the difference ln precipitation and computed runoff nl3.y include infiltration plus 
e\-aporation and interception lo55CS, resulting in higher annual recharge. The p<l5-
iti"-e and negath-e conlributions of these factors may have to be accounted for by 
judgment. The following are equations used in rhis melhod: 

s. = (2,540/CN) - 25.4 

QR = (P- 0.2 S.)'/(P + 0.8 S.) 

where 

QR = runoff (em) 

P :::; p•-ecipitatiotl (t.m) 

(2-6) 

(2-40) 

Copyrighted material 



164 

3. Preliminary C'$rlmates of recharge may be made based on empirical ratios (Maxq·
Eakin coefficients) shown in Table 4-6. These coefficients were dC\"Ciopc:d for lhe 
arid climate in the state of Nevada (A,'On and Durbin 1994). 

The following i5 an alternative regression equation for arid watenheds (20 em < P < 
51 on) (Donovan and Katzer 2000): 

r ~ 4.15 X 10"6 (/')'.-'' (4-42) 

where 

r = annual recharge: (em) 

P & annual precipitation (em) 

For P < 20 em, r = 0, and for P >51 em. r a 0.25P. 

Seowalw Intrusion 

Under su:ad}'-6tate conditions, seawater and freshwater interface ln a coastal aquifer can be 
approximated using the Ghyben-Herzberg relation (Figure 4-2): 

where 

hJ = elevation of interface below seawater surface ele\'3.tion 

h1 = ele'\-ation of "-...tr:r rable abo\.-c seawate-r surface elev.ttion 

p" P~ = density of fre5hwatcr and seaV~>ater. respectively 

(4-13) 

If p, = 1.025 gm/ cm' and p1 = 1.0 gm/ cm'. h, = 40 h1 Thus, if the Wlltenable ele\ation at 
a certain distance from the shoreline is 0.25 m abm-e the sea-v.'ater surface elevation, tbe 
salt\Oi".tter-frcshwater intelfacc at that location may be about 10 01 below the scaw.uer surfac;:c 
elevation. Using Eq. (4-45), upconing, s,. under a well pumping above the interface can be 
approximated by 

Annual precipitation (an) 

>51 
SS-51 

30.5-51 
20-30.5 
< 20 

Source: A\'Ofl and Durbin (1994) . 

0.25 
0.15 
O.o7 
o.o, 
0.0 

(4-44) 
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Figure 4-2. Schematic of salrwater interface and upconing 

It must be recognized that seawater is miscible Ytith freshwater and a sharp interface 
may not exist. Eqs. (443) and (444) prmide preliminary· estimates, which must be refined 
based on more sophisticated aoai~'Sls and field data. 

u..ple 4-1: In a coastal aquifer, saltwater concenuatiow were obsrem::d up to a di1Jancc of 
300 m from the abo.reline and a depth o£30 m belO\'i' sea"-atcr surface elevation, which i5 also the 
elevation of lhe impervious layer at the bottom of the aquifer. Oblfen'C'd water table e lt\'ations 
are shown in Table 4-7(a). 

K = SO m/ day, p1 =1.0 glcm'. and p, • 1.02> 0 g/ cm'. Estimate the location ofthc sah· 
water>-freshwater interface. To be conservatr.·c; m:glectseepage face a.t the inteDeCtion oftbe 
water table with the !!horeline. Abo, estimate frc:sh\\~.tter Oow per unit widlh of the Jhorelinc. 

Solullon: Using Eq. (443), h, = {1.0/( 1.025 - l.O)IA1 ~ 40A1 The approximate p<»i· 
tion of the interface is shown in Table 4-7(b). 

Table 4-7(a). Water table elevations ne-.u shoreline 

800 
275 
200 
150 
100 
50 
0 

Water &able elevation above 
KaWater e~'ation (m) 

0.75 
0.70 
0.60 
0.40 
o.so 
0.16 
0 
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Tab&e 4-7(b). Position of llaltwatcr-frcsbwater interface 

x(m) h1 (m ) 

300 0.75 
275 0.7 
200 0.6 
150 0.4 
100 0.3 
50 0.15 
0 0 

x • di!ltance li-om shon::line 
Jt1 • e le-;'ation of lll"ilter table a))o,.-e seawater clevation 

Jt • ... cl~,oauon or iruerf1.c:c below SC::iiW"J.ter elev.-..tion 

h, (m) 

80 
28 
24 
16 
12 
6 
0 

ExaMple 4 ·9: A 1 l>·C:JJH:Iiame1er well i.s IO<ared n1 a di:nance of 275 m from the shoreline of 
Ex.1mplc 4-8. To 3\'0id withdrawal of saline \'loo\ter, the minimwn ~quired \-e.rtical distam;e be
tween the S.1lt;w:.ner interface and tbe water table i5 5 m. Es.timate safe well discharge. Auume 
R ;; 2!">0 m and K s !W m/da''· 

' 

Solution: From Ex-ample 4..S, the vertical d Umn ce bclwcen the water rablc and interface 
at x = 275 m ls 28 + 0. 70 = 28. 70. 1"hc l~ut water table will be at the well face. So, 28.70 -
'· - ~. ~ 5. Abo. 6'0tn Eq. (4·44) ,s,- (1.0/ (1.025 - 1.0)) ... = 40 .... So .... = (28.70- 6)/ 41 = 
0.578 m. 

fo'or freshwater whhdrawal. a\'eragc saturaled thkkness may be assumed to be If • 30.75/ 
2 = 15.37!; m. Thus, Q = 2rKH.<./ In (R/r.) = 2• X :10 X 15.S75 X 0.578/ In (250/ 0.075) • 
207 m11 / day or 2.4 1/ s. 

Because of variations in the sa turd ted lhiclr.ness and partial penetration of the well in the 
freshwater aquifer, t.hi.s should be treated as a preliminary estimate. A more .!!Ophisticated 
analrsis may be reqnired for refined estimates. 

Effect ol Boromelrk Pressure Fluctuations 

All approximate relationship between fluctuations of am1o5pheric pre!ISure and water levels 
in a well in a confined aquifer"' given by the following (RotUC 1950; Todd 1980): 

dh/[dp./ y) ~ - 1/ (1 + l(a, / (9 til)] 

where 

dh = change in water level in well 

dp. - change in barometric pressure 

a~ • vertical compressibility of aquifer material 

8 = aquifer porosity 

IJ = compressibility of water 

(4-45) 
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The negati\'C sign in Eq. (4-45) indicates that ~-ater level in an obserYation well fal15 when 
barometric pressu_re increa.~. and vice versa. 

For an unconfined aquife-r, compreQibility of aquifer material and water is relati\'ely 
less significant compared to changes in water volume that rn:ult from water table fluctua
tions. The chang~ in atmospheric pre.saure are transmitted directly and simuhancously to 
the watc:r table and obsen'3.tion weU. Therefore, there is little or no effect of barometric. 
prcasure fluctuationa on water levels observed in the we-lt The change in wa.ter le\-el in the 
well i5 almost the 5al1Jt as in the unconfined aquifer. It h~ been observed that fluctuations 
in barometric pressure may result in small Oucmation.s in the water table in unconfined 
aqui_fen.. 

bomple 4· 10: Estimate the change in W,J..le-r k:''e l in "' we ll fully penetrating a conftocd 
aquifcrwbcu baromclrk prca:ure c.hanges by 7.72 em ofmereury. AsJume ~ • 11.8 )( to-• 
em' / k8; • : 0.35; and~ = 47 X 1o·• cm'/ kg. 

Sobaliolc (dp.h) = 0.0772 X 13.6 = 1.05 m ofw.uer. U•ing Eq. (4-45), dJt/(dp./'r) = 
dJt/(1.05) = -1/(1 + (11.8/ (0.85 X 47)1] = - 0.582. The nc:gati'"' sign inclicate•lhat inaeruc: 
in baromeuic prcs.1UI"C rcwlu in depressing the \lo'ater le\o--el in lhe well. Thus, dh = - l.05 X 
0.582 • - 0.61 m. 

The streM cawed by toral "'"eight of soil and water above a point in an aquifer i.' balanced 
by effective (compres.'i.ivc) stres.~ on the aquifer ma1.crial and fluid (hydrmtatic) pref.Surc 
(Delleur 1999): 

(>r=a+p. 

where 

Pr = total pressure due to weight of w il and watet 

p. s flwd (hydrostatic) pres5urc 

(J • effective or compressi-.:-e: stress on aquifer material 

(4-46) 

The hydrostatic pres5ure can be measured by a piezometer. An increase in the com
pressk-e stress on the aquifer material causes reduction in its \'Olume (or in its thickness in 
one-dimensional compression), which may result in subride-nce.. Excessi\'e groundwater ex
traction may resull in some reduction in the total pre&.rure, but it could result in relath-ely 
greater reduction in the hydr05tatic pressure ln the aquifer. This may result in an increase 
in the comp.rea..oU..:-e 5tress on the aquifer material and cause land sub.<ddence. Croundwatcr 
pumping has to be controlled to r_n_inimiu potential Cor subsidence. Computational steps for 
preliminary estimates of s.uhsiden~e due to lowering of groundwaterlewels in an aquifer are 
listed below. 

1. Estimate total load (prc$Sure) at the position of lowered groundwater level before 
pumping due to the weight of overlying soils and w-.ll:er held in pores.. 
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2. Estimate hydrostatic pressure at that le\•el due to head of groundwater above that 
le\'el. 

3. Estimate compres.' i"e stress on aquifer material at that level as the difference of 
step. (1) and (2) before pumping. 

4.. Following the same procedure, estimate comprcs.<rive 5trc:;s.-. at the same Ie\·el after 
lowering of the groundwater leoooel. 

5. Find the difference, Aa, in the initial and final compressi>-e sttesses at that level [(4) -
(~)]. 

6. The change in compressive stress at the ltl1el of the initial groundwater le\-el is 7..cro. 
Thus, the average change in compressh't' ~tres." in the aquifer column between 
these (lii.'O levels is 4o/ 2, 

7. Estimate subsidence. 6, in this aquifer column between the initial and lowered 
fJTOundwater IC''Cis, 

where 

a, = compressibility of aquifer material 

dh = change in grolmdwater IC"r-cls 

(4-47a) 

8. Change ln compt'eS!iYt: stres.' in aquifer material below the lowered groundwater 
IC'\.'CI will be &o-. 

9. Jf there ate two or more layen of soib below the lowered groundwater level_. esti
mate subsidence in each: 

and 

where 

6, 6, = subsidence in layers I and 2 

aha, = compres.o;ibil_hy of layen I and 2 

La. Lt. • thickness of la)'trs 1 and 2, respectively 

(4-470) 

10. F.:.stianate tt>t.·\J subs:ideuce a.t the botcom of layer 2 - 6 + 6,1 + ~-

E.ta.ple 4-11: Extensive groundwater pumpi_ng i_n an area is expected to k>wer ground
water IC'\·el~ by 25m. Initial water level is 10m below the ground surface. The aquifer ma.te
rW is sand up to a depth of!)() m below lh~ ground surface. Below the sand is a 30-m-thick 
:~ilt)' clay lafer overlying the bedrock. Estimate potential subsidence in the soils above the 
bedrock.. A,_w:me degree of saturation in the unsaturated soil zone abo\'e ground\\'3ter level 
to be: 0.10, uoit weight (,f 5and gr.Uns == 2.600 kg/ m1

; unit we:ight of water = 1.000 kglm' : 
poro<ity of sand = 0.~; compressibility of sand • 12 X 10-• m1/ kg; and compressibility of 
silly clay= 100 X 10-o m' / kg. 
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the aquifer head lob [0 lhe total head IO:.U. The total head IOM (or total drawdown at the 
well face) includes aquifer (i.e., theoretical) drawdown and well drawdown. Aquifer draw
down varies linearly with discharge and can be estimated by stead)...U.te or non-otead)'Otate 
equatioM lor drawdown at the well face (e.g., Eq•. (4-17) and (4-tll)). Well lou indud<S a 
linear component and a nonlinear componenL The linear component indudes drawdown 
i.n the gravel pack and sc.rcc:n entrance, and the nonlinear component iodudcs 10$$<:$ due 
to turbulent flow in the weU. A simple method tO estimate well efficiency is as follows: 

• 

• 

• 

• 

Plot drawdown, s, on the )"QXis on the narural scale, and plot the distance from the 
well, r, on the logarithmic scale on the x-axis. 

Dr-.tw the best-fitting straight line through these:: points by visual judgment. 

Extend the 5traight line to r = r., (well radiu~) and read the theoretical drawdown • 
.fa, at thi5 location. 

F-«imatc weU efficiency = Sol .t,.. where s., is the actUal d.rawdOWI.l measured in the well 

In the cMe of an tmconfined aquifer, well operation may cau5e coruiderable reduction 
in the saturated thidncss of the aquifer. As a result, extra drnwdown is obsen-ed. This e-xtra 
drawdown doe5 not represent i.nc-ffidency in the well. If the reduction in saturated thid.nm 
is rnoa-e than 20%, then the dtawdowu. s.,, may be cotTecl'ed before well efficiCtlC)' i.& com· 
puted (see the section in this chapter entitled '"Unsteady Radial Flow to a Well Fully Petle
tradng an Unconfined Aquifer"'): 

.ro (corrected) = .ro- l.ro'/ (2H)I (4-48) 

where H = in.itial saturated thicknes.'> of the aquifer. The corrected drawdown should be 
used in preparing the aforementioned plot A well efficiency of about 70 to 80% is accept· 
able for a wclklc:5igned well. 

Transient (Unsteady) Groundwater Flow 
Unst.ady One-Dimensional Flaw 
Continuity equation for unsteady one-dimensional groundwater flow in a confined aquifer 
of thickness, B. and hydraulic conductivity, K. is 

if' h/8 ,(' = S!Tii h/8 I 

where 

S = dimensionJcss storage coefficient or storativity 

T = transmm.ivity or tr:u:uun.L'-\ibility of the aquifer 

(4-49) 

S, • S! B • sprtific storage, defined as the volume of water that is released by a uoh vol· 
ume of the aquifer per unit decline in hydrauJjc b~d: 

S = p g(c., + 8 /J)B 

T= KB 

Typi<:al values ohpc:dlic stOrage, s. are giren in Table 4-8 (USEPA 1985). 

( 4-50) 

(4-51) 
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Flow toward Drains and Drain Spacing 

An approximate method for spacing of rile drains in agricultural areas was gi'\'Cn lo a previ· 
ous section en titled "Dardan Flow.'" lf an initial elevated water table is to be lowered to a 
certain Je,.-el within a specified period, lhen drain spadng has to be esr_hnated using the tran· 
sient Dow equation (Eq. (4-49)). Rele\'3Jlt anal)'tieal equation.• ror thL< ease arr futed below 
(Canolaw and jaeger 1984: Glover 1985): 

1. h ( x. {) = (4H/o:) I(l/(2 n + l )J (exp(-(2n + l)' o:'a t/L7J) 
sin {(2n + 1) .. x; /,.}, n = 0, 1. 2, ... , « 

2. ll (x = L/2) = (4H/o:) IU/ (2 n + 1)} (exp( - (2n + 1)' .. •a t/I})J 
sin((2n + l ) 1'/21, n = 0, l. 2, ... , « 

3. q(x = 0, t) = (4 KDH/ T.) :!:(cxpl-(2n + l)'o:'a t!L'IJ, 
n = 0, I. 2 ..... « 

4. p = (8/ 1r') I (expl - (211 + 1)1 "'a t/ L'IJ! (2n + I )2, 

n = 0, 1. 2, . . . , ~ 

where 

H o heigh' of initial "'·otter table above drains 

D ,.. height of drains above impervious layer 

L ~ dtaU1spacU1g 

h (x. I) = height of water table at disto1nce. x. and time. l. above drains 

x • dista.J\ce from draio 

(H;!!) 

(4·59) 

(4.00) 

(4..01) 

t = time since groundwater starts to drain from init.i3l water table e1C'\'3.tion 

q (x = 0, t) = flow 10 drain from one side per unit length o£ drain 

p e fro~.ction of dr.Unable volume of Wdtc:r that remains to be drained at time, 1 

It L< assumed that H «D. Otheowi.<e, D may be taken to be the a\'erage sawrated thickness 
of the a<1uifer. The minimum lowering of the w.tter table will occur at the.- center of two par
allel drains, i.e .• at x c l/2. Tbw, Eq. (4--59) can be used to es:tirnare drain spacing for a 
minimum water table lowering to hat x ; L/2 above the drains. The infinite series of Eqs. 
(4-53) to (4-61) com-erge fairl}' r.:tpidly fo r (a'/ L'> » 0.01 . For such c.-a\es, the second tenn 
is < 2% of the first, and the remaining terms are eoo-en smaller. Thus. these equations may 
be appwx:imated by 

I. h (x, I) a (4H/ .. )[exp 1- T'a 1/ L'l] siniT x/LI (4-62) 

2. h (x 3 T./21 o (4H/7)[exp (-r'a 1/L'll ( 4-63) 

3. q (• ~o. {) ~ (·1 K D HI L)(expl - .. ' a t! L'IJ (4-64) 

4. p = (8/ o:')(exp( - o:'a 1/ (.2)] (4-65) 

From Eq. (4-68}, for (a t/ L'fl » O.Ql, L a T v{a t/ In 11 Hj(1rh)l) (4-66) 
For other ca.<es where (at/ I}) s O.OJ, n = 0, l, 2, and 3 may have to be used in Eqs. (4-

58) tO (4 ··<H) . Usually, tem1s involvi,,g n > 3 may be too 5mal.l to consider. 
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U.11111e 4·13: In an irrigated area, the impel'iow $Oil layer is about 12 Dl below the field 
level Tile drains are to be inslalled about S m below the 6cld level. During the li.n:t irrigation 
seaaon,lhe water cable rises to within 0.75 m below the freld level. The next inigation period 
ls 30 days after the firsL Before the second i.nigation. tbe water table has to be lowered to a 
minimum of L? m below the field Je,•el Estimate drain spacing for this situation. Use K • 
3.05 m/day and s, = 0.18. 

Solvliool Heigbt of maximum water table above drains= H = 3.0- 0.7; = 2.2; m. 

Heigbt of maximum watet table above impervious layer • 12 - 0.7~ • 11.2S m. 

Height of drairu abm<e impervious layer = J 2 - 3 = 9 m_, and h(x = L/2) .. 3 - 1.5 • 1.5 m. 

Av.:rage ,.turated thickne" = [)'" (11.25 + 9)/ 2 = 10.125 m. and et = KDI S, = 3.0~ X 
10.125/0.18 • 171.56 m'/ day. 

U~ng F.q. (4-66), I_= n/[(171.56 X 30)/ In 1(4 X 2.2;)/ (r X 1.5)1) = 280.2 m. 

Check the valid;~· of F.q. (4-66), at/ L' • 171.56 X 30/(280.2)1 
• 0.066. So, the approxim:r 

tion of F.q. ( 4-66) is \'alid. 
The following is an approximate equation tO estimate stead}"ttate groundwater Oow toward 

a si_ogle ci_reular drain or tun.ne:l (Frceu and Cheny 1979): 

f{T = 2 r K H/ lo (2 Hi r'J 

where 

qr = Oow into the drain or tunnel J)<:T unjt length 

H - head above tunnel cen~rtine 

r = radius of drain or tunnel 

(4-67) 

An approximate equation fo r the transient case is as follows (Freeze and Cheny 1979): 

(4-68) 

where 

trft) = Oow into the drain or 1unnel per unit length a1 tiroe. z. after the breakdown of s,tcady 
flow 

Cis a constant 

The 'alues ofC may vary from 4/3 to 2~ £qs. (4-67) and (4-68) maybe useful for preliro.inary 
analyses. Numerical modela mwt be used for more refined analyses. 

At some industrial sites.. trenches or underground dr.Uns are provided to collect or 
inte.n;:ept contaminated groundwater from the site arc.a, which may be pumped out through 
sumps located at suitable locations on the trench or drain. The pumps and trenches are 
d<ligned for groundwater OOW> that may be expected during high groundwater table con· 
ditions following stonn events. If. initially, the water table is approximately horitonc:al. Lhe 
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initial water table is gi''etl by the straight line h(.t) = H - (H - ho)x/L 

ierfc (U) • integral of erfc( U) (From u ~ 0 to ~J A (1/ vs) exp ( - U') - Ucrfc(U) 

erfc(x) s I - erf(x) 

Eq. ( 4-75) convergC> rapidly when la i/(4L2)1 » 0.01 and E.q. ( 4-76) when lai/(4L2)1 «0.0 1. 

If gruundwatet monitoring wells ~ )\K-ated in an isot.rOpk and homogeneous aquifer, 
which is in h)'draulic communication with a ri'•er, water levels in the wells fluctuate with 
changes in river stages. lf initially the water table is approximately horizontal at the same 
level as the initial river 5-cagc, then rc.sporuc of groundwater levels in a "'-e.IJ to river srage 
Oucruations may be approximated by the foUowing (Pinder et al. 1969; Prakash 1997): 

h (.<;I) =:!: <(m) crfc l(v)fV(,.- m + I)), m = I, 2. 3 .... , n (4-77) 

where 

v • l..tl2v'(a~tll) 

h(x. t) = hcight of groundwater level above initial stead~ate Mage i.n the river at diJ.. 
tance, x, and time, t 

:TC • distance from ri\'eT 

l =time since the swt of rise Ol' fallln rh·er stage .,. nAt 

n = nwnber of equal ti.me inten'3.1s selected to divide rise or fall in river stages 
into different, smaller depth increment5 

~~=time interval during which river •tage changes by t( l ), t(2) , or t(3), e tc. 

e( m) = rise or fall in .;,,er stage in the .wtr. time increment 

Divi.<don of the time, '· into 5e\'eral time steps l' requi_red if the rau~: of changa in river stage& 
i~ not unifon:n (i.e., differs from one time interwt O.t, to another). F.q. (4·77) may be used 
to estimate aquifer di.ffusivity, a, if groundwater lf!'\>el and river stage flucruations are known 
from 6eld observation.s. If the rise or fall in ri\tr stages lasts for a finite time, Jo, then. 

h(x, 4 lo) = h ( .<; t) - h(x, t- to) (4-78) 

where h(K. t, lo) = c hange ln groundwott(,:.r lf:'\'(,:.1 a t d_ism_n <:e, x, ;~nd time. t, d ue tO rh•er stage 
rise or fa)) oe<:urriug during time period to· 

For unifonnly ri~ing river Jrtages and approximately horizontal water table at the begin· 
tUng of river stage Ouc:.tuations, changes i_n groundw-.ttcr IC'\'el' may be approximated by the 
following (Carslaw and jaeger 1984): 

h ( .<.I)~ t 1[1(1 + 2 u') erfc (Ull - 1(2/V• ) U exp( - U')IJ (4-79) 

where 

c = rise or fa ll in river stages per unit time 

u = , ; v(4at) 
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Table 4-10. Computations of water level fluctuations 

( I) (!) (5) (4) (5) 
h( .. l)~by h c .. ~ It) 

Time (h) 5.30S/V'I h (.,I) (m) to=48h (m) 

24 1.063 0.051 0 0.051 
48 0.765 0.301 0 0.301 
72 0.625 0.698 0.051 0.647 
96 0.541 1.198 0.301 0.892 

120 0.484 1.757 0.698 1.059 
144 0.442 2.373 1.193 1.180 
168 0.409 8.030 1.757 1.273 
192 0.883 3.7'..!2 2.373 1.349 
216 0.861 4.441 3.030 1.4ll 
240 0.342 5.184 3.722 1.462 

ba.ntple 4·14: Estimate groundwater levels in an obscrv.uion wclllocated 45 m from a ri"'-er 
when ri\'er stage rises at 0.0!) m/ h for 48 h and thereafter Sta)' at that level for a sufficiently 
kmg 1iroe. Use o = 18 mt/h. 

~ Us K/V(4crl) a 5.303/VL Computations using F.qs. (4·79) and (4-78) are.bown 
in Table 4-10. 

Computations io Eq. (4-78) arc: performed b)• lagging h(K.t) by to (column (4-)) and sub
trc~cting column (4) from (~).The re&ults a.re included in column (5). 

Unsleady Rcxftal Flaw lo a Well Fully Penefl aling a Canlined Alfuilw 
The differential equation goyeming uNteady radial flow to a fully penetrating well in a con
fined homogeneous and i5otropic aquifer of infinite extent is 

(4-80) 

The boundary conditions for Eq. (44!0) are listed below: 

1. Limit r & ' • - 0, (.Vh/oi) = (Q/2~T), 1 > 0 (indicating constant well discharge) 

2. h(r, 0) a H, '• s r s ae (indicating no drawdown before pumping) 

3. h(oe-, l) = H, t 2: 0 (indicating no drawdown at infinil}') 

With these boundary conditions. the solution of F.q. (44!0) is. 

H - h(r, I) s s(.-, I) a -(Q/1~T) E.i (-u) = (Q/47T)III(u) (4-81) 

where 

H = initial hydraulic head in the aq·uifer 

h( r. I) = head at distance, r, from the well at time, t 
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Tobie 4-11 . Well fw1ction W{u) fOr confmed aquifers 

• Ill ;;; " ., = "x to-• .. = " x to-r ., = " x to-' u = " X 10 .. 4 u = n X 10""3 u = " x to·' II= n X 10 .. 7 

1.0 0.2191 1.8229 4.0379 6.8315 8.6332 10.9357 13.2383 15.5409 
1.5 0.1000 1.4645 8.6374 5.9266 8.:ms 10.0303 12.8328 15.1354 
2.0 0.04890 1.2227 3.3547 5.6394 7.9102 10.2426 12.5451 14.84?7 
2.5 0.02491 1.0443 3.136,; 5.4167 7.7172 10.0191 12.3220 11.6246 
3.0 0.01305 0.9057 2.9591 5.2349 7.5348 9.8371 12.1397 14.4423 
8.5 0.00697 0.7942 2.8099 5.0813 7.3807 9.6830 11.9855 14.2881 - 4.0 3.779 X 10' 3 0.7024 2.6813 4.9482 7.2472 9.5495 11.8520 14.1546 

! 4.5 2.073 X 10' ' 0.6253 2.5684 4.8310 7.1295 9.4317 11.7342 14.0368 
5.0 1.148 X 10' 3 0.5598 2.4679 4.7261 7.0242 9.3263 11 .6280 13.9314 
5.5 6.409 x 10-< 0.5034 2.3775 4.6313 6.9289 9.2310 11.5330 13.8361 
6.0 3.601 X JO-< M544 2.2953 4.5448 6.8420 9.1440 11.4465 13.7491 
6.5 2.084 X 10' ' 0.41 15 2.2201 4.4652 6.7620 9.0640 11.3665 13.6691 
7.0 1.155 X 10' ' 0.3738 2.1508 4.8916 6.6879 8.9899 11.2924 13.5950 
7.S 6.S80 X 10"' 0.3403 2.0867 4.3231 6.6190 8.9209 11 .2234 13.5260 
8.0 3.760 X 10"' 0.3106 2.0269 4.2.1;91 6.5545 8.8563 11.1589 13.4614 
8.5 2.160 X 10' ' 0.2840 1.9711 4.1990 6.4989 8.7957 11.0982 13.4008 

0 
9.0 1.240 X 10" 0.2602 1.9187 4.1423 6.4368 8.7386 11.0411 13.3437 

0 9 .. 5 0.71 X 10' ' 0.2387 1.8695 4.0887 6.3828 8.6845 10.9870 13.2896 
'0 
'< 
~ 

<0' 
::r -~ 
3 

"' 10 
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Table 4-11. Well function \V( u) for confined aquifers ( Contin-tttd) 

• ., :;;; ,. x to-• u;;; n X to-• ., ;;; "x to-•• u;;; n x to-n "= ,. x •o-•• u = ,. x to-n ., = " x to-•• ., = n )( to·l& 

1.0 17 .84.'15 20.1460 22.4486 24.7512 27.0538 29.35&1 31.6590 33.9616 
1.5 17.4380 19.7406 22.0432 24.3438 26.6483 28.9509 31.2535 33.5561 
2.0 17.1503 19.4529 21.7555 24.0581 26.3607 28.6652 30.9658 33.2684 
2.5 16.9272 19.2298 21.5323 23.8349 26.1375 28.4401 30.7427 33.0453 
5.0 16.7449 19.0474 21.3500 23.6526 25.9552 28.2578 30.5604 32.8629 
3.5 16.5907 18.8933 21.1959 2M985 25.8010 28.1036 30.4062 32.7088 
4.0 16.4572 18.7598 21.0623 23.3649 25.6675 27.9701 30.2727 32.5753 - 4.5 16.3394 18.6420 20.9446 23.2471 25.5497 27.8523 30.1549 32.4575 • - 5.0 16.2340 18.6.'166 20.8392 23.14 18 25.4444 l?:7. 7470 30.0495 32.3521 
~.5 16.1387 18.4413 20.7439 23.0465 25.3491 n6516 29.9542 32.2588 
6.0 16.0517 18.3545 20.6569 22.9595 25.2620 27.5646 29.8672 32.1698 
6.5 15.9717 18.2742 20.5768 22.8794 25.1820 27.4846 29.7872 32.0898 
7.0 15.8976 18.2001 20.5027 22.8053 25.1079 2"7..4105 29.7131 32.0156 
7.5 15.8280 18.13)1 20.4337 22.7363 25.0389 27.3415 29.6441 31.9467 
8.0 15.7640 18.0666 20.3692 22.6718 24.9744 27.2769 29.5795 R8821 
8 .. 5 15.7034 18.0060 20.3086 22.6112 24.9137 27.2163 29.5189 31.8215 
9.0 15.6462 17.9468 20.2514 22.~MO 24.8566 27.1592 29.4618 31.7643 

0 9.5 15.?922 17.8948 20.1973 22.4999 24.8025 27.1051 29.4077 31.710!1 
0 
'0 
'< 

Source: Bear ( 19'19); Fn:exe and Chcny (1979); Wenzel (l942). 
~ 
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Forfivewelb, Q,/ Q1 = 1/ (1 + (W(..,)/ II'(o<1)J + ... + [ll'(.,)/ ll'(u1ll] 

Uo = 0.00066 X (0.0?62)2/(4 X 1.207.6 X 180) = 4.4 X 10" " 

Ktu1) • 25.5706 

u, • 0.00066 X (914.6)2/ (4 X 1.207.6 X 180) = 0.00li6S~ 

K~u,) • 6.7859 

u, = 0.00066 X (1.219.14)' / (4 X 1.207.6 X 180) = 0.001 1282 

llo\"') = 6.2110 

.. • 0.00066 X (1,523.93)' / (4 X 1,207.6 X 180) ~ 0.00176~ 

W(u..) = 5.7604 

... ~ 0.00066 X (3,047.85)' / (4 X 1,207.6 X 180) • 0 .007051 

Itt,) = <L3844 

Therclon:, Q,!Q1 • 1/ [1 + 6.7859/ 25.5706) • 0 .79. 

Q,!Q, • l / [1 + [(6.7859 + 6.2110)/ 25.5706lJ • 0 .663. 

Similarly, Q.t Q, = 0.577, and Q.t Q, = o.;25. 
Since '•dues of u1, u1, v,... 14t. and~ are less than 0.01, tbe approximation ofF.q. (4..S3) 

is abo valid. Thus, 

s(r, I) • IQ1/(47T)J In 12.25Tif(Sr.')J • IQ,/ (2sT)J In 12.25Tt/ (Sr,r,)J 

and 

Q,/Q1 = In )2.257l/(Sr.2)1!(2 · In 12.2~TI/(Sr.r1Jll = In [2.25 X 1,207.6 X 180/ (0.00066 X 
(0.0?62)'1)/ (2 X In (2.25 X 1,207.6 X 180/ 10.00066 X 0.0?62 X 914,36))) = 25.5'123/ 
(2 X 16.17971 = 0.79. 

The values of Q,!Q,. Q,/ Q1, and Q,/ Q1 may be estimated in obe same way. 

Unsleody Radial Flow lo a Well Fully Penefroting on Unconfined Aquifer 
The differential equation governing unsteady radial Oow to a ful ly peoeU"ating weU in an 
uncon!med homogeneous and isotropic aquifer or infinite extem is 

1/r a; ar(r h Dh/ ar) = <VKJ altfat (4-90) 

where~= specific. yield of the aquifer. There are SC\'Cfal ways to linearize and solw: £q, (4-90): 

1. Assume h (in the brackeu on the left~hand side) a: flo q- average saturated thicl.· 
neu and K~ = T0 =average aquifer trnnsro_iM~il:)', then Eq. (4-90) becomes 

(4-91) 
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A' for Eq. ( 4 -80), the 501ution of Eq. ( 4-9 I) is 

s(r, t) = (Q/4.-To) W(u) (4-92) 

where u ~ S,,.t/ (47Qt). 

2. Sets' ~ s - (s'/ 211) whe re H = in.itialsanmued thickness (see Eq. (4-48)), then 
F.q. ( 4 ·90) becomes 

(4-93) 

where s; = S,IH)(H- s)] and T = KH. A.dor Eq. (4-iiO). the solution of (Eq. (4· 
93)) is 

(4 -94) 

where u' a S1r
2/ (4Tt) . This approximation is reasonable a.s long as s<< H. Since s 

is not k.nown a priori, an initi:d estimate of S, is required. which may be modified 
after computing s.. The initial \'alue of s; may be taken to be slightly greater than 
the k.n0\\11 value of spc<:ific yield, S,. for the aquifer. The computations may then be 
refmed with the modified value of s;. 

Esfimation ol Aquilw Poramelen 

Aquifer pa.r-.unetets (e.g., Ta.nd S ) are estimated u.'>1.ng tim~rawdowo da~a f.rom pumping 
testS on wells in the aqltifer. Eq. (4-83) is useful in analyzing pumping test datl to determine 
Sand T for cootioed, leaky confined, and unconfined aquifers. This t. .. bc:calUC there '-" a lin
ear (str.Ught line) relationship between s (natural scale) on they-axis and 1 (logarithmic 
scale) on the x .. xis. The slope of the strnight line with the x·axis is 2.8 Q/4r'f. Knowing Q, 1' 
can be calculated. UsuaUy, lin<.:ar regression analysis us.iug various measured Vdlues of sand t 
and computation of 7'a.nd Sis accomp.l~hed through computer programs (e.g .. AQTESOL.V, 
Duffield and Rnmb:mgh 1989) . These computer programs can process a large number of 
data ""'lues using Eq. ( 4 -83) or modified equation!> for unconOned aquifers and leak)' con
fined aqu.ifen and using data from partially penetrating wells. Other methods to ana¥:e 
pumping test dac.a for different t)~ ofaqulfen abo arc induded in computer programs such 
asAQTESOLV. ntese include the Theis method (using the well function, W(u)), the Cooper
Jacob method (wing Eq. (4-83)) , and the Hao.wsh method for lea.kyaquifers (Bear 19?9). 

If the maximum expected yield of a well cannot be estimated from the yields of other 
wells in the "icin.ity or from other hyd_rogeologic infon:nation, theo it may sometimes be ad· 
vi...Qble to conduct a steJXlrawdown le$1 to estimate the optlmum pumping rate. This test 
also may be useful lO assess the perfonnance of "'"Clb where significant mrbulent flow is ex
pected (Drucol11989). 

A step-drawdo"'-n test may i.nclude five to eight pumpi.ng steps, each la.'>ting for 1 to 2 h. 
The pumping r.ne is increa.~_t in a stepwise manner during succes.'ii\'e periods of time. In 
each time step, dlC': v.-cll is pumped at a constant rate until the water lC\'e.l stabilizes. Then 
the pumping rate is increased to the next higher level. A constant pmnping nuc should be 
main rained within any one purnping step, but the t"'.ate should be different from one step to 
anot:het. The <l"ur.ltion of the entire test may be about 5 to 16 h. Since both l.am.ina_r and nt_r-

Copyrighled material 



GlouNDWAIII 185 

bulent llow may oc:x:-ur duriJlg pm:nping. the drawdO"'tl may be expressed as fo llOW$ 
(Driscoll 1989; Bear 1979): 

s=BQ +CQ' ( 1 -95) 

where 8 and C ate dimensional constants. With five to eight sets of sand Qvalucs obtained 
(rom the step-dtawdown test, a polynomial regression may be used to obtain the \'aloes of B 
and CAn approximate and simpler methcxl may be t.o estimate the values of Band Cusing 
linear regression or a graphical straight l.ine fit between "-alua of s/ Q and Q to obtain \'lll· 
ucs of Band C The&c: v.Uuesof Band Cand maximum pem1issible value of s for the aquifer 
may then be u.sed to estimate the optimum value of Q 

Jf a step-drawdown test has bec:::n conducu:d, the constant·rdtc-purnping test may be 
started after the water IC'\'C-1 h.a.s rectwered to pre-pumping :static Je,-els. The GOt\StanHate
pu.mping test should be conducied with a constant discharge at le<Ut equal to 1 09'o (but may 
be up w 100%) of the maximum anticipated yield of the well 

The duration of the comtant4 rate-pumping test may be about 24. h for a confmed 
aquifer and i2 b for an unconfined aquifer. Timeodrawdown dara should be collcc'tCd dtu"
ing both the pumping and recovery pe1·iods. U&ually, data loggers are used for recording 
these data.lt i! advisable to record barometric pressure, rainfaU, and water lcveb in surbce 
v."ater bodies within the anticipated cone of depre.o;.'!ion of tJu:: ten well during the period of 
the test. lt may be noted that a barometric pressure increa'Soe of l C".J.Tt of mercury may result 
in a fall of about 8 em in the ·water le-.-el in the obsenatioo well in a confined aquife r (sec 
rhe section i_n thi.'i chapter en tided .. Effect of 1\arometric Pressure Fluctuations"). 

The test well should be screened at lea\'t through one--thitd of the thickness of the 
aquifer except for thin aquifers where up to 75% of the entire thicknes.'i may be screened. 
The diameter of the test weU ma}' be suOicient t.o accommodate the pumping equipment. 
Typical well diameters are io the range of 10 t.o 30 em and may be a.'i large as 60 em fOr 
larger wells. A preliminary estimate of the diameter of the well casing for a si''<n ""'II d.i.s
cbarge may be made using a velocity of less than 1.5 m/ s 1hrough the c;a.~ing. Thus, a wdl 
discharge of 100 1/ s may require a ca'iing di.'lmeter ofalxmt 30 em. This size may have to be 
modified to accommodate the required pump. A preliminary esri.mate of l.he open area of 
the well screen may be made using a \'t:locity of about 0.03 m/ s through the \Yell screen. 
Thus, the open area of the screen required for a wel.l discharge of 100 1/s is about 3.5 m'. 
The required screen length can be calculated if open area per unit length of the $CTCCn for 
different sizes <lf screens is known from the manufacturer. 

Due to pump operation, there f.s turbuJence in the test weU. A~ a re!lult, time-drdwdown 
data for the rest well may not be accu1ate. TiterefOre, at least one observation well should 
be used w record time-drawdown data in addition tO the test welt Tite diameter of the 
observation well may be as small u practicable to permit accura[e mcasurel'llcnt or water 
levels and assess aquifer response. T)'Pical diameters are in the range of 8 to 12 em. The 
screen depth of the test well may be about 1 ro 2 m and should correspond to &he central 
portion of the screeu depth of the test well. Depending on available right'()f."-ay and aquifer 
transmjssivity, the location of the observation well may be about 50 to 200 m from the test 
well in confined aquifersJ and about 30 to 100m for unconfined aquifer'S where the cone of 
depression d~>elops at a relar.h'dy slower nne. GeueraUy, smaller distances should be used 
for pervious aquifers. 

Time-drawdown data .should be recorded during both the pumping and rec01r-ery peri
ods. The recovery period begins immediately after t.he pump L11 shut dOM1. IF analyses of 
pumping test data are based on Eq. (4~3) , then it may be advisable to record time-dr.l:wdown 
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data so that there are a nwnber of oh~rvation5 within each log cycle of time ( i.e., 1 to 10 min, 
11 to 100 min. 101 to l .000 min, etc.. after lbe stan of pumping or rttO\-ery). Typical time 
intenals JOr recQrding dtawdown during a COt\Stant'-t"ate-pwnping test are shown in Table 
1 -13 (Driscolll989; Oelleur 1999). The same time huervals may be used for t'el.-ording ~ 
ter ltNcl rise during the recovery period. 

lo some casesJ particulatly for large<lia.merer wells, eatly thn~rawdown data may not 
61 a straight line on the s venus Jog t plot bcamse these data may reflect remo\'al of water 
from the \\•ell casing. Also, early time-dtawdown data (leu than about !) min or so) for the 
observation well may not fit a straight line because u may be greater than 0.10 and Eq. (4-88) 
may not be applicable. Therefore. these data may ha\>t: to be ignored. This may exclude data 
for the fil1't J 0 ruin or so. Time-dr.rwdown da&a for much later times may be affecred by recha.rge 
or by impen;•ious bowtdaries located farther from but within the cone of depression of the 
well. Presence of a recharge bound31)' is indicated if the s versus log t plot flattens after a 
ccnain point. Con\-'cncly, an impervious boundary is indicated if the plot steepens after a 
cettain time. In such cases, data for the earlier periods should be used to estimate aquifer 
par-<~.meters. 

Designing a pumping test progr.tm invol"es the following steps: 

1. Site selection and installation of the extmction ( test) and obsetv<~.tion "·ells with 
equipment for pumping. \'o'ater level recording, and data logging. 

2. Monitoring of ambient groundwclter levels within the anticipated cone of depression 
of the test well, identification of aquifer boundaries (e.g., rivers. lakes, recharge 
rones1 unifonn groundwater How, and groundw-.u.er divides or impervious bou_nd
aries). and extraction or injection well~ with their rates of discharge or recharge. 

8. Installatio n of b:•ro rnctrle pr<."$Surc gauge and rain gauge in the vicinity. 

4. Conduct of pump test, including s:tep-dra\'o'<lown (if required) and constant rate tew. 

5. D-.a.ta analysis uslng the appropriate method for the aquifer (i.e., confined, unton
fined, or leaky a<lui_fer). 

6. Report preparation. 

Table 4 - 13. Time intervAls to record time-dr.a.~-down data 

Pumping weD Oboervatlou wdl 

r....., 
since start 

ofteot (mill) 

(I..S 

4-15 
16-00 
61- 360 

361-1,440 
Mer 1.440 

TlDle 
inten'al betweeo 

measuremeats (min) 

0.5 
I 
5 

so 
60 

480 

Source: Driscoll (1989); Dellcur (1999) . 

lime 
since .wt 

of tat (min) 

(1...10 
I J-120 

121-240 
241~'160 
361-1,440 
Mer 1,440 

I 
5 

10 
80 
60 

480 
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Table 4-14. Timeodrawdown data for obsenation well (T ~;~ 60 m) 

( I ) (2) (5) (4) (5) (6) (7) (8) (9) 
I (miD) IO« (t) l(m) I (miD) log (I) 1 (m) t (miD) log (I) 1 (m) 

0 0 II 1.041 0.&14 60 1.778 0.966 
I 0 0.2:21 12 1.079 0.660 90 1.954 1.033 
1.5 0.176 0.292 IS 1.114 0.681 120 2.079 1.01 
2 0.301 0.3S2 14 1.146 0.697 150 2.176 1.147 
25 0.398 O.S72 15 1.176 0.781 210 2.822 1.210 
3 0.477 0.406 20 1.301 0.764 240 2.3SO 1.230 
4 0.602 0.456 25 ).398 O.SOJ 270 2.431 1.251 
5 0.699 0.499 30 1.477 0.835 300 2.477 1.271 
6 0.778 0.533 35 1.544 0.862 3(i() 2.5.56 1.304 
7 0.845 0 . .56 40 1.60'1 0.888 420 2.623 1.3~ 
8 0.903 0.587 45 1.653 0.912 480 2.681 1.375 
9 0.954 0.607 60 1.699 0.932 

10 I 0.624 55 1.740 0.949 

Slug Tesls 

ln some field siruatio~ the hydraulic conductivity of the porous mcditun may be too small 
or the diameter, depth, or yield of the well ma)' be too .small (e.g., in the range of 5 to 
2'00 m'/ day) to conduct a pumping t ClR, o r the s<:ope <,(the 1nve~tig-.:.tions l:'fll:tj" (IC)t w-...rnt.JH 
a pumping tt:sL ln such cases~ a slug test may be useful as a relatively quid. and costdective 
melhod to estimate aquifer hydraulic conductivity. This test is applicable to completely or 
partially penetrating wells ln uncontwed aquifers and fully penetrating wells in confined 
aquifers (Bouwer and Rice 1976; Bouwer 1989: Cooper et al. 1967). The test con.oi<IS of 
qukkty lowering or raising tbe water IC'-'Cl in the well from its equilibrium position and 
measuring sub$equcnt rise or l_a.tl with time. 

Referring tO Figure 4-3. Eq. (4-17) gin:s 

Q = h K 4 y/ [ln (R,/ r.l) (4-96) 

where 

Q = discharge entering the well ( if water level in the "'ell is imtantaneowly lowered) 
or leaving the we ll (if water level in the well is huuntaneousty raised) 

K = hydraulic conductivity of the aquifer within a rAdius of R., around the well and 
depth slightly greater than 4 

4 = length of screened, perforated, or otherwise open section of the well 

J a rise or fall in water le\rel in the well 

r., = radial distance ofundistu:rbed portion of aquifer ftoro weU cent.crline 

R. = effe<:rive radial dislllllce over which y is dissipated 
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Figure 4-3. Schematic of slug test well 

The rate <,f rise of water level in the well after the water level has been qtlickly lowf'.red i.s 

dy/ dl = -Qin! 

where: 

Tc = radius of weU 

... ,.~' = crm.-rsectional area of the well where the water level is rising 

t • rime 

Tin,., 

dJf dl e -2KL.J/ (r} ln (R./r.JI 

[f y = )b al t = 0, and y = '1t at ti.me., c. then 

K = (lr( In (R,./ r.)J/ (2LJ)[(l / 1) In ()biy,) ] 

or 

log (:;o/y,) = [0.8686KL,/ lr.' In (11./r.JI)t 

(4-97) 

(4-98) 

(4-99) 

(4-100) 
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f'or 4 < H. 

In (R./r,~ ~ [11.1 / ln (L../r. )l + lA + B ln (H- L,.)/ r.J/ (4/r.))-1 (4·101) 

For L.. ,..,. H, 

In (R./r,~ = [(1. 1/ ln (L../r.l l + IC/(L,/r,.)Jr' 

where 

L.. = depth of well penetration below water table 

H ~:~ height of wa.ter table above lmpel'meable base (Figure 4·3) 

A, B. and C ate dimeusionles~ coeifidents 

Approximate ' 'alues of these coefficienrs are gh"etlln Table 4-15. 

(1-102) 

Slug tests ca_n be u..~d for production wells. ob.sen-ation wells. or monitoring well5. The 
test can be anicd out by immersing a section of pipe filled with sand or baUast and dosed 
with caps on both end'> or other similar object in the borehole. The wc~ter level in the bore
hole is allowed w retum 10 equiUbrium. and theo the submerged object is quickly removed. 
The subsequent rise in ""-ater IC\1-el in the well is recorded with time. Usu.alty. a data logger 
l.'i U$t:d to record and store the data for analysis. A plot of the data tnay be prepared "ith r 
(log-.uithntic scale) on the y<t.xis and t (natural scale) on the x-;u;is. The slope. e (with the 
x-ax.b), of the straight line fined to the: da~a poi.nl! on thi!' plm i.s gi\'c::rt by 

em e = 0.8686 K L,/[r,' In (11,/r,JJ (4-103) 

Kno,...ing tan 8, /.,• r. R, and r" K can be estimated from Eq. (4-103). Usually, the plotting 
and computations arc perfon:ncd LL~in.g a computer program (e.g .. AQTESOLV, Duffield 
a.nd Rumbaugh 1989). 

Table 4-15. Approximate values of dimensionless coefficients A. 8, and C 

4/r. A B c 

4 1.7 0.3 0.8 
:; 1.8 0.3 0.9 

10 1.9 0.3 1.2 
25 2.3 0.4 1.8 
50 3.0 05 2.7 

100 4.2 0.8 4.2 
250 6.5 1.4 7.8 
500 8.0 2.2 10.5 
750 8.6 2.5 )).6 

1,000 9.1 2.8 12.3 
2,000 9.6 3.3 13.0 

Source: Bou11>·er and Rice (1976); Bouwer (1989); Cooper c:t al. (1967). 
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ln some ca.'U!S, datt may 6t two 5trJightlines., the one at smaller values of 1 being steeper 
than that at larger value5 of L In such cases. the first (steeper) str.Ught lioe may reflect 
drainage from the gravel pack. The second straight line may be representative of the hy
drnulic conductivhy of the undisturbed aquifer. If the gr.t\'f!l pack is surrounded by a less 
pen:neable wne, the data may fit thtee straight liJ\es., one at very small values of 1. the sec· 
ond at intermediate values oft, and the third at larger ,~.dues of t. Again, the last Straight 
li_nc may be re.presentath-e of the hydraulic conductivity of the undisturbed aquifer. 

In alug tesu._, the head difference ber:weeo the static water table and water le"\'Cl in the well 
is cl.issipated mosdy in the vicinity of the well around the screened or perforated section. 
Therefore, if the top of the screened or perforated seetion is sumcientty below the bottom 
of an upper confining layer, the test may provide reasonable ,-.. lues of the hydr.t.ulic conduc
tivity e"\'en for confined aquifers.. Slug tests may not be useful in estimating hydraulic con
ductivity of larger aquifers (i.e., deep or larger in areal cxtcnl.). Compa_rbon of hydr.:tul.i<.: con
ductivities cWmatcd by ~lug test\ with values C5timatcd by pumping tcst.'i indicate that the 
slug test r~ults are generally low. 

&a.,le 4·11: Slug test data (water IC'r-el rise v.itb time) for a wc:U "ith radius of casing = 
2.54 on, radius ofgravd pack • 12.7 em, and screen length • 152,4 c:m are given in Table 4·16. 
Tbe saturated tbick.oeM of tbe WJJow atjuifer is ]75 . .8 em. a_nd the well penetrates the fu ll 
depth oftbe aquifer. Initially, the water l<:ld in the well wa1 lowered by 37.19 em. f..stimatc the 
hydraulic conduc:.tivity of the aquifer. 

Solutioll: The slug IC5t data can be anatyzcd u5ing a computer model like AQT£SOLV 
(Duffield and Rumbaugh 1989). \\-"hen access to such computer models is not readily a,-ail
able, a simpler and approximate analysis can be done using linear regression using a spread-. 
•beet ba>cd on Eq. (4-100). 

In this ca<>e, .10 = 37.19 em; rc = 2.54 em; r .. = 12.7 em; 4 = 152.4 em; H = L. = 175.3 C'.m; 

and L./rw = 12. For L.. = Hand Vr. = 12, C = 1.28 from Table 4-15. Computed values of 
)b/yand log (:i~/1) are >hown in columns (3). (4), (7), and (8). 

Data for lhe first 0.6 s may be ignored because of the elfcc1 or gravel pack, and those after 
78.8 s may be ignored because lhe straigbt line drawn through the later points dC\i:ues sig
nificantt)· from tht> one through the pointS between 0.6 and i3.8 s. 

Linear regression between the remaining 30 data point~ giVC$, 

log ()to/ y,) = 0.0176 l + 0, H6, with a correlation coefficient (r) of0.99. 

From Eq. (4-lOO),log (Jo/ J1) - {0.8U86 Kl../ (r,2 tn ( / l,/r,JJ) t. 

Therefore. [0.8686 KL./lr.' In (1(/r.))) ~ 0.0176. 

From Eq. (4-102), 1n (1(/r.) = Ul .l / ln (175.3/ 12.7)1 + U.28/ (152.4/ 12.7)Jr' = [0.41906 + 
o.l 0607r' = 1.90213. 

So, K = [0.0176 x (2.54') X 1.90215] / (0.8686 x 152.4) = 0 .0016$ em/ •. The value .. tiruMcd 
using the AQTESOLV modc:lls 0.0016 cm/ s. 

It may be seen tha' linear regression witb all the 50 data point5 (excluding the initial val:ue 
~ = 57.19 an) with non.zero intercept gives 

log (.)0/y,) • 0.57 + 0.00381, with a rd.ativel)' tow correlation coeflkient (ry of0.57. 
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Tobie 4 ·16 . Slug test dala 

(I) (2) (S) (4) (5) (6) (7) (8) 
I (1) )'(em) y.l)' log (y./ y) I (8) y (em) ,.;, log (y./y) 

0 37.19 I • 
0 38.8 4.88 ?.6209 0.8820 

0.2 33.53 1.1092 0.045 43.8 3.96 9.3914 0.9727 
0.4 33.22 1.1195 0.049 18.8 8.35 11.1015 1.04!11 
0.6 32.00 1.1622 0.0653 53.8 2.74 13.573 1.1327 
0.8 31.09 1.1962 0.0778 58.8 2.11 15.2418 1.1830 
1.8 27.43 1.35·58 0.1322 63.8 2.13 17.1601 1.2420 
2.8 21.99 1.4882 0.1727 68.8 1.83 20.3224 1.308 
3.8 23.16 1.6058 0.2057 i3.8 1.52 24.4671 1.3886 
4.8 21.64 1.7186 0.2352 78.8 1.52 24.4671 1.3886 
5.8 26.42 1.8213 0.2604 83.8 1.22 30.1886 1.4841 
6.8 19.!;! 1.9062 0.2802 88.8 1.22 30.4836 1.4841 
7.8 18.89 1.9677 0.294 93.8 1.22 30.4836 1.4841 
8.8 17.98 2.0684 M156 98.8 1.22 30.4836 1.4841 
9.8 17.37 2.1410 0.3306 103.8 1.22 30.4836 1.4841 

10.8 16.?6 2.219 0.3462 108.8 1.22 30.4836 1.4841 
11.8 16.15 2.3028 0.3623 113.8 1.22 30.4836 1.4841 
12.8 15.54 2.3932 0.379 118.8 1.22 30.4836 1.4841 
18.8 14.63 2.5420 0.4052 148.8 0.91 40.8681 1.6114 
11.8 11.02 2.6526 0.42.37 178.8 0.61 60.9672 1.7851 
15.8 18.41 2.?7S8 0.448 208.8 0.61 60.0672 1.7851 
1.6.8 12.80 2.9055 0.46.'2 238.8 0.61 60.9672 1.7851 
17.8 11.89 3.1278 0.4952 268.8 0.61 60.9672 1.78.~1 
18.8 11.58 3.2116 0.5067 388.8 0.61 60.9672 ).7851 
23.8 9.14 4.0689 0.6095 508.8 0.61 60.9672 1.7851 
28.8 7.32 5.0806 0.7059 598.8 0.30 123.9667 2.0933 
33.8 5.79 6.4231 0.8077 

Conlominant 1 mnsporl in Satur aletl ZOM 

Conraminams found ln ground"'ater may be miscible (soluble) or immiscible in water. The 
property of contaminants that governs their miscibility in water i! solubUity. It is the m.axj
rnum mass of a chemical that can dissolve in a specific amoum 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 sotubitity (i.e., less than about 20,000 mg/ 1) can 
exist as a separate liquid phase in an aquifer. These chemicals are called nonaqueous phase 
liquid.'> (NAPLs). If the density of an NAPL is less than water, it is called light nonaqueous 
phase tiquid (LNAPL) . Examples of LNAPI.s include ga.sotinc, fuel oil, benzene, toluene, 
etllfl benzene, a_nd xylene (BTEX). If the density is greater than water, it is called dense 
nonaqueous phase liquid (DNAPL). E."""ples of DNAPLs include teuachloroethylene 
(PCE), u ich1oroeth)'lenc (TCE), and chlorofonn. AD organic IJquid C".an ex.l~t a.'> a sm.ble sep
a.ratc pha'Je in equ.iHbrium \\ith water only after hs dissoh·ed concentration in w·,uer has 
reached its saturation limit (Pankow and Cheny 1996). Different values of solubility, organic 
carbon pru·tition coellicient (K.J , decay coefficient (A) , deosiry, and kinematic 'iscosiry (•) 
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Ta ble 4-17. Typical values of sotubility, ~ h, density, and • 

SolubWoy K.. Density • tern' ! •) 
Chemical (mg/ 1) (ml/g>n) A (day"1

) (g>n/ ml) at 25"C 

LNAPL 
8cn1..cne 1.750 !>8.9 0.0009 0.88 0.0061 
Toluene 526 182 0.011 0.87 0.0056 
Ethylbcnzcne 169 363 0.005 0.87 0.0068 
Xylene 186 260 0.0019 0.88 0.0076 

(<>-xylene) (<>-~)·lene) 

Vinyl chloride 2,760 18.6; 57 0.00024 0.92 
DNAPL 
Tett"achloroethylene (Perc, PCE) 200 155:364 0.00096 1.63 0.0054 
Tlieblorocthylene (TCE) 1,100 126; 166 0.00042 1.16 0.0039 
Cblorofonn 7.920 39.8; 47 0.00039 1.49 0.0038 
CL,..1,2dich1orocthylene 3,500 35.5; 49 0.00024 1.28 0.0038 
Tran .. l ,2dichlorocthylcne 6,300 52.5; 59 0.00024 1.26 0.0032 
Chlorobem:ene 472 219; 330 0.0023 1.11 0.0072 

Source; Weast (1987): Maidment (1993); P;mJ:ow and Cherry (1996); IPCB (2001). 

for lhe S.'l.roe organic compound arc reponed in the litemrurc (Wea'it 1987; Maidment1993; 
Pankow and Cherry·l996; IPCB 2001 ). Typical values a_re given in Table 4-17. 

Miscible contaminant~ may include naturalt)• occurring minerals in rock formations, 
domestic pollutants contributed by leakage from septic syStems or sewer lines, Ydrious types 
of indwuial chemicals. and poUutants carried by ·water i.n6Jmating from agricultural areas. 
Industrial chemicals may include \tOiatile or nOO\-'Olatile soluble orga_nk compound~ (VOCs 
or noo.VOCs) or soluble inorganic compounds. The b'ansponof soluble su~ces in ground· 
water involve& advection, mecllaoical dispersion, molecular difJw;ioo. adrorption/desorption, 
and decay or biodegradation. The mass conservation cquarion for lhc transport of soluble 
contaminants in groundw~uer l~ 

where 

l);r = <r,..u = longimdinal di.spe~ion coefficient (.x-direction) 

D, = a,-u. = lateral dispe:r.sion coefficient ()"direction) 

D~ ;:;; a ,11 = vertical dispersion coefficient (z.<firection) 

(4-104) 

a,.._. a, , a~ = longiwdioal, lat.eral, and vertical di5pe:nh·ities, respec:tivdy, of the porous 
medium 

u = average un iform pore \'elocity i.n x-direc.tion = Y.~IV' 

u., = Darcy \'docity in x~irection 

V' e porosity 

Copyrighted material 



194 WAitt llfSOURW EIIGIIIUIING 

C == concentration o f di..s5c>lvcd substance 

t o time 

x, y, z = Can:esian coordinates. such that the average uniform pore velocity is in x· 
direction 

R.t :::: retardation fuctor 

.\ =decay or degradation coefficient of the chemical 

Eq. (4·104) is c:aUed the advccti\'e-di.spenion, convec.ti-.-c1"1i"persion, or hydrodynamic dis
persion equation and is vaHd only if v =- w ... 0, where v a nd ware pore velocities in lhe y· 
and z.direction!J respectivelf. TI:leorctically. for the case with v = UJ = 0, a1 = "• (Bear 
1979). However, in most practical cases, different values of CJ

1 
and a , are used. Oi!'pe.rsivity 

has the dimension of length. The retardation factor is dimensionless and is defmed as 

(4-105) 

where 

p~ ;:;: density of soil grains 

Pb = dry bulk density of porous mediurn 

.K~ =distribution coefficient or the chemical 

The distributio n coefficient i.o; u.ooually ddi.ned by the linear equilibrium isotheml, although 
other nonlinear isotherms also may be applicable in M>me ca'\CS: 

(4-106) 

where S = rna.~\ o.f the con.Wtuen t adosorbed per unit mas." of soil grains. Typical values, of K.t 
fo r selected inorgan.ic su.tl'lunc;cs (metals) are given in Table 4-18 (Rai and 7.acha.ra 1984; Ora
gun 1988). Significantly different ~alues of~ ate reported for the same substances in differ
ent typeS of soils and different types of environments. Reported values of K.t in s.tteams wilh 
JUspended solids eoncentr•tions ofl,OOO mg/1 are al5o shown in Table 4-18 (USEPA 1985). 

Table 4· 18. Values of X., for selected inorga.nic. substances (metals) 

Subslance 

Men it 
Cadmium 
Copper 
Lead 
Selenium 
Mercury 

K,(ml/ gm) in aawrated ooilt 

l.9- 18(rncan 6.7) 
1.2-25(river sediments) 
2.2-43(kaolinitc) 
4.5-7,64Q(mcan 99.5) 
1.2-S.6 (mean 2. 7) 
30,000-224,000(bentOnite) 

Source: Rai and Zachar-. (1984); US£PA (196;)_ 

K,(ml/gm) in--suspendod 
10Jldo COOC:OI11n1iON Of 1,000 ...,;/ 1 

3,000 
2.000 
6.000 

90.000 

1,000 
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For organic chemicals, 

(4-107) 

where 

j. ~ fraction of organic carbon in soil by weight 

~ .. organic carbon partition coefficient of the otgan.ic constituent 

Typical valuc:s off« in different soils are given in Table 4-19 (Maidment 1993; Pankow 
and Cheny 1996). Suggested dcfauJt valua. off«- are 0.006 for sutfacc: soils and 0.002 for 
subsurf.'lcc soils (I:PCB 2001). Howc\'er, where possible, field mea.S'ul"ed tO-alues of f.., should 
be:"-~-

The decay or biodegrad.1tioo process i_s defined by 

where 

((. • concentration at time, t = 0 

C = concentr.ttion at tirne, 1 

lfC= G,/2, 

where t,. e half-life of the constituent. 

A • In (2)/ tt. 

(4-108) 

(4-109) 

Organic chemicals are also classified as VOCs and semi-volatile OllfADic chemical$ 
(SVOCs). Chemicals with .. apor pressures of less than 10-' mm of mercury volatUize to a 
negligible degree in air, while chemicals with vapor pressure of greater than 10-t mm of 
mercury v.;u ,,olatil.itt: and be: present in the atmosphere or soil air (Dragun 1988). Organic 
chemica.ls \\-;th l'f'latively high di_ffwivity in air (e.g .• greater than about 0.059 cm2/ s) and 
high vapor pressure are called \'Olatile organic con1powuls. Volatile organic chemicals with 

Table 4-19. Typical \'alucs of organic carbon coment in 50ils 

'I)pe of soil 

Silty clay 
Sa_ndy loam 
Silty loam 
Unstratified silts. sands. gra,,els 
Medium to fine sand 
Sand 
Sand and grnvel 
Coarse grn<-el 

Source: Maidme n1 (1998); Pankow and (,."'herry (1996). 

0.01~.16 
0.10 
0.01~.02 
0.001~-006 

0.0002 
0.000~.1 
0.~.0075 
0.001 1 
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lower diffusivity and vapor pressure are called semi~<olatile compound•. Examples ofVOC. 
include chloroform, TC£, PCE, tra.ns-1 ,2dichloroethylcnc, c:is-1.2dlchloroethylene. ,;nyl 
chloride, benzene, toluene, ethyl benzene, and xylene. E:o<31Dples ofSVOC. include phenol, 
hex.achJoroethane, hexachlorobenzene. and naphthalene. 

For 5tcad}'-5tatc conditions, a commonly used solution of Eq. (4-104) for centerline 
(i.e ., at.~ = 0, .x = 0) concentrations is 

where 

C/Co = exp[lx/ (2 a,)J1 1 - v(1 + 4A' a .,t uJIJ · 
c:rl(~\4 v(a1 xll) · erf[S,./14 v(a, x)IJ 

C0 = concentration at the source 

C = centerline concentration at x at y a :t = 0 

A' = All. 

S. = width of source in y-dlre<:tion 

S4 ..., depth Of !IOW'CC in l~.irection 

(4-110.) 

For ~ = I (i.e .. no adsorption), Eq. (-4 ·110a) reduces to the Domenico equation 
(Domenico 198i; ASTM 1995; I_PCB 2001} . The corresponding non-stead)"6t.1te solution 
for centerline c:onccnuations at time, 1, is 

C/CO = ( l / 2) exp[lx/ (2a.)ll1- v'(l + 4A'a.,lu)JI · 
erfc(lx - uN(l + 4A'a.fu)l/ [2v'(a,ul)l) · 

erf[~l4v(a,x)}] · erf[S,./[4v(a.,<)l] 

The steady-state concentration at any point (x, y. t) i.~ given by 

C/ C. = (1/ 4) exp[lx/ (2aJill - v(l + 4.\'a.fu)l) · 
(crf[(y + .V2)/ (2v'(a,xlll - erf[(y - ~2)/[2v'(a,x)IJI · 
[erf[(• + S,./2)/ 12v'(a,.•)ll - erf[(<- S,/2)/ (2v'(a.,<))]l 

(4-llOb) 

(4-llOc) 

fioaUy. the non~tcady-statc: concentration at any point (x, y. t) at time, 4 is gi\"ell by 

C/C0 = (1 / 8) exp[lx/(2aJill - v(1 + 4A'a.fu)l] · erfc[(x 
•d(1 + 4 A'a.f,.)l/[2v'(a...,Jil · (erf((y + ~2)/t2v'(cx,x)l] 

erf[(1 - S./ 2)/ [2v'(a,x)IJJ ·(erf[(z + S,/ 2)/ [2V(a,x)l] -
erf((< - S,!2)! [2V(a,x)IJI (4-IIOd) 

If the upper surface of the colltaminant plume coincides "ith the water table so lhat lhe 
plume spreads only in the downward ditettion, the quantities S41'2 in Eq.s. (4·114>-<~.) through 
(4-.l lOd) are replaced by~:, (Domenico and Robbins 1985). For instance, the solution (C)r 
stead)"'Stare centerline concentrations becomes 

C/Co = exp[(x/(2 a,))l 1 - v(l + H' a .fu)IJ · erf[,V(4 v(a1 x)l] · 
erf[S,./12 V(a, x)IJ (4-11 1) 
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Conuno.oly ll$ed empiriml equations to estimate the longitudinal, later.U. and \~l'ti<:al dis
pe~hities are a< rouo~• (USEPA 198.~) : 

a.,. = 0.1 L:. a, ... c.'f,./3; and a, "'" a ,./20 (4 · ll2) 

where L = length of Oow path. 
Compumtions .,.ing Eqs. (4-IIOa), (4-IIOb), (4-llOc), (4- IIOd), and (4-111) may be 

performed using a spreadsheet or a Fortran progrnm. Approxim:ue analytical wlutions for 
steady.o&tate transports$ accounting fol' no Aux across d'te W"dter rable ot upper confining 
layer and lhrougb lhe bouom confining la)·er, may be obtained ushlg the melhod of images 
and recognizing that the contribution of D,. in s.tcady-5tatc transpon is negHglblc (Pra_ka.<th 
1982). Similar equations may be used for non~tcady·state trnn..'>port~ (Prnka~h 1984). Com· 
putations mi:ng these equations requh·e use of a computer prog.·am (e.g., a spreadsheet or 
a Foruan program). 

Percolation of contaminated w-elter from a source into the undertying satur.ated porous 
mt:diwn ~ull.'l in the development of a mixing tone below the source. The source depth. S.,. 
in Eq. (4-110) is the venic-dl depth of lhis mixing zone. rf S,. is not knolm from field meas
urementS, it can be otimated a<; the !lum of trnnspon. distanc;c d\IC to \'Cnical cli!lpcrsion and 
advection (USEPA 199Gb): 

S, = [v'l2a,L.,J] + H[l - cxp\- (1., /)/ ( u\P H ) l) (4-113) 

where 

L. = length of soun.:c in the direction of groundwater flow in the saturaled 1..onc (m) 

H = saturated thiclulc,. or aqui[cr (m) 

I= rate of vertical leakage from the source (mi)T) 

., = toral porosity 

u = seepage (pore) velocity of groundwater Oow in horizontal direction (m/ yr) 

a 1 • \'C.rtiCll dispersiviry of aquife-r (m) 

Because or mixing with ambit.nt groundwater Oow, there i.' dilution or contaminated water 
leaking from the $0UJ'CC within the mixing ronc under the source length, I.,. The dilution 
factor, DF, under the rou.rce is given by 

DF= I + ((u 'I' H) / (L, l ) ) (4-ll4) 

Example 4·19: A leaking underground "orage tank (LUST) bas a length o£3 m along the 
direction of ambient groundwater Oow i.n a .shallow aquifer with .saturo~_ted thickness of 5 m. 
lbe ra.te of leakage is estin1ated to be 25 em/ yr. The hydr.tulic oooductivity, groundw-dter gr ... 
dJent, and pol'05ity of rhe aquifer are 120 m/)T. 0.005, and 0.30, l'e$peclivdy. Estimate the 
thkkneu of the mixing ronc a1 lhe downgradicnt edge of the LUST and the lni1ial diJutlon 
factor under lL Assume&.= 0.0056 L. (m). 
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Solution: Foo· ootead) ... tate conditions. using Eq. (4-115), Q0/ Q, = 10 X 0.0039/ (1.0 X 

0.011) - 3.55. So, Q, • 20/ 3.55 a 5.6 1/s. Allowing a safety factor or 2.0, assume that tl:oe 'l"" 
tern may withdraw about 2.!> 1/ s ofTCE. 

for no~)"<talC conditions. T0 = 0.001 X 10 = O.oJ m1/ >; u0 • O.oJ X (0.06)' I (4 X 
0.01 X 180 X 24 X 3,600) • 5.787 X 10' 00; Ji = 0.001 X 0.011 X 1.0/ 0.0039 = 0.0028'1 m'/o; 
u, = 0.01 X (0.06)' / (4 X 0.0028'1 X 180 X 24 X 3.600) = 2.0518 X 10- 00; lt1 u0) ~ 23.0; and 
1\l:u,) a 21.7. Therclore, using Eq. (4·116), Q./Q. • (0.01/0.00282). (21.7/ 23.0) • 3.346. 
and (b • 20/3.346 • 5 .981/s. AUowiog a safety factOr o£2.0, assume thatlhe system may with· 
draw about 3 1/s ofT('.£. 

The thickness of immiscible LNAPU (l.e., free producu) measured in a well is greater 
than the acw.a.l product thickness in the aquifer. The following is a simple, approximate 
equation to estimate actual free product thid:n(:S! (Hampton 1990): 

llr/1>,· = G/ (1 - G) 

when: 

Hr = apparent thickness of free product measured in the monitoring well 

hr = a(-tual thickness of free product in aquifer 

G = specific gravity of free product 

Flow and Contaminant Transport through Fructured Roclc 

(4·11 7) 

There are ~'e:raJ methods to analyze tran.spon of miscible conuuninants through fracrured 
roeks. A relatively oomplex and sophisticated method is the dWII·porosity approach, in 
which differem h)'<ltaulk propenies are assigned to the fractures and rock matrix and foor... 
prints of the acrual or sim\tl.ated fracrure panerns are used (e.g .• VaJUappa.n and Naghadeh 
1991; Sudlcky and Therien 1999; Sudicky 1988). The: .s«.ond approach wcs porous media 
equivalent> of discontinuous fr...,ture._ p;trticu.larly where de,.ity of fractures is high and 
disuibution of fracture orientation5 i.s highly nonuniform (Freclc and Chcny 1979). In this 
case, an effective poT05ity (in the range of 10-2 to JO ... ,s) and effective hydrd.ulic conductiY.. 
ity are as.<igncd to the fractured roek nws and the transport is analyzed using methods 
appliable to granular porous media. The third approach estimates one-dimensional flo"'• 
dkpcnion, and retardation through individual fractures (apertures) and cumulates there
:ruha b;.ued on known or as:sumed fracture density. If there are n fractures (apertl.U"eS) per unit 
widtb of the rock perpendicular to lbe direction of now, then 

.p = n a 

K = .p a' g/(12 •l = n • ' g/(12 •) 

(4-118) 

(4-119) 

whe-re a • width of a .single aperture and n ha!. the dimension I I L Although qui I.e un· 
common. if the fracrures can be approximated by n circular apel'tW"es of diameter. d. per 
unh area of the roc.k pcrpendjcular to the direction of Dow, then 

(4·120) 
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K = <P d• g/ (82 v) (1-121) 

Knowing n. a. or d. IP and K can be estimated. Typical values of a ot d a•·e in the range 
of 0.001 to 0.005 em, altho\•gh sm:aUer or larger \'alues may be fOund at specific sites. 

fxaMple 4-21: Scan•ting of rock cores at a site indicaced that the a\-er-agt fractun: width is 
approximately 0.0035 em and there are about two ftactures per centimeter width or the rock 
pc-:rpendicular to the direction of Oow. Estimate lhc equivalent porosity and hydrauljc COI)

d\IClivit)' of the fracmrcd rock. Usc .. = 0.01~1 cm2 / s for groundw:ner. 

Soludon: Using Eqs. (4·1 18) and (4· 119)."' • "" = 2 X 0.003!> • 0.007, >nd K • !2 X 
(0.003~)' X 9811/(12 X 0.0131) • ~.35 X 10"' cm/s. 

Contaminant Transport through Unsaturated (Vadose) ond 
Saturated Soil Zones 

A tield situation of lottrt51 i5 to analyze the tr.m5port of contaminants from a ncar"\5urfacc 
source tO lhe water table through the vadose zone, followed by trAnsport through the satu
rated zone to a potential receptor. The sonrcc may consist of soilli of finite depth c:ontami· 
nated by leakage from stOrage t.an.ks fot liquid chemicals, seepage fn,m w·.ute ma_nagement 
impoundments, or spills of liquid chemjcals. The fate and transport of st•c:.h chemicals is 
simulated using numerical groundmucr Oow and transport models. Often, screening level 
analr-ses are required for site remediation, evaluation of risk·based con-ecti"e actions. iden· 
rl ficntion of potentially respoo..,ible parties.. and apponionment of environmental liabilities. 

The primary mode of transport of miscible contaminants through the ~do:re zone is in 
the d_i.,wt ... -cd form with in.filtrating rainwater. Other modes of transpon include diffwion, 
volatilization, and degradation. For screening~evel analysis of the transpon in dis!oh-ed 
fonn, in_filtration is generally approximated by an aver~e: annual r.atc: and it i.'> as.<;umed that 
ad,·c:ction i.'> predomjnantly in the vertical direction, contribution of Jaterd.l (horizontal) d_l:r 
persivities is negligible, the ... adosc zone is isotropic and horuogeneous, and adiOrption is 
linear and at equilibrium lC'-e-1 (USEPA 1996b; USEPA 1985; IPCB 2001). TI1e contaminant 
adsorbed [0 the soil grains at the sonrce leaches (by desorption) with the infiltrating rain· 
water and may also undergo biodegradation with time. As a fC$Ult, the mass of contaminant 
ad$0tbed to the soil grains decreases with time. Tite conwninam dissoh•ed in the intiltrat• 
ing rainwater tr.l\'els nea.rfy vertically through the partially saturated $Oil zone up lO the water 
rable. Upon arrival at the wa.rer table. it mixes with the ambient groundwater and travels along 
the dominant direction of groundwater Oow. 

With the aforementioned approximations and assumptions, contaminant transpon 
w'ith ad\'ection, dispersion, adsorption, and biodegradation can be described by tbe follow
ing (Bear 1979): 

where 

C = conttntrarlon 

t • lime 

(4·122) 
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where 

C(:, I) = concentration at 1, at time, l 

t1 = v[A + u'/ (4D,R,.) - •I 
B = (r/2).,l(R4/ DJ 

Eq. (4-128) involve. products of exponentials and complemenlll'1' error functions of argu· 
men~ which may be real or compJex. lf the arguments are complex, Lhe values may be 
obtained as desc,ribed in (Prakash 2000a) or by table look·up of error functions of complex 
arguments (Abr.uno~il% and Stegun 1972). 

For a finite-time release of contaminants from the source, linear superposition may be 
used. Thus, 

c (~~to) = P(z, t). 0 "' ' "' '• 

C(~ ~ t 0 ) • P(:, t) - P(., t - <o) exp( - •<o). - t"' <o 

where 

~ = time at which the source is rcmediated 

P(., I) i• the .arne., C(., I) gi""n by Eq. (4-128) 

(4-129) 

(4·1!10) 

Eqs. (4·128), (4-129), aod (4-1!10) give poUutograptu of contamitwlt concentrations 
reaching the water table. as shown in Figure 4-4. The&e polhnograph5 constitute the source 
for contaminant tr.mapon through the satumtcd zone. For computational con""tnienct, 

·-~"-
O·~~-t oot.Ofott 

-
-
-
-

\ 

··~---------_-______ .. ______ .. n-_· __ ~_-______ .. ______ - _____ .. ______ .. ~,1 
Figure 4-4. Polluwgraph reaching water lllble 

Copyrighted material 



Gtou..wma 203 

these poUutographs are approximated by .successive re<:taogul-ar pulses of con.sram concen· 
tradonl and finjte du_ration, 411 (Figu.re 4-4). 

After entry into lhe saturated zone, transport of mi~ible contaminant~ to the receptor is 
g<M!ffied by advection, dispersion, adsorption, degradation, and recllarge or rclati,'Ciy fresh 
rainwater along the mmspon path. ln a majority of field situations, dominant groundw-ater 
gradjent l& toward the receptor and advection can be treated as one-diroen.!iional.. f'or these 
cases, contantinanr 1ranspon can be analyzed using the MULTIMED model (USF.PA J 996b) 
or othc::r sh:ni,la_r models. For more complex groundwate r now conditions, si_mul_ation or 
three-di.mensionaJ now and mamport may be ncccMa~)'· The MULTlMED model b used to 
generate a pollurograph of comaminant concentrations reaChing thc receptor due to a 6· 
nitc-duration (6.0 and unit-concentr-ation pulse. Using this pollutograph as the kernel func· 
tion. C(l.., 64 1) 1 and the constant concentration pulses as the input function, V(b.t, 1). the 
pollutographs of contaminant concentrations reaching the receptor due to continuous 
01' finite--time releases from the wurce are computed by <:01\\'0lution. Here, L .~:~ horizontal 
distance of the receptor from the s.<•urce. The fo llo"'ing is a computationaiJy convenient 
discretiu:d form of the convolution process (Prakash 2()00-.a) : 

Q (L, t) = l: C [L, t.r, I- (i- I) t.1]. V(!>t, it.t) (4-131) 

wberc 

I i:sfrom i • lt071.Sj 

Q(l.., t) ~ ordinare of pollutOgtaph teaching the recepr<•r located at a d istan ce, [..,from 
the sou_rcc at time, t 

j (integer) = 1/l>t 

n (integer) = B,./ t. t 

61 • selected finite-time dur.at.ion for rectangular pubes and (or convolut.ion 

B, = time base or the poliUlOi,'Tdpb ruching the W'.tter lablt:: (Figure 4--4) 

Gas Pilose T ranspott 

The gas phase transport ofVOCs from the source to the water table through the \l(ldose zone 
may be analyzed 355\lming that gaseous diJJ'usion is predominantly \'ertical. If the source is 
located from X ~~;~ -a to X • a, with i&scenrer :)t a distance, Qo, below the b'l"OUndsurfa.ce (whkh 
i.5 paved and i.mpcrvi.ow: to ga&eous difl'usion) and at~ abo\'C the water table (figure 4-5), 
then, using the medlod ofimages (Carslaw a.ud.Jae~,rer 1981), 

C (x, t) = (Q./2) (erft(a- x)/Y(4 D, 1)1 + erfl(a + x)/v'(4D4 1)1 + 
erfl(a - (x- 2 "<>));./(4 D, I) I + erfl(a + (• - 2 a.,))/v'(W, I)) + 
erfl(a -(x + 2 il>ll/Y(4 D, 1)) + erfl(a. + (x + 2 ~))/,/(4 D4 t)l] (4-132) 

where 04 & effective 8""" phase diffusion cneflkient of the VOC in the , .. adose zone. The 
effective gas phase diffusion coefficit::tll can be esti.mated by 

(4-133) 
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CHAPTER s 

HYDRAULIC DESIGNS 

Introduction 
Water resources engineers are required to develop conceptual and preliminary d esigns of 
hydraulic structures. These designs form the basis for the preparation of detailed designs, 
oonstn1ction plans, drnwings, specifications, and cost estimates. Detailed designs may inYolYe 
structural dc§lgns and geotech.n.ic:al analysis of variou.os component~ of the hyd.raulic struc
tures. This chapter presents methods to prepare hydraulic designs of strucrures, which are 
commonly dealt with by a water resources engineer. Such hydraulic suuctures indude chan
nel transitions, Oood and erosion protection measures, drop structures, dams and resen-'Oirs, 
spillways, and hydraulic component'> of a hyd_ropower plant. 

Channel Transitions 
Channel tr.tl)5itions are requi.red to provide contractions or expansions of flow sections 
when the channel ha.\ to pas.~ through constricted are-.L<s (e.g., reaches bounded by flood
wal.ls or lew:es, bridge opcuingsJ etc.). General rules for the design of channel transitions 
forsubcritical flow are li>ted bclo"' (USDA 1977): 

1. The water surface 5hould be smoothly transitioned to 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 sbould not com·erge at 
an angle greater than 14 degr«S with the direction of flow or diverge at an angle 
greater than 12.5 degrees. This mean,. the ootal channel section should not con
verge at an angie gn~atcr than 28 degrees or dh:ergc: at an angle greater than 
25 degrees. 

S. Losses through the transition should be minimized. Excluding friction IOS$e$, tr.m
si rion IOMes should not exceed 0.10 A., through contraction and 0.20 Jt.., through 
expansion, whc.rc Ja., is the velocity head based on a\'etage velocity through the 
transition. 

4. AJs far as pr.u:ticable. the bed slopes and side ~lopes ~hould meet the end conditions 
tangentially. 

209 
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Neglecting friction los.~s.. tOnse.t'\'ation of energy through the transition gives 

Jo + '' + v,1/ (2g) m 1t + '< + v,1/(2g) + ht (5-la) 

or 

11-S, + v,2/ (2g) - w:s, + v,1/ (2g) + h,, (5-lb) 

where 

y1, :n = w.tter depths 

: 1, ::e = bed elev.u:ions 

v,. VI! = vdocitiet 

\VS.. «~ = water surface elevation at the upstTCam and dOWll.Stream end of 
the transition 

g = acceleration due to gravity 

ltL ;;;;; losses through tranSition due to change in Htean\Hne pattems 

In relati,•ely short uansitions, friction losses, which are usua.Uy 5.tnall compared to 
losses due to contrac.tion and expansion, can be negJected. 

Thus, 

II-S1 - I~S, =AlliS= (v,7 - v,2)/ (2g) + h1, (!>-2a) 

Ab<>. hL = C,(v,' - v,2) / (2g) for con<n<:rion and h1, = C.<•~' - ••')/(2g) for ex
pansion. where C,"' 0.15 and C."' 0.25. For contraction. "' < v, and A II'S is pco~ 
rive or 11-S, > WS,. For expansion, VI > v, and A II'S is negative or IIIS1 < II'S,. So, 

11-S, - II'S, = A IllS= 1.15 ("t'- ~>~'l/(2g) for contraction (5-2b) 

WS, - WS, 8 Ail-S • -0.75 (VI'- v,'}/(28) forexparuoion (!>-2c) 

The above--mentioned energy equations ab o ate applicable to t:hc design offlu.med 
section$ for eooerete-lined cha_n_nel<l except that 1harper traruitions may be used. 
The angle of convergence on any one side of the lined channel bank should not 
exceed 30 degrees. and that of di>'CJ'8"ntc should not exceed 22.5 dc:grccs. 

balllple S.l : l>e$ign a contraction b"ansition between ~"0 channel segrneots.. The upstream 
<hannel is an earthen channel wilh • = 0.02f>, bed slope of 0.002. side slopes of 2H: I V. and 
bouom width of 10 m. The downstream channel is ripraJ>1>rotected Y<ith 11 = 0.038, side 51 opes 
of 2H: I V. bed slope of 0.01. and bonom width of 6 m. The design di.ro.rge L. 12.2.1) m' / r.. 

Snlurion• Forlheupsln'3mthanncl, Manning'sequationgn'CS 12.25 = (1/0.02$) [(10,1\ + 
2 ,11'l/ tJO + 2 (v'5) JoJl"' ( 10 .l'o + 2 Jo') >'(0.002). 
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By trial and erTor, y1 = 0 .777 m; A.1 = 8 .977 m 1; /~1 = 13.475 m; R1 == 0.666 m ; rutd V1 = 
J.ll645 m/s. 

t'or the downstream channel, 12.2!> = ( 1/ 0.031)) [(6 '' + 2 .l'>'l/ 16 + 2(v5) ;Ill)"' (6,. + 2 ,.') 
v'(O.Ol). By triaJ aad en-or, 1: ,.. 0 .8165m; A.1 • 6.2323 ml; P, • 9.G51S m; ~ • 0.6457 rn; and 
v, ~ 1.966 10/ S. 

Thus, ~ws - 1.15 ((1.9961 - 1.3645')/ (2 x 9 .81)) • 0.1244m. TI1e required c:ha•tg:e in bed 
deo.o"a.tioo from section 1 to seC"tiOit 2 is gn-er1 by 4 \\IS • (J1 + :.. ) - ()It + ~) or (:.1 - ;V • A •\S
()', - ,.) • 0.1244 - (0.777 - 0.8165) • 0.1639 m. 

The channel bed at section 2 needs to be 0. 164 m IO\'."Cf than at section 1. 

Top v.>idtb (up5tream) • T1 • 10 + 2 X 0 .777 • 11.564 m. 

Top width (downnream) = 'I; = 6 + 2 X 0.8165 = 7.63., m. 

Using a com~rgenc~ of 4: I or a com-ergcnc:c angle of 14 degrees on one side, the length of 
tr:tmition e [I 11.5!'>4 - 7.633)/ 2) cot 14 degrees • 7.84 m. 

A slightly different method for the design of c;hannelttansitions is ilh.L~trated in Example !>-2. 

baMple 5-2·: A trapcutidal cbannel is to be contracted to a rectangular concrete section to 
pas.'l over a creek.. The leogth oflbe rectangular section ts 150m. Thereafter. the channel has 
to be expanded bad. to the same trapexoidal set:tion. 1''he dc~gn discharge of the: channel i$ 

30 rn' / s. Olannel bed elevAtion on the downstream side of the tr.msition is 1,000 nl. Other 
relevant dlmensions are as follows: f'or the trapezoidal chaonc:l. B, = 22m and side slopes are 
2H:I Vand for the Oumed rectangular .::hanne.l, Bt "'" ll m; cotmaction u-ansilion is 2 .S: l 
(contraction aogte = 21.8' ): and expansion transition is 3:1 (expansion angle= 18.4' ). De-
sign the Uume M> lbal W3ter depth through the transition is maintained at 1.7 m. A~ume con
t:rnc.tioo aod ex))3J:Uion Joss coefficieo!S of0.2 and 0.3. respectively. and Manning's coefficietu 
of 0.015 for lhe concrete channel. 

Solution: Referring 10 Figure 5--1: 

Top width atsection I = T1 =- 2'2 + 2 X 1.7 "'" 2.5.4 m ""' Top width at sectiol'l 4 .... T,.. 

Top width at section 2 = l f = ' l'op width at section 3 = '13 = l l ro. 

I : a .. .. ; .. l • --
"""" 

•• 

fD 81· i-,.., 
Figure 5-1. Channel contraction and expansion 
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U:ogtl:1 of <.XIIttr.tction from tr<tpexoidal (section I) to rectangular (section 2) = ((25.4 -
ll)/ 21 X 2.5 = 18 rn (Figure S..l). 

L.engdl of expans:ioo tr .. no!!ition fn:ntl ree~ngular (section 3) to trdpezoid:d (tectkm 4) • 
1(25.4 - ll)/21 X 3 = 21.6 m .. Neglecting friction loss, balance lollll energy in !he expansion 
tr.uuition on lhe dowunream side between section 4 and 3: V4 • 30/ (22 X 1.7 + 2 X 1.7') = 
0.69& m/ s: >'• = 1.7 m and v, ~ 30/ ( 11 X 1.7) .,. 1.604 m/ &;]).,. 1.7 m. 

" + 1• + V.'l2g + 0.31(1(,' - v,'Jt 2gl ~ ,. + ,.. + 1(,'; 2g. 

1,000 + 1.7 + 0.695'/ (2 X 9,81 ) + 0.31( 1.604'- 0.695')/ (2 X 9.81 )1 = :, + 1.7 + 1.604'/ (2 X 
9.81). So, z. = 99<J.92544m. 

For the flumed rectangular section, 'h = y,, Rt = ~.and Yt = v,.. Using Manning's equation. 
e:~timatc friction loss in lhe rectangular concrete channel with L • ISO m and ~ = 11 X 
1.7/ (11 + 2 X 1.7) = 1.2986m. 

Friction loos = V,' ri' t..lflo"' = 1.604' X 0.015' X 150/ (1.2986)"' = 0.06129 m, and lriClion 
slope = St = 0.06129/ 150 = 0.0004086. flow !brougb !he reelangular section being unifomt, 
Sj= ~= bed sJ(,pe, 

Bed elevation at section 2 = tt = 999.92!)44 + 0.0612'9 = 999.98678 m. 

Balancing energy through lhe contraction tr.uuition from section 2 lO 1 (neglecting friction 
loss within 1he transition),:.., + 'Jt + \'f1/ 2g+ 0.21(Vt' - Vj2)/ 2gJ = :.1 + y1 + ViV 2g. 

l)i_mcosion.'> at trapezoida_lsectioos 4 and l are the same. So, 999.98678 + 1.7 + l .IM>41/ (2 X 
9.81) + 0.2 1(1.604'- 0.69~')/(2 X 9.81)) = '' + J.7 + 0.695'/ (2 X 9.8 1). 

So. : 1 - 1.000.11454 m . 

The tra(ISition rna)' start at a bed clc,.-.uion of 1,000. 11 at the upstteam end of the expansion 
transition, sloping to 90'.).99 m at the up&trcam and 999.9$ m at the dowru;treaJn edge of the 
rectangular .section, and rising to 1,000 mat the downstream end of the contraction. 

Flood Control 

Commonly lt<ed Rood control method! include stntctural and nonstrttclural mea>ures. F.x
amplcs of stniC.turnl measures of Oood conrrol indudc: levees, groins. rutofiS, flood b)passes, 
tlood proofing, and detention basins. Non.srrocrural measures indude esmblisbmem of regu· 
latory floodplains, flood zones, watershed management plans, and flood emergency planning. 

Structural Measures 

Lrvm 

l,.e\"C<:S are earth embankments cunstrucu:d ne-arly par.lllel w the course of a s trean1 lO 

prC\-ent inundation of large: areas on the landward side of stream banks. Principal design 
considerations for levees include the followi.n.g: 

• Location: Usually distance between levees on the two sides of a river or the distance 
of the le\'ee &om the centerline of the rivet depends on the a\".Uiability of land. 
u· land is a\'ailable or can be acquired without significant envi:ronmenml, socic> 
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Floodway anatysis may be performed u.~i.og the ch.an.nel cocroachmcnt methods avail· 
able in !«:ady-~Stare \\'3ter surface profile model& (e.g., HEC2; HECRAS). NonnaUy, the: 
width of the flood way is detem,joed wing equal lo:ss of channel conveyance on opposite 
side~ of the stream. If equal loss of conveyance is not prnctical or unusual now pauenlS exist 
(e.g., interbasin flow, di\'ided tlow, etc..), unequa.l con'"-ey.u:u;cs may be U..'\Cd subject lO 
accepta.nce by the community, state and federal agencies, and insuring agency. 

Groin.J 

Groins are dikes extending from rhe bank. of ct·,e river to a specified distance. which may 
usually be up to the nonnal ·w·A.terline. They arc: constrUcted to protect t.he bank against e ro
sion or to coou·ot channel meanders.. Groins are more effective when constructed in series. 
They may be oriented perpendicular to the bank or at angles inclined slight.ly upstream 
o r downstream. Groi.ns oriented perpendicula_r to the bank or inclined Up5tream tend to 
deflect the main current away from the bank. Those inclined downstream cause 5Cour closer 
tO the bank and tend to maintain the deep current clo..\C to rhe bank~ Groins inclined up
stream are called deflecting or repelling, and th05e inclined down.nream arc called anra.ct· 
ing groins. Depending oo specific site conditions, the angles of inclination to the bank may 
vary from 10 to 30 degrees. So)jd groins are constructed of earth with riprap pl'otec.·tion and 
do not pennit appreciable Oow through them. Permeable groins. constructed of timber 
frames fiUed with bmsh and tree branches or rock., pc::nnit resaicted Oow through them. 
T ~ins have a cross dike constmcted at the riverside end of a normal groin. Usually. a 
greater length of the cross dike projects upstream and a smaller portion projects down· 
sD"C'am of the main groin. 

The con.figur•tiou.s and designs of groins must be detennined \\.Jth the hdp of phf5ical 
( hydraulic) model!!'. 

The length and spacing of groins depend on specific site conditions and objecti\'et of 
the ri"-er &raining project. 1f the ri\'er is wide and the course of a major portion of the rh•"<:r 
Dow is to be repelled towan:l the opposite bank, the repelling groin has to be fairly long. If 
the river ba.o.k hao; a curvature, groins in series may have ,,,_uying lengths. Commonty used 
spacing ber:ween groins is 2 oo 2.5 times the gl'oin lengtb Cor convex banks and is equal to 
the length of g.·oiru for conca\'e banks ( USAERDC 2003). Groins are usually spaced farther 
apart in a wide ri\'er than in a narrow one. if the l\\'0 have nearty the same design discharge. 
Also, permeable groins may be spaced farther apart than solid groins.. 

Usua1 s:ldc slopes of groins are 2H:.1 V to SH: 1 V. Steeper slopes may be used for materials 
with higher angle of repose and flatter slopes for materials "ith smaller angle of repose. The 
nose of a str.tight. attrdcting or repelling groin may be approximately semicircular in plan. 
The section of the groin where the auack of the current is expected to be strongest mwt be 
well protected. ln particular, the head or nose and toe must be annored with rock. concrete 
or soil cemem blocks, or other erosion protection measure:;. l.n the c.a'c of re pc:lliog groins 
in series, the one: at the upstream end of the protected river reach may require maximum 
protection. ln the case of an attracting groin, the upsueam 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 i$ ilht.~trated 
in Figure 5-2. 

Cutoff• 

When the river meander develops intc> a horseshoe~ there is potential for sudden for· 
mation of a straight channel or oxbow lake during high floods. This may result in channel 
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• Concrete Bulkheads:: These arc \'ertical or sloping concrete retaining w-•lls con· 
stn1ctcd to retain soils in steep banks. Ln some cases. \ler[ical walls may be provided 
near the bank toe with sloping concrete, riprap, o•· vegetative protection abo\·e it. 

• Grade Control: This includes construction of seve.-al b''rade conu'Ol s:tnacn.treS in 
series across Lhe channel to reduce c:OC:il>')' .slope and flow velocities iu the channel 
reach upstream of each gmdc control strucrure. 

• Channelization: This includes measures to reduce erosi\'C Oow \'elocitics b)· channel 
widening and inc:rea5ing wattiWa)'S of bridges. 

The type of erosion protection for any particular channel teach should be detennined 
after «onomic, hydraulic. geomorphologic, and environmental impact anai)'SCS (USAE.ROC 
2003). Care must be taken to eu.sute that el'osion protection in Lhe study re-.. ch does noc c:.rt:· 
ate unacceptable advcne Oooding or ero~ion conditions in lhe upstream or downstrea_m 
reaches. Measures such as grade control or those resulting in increased channel roughness 
may cause higher flood elC\>ations upstream. Measures that may result in increasing chan· 
nel capacity (e.g .• channelization) could cause erosi\'e \.'<: loci ties and hjgher flood devdtions 
in the downstream reac:b. 

Design of Riprap Protection 

Design of flexible armors for channel beds and banks and cmbankmcnl slopes requires 
detennination of the mjnimum size of tOCk to withstand expected erosive forces. In ptac· 
tice, rock sizes are estimated wing several different methods and the design value is selected 
by judgmem. within the range of estimated \."alues. Commonly used methods fo1· riprap 
stz:ing include 1he foiJo"'in~ 

I. Maynord's Method (Maynord e1 al. 1989): In this method, the equation used tO 

e$timare riprap site i...: 

(5-4) 

where 

d,o & riptap size than which 30% of the riprap material i~ finer by weight 

D = aver.tge water depth in ch-annel 

SJ' - factor o£ safCt)' suggested f'or thi.\ me1hod t e) be 1.2 

V = locaJ depth~vcraged velO<::ity 

g -=- accele•"ation due to ~or,wity 

'Y = Wlit weight of water 

"''~ = unit we·ight of stone taken to be 2.644 kg/ m' 

For,.,= 2.56!1 and 2,4831\g/ m' .•he comptued ~.should be multiplied by 1.06 and 
1.14. respectively. The equation is valid for 5ide :dopes of2H:I Vor llattc:r. for side 
:dopes of 1.3H:l V. a multipl)ing fac;tor of 1.3 for d,o should be used. 
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2. U.S. Anny ('.o'l" ofEnginten Method I (USACE 1994): In th.i• method, the eqtsa· 
tion to estimate d~ of the riprap size is 

where 

K = side slope correction factOr = ( I - (sin'~8/sin' I{J)ru 

9 • angle of side slope to hori.wntal 

f/J ;;::; angle of repose for stone 

SF • \arying from 1.1 to1.5 

D., ;;;- local depth of flow 

(5-5) 

~ -= stability coefficient Sll 0.30 for angular stones and 0.875 for rounded 
stones 

Cv s \'ertical \'elocicy distribution coefficient a 1.0 for suaight channels and 
up to J .283 inside channel bends 

C, a lhicknm coefficient a1 1.0 for riprap thiclm~ equal to d100 

For riprap protection on channel bed. K = 1. since: 8 a 0. 

3. U.S. Army Co'l" ofEngi.oe<:f5 Method 2 (USACE 1970): Thi• method involve• trial 
and error to estimate tht v.alue of~ (m), using the equation 

0.0122 (-r, - ')') d,o K = Sl'')' V2/ [~2.6 1og,. (12.2 D/ <t,o)J' (5-6) 

in which SF= safety factor. taken 10 be about 1.5. to account for noounifonnity of 
now. 

4. Simom and Senturk Method (Barfield ct al 1981; Nel•on ct al. 1986; Simons and 
Senturk 1976): This melhod computes S/' coiTesponding to a trial value of <1,. 
using Eqs. (5-7) to (5-ll).lfthe computed Sl'is not:u:ceptable, then the trial value 
or <1, is modified until an acccptlble SF' is obtained. 

"mu =maximum shear stress= 0.76y DS 

IJ = arc tan [co. A/ 1<2 sin 8/~ 01n i') + sin All 

~· = ~ [l + sin (A + 11) )/2 

$/'=cos 8 tiD q>/ ['' tan 'I'+ sin 8 cos ,6) 

where 

S a channel bed slope 

(5-7) 

(5-8) 

(5-9) 

(5-10) 

(J>.II) 

A = angle of streamlines to horizontal i!! angle of bed to ho·rizontal 
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5. ASCE Equation (Vanoni 1977): 

tJ,. a [6 IV/ ( ~ y,)]0
·"' 

W50 = 0.02S2 G, v•; [(G,- J)' oos'8] 

where 

w,. ~ weight ofstone (~) of <tiametcr, d,o (m) 

G~ = speciftc. gra\ity of stone 
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(5-12) 

(5-13) 

6. Califomi.a ~parunent of Transportation Equation (Wcsl Consultancs1996): 

IV,.= 0.0113 G, V.'/[( G, - !)' sin' (p- 8) ] 

do. - [6 w,;c~ y,JJ"'" 

where 

W., = weight of stone (kg) of diameter, do. (m) 

v. = 4/ 3 v. for impinging flow and 2/3 v. for rangential flow 

l'. ':!::! a .... etage c:h.annel velocit)' (m/ s) 

p = 70" for randomly placed rubble SlOne 

(l>-14) 

(l>-15) 

.$e\•eral empirical equations for riprap sizing are based on a''erage channel \'elodty only 
and do not specifically account for side slopes of channel banks. A few commonly mcd 
equations are presented here. 

I. U.S. Bureau of Reclamation Equation (Peterka 1958): 

d,o = 0.043 V,'·,. 

2. U.S. Geological Su""'Y Equation (West Consullllnt.s 1996): 

<4o = o.o;; v.'·" 

3. lsbuh Equation (~aynord et al. 198\l; w.,., Consultant> 1996): 

d,o = V,1/ [2 gC' (G,- I) ) 

in which C • 0.86 for high- and 1.20 for low-turbulence zon~. 

4. HECII Method (We!lt Consuloant' 1996): 

do. & d,;. c, c, 

dM = 0.005943 V.'!!K'·' v'DJ 

(!>-16) 

(5-1 7) 

(5-18) 

(5-19) 

(5-20) 
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Table 5 - 1. Riprap grn<Ution 

Size of stone 

2d,o 
1.7 d...o 
1.0 d...o 

OA.2d,o 
0.10 d,o 

Percentage of total weigbt 
smaller than given size 

100 
85 
50 
15 
0 

Svurce: s :,tfield ct. ~1. ( 1981). 

c, = WI I. 2 J ~., 

~ ~ 2.12/( G, - 1 ) 1 ~ 

(!'>-21) 

(!'>-2'1) 

From considerations of su.biliry, st.ones of different sizes should be included in tbe 
riprap layer so that smaUcr pieces of stones may occupy voids between relati\'ely larger 
pieces of rock. Differen t riprap gradations are recomme11ded by different agencies for dif· 
ferent cla.~es of riprap siz.cs.. An acceptable gradation may include the si:zes of stones shown 
in Table 5-1 (Barfield et al. 1981). 

The thid,n~-; of riprap layer, T. is tL5u.aJly tal en to be equal to 2 ~ or equal to the 
la_rg(1it si:re of stone i.n the riprap layer. 

Example 5-3: Estimate riprap sizes for bank protection of two sandbed channels. A and B. 
Rele-oanl h)'Ciraulic patatneters for the l\\'0 streams are shown in Table &-2. Use a factor of 
safct)' of 1.5, where appljc;able, a.od as!lume 45o = l.5 tl,o. 

Solution: The riprap sizes estimated using Eqs. (!)..4) to (~22) with D. = .D, C = 0.86, 
and V6 = 4/ 3 v. arc shown in Table 5-3. 

The adopted "-alues of riprnp siu:s for 1he two s1rca.rns arc selected to be within the range of 
,.,lues esrimatcd by liqs. (!H) to (f>.22). 

Table 5-2. Hydraul.ic param.eten of channels 

Parameter 

D(m) 
V(m/ •) 
v. (m/ s) 

8 (degrees) 
"' (degrees) 
,, (kglm') 
c. 
s 

StrNm A 

20.73 
3.96 
3.05 

21.8 
40 

2,404 
2.4 

0.000486 

Value 

Str<am B 

9.3 
3.3 
2.5 

21 .8 
40 

2,404 
2.4 

0.00154 
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Table 5·3. Estimated riprap sizes 

Method 

I. Maynord 
2. U.S. Army Corpo of Engjnecrs Method I 
3. U.S. Army Corpo of Engjnten Method 2 
4. Simons and Senwrlc. 
S.ASCE 
6. USBR 
7. USGS 
8. bba>b 
9. Cal. lkpL of Transponation 

10. HEC-1 I 
Adopted \~.llue 

a SF • 1.5 for bank &lopes for Stream A and 1.3 for Stl'tam B. 

FAtimated riprap me, dso (m) 

Stream A 

0.30 
0.18 
0.15 
0.$8' 
0.43 
0.43 
0.84 
0.46 
0.66 
0.09 
0.16 

S1r<amB 

0.23 
0.37 
0.13 
0.3811 

0.!10 
0.28 
0.51 
0.31 
0.« 
0.074 
0.38 

Eaa.ple 5-4: Design riprap protection for a groio whose nose is located in a cbannel seg
ment where floodwater deptb is 5 m and cun-entvelocity is 2 m/s (Figure 5--2). The s1de slopes 
of the groin arc 2.5 H.l V. Use -y, • 2,400 k.g/m~. and angle of repose for riprap = 40•. 

Solution: Usc F..q. (:..0) for riprap .uing. Angle nf side slope = 8 = t:•n- • (1/ 2 .. 5) = 
2t.S•. So, K • ( I - (sin' 21.8/ sin' 40)]"-' = 0.8162. D, = local depth of Dow = 5 m. 

AMumc a .safety factor of 1.5 for Oow concentration. U!le a 5tabllity coefficient of 0.375 for 
angular stones; a ,'efticaJ velocity distribution coefficient of 1.25 for flow near the uose of the 
groin; and a thickness coefficient of 1.0, :usuming ripr.ap tbick.ness to be equal to elm ... Also, 
to account for awirling and nonuniform velocity distribution at che oose of the groin, assume 
a \'t':locity correction f.Ktor of 1.5. Then, V (max) ,. 1.50 X 2.0 • 3 m/ s, and d,ND,. • 1.50 X 
0.375 X 1.0 X 1.2& (11,000/ (2,400 - 1,000)1.., 13.0/V(9.81 X 5.0 X 0.8162)1]'-'. 

So, d,o = 0.357 m and d,o = 0.357/ 0.70 = 0.51 m. Usc~= 1.02 m. Dcs;sn a filter bblnkct 
for the riprap (see the section of this chapter entitled '"Design offilten"'), and provide a hor
izontal ap ron along the toe of the dike as de&eribf:d in the section of this cbap ter entilled 
•Protection Against Scour at Bank ·roe.· 

Riprap Sizing for Steep Slopes 

tn the case of Ouw along 5teep slopes (e.g., flow through mountainous channe-ls, min
ing drainage chanoe.ts, or ditches along embankments with slopes ranging from 2 w 20%). 
Row per unit widrh of the channel and depth of flow i~ generally low and flow velocity is 
rdativety high. An acceptable equation for riprap sizing for such cases is as follows (USACE 
1994): 

(5-23) 
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5. Competent Velocity Method (USBR 1984): 

d, ~ D [(V.,IVJ - I] (5-28) 

where V,; compcrem \-elocity (m/ s) varying from 0.6 to 1.8 m/s forD= 1.5 m, 
0.65 to 2.0 rn/s forD = 3.0 m, 0. 7 to 2.3 m/ s forD = 6.0 m, and 0.8 to 2.6 m/ s for 
D = 15 m. Lower values of V. pcrlltin to easily erodible bed mal<:rial and higher 
values to erosion-resistant bed material. 

6. Field Measurements of Scour Method (USBR 1984): 

d, & 1.32 ('I!) .... (5-29) 

banople 5-5: Estimate 5<our depth• for streams A and l! of Example 5-S. Relew.nt hydraulic 
parametets are shown in Table !).4. 

Solution: Here. f • L.76 V(O.IO) • 0.56j " = 0.67 for sandbed streams; ~~ = 0.14 for 
d:lo = 0.10 mm; and V.- = 0.8 mh f'or e:uily erodible streambeds. Estitnat·ed scour dept.lu W9' 

ing Eqs. (1>-24) to (>29) are sbo"n in Table >5. 

The adopted \'alues of scour depths for the two streams are selected to be within the range of 
valu<> e•timated by Eqs. (5-24) to (>29). 

Launching Apron 

To protect against sliding of bank riprap into ~ur holes nea_r the toe, a launching 
apron of riprap is laid 0\>'Cf the channel bed, extending from the toe or the sloping riprap 
tO'I'oWd the cemer of the channel. The length of the launching apron along the width of the 
channel is taken 10 be p X d• where p = a multiplying f.lctor varying from 1.5 to 2.0. 

As a scour hole develops near the r.oe of the bank, stones f.tOm the launching apron 
slide along the side slope of the scour hole, am1or the side slope of the scout hole ag-.lin5t 
erosioo, and mi ui.ru..iu or pre"i-ent furtJ\er scour. If the side &lope of the scour hole is ::::1 
(hori:z.o,ual:verrjcal) and riprap thickness required co armor the side slope of the scour hole 
is 1'~ then the \'Olume of stone, V$, required per unit IC'ngth of the protected bank is 

VS = d; · T, ·.,I(!' + I) (5-30) 

Table 5 ·4 . Parameten for estimation of !'.Cou_r depths 

Valult' 

Paramecer Stream A Streom B 

Q (m3/ s) 35,390 770 
d.,. (mm) 0.10 0.10 
d;(m) 12.0 4.1 
~ (m' / s) 82.1 18.6 
q; (m1/ s) 43.9 9.4 
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Table 5-5. Es•imated seour depth> 

Estimated scour depth below bed (m) 

I. Regime Scour Depth 
2. Neill's Equation 
3. USBR's ~todi6cation of Lacey's Equation 
4. USSR's Modification of Blench Equation 
5. Competent Velocity Method 
6. Field Measurements of Scour Method 
Adopted value 

Stream A 

2.8-17.0 
9.1- 12.8 
4.7-23.6 
22-45.8 
58.~ 
3.8 

18 

s ........ s 

0-1.2 
2.&-..U 
l.~.6 
6.6-1,.8 

19.8 
2.5 
5 

This ' 'Olume of stone should be a\ailable within the launching apron. Thus, lhe thickness 
of )"tone in the launching apron, T, . is given by 

T, - (7",/p). v(•' + I ) 

Usually, : = 2, p = 1.5, and 7~ = 1.24 1: where T c riprdp thicl.ne55 along bank slope. 
Therefore, T, = 1.8..' T. 

ba .... 5-6: Uaing the soour depths for sr.rea.m.s .'\. and B e$tlruared in Example 5-~ and 
riprap sizes selected in £:<ample 5-3, estimate the dimension of launc:hillg api'Otl for each case. 

Solution: The thickness of riprap along the banks of each stream is taken to be lWice 
lhc «timated riprap size and p = 1.6. Thus, for ttrcam A, T = 2 x ~~ = 2 X 0.46 = 0.92 m, 
and T • 2 X 0.38 • 0. 76 m for .sc:n=am 8. 

The dJtneosions of launching apron estimated using Eqs. (&-30) and (~!H) are .shown in 
Table~-

Conceptual Measures to Repel Main Current Away from Bank 

In some cases, bank erosion may resull due oo the £endency of the main currenLLO shift 
wward the riverbank, and a component of bank pro1ection me-dSures may be to repel lhe 

Table 5·6. Design par.uneters for launching apron 

Value ( m) 

Parameter s ........ A S........B 

T 0.92 0.76 
7; 1.7 l A 

Length of launching apron 27 7.5 
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flow velocities in their vidnitr and al1ow daelopment of "-egewion beWnd th.em. Af. 
ter some time, the logs may biodegrade, lea\ing vegetation protection at lhe bank tOe. 

2. Lunken: A ho llow wooden box .structure placed at the s1rea.m bank toe below the 
low water line, wilh lhe stream side of the box open for access by aquatic organisrn.s. 
The top of the t.unker provides a bench for placement of riprap or fabrifonn to 
hold the Lunker in place. To provide further stabllilf, steel reinforcing bars are 
driven through the Lunkcrs into the underlying soils. and stringers arc buried into 
!he llopi.ng bank on ll1e back side of !he Lun}er. 

S. Root Wad Revetments; Grubbed sections of ryee trunks o\nd roor.s placed ;lt d)e 
bank toe for ero5.ion protection. The rough texture of the root "-'ad retards Oow 
velocities in the vicinity of the bank we, promotes sediruemation, and allows devel· 
opment of vege tation at the toe. 

Additional details of s~cific biotechnical methods of bank and toe protection may be 
obtained from individual manufaaurcr5 and vendors. 

Drop Struetures 

Drops or grade control sttuClurcs an:: provided to negotiate changes in the bed $lope of 
a c,hannd_, to reduce exis:tiugchannel bed slope, and Oil$ control points to Limit retrogression 
due to potential KOUT in tbe down!litreaOl reac.b. There are se\'eral type$ of grade control 
structures suitable for diffet"entsite condition.~. a~ described in the following paragraphs. 

Stmigllt Vmicol Dn>p 

This drop ls designed as a vertical wall with a broad crest and vertical downstre".tm face. 
lt may be suitable for small canals or drainages with relatively 5mall dl'ops (e.g., 1 to 1.3 m). 
The crest of the dtop slnlcture rna)' be treated as a broad<rosted weir if the length of the 
horizontal portion of the crest (paraiJel to the direction ofOow) is greater than 2.5 H. where 
His !he head abo"e cresL Thw, 

(5-32) 

Empirical equations to estimate rclevantdi.rnr.nsions for straight \'Crtical drops a_re ~Ji"-en 
bclow (Chow 1959): 

where 

D = drop number = q' I g Jt' 

t..l h = 4.30 1:1'-" 

,,; h = 0.54 1:1'-'" 

,.; h = 1.66 d ·" 

F, = qN(g y,'J 

h = drop between upstream and downstream bed elevations 

(!;.353) 

(!;.33b) 

(5-SS<:) 

(ii-33d) 

(5-38<:) 

'}'J • "~.ncr depth at the toe of the falling nappe or beginning of tbe hydraulic jump 
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Y'i z tailwater depc.h sequent tO ]l 

L.i s= d.istanc;e from the tOe of the drop to the location of y1 

The length of the jump on the horiz.ontal floor downstream of the drop may be taken lObe 
about 6 Y! or estimated from Table 3-15. Thus. 

apprt')ximate length of the downstream floor e. ~ + 6 Jl 

The downstream floor may be located at an ele\-atioo sucb that the design tailwater depth 
is greater than 1J· Thi.s may require the Ooor to be lower than the downsuear:n channel bed. 
The thicknes.'J and length of the downstream Ooor must be checked to be safe: ag-.Unst uplift 
and ex_it gradient. It is good practice to pt•ovide cutoff at t11e cad of the hori-zontal floor lhat 
is about 0.75 to 1.0 m deep and 0.2.5 m rhick. The depth of cutoff may be increased, if 
required, to protect against potential scour or critical exit gradient, at; de!ICribed in the 
foUO\Iring scxtion of this chapter, ·orop with Sloping Apron." 

A depres.o;ed stilling pool on the downstream side of the drop structure has been found 
effective for energy dissipation for smaU vertic-.tl drops. Preliminary design dimensions for 
s-uch a stilling pool may be estimated by 

l , = 5v(H· H,) 

X = 0.25 (H · H1) "' 

Ht. = drop be~-ecn upstream and downstream water surfuce ele-.'3.tions 

L. a length of depre.s.~d floor 

X = depth of depres.~d Ooor below downsu·eam channel bed 

Sometimes, from emironmental considerations. it may be desirable to locate the top of 
1he crest above the upstream channel bed to create a shallow pool on the upstream side. 
f'or flood control channels, a milled crcs1 may c::au..<te high flood elc:\'ations on the upstream 
side and may not be desirable. 

Drop willa Sloping Apron 

This drop may be suitable for drops of I to 3m. Commonly used apron slopes vary from 
2H:l \1w 4H:.1 V. TI\e nruccure may be constructed with concrete or n:x;l. In the c::a5e of rock 
stnacttares. the si:zcs of stones may be dccennioed using the methods de:feribed in the pre
vious section entitled •Erosion Protection.• The crest may be: a broad crest for rock struc· 
tu••es and a broad or sharp crest for concre:ce sll'Uctures. For a broad C'.rest, the length of the 
horizontal portion of llte crest should be greater than 2.S time~ the head, H, above iL For a 
sharp crest, the cre~t length should be les., than 2/3 H. The eros., section at the crest may 
be rectangular or uapczoidal. If necessary, the width of the drop may be smaller than the 
width of the channel. However, any conUAction in the Oow set:tion may result in higher 
water surface e levations oo the upstream side. The downsueam face is in the form of a slop
ing apron. 
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CorupuCltional steps to estimate desi.gn dimensions for a drop with a trapezoida_l 5CC

tion and sloping apron are as follo~: 

• De~:nnine design discharge, Q. bed "'idlh, B. and side slopes, t, and atlmate criti
cal depth, }o at the crest by trial and error. 

(1!-41) 

• Assume that ] t. is nearly equal to the 3\•er.age v.<ater de pth O\'Ct the aloping aprou, 
and estimate flow per unit width or crest: 

q (a>'erage) ; Q/{8 + 'yJ (5Ma) 

• Estimate Ja at the toe of the slope b)• uial and error u.~tng 

H + Z = y1 + q'/ (2 gr.') + (q' rl L)/(y.'"') 

H =o head above crest, including \'elocity of approach head 

Z = height of crest abo\"C toe of slope 

n = Manning'5 coefficient 

L ; leng1h of slope 

(i>-$4b) 

If required, further refinements may be made using (y, + '!1)12 in place of y, in 
Eq. (~$4b) to compute a modified '"'lue of y1• 

• Estimate v, . WlBy, .. ,,,'J and F, = v,;V(g]i)). 

• Auume the jump is located on the hori-zontal floor downstrc-.un of the toe of the 
!i.lopc, and estimate sequent depth 1t from 

• 

• 

• 

• 

:Jt/11 s (1/ 2) [v'(ll + Sfi'l - II (S-52b) 

Set the horizontaiOoor (commencing from the toe of the !>.loping apron) at a depth 
greater than Jt below design railwater ele\ation such that the top of the floor is 
below the downstrUJll channel bed. 

Obtain length of jump on a horiwntal floor from Table 3-15 and adopt the length 
of h oriwnta.l Ooc>r equal to the length or jump. Usually, chute or floor bloc:ks arc 
not required for small drops of 1 to 2 m. For larger drops, SL Anthony Falls (SAF) 
type stilling ba•hu may be used (see the $t(:tion of this chapter en tided "Stilling 
Basins and Energy Dissipation Devices•). 

Provide a vertical cutoff at the downstream end of the horizonr-.~1 Ooo r. Depth of 
cutoff below the tailwater elevation. R. may be estimated by 

R = 1.25 X 1.557 (q1/j) 1
" (5-34c) 

For concrete sttuctures founded on pervious 50ils. c,heck for exit gradient and 
uplift pressu.t'e.a on the horizontal Ooor. 
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With known depth oC cutoff, d (required Cor s<our protection), H, and required e• .it 
gradient, G,.;. the n::qui_red Ooor length./.,... can be e~t.im_ated U.-~il)g F..qs. (!',..S5a) to (!)-S5c) . lf 
th~ length of tbc sloping apron plu.1 floor length estimated for energy dissipation is les...'> 
than L. the balance may be pf'0\1dcd on the upslrC".un side of lhc crest. Note that the.-e may 
be no uplift (see next paragraph) on the floor length located upstream of the crest requir
ing only a nominal floor thickne.s.'l. Therefore, it may be del>irable tO provide ;u much of the 
floor length on the upsrream side as practicable, provided sufficient imperviow floor length 
is available on the downstream side for eoergy dissipation. 

Water seeping Wlder the scructure floor exel'lS uplift at the bottom of the impervious 
Door equal to lhe residual hydrAulic head at any location. Uplift preuure at any location 
rnay be cW.roatcd wing Lane's weighted creep approach. A more refined estimate may be 
made us.ing Khosla's design chart.'l (Davis and Sorensen 1970: Zipparro and Hansen 1993). 
Lane's weighted creep length, 4, is estimated as the sum of the depth of aU verti.cal face.o; 
(steeper than 45 degrees) along the path of "'epage and 1/ 3 of all horizonoal lengms (Oat
ter than 45 degrees) of the imperviou.'l floor. The a\'enge hydr:mlic gradient below the 
stntcture floor is estimated by 

i ~ H/4 (!;-37) 

The weighted creep length for the: structure sh<WoTI in Figure: 5-3(a) i.o; gn·cn by 

4 = d, + tt, + d, + d, + do + t4 + 1/ 3 [L, + L, + L, + L, + 4 + 4] (!;-!18) 

The re&idual hydraulic head above the bottom of Door at a point AJ located at a distance x 
from the downatream end of the: floor. is 

h = H (<IS + sum of vertical creep lengths dowrutream of point A) / 4 (?;-39) 

Thicknc:..'l.'l of concrete. It required to withstand the uplift pressure at this location may be 
estimated by 

or h • C, d or h - d = G( d - d.. or 
d = h/C, = (h- d)/(G, - I) (5-40) 

where ~ = 5pcc:i.6c weight o( concrete, tak.eo to be about 2.4. The last expressioo if'l Eq. (!). 
40) may be con..:enient bc:c-.ausc the ordinate between lhc hydraulic gradient line and the 
top of the Ooor (h - d) can be =ily ""timated. Suggested values or i to check the adequacy 
of total weighted creep length are l/ 3 to 1/ 4 for a mixntre of sand, gra'-'CI, and bouldcri 
1/ 5 for coarse sands; and 1/ 6 to 1/ 8.5 Cor medium to fine ..ands. 

'• 
~--------~1~----~rh 1 

~~~~~----~-----+-----~-----+-----4----~4~ 

Flgu,.. 5 -3(a), Weighted creep length 
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Fig.,. 5-3(b). Une diagram of drop structure Ooor 

Exa.ple S-7: Design a drop s.ttucture with a sloping apron to negotiate a drop of 2 m 
between tbe upstream and downstream bed elevation~ of a .slteam that carries a design flood 
of 175 m' / s. The channel has a trapezoidal 5eetion with a bouom width of 55 m.. side ~ope.t 
of2H: IV, and water depth of2 m. lbe upstream and dC»\'"OStrea.m bed elevations are 202 and 
200m, respectively. The channel bed mate·ri:t.l com.i~u of6ne sand l'litb t4o = O.SO nun. AI cbe 
drop stmcture, the channel is to be conuacted to a bed width of 42 m and side slopes of 
2H.I v. -"-"ume !he apron sloP" to be 2H.I V(Figure S.3(b)). 

Solutioo.: Assume there is a btoa.d<rested weir at the c:ontr.u:ted &eetion; then, using 
Eq. (3-41), 175 = -1(9.81) [42 y, + 2 y,') 1_. / [i2 + 4 yJM. By trial and envr,J, • 1.19 m. So • 
• ~ = 42 X 1.19 + 2 X 1.19 X 1.19 = 52.81 m1. V, = 175/ 52.81 = 3.31 m/ >; q = 17!;/(42 + 
2 X 1.19) • 8.94 m'/s. Lenglh of sloping apron • L • 2 -1(21 + I) • 4.472 m . H (abow: 
crest) = 1.19 + 3.311/ (2 X 9.81) = 1.748m. Creso.clm-ation = 202 + 2.0 - 1.748 - 202.202 mor 
0.2!>2 m abcm: the UJ»tn:anl channe-l bed. Length of broad CI"'t along direction of Oow = 2.~ X 
1.748 • 4.S7 m. 

The bottom of lhe ttest wall may be &ake.n to El. 200 m or up to the bed of the dOWIUtream 
channel. Thus, heigh! of <resl wall ~ 202.252 - 200.0 • 2.252 m . 

Neglect head loss through channel contraction. 

Equati.ng energies up5trcam and do""'ll$trearo of the CI'C$l (with n = 0.014 and 1l = water 
depth at toe of sloping apron) meawredabm'C downstream channc.l bed. 1.748 + 2.252 • Yl + 
3.941/ (2 X 9.81 y,' ) + (3.94 X 0.014)' X 4.472/ (1.19)M". Or, 4.0 = ]1 + 0.791/(11

1) + 
0.0076. So, y, = 0.474 m; V1 = 175/ [42 X 0.474 + 2.0 X 0.474' 1 = 8.6 m/ s; and F1 = 8.6/ 
.'(9.81 X 0.474) • 4.0. 

So, NJI • (1/ 2) (.'( I + 8 X 4.01) - I) • 5.18 and 1t • 2.45 nt. 

Set the lop of the borixonlal floor at El. 199.30 m (202 (downstream water surface or taih\'ater 
elevation) - 2.70 (a little greater than)'!)}. This will ensure that adequate raiJwatcr dcplh b 
available for the formation of the jump near lbe toe of the sloping apron. 

Length ofjwnp (~ing it to fonn on the horhoncal floot. Tabk: 3-15) • 5.8 X 2.45 • 14.2 m. 
Provid e: a 15-m-long horizontal floor. 

Lacey'ssiltfactor • 1.76v'0.30 • 0.96. So, R • 1.25 X 1.337 (5.94'/ 0.%) 1
" = 4 .. 22 m. Se1 bot· 

tom elf!\>arion of dO"n&.tream cuto8' at 202 (taitw-.uer eiC~o"".ltion) - 4.22 = 197.78 m or 1.52 m 
below !he top of horizomal floor. 

Oeplh of cutoff below top of horizontal Ooor = d = 199.30- 197.78 = 1.52 m. Using G,; • 
J/ 6in Eq. (s-35>), 1/ 6 • (2/1.52) (1/ trvAI,orA a 6.81 ~ ll + v(l + "'1)!2and <> = 11.6 = 
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14 d. This gi\-es a deslr.•blc floor length of 11.6 X 1 .52 • 17.6 m. Tite to-a I floor lc:ngtb pro
vided for the borizootaljump is g rcatet, so no mcxll6cadon is llCCC'S$3J"f. A1 a 6Nt estimate, 
mume the thickness oflhe horizontal Ooor w be 0.8 m so that the depth ofcutoffbelow the 
bouom of the horiw maJ floor b 1.52 - 0.80 c: 0. 72 m. 

Horizontal length of seepage palh (Figure ~3(b)) = 4.37 + ~.904 + 7 + 8 = 2f>.274 m. 

Vertical length of se<:page palh (F~"' 5-.'( b)) = I + (I - 0.7) + L~52 + (1.5 - 0 .8 ) + 
(1.52 - 0.8) + 1.52 = 5. i92 m. 

Lane's creep lengtb = ~. 792 + 25.274/3 = 14.2 m. Total bead diOCrcntiaJ = 2 rn. 

Average h)drnulic gr.:tdient • 2/ 14.2 • 0.14. This it acceptable for bed materials eons:istiug 
of nne to medium sand. 

Residual uplift at 8 m upsueam from downsueam end o f co-nc1·ete Door = (8/~ + 1.52 + 
0.71!) x 0.14 • 0.69 ru. 

Required concrete thk:kness (using l?.q. (~)) = 0.69/ 1.4 = 0.,5 m. 

Residual uplift at 15 m upstream from downstream end of concreoe noor • ( 15/ 3 + 1.52 't 
0.71? + 0.7) X 0.14 = 1.11 m. 

Required concreoe obickness (using Eq. (!HO)) = 1.11/ 1.4 = 0 .8 m. 

The channel will require contraction and expansio n designs (5«- the :section entitled "'Chan· 
n eJ Transitions" in this chapte-r). 

Erample s.a: Design • 1.2!'Hn ripr-..p drop structure wilh sloping •pron in a u .. pezoidal 
channel wilh a d C>ign d>schargc of22.60 m' / s. The bed ~idoh and side slopes of ohe channel 
arc 6.1 rn and ~N: l V, respectively, and the water depth is 1.52 m. The ds. of channel bed 
materia) is 0. 18 mrn . .r\.\$wne the apron slope to be 311: I V. 

Solulion: A= 6.1 X U2 + S X (1.52)2 = )6.2 m': V= 22.65/ 16.2 = 1.898 m/ s. 

Ene'liY h""d above upstroam channel bed = 1.52 + (1.398)1/ ( 2 X 9.81) = 1.62 m. 

AMumiog lhc falling water is to hit the toe of s~ping apron \\ith no energy loss \\ith im· 
pingernent on water in the dowrutream channel, H (abo,•e toe) "" 1.62 + 1.25 • 2.87 m. 

l.ength of sloping apron = 1.2~ X {(~t + I) = ~.9!> m . 

As a first t.rbal, tWun1c <~vetag:e w.s.ter depth between ere& I and tOe or sloping apron to be: I .0 m, 

Manning'$ n of 0.04 for tlprap, and apply COJUeJV"AtiOu of ent11,7 equation between the 
upstream chanoe1 and toe of sloping aprou: 2.87 • ~.95 X (0.04il X v,')/(1.0413) + V1

1/ (2 X 
9.81) o r V. = 7.077 m/ s. 

A= 22.65/7.077 = 3.2 = 6.1 ,. + S y, '·Subscript I relers 10 values at !he roe belore !he bydrautic 
jwnp. 

11m~~ = 0.4S. Average depth bel\\'een Cretl aud l<N: of sloping apron • ()..52 + 0.43)/ 2 • 
0.975 m, which b neatly equaloo !he a>sumed v.llue of 1.0 m. So, ~i = 7,077/ {(9.81 X 0.43) = 
H.~; 11111 • 1/ 2 (v'( l + 8 X M5') - I ] = 4.40; and 1: = 1.89 m. f'rom Table $-15, leng<h 
of jump on a horizootal apn:m = !,.4 x 1.89 • 10.2 m. 
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The tipt"'<tp apron v.ill pro\ ide more friction and energy loss than a smooth horizontal floor. 
Provide: a 10-m-long horit.onta1 apron. The top of the bori:xontal apron may be set a1 1.89 -
l.f)2 = 0.37 m below the downstream channeL 

•::.nergy head 31xm: upsr.rca_m channel bed = H = 1.62 m. Lenglh of upstre:un horironta.l 
:ap ron = 2 ll = 3.24 m. 

Lacey's sih factor • 1.76 VO. 18 • 0. 75. Potential scour depth below downsu-eam chann el bed 
(see the prc\ious scctioo entitled "Protection Against Scour at Bank Toe'") = 1.5 X 0.473 X 
(22.65/ 0.75)1/l- 1.52 • 0.69 rn. Provide 0.7·m~eep cutoff at the upstream and downstream 
end~ of the ripr.tp aprons beJow the upstream and doW1'15uc:am channel bedl!. 

The size and 1hk k.ness of riprap may be estitna[ed using method$ gi\'ell prc,'iously (see the 
section entitled .. Design of R.iprap Protection'") with values of V1 and y1 estimated previou.,Jy. 

Un•ally. riprap would be pervious enough to minimize uplift ptessures and piping. If signifi. 
c;am clogging i.s expected. chen 1he cocal length of the riprap apron induding euroffs should 
be checked to pfO>.oidc: safe creep ratio and exit gradient as in £x:u:nplc 5-7. 

Doms and llewvoirs 
Planning and Investigations 

TI)is ~ec.tion describes pre.limi.nary planning and invotigations required for siting aod 
designs of dams and reservoirs. Depending on the o~jective, dams and resenroirs may be 
d.:L\!Ii_ficd a.' si_ngle-- or multipurpose and. depending on size. they may be t:ategori_u:d as 
minor, medium.., or major projecl5. A Ungle-pu.t"flO'C project is constnJt:ted to sen'<: a single 
purpose (e.g .. water supply, hydropower. recreation, Oood control, etc.). A multipurpose 
project is designed to accomplish two or more such purposes. Common steps in the plan
ning and in\"CStigation of such projc:c.b include d1e following: 

I. fd.enti_fic;ation of project objectives i_ndudi.n.g approximate magnitude$ (e.g., water 
supply fot a spedfied c0n1munity or agric:ultur.U atca. hydropowct genetation to 
meet a .specified demand, <uld fJ(IO(I comrol for a spcc:i6ed eommunity). 

~2, Selection or dam and reser\'Oir site. Th.Li is conducted by a muJtidisciplinary team, 
lLSuaUy compoKd o.fa water resources engineer, geologi5t, geotechnical engineer, 
a_nd cornrnu_oity leader. Additional members may be added depending on specific 
circumstances. Generally, mote than one site is identified on topographic maps., 
and the preliminary choice i5 natrowed down after field visirs. The salient items to 
be obsen-ed i1ldude: 

(a) Suitability of foundations fot an eanh, eard1 and rockfill, ot gravicy· dam 

(b) Existence of a relati\--e.ly narrow \-alley to a''c>id unduly large embanlunents and 
immdated areas 

(c) Suitability of resen·oir bottom to hold the anticipated volume of water with
out undue seepage losses 

(d) A\'3ilabilicy of construction materials within reasonable hauling distances 
(e.g., embankment fill marerials., rocldill, concrete aggregate) 
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(c) Proximity to the ~cc area (e.g., agricultural area and community to be served) 

(f) Availability of suitable site for spillw<Lys 

3. Preliminary sizing and determination of dam type. Preliminary estimation of the 
dam height and length and rcscr\'oir capacity may be made using available con· 
toured topogr.tphic maps of the area. This estimation may be U5td LC) reduce the 
number of altemati\'c ~tcs idcnti6cd in the pfe\tiou.~ steps. Suitable type or dam 
(e.g., eatth, eatd) and roc:kfiU, aud gr.tvity) for each promising site is detennined 
by a multidisciplinary team using preliminal'y geological. geotechnical, and eco
nomic analyses. 

4. Preliminary sun-eys. Preliminary field surveys are conducted for selected promising 
lites.. The~~e include preliminary geological .rurvey:s to assess the rock and soil con· 
ditioru for the dam, resen•oir, spill"--ay, and borrow areas, and topographic sur\'e)'S 
to estimate re5ervoir capacity with different dam heights. The topographic surveys 
include cros.'l sections across the valley CO\'tring potential reservoir area. These cross 
sections are used to prepare ele\o-ation·arca and clcvation~pacil)' tables or cu.rves 
for the re~n·oir. 

5. 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. A\-4\.ilable data on streamOoW5 for the 
stream intended to serve as the source of w-.ttcr and rainfall data for precipiration 
gauges in its watershed are assembled and data gap:J are identified. At this ti.Jne, 
a hydrologic monitoring plan is prepared that includes installatioo of stream a_nd 
precipitation gauge.s at suitable locations. Available streamflow and precipitation 
data for monitOring st:atiOn!O in adjacent "'atersheds are collected, along with infor· 
mation such as the hydraulic characteristics of the respective watersheds, location 
and darum of exis-ting stream gauges, and locatioo and altitude of existing p•·ecip
itation gauge5. 

6. Hydrologic analyses. These include flood rouring oompuuuions for 5Cvend combi
nations of dam heights and spilt"'''af widths. 

The reservoir capacity is divided into several segments: 

1. Dead or lnacth-e Storage: The capacity at the bottom of the resen·oir lhat is 
reserved for sediment accumulation during lhe anticipated life of the project. 

2. C-onservation Storage: The storage becween the top of the dead storage pool and 
nonnal reservoir water surface elevation. This storage is available lOr various pre> 
ject uses (e.g., water mpply and hydropower gcner.ttion). 

3. Flood Control Storage: The storage between the top of the con.~en.,tion pool and 
maximum pennisslble water le\-e.l ln the reservoir. This swrage is Tt:$t!n:~d for flood 
control. Usually. it is kept unused or empty for most of the time t.o be utiJi7.ed for 
LC".mpora_ry storage of llood\••-arc•· during storm ev.:nts. 

4. Freeboard or Surplus Storage: The storage a-..'ailable within the freeboard of the 
dam, between the top ol' the flood control pool and top of the dam. This storage is 
not used except during abnonnal conditions. h is reserved to prevent dam over· 
Wpping due to wind wave setup and runup. potential landslide-generated waves, 
and extreme Oood eVt:nl'i la_rgcr than the design basis flood. 
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Reservoir Sedimentation 

Methods to estimate sediment ~ield of watersheds and r.ues of reservoir sedimentation 
include: 

1. Periodic bath)mctric sun:eys in the case of an exis-ting reservoir, usually at an intel\o 
val of 10 yt or Jess. 

2. Periodic measurement of total settlmentload in_flowing into an existing reservoir 
during storm C'\'Cnts and snowme.lt periods. 

3. Es.timation of sediment load using the Univers~d Soil Loss Equation (USL£) and sed· 
iment deli\'ety ratio (SDR) for proposed reservoirs or where data are not av.tilable. 

ol. Estimation based on regression equations for different regions. 

5. Estimation using data for other reservoir"$ (e.g., Chow )964; USDA 1969). 

If data for inflo~ing discharges and sediment loads for other resef\."'io in 5imilar cli
matic:., hydrologic, and geomorphologic regions a.re available, then a regres.•don eqttalion of 
the follo"'ing form may be de"dopcd 

where 

~ ,. inflo"";ng sediment load (t/day) 

Q = dl...:harge (m' / s) 

a aod b c regression coeflicienlS. 

(5-41) 

Tile ft)lh.>"'ing as a commonly used regression equation for reservoirs in semi..arid climate 
(USBR 1987): 

Q, • sediment deposition in reser\'oir (m'lkm'/yr) 

.-\ = \'o':tten;.hed area (km1) 

(~) 

Ocher empi_rical equations w estimate the "-"eight of sediment likely to be deposited in a reser .. 
'";'an: the Dendy-Bohon equations, sho~n below as Eqs. (542) and (!>-43) (USACE 1989): 

• For watersheds with mean annual surface runoff equal to or less than 5 em, 

T = 292.32 II"· .. [1.537 - 0.261og A} 

T "" sedime nt load Uk.eJy to be dcpo~itcd in the rcscn:oir (t/k.m1/ )"r) 

R = mean annual surface runoff (em) 

(5-42) 
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Table 5·7. Reservoir .sedimentation r.1tes 

Localion 
Sedimentation rate 

(t/bn1/yr) 

Northeastern United States 
Southeastern United States 
Midwestern United States 
South Central United SlateS 
Northern Great Plain.,, United Sute5 
Southwestern United States 
Northwe5tc:m United Statt:5 

Sou=: Chow (1964) . 

808-37 
23,509-11 .76 
11,930-414 
252.5-69.8 
1,1!19-<,.6 
12.7-282.3 
10.6-481.7 

76-217 
41- 783 
90-693 
96-1,333 
4~1.862 
51-857 
II- 375 

• For watenhed' with mean an.nual surt'ace runoff greater than 5 em. 

T= 686.58 [exp(0.02165 il)] ( 1.!>37- 0.261og II] (!H3) 

Eqs. :..42 and :..43 are the .ame as Eqs.!!-82 and !1-83 exeept that R is expressed in centimeters. 
Typical rates of sedimentation for reservoirs in humid rcgion.s vary from 190 tO 714 m' I 

km2 for a drainage area of 26 k:m' and 86 to 333 m' / lm:t1 for a drainage area of 12,950 lu:nt. 
The corresponding rates for resen'Oirs in semi-arid regions vary from 381 to 1,667 m' /k.m2 

and 143 to 476 m'/ km2, n,.pecti••ely (Gol>e 1977) . 
Sediment~tion rate5 for some reser."Qi_n with high and low rau:s of deposition per square: 

kilometer of drainage area are mown in Table 5-7 (Chow 1964). 

Example S..9: Bathymetric survey of a racn:'Oir indiC"'dted a to&al xdimenl deposition of 
41,000 m' in 62 }'T· Based on partkle-5ize dUtribution of the &ediment& in the vicinity of the 
rese">Oir Mloreline. it iJ esti.mated lh:ll the depolited sedimf'.nu oay have 41 % of clay, 22% 
of silt. and 37% of tand by weight, with initial unil weight' of 561. I, 138, and 1,.5..~ kg/ m'. 
respectively. Other relevant data include: 

• Reservoir capacity= 474.821 m' 

• Drainage area= 18.8 km1 

• Inflowing annual surface runoff = 4,254,.889 m' / yr 

• l..engtb of water:shed = 7 .S2".l m 

• Arerage daily streamflow ~ 51 to 453 Vs 

• USLE estimate of soil erosion from the watenhed = 3,978 t/)'T 

Regression of the inOowing water and SU!Ipended 5Cdiment load gi'-es 

Q. = 14.74 <t"" 
where 

Q, =suspended sediment load (t/ da)') 
Q = average daily s~reamflow (m'Js) 

(:..44) 
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Using lhe bathymetric data.., ettim.au: lhe rate of sediment deposition in t/yr and rate of sed~ 
imem a.hat may have entered the reservoir ln t/yr. Abo, use other empirical methods to esti· 
mate the rate of sediment deposition in the reser\'Oit. 

Solution: 

1. Seditneru yield using bathymetric sur ... ey data: initial composite unit weight of sedi· 
ment• = 561 X 0.41 + 1, 138 X 0.22 + 1,554 X 0.37 = 1,055.4 kgl m'. 

Unit weight of sediments after 62 jT of depos-iti.on may be euimated usiJlg l\.{iUer's 
equations (USBR 1987): 

K. = K,p,+ K.p. + K,p, 

where 

I(,, X.., and Kc are empirical coefficients with y.Jucs of 0.0. 29, and 135 

p., p.,, and p;. are fractions of sand, silt. and clay, respecth>ely 

X. =-- weighted average ooefficient for the deposited m..1teriaJ 

Using tbe given data, K, = 0.0 + 29 X 0.22 + 135 X 0.41 = 6 1.73. Then, 

W1· • W, + 0.4343 K, ((T/ (T - l ) l ln (T) - I] 

where 

Wr = unit weight (kg/ m') of sediment after T yean of depo5ition 

li'J • initial unit ·weigh I (kg/m') 

(5-45) 

(!>46) 

Thus, £or 7" = 62 yr, WT = 1,055.4 + 61.73 X 0.4343 (162}61Jin (62) - I] ~ 1,141 
(kg/ m'). 

Thus. average sedimentation rate for the resen•oir = 41,000 X 1,141/ (62 X 1.000) • 
755 t/)T. This does not repre5Cnt the entire .sediment entering the reservoir because 
the trap etficiency of the resentoir may not be 100%. Trap cfficiem::y is de6oed as E = 
quantiry of sediment deposited in reservoit/ quantiry of sediment entering reservoir. 

'frap efficiency of lhe rc:sent~ir may be estimated using Brown's, Bnme's, and Chur
chill's methods (USA<.."E 1989) . Brown's equation gives 

where 

E = 1 - [1/ ll + 0.002 1 (K C/ W))] 

K = a coefficient ra_nging from 0.046 to 1.0 with a median 'Oafue of 0.1 

C = reservoir capacil:)' • 474,821 m3 

lV • drainage area = 18.8Ju.n? 

This gi\-es E • ttap efficiency = 0.84. 

(5-47) 
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The USBR has d~loped ttap efficiency curves based on Brune's and Churchill's equ.a· 
tioru. Approximate trap efficiencies for different C/ I r.~.tios are shown in Table S.S. 
where I= 3\'erage annual inflow (rn8). 

C/ /ratio for lhe resenoir a 474,821/4,2!;4,889 = 0.11. Therefore, Brune's 1r.1p efficiency 
• 0 .8? and Churchill's u-ap efficiency = 0.?3. Adopt an ave_.. m.p efficient.)' ofO.SI . 

Sediment load enteri_n.g the resen'Oir = 755/ 0.81 = 932 t/ yr. 

2 . Sediment yield wing inflowing sedimen1 loa.d: As.~uroin.g bed load transpon tO be 15% 
of suspended load (Simons and Seoturk 1992). £q. (5-44) may be modified lO 

Q, = 16.95 It''" (5-48) 

where Qr a toW daily sediment load entering tbe reservoir ( I/ day). 

Qr = 16.95 X (0.051)1" " = OJJ835 t/ day or !10.5 0/)T and Qr = 16.9~ X (0.453)'·""' = 
4.125 t/day or 1.505 t/yr. Average sediment in.Oow to rcser\'oir = (SO.& + 1.!>05)/ 2 = 
768 l/yr. Assuming E = 0.81. sedlm.em load expected to deposit in the rcsenoir = 
0.81 X 768 • 622 r./)T. 

3. Sediment yield based on USLE: lo this case. 

Sediment dep~ited in the reser\'oir = sedimc.-nt erosion from the watetshed 
(USLE .,_,timate) x SDR X E (&-49) 

in which SOR = sediment deli\'el)' ratio. which account'i fo r sediment deposited in 
portions of the wateteow-se or w:uershed during the prO<.:C.SS of t.ran.Jport to the reser
voir. To ~timate the avc.T'a8'= annual sediment load reaching the reser.'Oir. the USLE 
e.timatc bas to be multiplie<l by the SDR. 

Some empirical methods 10 estimate SDR arc given below (USACE 1989; Vanoni 1977): 

wbere 

SDR • 0.30 (A) _ .. , 

SDR = 0.76 (L) -•·" 

A '""' watershed area == 18.8 lun' 

L == length of w·<~.tc:nhed • 7,322 m 

(~I) 

(5-50) 

f.q._ (~I) and (5-50) gi\'< SDR = 0.17 and 0.10, rcspccti""lf. In adclition ro these 
empirical equations, generalized charu b<":l'\lo--cen SDR and watershed ha\·e abo been 
deo.·eloped by variow agencies (e.g., USACE 1989). For this case, an avetage \'alue of 
3bout 0 .14 i& Adopted for SDR. 

lbus, annual sediment inflow to the reservoir= [),978 X 0.14 = 837 t/yr. Using£= 
0.81, sediment load expected to deposit In the reservoir' • 887 X 0 .81 = 678 t/ yr. 

4. Sediment deposition rate using Dendj•Boltoo equation (USACE 1989): Mean annual 
surface runoff • R • 4,254,889/(18.8 X 1.000 X 1,000) • 0,2'26 m or22.6em.So. using 
F..q. (!'>-43), T= 686.58 (exp(0.02165 X 22.6) ) (1.5S7- 0.26 X log (18.8)) = 1.350 t/ 
IJ.m' /yr. 

For A • 18.8 km2, ntte of n:st.r\'Oir sedimentation • 1.350 X 18.8 • 25,386 t/Y'I'· 

AMum.ing a unit weight of deposited sediment of about 11100 kg/ m3
, this gives a total 

deposition (in 62 yr) of (2:5,386/1.1) X 62 = 1,430,000 m'. This is about three times 
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the reset'W)i_r capacity and appean unrea1i&tic. Apparc:ntly1 this method is not appl~ 

c;able to this site. 

S. Sediment deposition rate using USBR equation (USBR 1987): Using Eq. (~). Q. = 
1,098 ( l8.S42") = 543 m'/ tmt/ yr. For A • 18.8/km1, rt"5en•oir sedimentation = 
543 X 18.8 = 10,209m'/ yr and result> in a sediment deposition of632>958 min 62 yr, 
wb.kh it more than the resen·oir capacity. Apparently, thiJ method is also not applica· 
b lc to this site. 

The results of the:se computations suggest that the sedimentation rate for tbe reser\'Oit is 
about 62'l to 755 tlyr. 

Wmd Wave Heights and Erosion Protection Design 

Freeboard in reservoln includes the sum of wind wa .. -e setup and wa"-e run up. Wave 
setup is the tilting of n:servoir \\'3ter surface cau.\.Cd by wind-induced movemenl of the sur· 
face water t0\\'3J"d the shore. Due to thi.~. the resciVoir water surface elevation on the lee· 
ward or down\\i.nd side is higher tJlan the !~till water elevation and lower oo the windward 
or upwind side. Gen erally, wind wave 5etup is la_rger in shallow reservoirs with rough bot• 
toms. Wave nmup computations also include '~~!'ave setup components, except in 5ituations 
involving complex llhore configurations (USACE 1984). Wave runup is the venical he-ight 
up to which a Wd."\'e will run up a slope. his a function of the wao;.-e height, wa\.•e 1cngth, slope 
of the embankment. and pcnneability and roughness of the llurface aloog whjch the wave 
runs up. The wave height used co estimate freeboard and wa\'e forces on struc:ture5 is the 
significant wave height, H ,. It is the: a"erage o f lhe h eights of the o n e-thl.n:l hlg.he~1 W<\\ 'C5, 

Significant wave period is the a''erage period of 10 to 15 successh-e prominent waves.. his 
approximatety the a\-erage of all wa\'es wbose troughs are below and c.rests arc abo\•c the 
mea_n w.&tcr IC'\>-eJ. Ut.uaiJy, 

H10 =average height of the highest 10% of all W'.:t~·es ;;r; 1.27 H~ 

Jf1 = average heigtn of the highest 1% of all waves e 1.67 H, 

H~ = root mean square wa>-c height = Y( (1/ N) l: fill 

Cf l 

O.Ql 
0.10 
1.0 

10.0 

Soun:c: USBR (19!17). 

Table 5-8. Resen,oir t:rap efficiencies 

Bnme's 
lnp ot'fideney 

0.45 
0.86 
0.98 
0.98 

0.47 
0.72 
0.88 
0.96 

(5-51) 

(5-52) 

(5·M) 

(5-54 ) 

Copyrighted material 



where N ~;;~ number of waves in the record and the summatioo Is fromj o l to j ~ N. A dom~ 
inant parameter that affects wind wave char.acte ris-tics is the length of water 5urfac;c alon.g 
the direction oh,ind, kn~·n as tetch length, f: fetch is subjccti\'ely defined as a region in 
which the \\ind speed and direction arc reao;onably constant A rec.~mmeoded ptocedure 
for C!ltimating fetch length, f..; is to construct nine radials from the point ofintetestat3-degree 
intervals and extend these radials unti.l they first intersect the shoreline. The central radial 
extends up to the filrthest point OJ\ the opposite shoreline along the dominam wi.nd direc
tion. Then, fom radials are drawn on either side of the cenll"aJ radial staning from lhc same 
point. The length of each radial is measm•ed and arithmetically a\'cragc:d. If nccC5SV)', angu
lar •pacings other than S degrees may be used (USACE 1984) . 

The foUo"'i_ng a.rc steps for approximating significant ...,. .. \re height (H, or H,.): 

1. Estimate fetch length. F(m). 

2. Estimate design O\'er~land wind speed. ~~~ (rn/ s), at a height of about 10 m above 
ground and design "'"ind duration~ t.t. for the wind at the site. 

3. Convert O\'tr-land wind speed to over~water v.i:nd speed, u_IIC'!r (m/ s) . w;:iog empir
ical adju!tment factors indicated in Table !>-9. If t•< 16 kro. use tf...a,er1Vi,.~1 = 1.2. 

4. Compute wind stress factor (i.e., adjusted wind speed): 

5. Assume deep water waves and C$timate fetch-limited W""d\<e patamete:rs: 

H.= wave height (r:n) = 5.112 X 10-. X U.., p ll'l. 

T. = wave period (>) s 6.238 X 10-7 (U• t') '" 

l Oil w·o~..;-e dutation (s) = 32.15 (f'I!/UJ11' 

(5-55) 

(5-56) 

(!>-57) 

( !>-58) 

If computed tis less than t.., the wave height and period a_re fetch-limited and an: 
determined by Eqs. (>o6) and (5-57), rcspc<tively. If t ;, greater than t4, the fetch· 
limited values will not be reached for the gWen l.t- In this case, set t = (,to compute 
limiting fetch, Jl, tJSing Eq. (!>-58) , and """' th.i.s '·alue in Eq.•. (5-56) and (5-57) to 
estimate wave height and wave period. 

Table 5-9. Ratio of over-water to O\'er-land wind speed 

Source: USAGE (1984) . 

Wind speed (m/a) 

5 
7.5 

10 
15 
20 
25 

1.15 
1.27 
1.13 
1.0 
0.98 
0.97 
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that the remalnlog portion of the daoo is not damaged. Becau~ of d_ifficu_ltia in designing 
a section, which would fail at the desired re.ser\'oir water surface elevation, fuse-plug spill· 
ways arc not very common. When required, they arc located on an abuDnem, on the reser
ot'Oir rim. or at a low spot on the embankment crot. The sele<:ted section l& designed as a pi· 
lot channel. whic.h is ovcnopped when the reservoir reaches a predetermined elevadon. 
Rapid croDon is tn$l.U"C:d by placing erodible materials in the pilot channel. The dimensions 
of the ultimate fuJe plug are controlled by providing a sUI or nonerO<:Ublc foundation at the 
bottom and nonerodible •ides for lhe pilot channel. Usually, fuse plugs are de!igned not to 
operate for floods with recurrence lntervals of less than 100 yr. They are designed as dams 
stable for all resen:'Oir conditions except the design flood e levation that should cause it to 
be ""'rtopped and breached. 

Straight drop spillways are suitable for drops of lcs.'> than 6 m. ln these spil.lw-d)>S.. "'ater 
drop• freely from lhe spillway crest on a horizontal apron. The discharge 0\•er lhe •pillway 
may be estimated using sh.af'J>" or broad<n:SLcd weir equation<; depending on lhe len.gth of 
the c:re5t parallel to flow. To direct the Oow a"\'lo'aY from the \-.:nical fa<::e of the spillwa)' dur
ing low dbc..hargel. an 0\"Crhaoging Jjp may be provided at the edge of the crest. lfllufficient 
c:ailwate.r depth is available, a h)-'draulic jump may fonn on the horizomal apron. For small 
drops (lesa than 6 m or so) , the \'elocity, V.. and water depth, y11 at the toe for a unit dis
charge, 'I• per unit width of the crcllt may be approxlrnatc:d by 

where 

c. = 0.8 tO 0.9 

H • head above the c.n:st 

v, = c,v(2gH) 

Jo = q/ Vo 

(5-ffla) 

(&#.Jb) 

Hydraulic jump anal}"' may be performed ming ol>e melhods de.cribed in ' Drop Soructure•.' 

Ogw (OwrjltRg) SpiUway 

These are spiUwaJ'S where the crest and d~nstream face conforms to the lower nappe 
of lhe sheet of water falling from a <harp<rested weir. The discharge equation for an ogee 
spillway is gi~n in the secti<>n of Chaprer 3 entitled 'Ogoe Crest.' The effetu of pien and 
abutmcnta on the spiltw-d.y cr~t may be: accounted for by modifying the crest length a'l 

J.. a L - 2(nK,. + !(,.) H 

where 

L, = effective crest lenglh 

L = lOtal unobstructed c.rest length 

n =number of piers 

(5-70) 
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Table 5 ... 1 1. Radii and coordinat'es of centers of arcs forming upstream spillway profde 

Souree; USAEWES ( 19?7) . ' 

Coordiu•tes of c:eoter 

0.0 
-0.105 
-0.2418 

0.>0 
0.219 
0.136 

0.50 
0.20 
0.04 

ball pie 5-11: Develop the profile of an ogee spillway with H• = 5 m , 80-nl-high upstream 
''Utical face, and d~nstream face slope of 0. 7 H: I V. Use K = 2.0 and '1 = 1.85 (see Figure 3-2 
in Chapter 3) . 

Soludoru For the downstream face. coordinate!! of llle point where the slope 0.7H:l V 
begin.ure g;ven b)• Eq. (5-71): 1.85 X'"' / (2.0 X ;"") = 1/ 0.7. Thi• g;,..,. X= (6.06075) """' = 
8.3!18 m. 

From Eq. (ll49), Y = 8.338' " / (2 >< 5....,) = 6.4!18 m. 

The coordinates of selected pointS oo the downstream f-ace above che poim (X= 8 . .338. Y = 
6.4S8) are estimated by Eq. (3-49) and are 11hov.--n in Table ~lS. 

Using Table 5-12. c.oordinates of poi.nts on the ups1rcam profile are shO\\n in Table 5-14. 

The profiles estimated by the USBR ( 1987) aad !he USAEII'ES ( 1977) approaches are slightly 
different. The dt$ign must be finali7JXI ba.~d on hydraulic modcl5. 

Table 5·12. Coordinates of points ou upstream spillway profiJe 

Source: USAE\VES ( 1977) . 

0 
- 0.05 
- 0.1 
- 0.15 
-0.175 
-0.2 
- 0.22 
- 0.24 
- 0.26 
- 0.276 
- ·0.278 
- 0.28 
- 0.2818 

0 
0.0025 
0.0101 
0.023 
0.0316 
0.043 
0.0558 
0.0714 
0.0926 
0.1153 
0.119 
0.1241 
0.1$6 
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Condllit or 1'unml SpillwayJ 

These are \'Cn.ical or inclined shafts or horltomal tunnels designed to Uow partly fu ll 
throughout their length with the exception of drop inlets. For drop inlet!., t11e tunnel may 
be designed w now full lor a short length near the drnp and partly full therc:-•fter. 

Morning GltnJ· or Gwry Hole Spilb.vrrj 

These spillW"d)'S consist of a funnel-shaped bell mouth inlet in the form of a weir, a ••er
rical shaft, a_nd a closed diKba_rgc conduit ca_rrying 00\'1'8 to the down.JtrcaJU c;hannel. Usu
ally. the crest profile a_nd tran!lition to the vertical shaft a_re dr:si.g:ned to conform t.o the 
shape of the lo"'"tr nappe of a jet flowing over a sharp-ere.-, ted circular weir. The profile of 
the crest may be estimated using experimentally developed table$ for the coordinates of 
pointS on the profile (USBR 1987). For lower heads, the discharge is controlled by weir flow 
over t.he crest. For intem1edi.ace heacl\, orifice flow in the transition through t.he vertical 
shaft control5. For high heads. pipe flow c:hro1.1gh the vertical 5h.aft and conduit governs. 

The discharge 0\-er the crest of a morning glory spillway with a nappe-s-haped profile is 
given by 

(f>.7S) 

where 

Q = oud1ow 

R ~ crest radius 

H = head over crest 

C a discharge coefficient gh·en in Table >16 (USBR 1987) 

f"or \'ery low heads, the discharge coefficient may be reduced to about 87% of the value for 
the dt:$igu head. 

Transitional flow througl~ tlle \'enical shaft is gi\·en by 

Q.= •R..'J[2g(H. -0.1 H.)] (5-74) 

Table 5 · 16. Discharge oocffieien~ for rooming glory spiUway crest 

H/ R P/R a %.0 

0.2 2.15 
0.4 1.97 
0.8 1.!}(\ 
1.2 0.94 
1.6 0.71 
2.0 0.55 

P =- height of cres1 above UJ»tream bed. 
Sourc'" USBR (1987). 

Dileharge coefficient, C 

P/R a O.SO P!R a 0.15 

2.20 2.21 
2.04 2.04 
1.44 1.47 
0.99 1.02 
0.73 0.76 
0.60 0.61 
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where 

Q = design disdurge 

q r10 discharge per unit width of crest 

D 1:1. throat depth 

Ar = throat area 

H II;;" available head between resen;•oir water surface dev.ttion and tai_lwatcr elevation 

C a orifice discharge coefficient varying from 0.57 to 0.90 depending on depth of 
water and radius of curvature at the throat (Davis and Sore:1\Sen 1970; Zipparro 
and Hansen 1993) 

The ma..ximum discharge is limited by cavitation potential at lhe throat due to subatmos
pheric pre5.,ures. Assuming free \'Ortcx flow, the limidng discharge is estimated by 

q.,... =< R, V{0.7 (2 g h) lin (R,/RJ (1>-78) 

where 

~ ~ tadius of cunoature at crest 

R,. = radius of curvarure at summit 

h 1:1t atmos-pheric pres.'iure in term5 of height of water under de5ign conditions at the 
site 

0.7 ;:z a coefficient that provides for limitation on permiuible subatmospheric pressure 
at the throat 

In a 5iphon spillway, when rescn'Oir water surface elevJ.tion rUes abo\"C the spillway 
crest. water spills O¥er the crest (Figure S.!S). The siphonic action scares and the spillway gets 

-.......... - --v--- ----

Figure 5-5 . Siphon spillway Khematic 
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primed (i.e .• s:tarlS Oowing full) only after air trapped in the siphon is t>Je<:ted. The follow
ing are some devices that initiate or facilita te priming: 

1. A step in lbe inner wall of the do\\1lstream leg of the siphon to deflea water so as 
to hit the outer wall, fill the outlet pipe. and seal the lower leg pl"e\<enting enll"f or 
air rrom the downstream side 

2. An auxiliary (smaller) siphon provided nearly parallel to and u_odcmc-.uh the main 
siphon to release a small quantity of water lO seal the lower leg 

3. A nearly horizontal or conca-..·e outlet to create a water depth at the exit suUicieot 
to seal the lower leg 

To break the siphonic action at the required de\ -arion, an air "-ent, consisting of a bem 
(down'"'oard) pipe, is connected to the siphon. The air vent i.-. looted alxnoe the siphon hood 
(cover) \'lith its inlet slightly below the reservoir w·ater sutf'Olce eleoo-ation and outlet at the rum
mit AJ soon as water rises abo\'C the de5ign wcu:cr su~e ele--4tion in the resen'Oir, the air vcnl 
is sealed and priming can occur. When water lc:Yel drops below the spillway cres~ the air vent 
is exposed and air enters the siphon. This breaks the siphonk action. The lip (entrance of the 
siphon tube) b submerged below the design reservoir water surface elevation. The !liphon out· 
let is a dioo-etging duct, usually but not necessarily submerged below the tai1warer cle\ation. 

Preliminary dimen$ions of a siphon spillway include che foUowing: 

• A crest slightly abo\'C the design TC$:1"\•'0ir water surface: elevation 

• A rcct.'\ngul..'\r inlet with area~ i\ (inlet) :== 2 oo 3 times A1• 

• Throat widthJ Bra 2 to 3 times D 

• .RadhL<s of curvature at crest • Re =s 1.5 D and radius of curw.turc at :oummit. = R, = 
2.5D 

• Area ofvc:nt pipeS!! .-1...,{24 

The final design dimension.5 should be deu:nnined by hyd.rd.ulic model rem. 

Example 5·14: Oetennine preliminary dimensions of a siphoo spillway with a design dis
charge of 85 m' /tl and h<:ad drop of 4.9 m be:tv."Ce.n design reservoir w·d.ter JUiiac.."e e levation 
aod tailwater elevation. Usc a battery of five siphon spillways. Auno.spheric pl'essure under 
design conditions is 9.14 m o f v.'llter. 

Solution: Q (per siphon .!!pilt'ft .. ay) • 85/ 5 • 17 m' h;: H .. 4.9 m: a_nd h = 9 .14 m. For 
preliminary design, a.~~ume Br = 2.0 and C = 0.6. 

From Eq. (5-77), Q = 17 = 0.6 X 2D X Dv'(2 X 9.81 X 4.9). 5<>, D = 1.2 m; 87 = 2 X 1.2 = 
2A m: a.nd Ar = 2.88 m'. 

q= QJB-r = 17/ 2.4 = 7.08m'/ s. 

R... <=~ 1.5 X 1.2 = 1.8 m.., a_nd R. = 2.5 X 1.2 = 3.0 m. 

Us;ng Eq. (5-78). q,, •• = 1.8 ./(0.7 (2 X 9.81 X 9.14)1ln (8.0/ 1.8) = IO.S m'l• > 7.08 m'/5. 
So. D = 1.2 m is acceptable. 

A (inlet) • 2.5 A7• • 2.5 X 2 .88 • 7.2 m' . 
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Tobie 5-19. Toe '\.-elocities for !>t.epped and wutepped spiU\\'3.)1$ 

Spillway clio<lw'ge 
(m1/s) 

1.9 
4.6 
7.4 
9.3 

13.9 

4.6 
7.6 
9.1 

I 1.3 
12.2 

T oe V<locity (m/ s) 

Source: C.a.mpbell andjohn~n (1984): SorenK"D (1985). 

where 

N = number of steps 

£1, ;; total energy 

<':16.8 
0!:20. 7 
0!:22.6 
<':22.9 
:.24.4 

261 

6.£ = loss of energy for stepped spilho.-.t)' (i.e., difference between Eo and resid· 
ual energy at toe of stepped spillway) 

I is from i = 1 to i = N- I 

" ~ o - b log (d,/ h); " • 0.30 - 0.85 (h/ 1), and b • 0.54 + 0.27 ( h/ 1) . wbe•·e 
l = length of Step 

Approximate toe , .. elociti~ with a typical stepped and unstcpped spiUway are indic-dted 
in Table !).19 (Soren . ..:n 1985; Campbell and johnson 1984). 

Preliminary dimensions for stepped spillways for the Upper Stillwater 1)-.un in Utah 
(Yow>g 1982) and MonkMIIe Dam in Newjeney (Sorensen 1985) are indicated in Table 5-20. 
The dimensions may provide guidance to estimate preliminary dimensions for similar stepped 
spillw·.tys. The dfiign dimensions must be finaliud by model experiment._ for specific site: 
conditions. 

Example 5-15: F.stimate head IM.<t in an ungatcd 5tepped spillway under nappe Aow condi
tiom with It= 0.61 m,/ • 0.48 m, d~ =- 0.18 m, and Hcb.m • 27.4 m. 

SoJu.ti.on: Here, lr/1 = 0 .61/ 0.48 = 1.'1.7 and 1/Jit = 0.18/ 0 .61 = 0.295. Using f.q. (5--79), 
I!.H/ H- • I - 1(0.54 (0.29!;)""' + 1.715 (0.295)""""'1/ [1.5 + 27.4/ 0.18)1 = I - [(0.386 + 
, .:!56)/ (1.5 + 152.22)] • 0.976 or 97.6%. 

Labyrinlh Spil/W<lJS arui Spi/l1#aJJ with Semicircular or Dou/H--Si<ka Entry 

Thcae are zigzag-shaped (or folded) spiJ.h.,Ol)'5 in plan such that a Larger crest length is 
a"ailable within a limited space for spill""" .... Y location. The total c~t length may be three 10 
five times the available width, and the di.scharge capacity may be about twk e that of the 5Wl· 

dard overflow crest located within the 5ame available width. The labyrinth is fonncd by a 
series of walb ,-erucat on the up$trca.m fac.e a_od slopi.ng on ahe downsaream f"ace. The slope 
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Table 5-20. Preliminary dimensions of stepped spillwaj• 

Variable 

Height of spiUway (m) 
Width of spillway (m) 
Design bead abo\'e crest (m) 
Design discharge (m'/ s) 
Dow1\.0S.trean1 .sJope of spiJh;.-ay face 
Heigbt of steps (m) 
length of ueps (m) 
Crcst.!lhapc 

Velocity at toe (m/ s) 
l>£1&, 
Length of stilling ba.<in (m) 

Stillwater Dam, Utah 
(Young 1982) 

61 
183 
1.07 
2.39 

o.6H:1 v· 
0.61 
0.37 

Nap~haped (~d) up 
to 6.1 m below cresL 

8-ll 
0.75 

7.6 (approx. one-half of 
com-enriooaJ stilling basin) 

11SpUJway.slope 0.32H:l \-'up to 15.8 m bel~ curved I)Ortioo. 

Monl<lville Dam in 
New Jersey 

(Sorensen 1985) 

27.-1 l.l) 36.6 
61 
2.6 
9.3 

0.78H:I V 
0.61" 
0.48' 

Ogce-sbaped 
ne-.tr crest 

9.2 

I>Slep heigbt n. 0.46 m, ~tep l~ngth = 0. 56 m and ncp h eight co 0.30 m .. step lengd• • 0.21 m whhin 
the Qgl=e-5hapcd portion nca_r 1ht. top. 
Souf'(e: Young ( l982) : SQrensen (198.5). 

of the downStream f3cc ruay be l J+.lOVto 1 H: 16 V. These spillwa>·s ate suitable for silUation.s 
where space available for locating the full length of the spillwJ.y is inadequate due tO tOJ)O"" 
graphic conslraiots or structural e lements of existing facilitie5. Cener-.tlly, they are u.~d as 
ungated sen icc spiUways or auxiliary splllways for rese:r\'Oirs or a'> control or df.,.ersion ~-ein 
on canals. TI>e hydr•ulic performance of labyrinth spillways is fairly complex and depends 
on crest length per cycle. number of cycles fonn.ing the zigzag •hape, crest height, angle of 
labyrinth with Oow, head abo\-'C crest,. crest shape, wall thickness, and apex configutation. 
The design must be finalized by hydraulic (physical) modeling. 

Preliminary dimensions of a labyrinth spiltway may be estimated ll~ing empirical equa
tions based oo model expetitnents (see Figort' s.6). One 5et of such equ.atioo.s give.'> the fot. 

1----·_j 
1(/ 

~----------------w--------------~ 
Figure 5-6. Plan view of four c:ycl« of labyrin th spiltw-dy 
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lowing (Tulli' ct al. 1995): Wall thickness = 1 = P/ 6; inside width at apex = A = ltO 2t; out· 
side width at apex = D = A + 2 t tan ( 45 - a/ 2); effecth'l! cre&t length = L = 1.5 QJ [C. 
H'" V(2 g)]; apron length parallel to flow = length or labyrinth = 8 = [IU(2N}I + I tan 
(45 - a / 2)) coo a + ~actual leoglh of side leg a L, • (8 - I)/ cos a; effecth<e length of 
side 1eg • L, = L, - ttan(45 - a / 2);totallengthofwalls = L,= N(2L1 + D+ A);d,._ 
tance between cycles = w = 2~ sin a + A.+ D; width of labyrinth (normal to flow) = W = 
Nw; length of equivalent linear weir for same flow= 1.5 Q/(C~.. Hu. l/(2 g) ); and ratio of 
distance ~!Ween cycles to crest lenglh = w/ P,. 5 to 4. Herein,/' = height or spillway aboV<: 
upstream Door; H = total head above Cr<ot; total length of crest= N [2 I< + A + D); N ~ 
number of cycles,; W e straight widlh between ahuunenLS; a a labpinth angle; and CL. • 
di'iCharge coefficient for linear (standard) """rflow weir varying from about 0.61 for HI P= 
0.1 to 0. 76 for HIP= 0.9. Empirical equations to estimate the discharge coefficienr. C4 for 
rounded cro~ arc as folloW5: 

• C..= 0.49 -0.24 (HI I') - 1.20 (H/1')0 + 2.17 (HI P)' - 1.03 <HI I')' fora = 6" 

• C.= 0.49 + 1.08 (HIP] - 5.27 (HIP]'+ 6.79 (HIP]' - 2.&, (HIP]' for a ~ 8' 

• C.= 0.49 + 1.06 (HIP!- 4.43 (H/ I'J' + 5.18 (HIP!'- 1.97 (H/I'J' fora = 12' 

• C.= 0.49 + 1.00 (HJ P) - 3.57 (HI P]' + 3.82 (H/PJ'- 1.38 (HI P]' for a = I;" 

• C. = 0.49 + 1.32 (HI P) - 4.13 (H/ I'J' + 4.24 (HI PJ' - 1.50 (H/ P)' for a = 18' 

The design dimensions are based on a labyrinth "'ith upslt'ea.m and downsu-ea.rn horixoncal 
aprom on the same devation assuming that the dowmtream c;hannel ha~ a supert.ritical slope. 

Eralllple S.l6: F.\timate preliminary dimen<ions for a labyrinth spillway for a d"'ign di>
<:harge of1.538 ms/ s; head abo\oe a«t = 1.975 m: number of cycles - N • 13: crest height • 
P = 3.0!) m; and angle of skle legs = a = so. This example ~ taken form 1\dJis et al. (J 995) . 

Solution> H = 1.975 m; HI P= 0.648; < = Pl 6 = 0.508 m; A '" 0.95 m: D = 0.95 + 2 X 

0.508 tm 41' • 1.85 m; C.. • 0.49 + 1.08 (0.648) - 5.27 (0.648)' + 6.79 (0.648)' - 2.83 
(0.648)' = 0.3255; L = 1.5 X 1,5381 [0.5255 X 1.975" v'(2 X 9.81)] = 576.5 m; B • 
(1~76.51(2 X 13)1 + 0.508 tan 41") cos 8' + 0.508 • 22.90 m; L, • (22.9- 0.508)1cos 8' • 
22.61 m; 4 • 22.61 - 0.508 tao 41' • 22. 17 m; C. • 13 [2 X 22 .. 6 1 + 1.83 + 0.95) • 624 m; 
"'• 2 X 22.61 sin 8' + 0.95 + 1.83 = 9.07 m; IV= 13 X 9.07 = 118 m; .,I P = 9.0713.0& 0! 

2.97; length of linear overflow spillway ror same now (wil.h Ct. = 0. 76) = 1.6 x 1,.1)38/ L 0. 76 x 
1.9751-' v'(2 X 9.81)) • 247m. 

Stilling Basins and Energy Dissipation Devices 
Stilling basins are devices co dissipate the kinetic en erg)' of water f.Uling a.t the toe of a spill· 
way in order to minimize its scouring potential before it reaches the d0\\11Stream channel. 
Experin:u:::ntal eha.rDI are a~ila.blc to ea:timate \'Ciocities a.t the toe of spillw' .. ys with do~'tl· 
stn:am face slopes of 0.6H.I V to O.SH.I V (Peterka 1978; Chow 1959). Altemati,•ely, toe 

\'C-Ioc:itics may be estima.ted by 

v~ Cv'(2 g (Z - H/ 2)] (.S.S2) 
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Table 5 -21 . Length ohtilling OO>i.ns 1J and Ol 

F 

4 
4.25 
6 
8 

10 
12 
14 
14.25 
16 

Source: Pete-rka (1978). 

Ll1t <-oDl 

3.6 
3.78 
4 
4.2 
4.S5 
4.38 
4.36 
4.32 

2.2 
2.48 
2.64 
2.75 
2.78 
2.78 
2.78 
2.75 

bDJnplt S.l I: Fp'ltimatc preliminary dimensions for US.8R stilling basin 11 for a spillway with 
Z = 40 m (from Up!tream water surface elC\'ation to existing ri\."Crbed); H = 5.4 m; taUwatcr 
eiC\<ltion of 100m; and spillway discharge coefficient of2.23. 

SoJutioo: q = 2.23 (5.4) I .& = 28 mt/ s; from Table ~13, toe \'C-lodty = V1 e: 22 m/ s; )'I = 
28/ 22 • 1.27 m; f'= (22/V(9.81 X 1.27)] • 6.2!3; and xy, • ( 1.27/ 2) (vii + 8 X 6.23311 -
1] = 10.58 "'· 

To account for !Oille lowering of tailwate-r elevation due tO acour in the dowrutream cbannel. 
locate: the stilling buin Ooor about 12 m below tailwatc-r elevation or at FJ. 88 m. 

From Table ~21. I.ly, = 4.1; 1.. = 48.4 m = length of basin; height of chute blocl<.s = width 
of chute blocks • J\ • 1.27 m; height of dentated sill • 0.21! • 2.12 m; width of den.tatt:d 
sill= spacing= 0.15 y, = 1.59 m. 

If the basin Ooor c:.Jevo~tion (EL 88 m) is found to be si~rnifica.nlly below c:Xuting riverbed. then 
t.he toW drop. Z. from 1be upstream water surface elevation co tbe 00.1'i:n Ooor may be more 
than 40 m, and tbe veloc:icy, \1, estimated from Table 8-JS maybe more lhan 22 m/ s. lo this 
c:a.se, tbe computations may be repeated with the modified v.Uuc of Z. The depth of sheet pUc 
cutoff and tbick.ness of basin floor may be estimated as described previoust)'. 

3. .&sin Ill is a shon stilling basin for canal sU'\Icnans. small outlet ~'Orb, a_nd small 
spillways, and is reported to be effective for F values abo\-c 4.5. h include5 chute 
blocks, floor bloc.k$. and a_n end ~ill. The height. w1dth, and spacing of chute blocks 
are equal toy,, except that the height of chute blocl<.s should not be less than 0.2 m . 
The height of the baflle blocks, lt., and end sill, h. may be W.en from Table 1).22. 
The up5tream face of the bafllc blocks should be pb<:cd at a d.istancc of 0.8 h from 
the downstream face of the chute blocks.; the dowrutream face of these blods 
slopes at 1 H: 1 ¥. the upstream face is \'Crtical; and the cros.s ~tion i5 trapezoidal 
with the r.op width along the direction of flow equal ro 0.2 times the height. The 
up5t.rc:am fuce of the end sill !dopes at 2H.l V, and the down.nream f-ace is "ertieal. 
Dctaib of the ba.Vn are 6.nalized using cxpcrb:ncntal chan.'! that ha\."e been devel
QJ)ed blued on hydraulic model tens. 
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Ta ble 5-23. COtyugate depths aod length of jump on sloping aprons 

Apron slop< 5/h I Y Apron slop< 4H:J Y Apron .Jope SH: I Y 

F y,/ y, L /y, y,/ y, L/Jt y,/y, Ll'h 

2 4.8 2.5!) 5.5 2.2 6.8 
4 10 3.1 5 12 2.8 14 
6 15.6 3.38 18.5 2.95 22 
8 21 3.4 25 3 30 

10 26.5 3.1 

- indic;atu te$1 resul ts are not a\•ailable. 
Sourc.: Peterka (1978); (.."bow (19;9). 

8. Basin VIII is used for energy tti.;;.\ipation downstream of hollow jc::t vah·es. 

9. &sin IX is suitable fhr canal'i or small spillway drops up to a unitd_i5Ch.arge o£5.6 m3 / s 
per meter width of the chute. It includes a chuh! on a slope of 2H:l V or n.auer to 
negotiate the drop in channel bed. Staggered blocks aa·e provided on tl1e slope fol' 
energy dissipation. Steps to determine: preliminary dimeruioru of the basin arc as 
follo·ws: 

(a) Pro,ide a short sill at the upstream edge of the slope to create a stilling pool. 
The' height of the sill may be about 0 .61 m. 

(b) Estimate Jt t::a ( q1/ g} 1
" , whe-re q • QJB; Q • design discharge and B = tNidth 

of the chute. 

(c) Provide ballle blocl<.< "itb height = H = 0.5 y., width of blocl<.< =spacing = 
1.5 H. Partial blocks \\ith "'idths equal to 1/ 3 to 2/3 H should be placed 
ag-dinst one wa_ll in rows 1, 3, 5, 7. etc.. and agaio5t the other wall in fOW5 2, 4, 
6, 8, etc. The distance between adjacent roW5 of chute blocks should be 2 H. 
Blocks may be placed with their upsl'.ream faces nonnalto the chute ~utface 
or with vcnicallaces. 

(d) Riprap protcc1ion should be placed at the downstream cod of the chute. 

10. B(Uin X is inte nded for tunnel spillways but i$ used for open chutes as ·well. 11. con· 
5-ists of a flip bucket at che downstTCam end of che tunnel, chute, or spillway face. 
Stilling basins of this type are known as •ki jump, deflector, diffwer, Oip, or trajec· 
tory buckets and arc applicable co F\'alucs varying from 6.8 co 10.3. The indin..'\tion 
of the bucket ffip ,.aries from about 15• to 35• with the horizontal. The r.t.dius of the 
bucket, 5hould be at.leau 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 chc bud.cc to the point where cbe jet falb vertically down), X, and the rise ofahe 
jet above the bucket l1wert may be approximated by 

X ... V1 sin 2 6/ g 

,. = rise = (Vsin 8)2/ 2 g 

(5-&la) 

(5-84b) 
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where 8 • angle of lip to lhe hori~ont;,l..l and V = velocil)' of jet. exiting the bucket. 
The end of the bucket lip may have a short hori1Anttl siU or may have an inclined 
edge followed by a vertical downstream face. Oo"'"''stteam of Lhe vertical face of the 
bucket, a plunge pool is pro,ided to di,.ipate the energy of the jet exiting the 
bucket. \\'hen the jet fall$ \'t'tticalty on the riverbed, it creates a scour hole. The ul
timate scour depth may be approximated by the follov.i.ng (USBR 1987): 

(5-85) 

where 

D~ = ulti.mate §Cour depth below lailwater elevation (m ) 

H ;;;; ele\>ation drop from the re.scr\'oir eiC'\'3tion to the tailwater elevation (m) 

q = unit discharge m )/s per meter ""idth of chute or bucket 

Unless the riverbed is comprised of noncrodiblc hard rock. a rei.oforced c.-oncrete 
plunge pool should be ptOVided to protect against scour. The floor of tbc plunge 
pool may be located at a depth, DP below the tailwater elevation. The length of the 
plunge pool may be sUghoJy greater than the length of the jet trajectory, X 

Preliminary d imensions for oompar.adve evaluation of alten.lative stillit\g bas.in designs 
or preliminary cost estimates may be developed u.,-i.ng lhe infonnation preserued in this sec· 
tion. Detailed designs for •pecific cnnditiom must be finalized using published design chans 
for individual type$ of basin> and hydraulic model tests. 

bantple 5· 19: Es:timate preliminary d imensions of a sk.i jump bucket type stiHi.ng basin and 
plunge pool for a spmway with H ): 6.1 m; Z = 100m: and q = 33 m'/ s. The design l3_ilwater 
e levation b 95 I)) below the design W':l t.cr su.rf.'lCc elevation in the resef'"Oir, which i5 at 1:1. 1.000 m. 
Use 6 • 2.5°. 

Solulioo: From Eqs. (5-$2) and (;.s.!a), it may be seen that olte •-elocity at the bottom 
of the drop v.sric:s approximately as the square root of the net drop a.nd the length of plunge 
pool varies as the S<j\la.TC of the velocity. To optimize the dimensions of the plungt" pool, se..,.. 
eral trial computation_s ma-y be required tO detennine the elevation of the ski jump bucket. 
For this case. it bas been dc-tennined tha& the end sUI of the llki jump bucket i.." located ;u 90 m 
below the delign resei'\'Oir water S-tu1:~:e ek:l"ation OT at £1. 910 m. For Z = 90 m and H = 6.1 m, 
Viill S4 m/a (Table 3--13); 1 = &8/ 84 = 0 .97 m; andR e 4 X 0.97 a 4 m. There are ne) ~pe<:iiic 

gujdclinC$ to cstiOllltC the length and depth of the bucket. But they can be estimated once the 
radius of the bucket and lip angle are detcnnincd; for ex.a.mplc. length of bucket arc = 2 R 
fr s "/180 and bucket depth = R- R cos 6. 

For preliminary estimates, the length, 4 beyond the low poim of the b"cket ruay be taken 10 
be about0.25 to 0.60 times the radius. For this case, \L"C: l. = 2m and dcpl.h of bucket between 
its end sill and low point • 0.80 m, Provide a 0 .6l...m-wide horizontal sill at the dOW'OJitream 
edge of the bucket (~ee Figure 5-7). These preliminary ditn~nsions must be refmed based on 
hydraulic model t.est:s or test data for similar types of flip buckets. 
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Using Eqs. (~4a) and (!;-84b). X= (S4' x sin 50')/ 9.81 • 90 m. and ri.e of jeL = (S4 X 
sin 25·)~/(2 x 9.81) = l0.5 m abo"-e the end sill or up to El. 920.!) m. 

The kinetic:: euerg)' wi1h which tbe jet nrikes the ti\'etbed com:spouds to a d rop from the top 
or the jettr.:YtcLOf)' to tlu: tail\'lo<ller e.Je,~ation (EJ. 905 m); i.e., H = 920.5 - 900 = 15.5 m. 

Using Eq. (!;-8~). D, = 1.897 X 15.5"·'" x S3"" s 2S.2 m. 

~~de a 95-m-long plunge pool a1 an elev.ktioo of about 24 m below design taitwater elrv.uion or 
at EL 881 m. Th.: floor slab of the plunge pool must be checked to be ~'1fc againsl uplift pre.t1res. 
Oepending on site conditions, the lcogtb of the plunge may be reduced by ~lecting a higher 
ch::·\.-ation for the .ski jump b1.1Cke1. Alternative ly, otber t)pes ofstilling basins may be evaluated. 

Hydroelectric Power 

Power Plant 

A hydroelectric power plant ha.~ SC:\'er .. _1 components: 

I. Tunnel or conduit or power channel: Com·-eys water from the source (e.g., a rese1 ... 
voir or river int.tke) to the fore bay or penstocks in the vidnicy o( the power plant. 

2,. forcbay: A short open channel with a relath•ely smaU storage capacity to absorb 
shon.·ten:n (e.g., hourly o r diurnal) Ouc::naations in flows. It connects the power 
channel to an intake, which controls entry of water to the penstocks or turbines. o~ 
pending on site conditions, a IOrebay may or may not be necessary. 

3. huake Structure: Controls the tlow of w.uer from the forebay tO the pensto<:b or 
turbines. A trnlh rack is provided just upnream of rhe in rake S-tructure to control 
the en cry of debris and fish i.nw the turbine. 

4. Pe nstocks: For medium- or high-head hydroelectric fadlilie.~. water f-rom the fore
bay or pc:w.·er runnel (ifforebay is not provided) is con\-"C)"Cd to the turbine e ntra_nce 
through pressure pipes, usually made of steel. These prcs..<ture pipes are c::aOcd pen· 

' 

Figure 5- 7. Schematic of ski jump buckel 
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5tocb. They are laid on steep Mopes without ~harp bends to m.inimi-ze losses. The 
entrance of the pe.utocks should he sufficiently submerged to prc:vcnt air e ntry. 
For long tunnels, a surge rank is provided between the junction of the runnel and 
the penstocks, close to the power plant, to protect the tunnel and penstocb against 
water hammer pressure$ in case of sudden ~toppagc of Oow through the turbines. 
In some low-bead installations, where water can be supplied to the turbines through 
open flumc5, penstocks may not be nec.;ess.ary. 

5. Scroll Case: From the end of the penstocks. \\"d.ter ls trans·itioned to the rurbine 
through a scroll case, which is spiral in plan. The main purpose of the scroll case is 
to maintlin nearly uniform ·velocity at the entrance of the guide vanes (or wicket 
gate) atlhe entrance to the turbi.n~. 

6. Wic):.cc Gate: Water en tel'$ the rurbine through the wicket gate. 

7. Turbine-Generator: Various types of turbines are a"ailab1c from different manu£ac
ture-ts suitable for different site conditions. These ate machines used to convert the 
potential and kinetic energy of water to weful work. The generator transforms this 
energy into electric energy. 

8. Draft Tube:: From the turbine.\., W"dtcr is diK.ha.rged downstreru:n through a draft 
rube. TI1e draft tube has a gradually expanding ~ctional area so that the exit 
velocity into the down.nream channel is significantly reduced. Usually. the design 
of the draft tube t .. provided by the rnanufacturer.s.. 

9. Tailrace: The channel into which water enters from the draft rube. It convey5 water 
discllarged from the power plant to the natural channd on the dowmtream ~de. 

Depending on the instaUed capacity, hydroelectric power plants are classified as follo·ws: 

1. Conventional: installed capacity is greater than 15 MW. 

2. Smalkcale: installed capacity is between I and 15 MW. 

3. Mini: insW_lcd capacity is between 100 KW and 1 MW. 

4. Micro: instaUed capacity is less than 100 KW. 

Hydraulic. 5tructurcs related to a hydroelectric facility include intake stmcture, power 
canal, runnel. penstocks. rurge tank, dr.Ut tube~ and tailr.u:e channel. GuidcHnes for the design 
of the~ structures are available in variow publications (e.g., ASCE 1989: Monsonyi 1963-: 
USACE 1985; Davis and Soremc:n 1970; Zipparro and Hamcn 1998; Crc:ogt:r and Justin 1950). 

The lmtallcd capacity or b)'firop<m--er ~reneration potential for a given site is estimated by 

where 

P = powe.t in kilowatts 

Q = flow (m' /s) 

H = av:Uiable net bead (m) 

P= 9.80 QH~ (5-86) 

" • turbine..gc:nc:rator efficiency~ usually in the range of0.80 l O 0 .90 
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Design values of Q and Hare estimated from the flow duration and head-<lisoharge tables 
or curves for the water supply sourc.e. To maximize usc of available ·water. a value of Q which 
is exceeded I 0 to 30% of times may be selected to estimate the insllllled c-•pacity of the 
facility. Sevw::..al values of Q and the corresponding H may be examined tO estimate the value.~ 
that result in optimum in.sualled capacity from water we and economic cOn5iderations. for 
preliminary planning, optimum installed capacity may be that beyond which relatively large 
increas-es in Q are required to obtain relatively 5mall increa«:s in P. 

To e.'>timatc: the an.nua1 hydropowc.:r generation potential of a f.t.cility, a rescn'Oir and 
power plan[ operdtiou study lw co be cc:mducted usiog model$ such a_, HEC3 (USAGE 
1981) and HEC5 (USACE I 982) with sequences ofavailable Oo""nd corresponding heads 
for relativety long periods or time (e.g .• 10 tO 50 )Tor more). For preliminary ~timates, flow 
durdtiOn and heac:klir.cha_rge tables may be u.~d. For these estimates, the overall water to 
\'ri.re efficiency should be u.sed, which varies from about 0.70 to 0.86 and includes efficien· 
cies of the rurbine, generator, r.ransfonners, and other equjpment. In addition, a4_justmcnts 
to the efficiency may be made for tall water Ouctuatiot» and Wl$Cheduled down time. 

Exa11ple 5-20: The a\'erage annual Oow duration and head discharge relationship for a nUl• 
o1:.m-er power plant are sh~n i_n Table ~24. f.sti_mate tbc: io.scdled capaciry and annna.l en erg)' 
generation pOteotial for the facililf. 

Sol:ut:ioru lt may noc be advisable to install equipment to operate at Oows more than 
401> m' / $ bccau.'IC flows in c:xceu of this an:: available only for about 11% of' the tim<:!L 1lu:: 
eOiciency of tbe units will '-ary with discharge and bead a<:cording tO the characteristics pro
vided by the manufacturer. For this example, uwme a con.,cmt 0\'era.U efficiency of0.80. Tbe 
units are assumed to have an 0\'Crlood t3ctor of1.15. So the generation may be up to 1.15 times 
the 1-ated hlstalled cap..'lcity. 

With maximum operating Q = 405 m' / s. head (from gi\len head-discharge Table 5--24) = 
31.53 m. 

From Eq. (!:HlU), iluoalled tapadl)' = 9.80 X 105 X 31.55 X 0.86 = 108,000 KW. 

Use four units of SO MWeach capable to generate up ro 120 MW,.,;th nooverioad and 138 MW 
with an overload factor of 1.15. Specificatiotu provided by lhe manufacturer are used lO 

determine the minimum discharge below which it may not be efficient to operate the turbine 
generation unit. For this example, it ls assumed that it may not be efficient to operate any one 
of these turbine-generator units when flows arc: Jess than about 116 m'/s. Tht corresponding 
bead is 16.3 m. The generated power is about 9.80 X 116 X 16.3 X 0.86/ 1,000 = 15.9 MW. 
or 53% of the installed capacity of a single unlL lt is wumed that the load can be e\-enly dis
lributed on the machi.nes !iO that a reasonable minimum efficiency i5 maintained on each 
operating uniL One, two, three. or four units will be operated depending on available di5-
chargc and bead at any gi\'eu time. 

U~ing a plot or the now durntion table (Q on y-exis and percentage excecdancc on x-ax.is)1 

divide lhe flows into S<:\>eral convenient Oow intervals and, by iotcrpolat_ion, c!ltimate the mean 
of each flow inter.'31. corresponding head, and the percentage of times CO\'ere<l by the flow 
interval. Fot example, the Oow inter.'3.129 to 57 m' / s occurs fot (90 - 70) a 20% of' the times. 
The average annual energy generation potential rna}' be e5timated by 

average annual en<rgy (KWh)= E' = 8,780 X 9.8 X:!: (Q_,p,n, . ,)/100 (5-87) 
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where 

i repretea)t' the oumbcr of 0~· inten-als 

Qi • mean flo\\' ln intel'\'al i 
H; = head com=sponding to Q; 

IJ; = O\<era.ll dlideucy <:omespondiag tO Q1 and H1 

p. = che percentage of times co\'ered by the flow iuten<ll 

I is 0\ler aU flow i_llten'<lls 
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Selected flaw inten'als., percentage of limes co,'(:red by each Oow inten-al, mean of the flow 
interval, aod head coiTCSponding to lhe mean Oow are sbown in Table !>-25. 

The annual energy generation potential oflbe .f3cility is about 232,246 MWh ~it:hout O\'t-rload 
factOr and 248,337 MVi'h with overtoad factor. 

Intakes 

Various types of intake designs are used in hydroelectric facilities (ASCE 1989). Corn· 
monly used cyrpes of inta.kes include the following: 

1. A dry vettical ·well that contains a hoisting arrangement to control \'alve openings 
in a horttontal inlet located at the bottom of the shaft oonVC)ing water from the 
reservoir or ri\oer to the point of deli\'ery. 

Table 5-24. Flow duration and head-discharge table 

Q (m'/s) % exceedance R oad (m) 

0 100 0 
5 99.99 3.5 

28 90 9.74 
57 70 11.06 
86 !>4 15.74-

115 41 16.17 
144 33.5 19.92 
173 29 20.13 
20'1 25 23.32 
231 22 23.47 
200 19.5 26.25 
299 17.5 26.42 
318 15.5 28.87 
347 13.5 29.08 
376 12 31.28 
405 11 31.53 
434 10.5 33.5 
463 10 33.81 
492 9.5 35.59 
521 9 35.92 
522 0 36.29 
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Table 5- 25. Computations of annual energy generation 

J!nvv (MWh) 

Jolow inte-md % lime Mean of Head Uoing Witb 
covered flow in tbe c:onaponding actual overload 

Q, Q, by flow intenol ro mean installed factor 
(m'l•) (m'/ s} intenal (m'/•) flow (m} copacity 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 13.036 13,036 
145 173 4.3 159 20.03 10.531 10.581 
174 202 4 188 21.78 12.092 12.092 
203 2g1 3 217 23.4 11,247 11.247 
282 260 2.5 246 24.91 11,310 11.310 
261 289 2 275 26.34 10.696 10,696 
290 318 2 304 27.69 12,429 12,429 
319 347 2 333 28.98 14,250 14,250 
348 376 1.5 362 30.22 12.115 12, 115 
377 405 I 891 31.41 9,067 9,067 
406 434 0.5 420 32.55 5.047 5.047 
435 463 M 449 33.66 5,256' 5.579 - 492 o.; '178 34.7S ~.266" 6,044a 

493 521 0.5 507 35.76 5.256' 6,044' 
522 9 522 36.29 94,608 108,'799' 

To!al 100 232,246 248,337 

"The mkhlnes will be: 01hle 10 produce 120 MW with no ow:rload b.ctor and 138 MW with an O~'Crload 
f..ctor or 1. 15 during these periods. 

2. A solid horizontal pipe intake with a gate or val\'e a1 itll emrance. 

3. An inclined c.onduit 5upponcd along the face of the dam with poru located at dif· 
ferent elevations and connected 1.0 a nearly horizontal pipe extending through the 
body of the dam. 

4~ A .. enical shaft with a \-elocity cap oo top to prevent vertical inilux of water into the in· 
lake and oonnected to a nearly horizontal pipe octending 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 ports located at different eJe,oation.s and the control valve ~ 
located at the outlet pipe con.nrtted to the \'C:rtk al shaft. The outlet pipe extend~ 
Ill rough lhe body oflhe dam. This type of intake is called a wer well intake because 
lhe \'ettkal shaft al""*)'$ contairu water. 

The hydraulic designs of in rakes are based on flow equations described in Chapter 3. It 
is important to avoid \'Ortex fonnation at the entrdnCe5 of power imakes. The minimum sub-
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mergence required lO avoid \IOrtex formation at horizon raJ beU mouth entrances of intakes 
is given by 

(!>88) 

where 

S == minimum requU'e'd submergence above the upper lip of the bcU mouth (m) 

V = velocity through the ima_ke entr.tnce (m/ s) 

d =- diameter of the intake pipe (m) 

c = O.M for symmetrical and 0.72 for lateral approach Oow conditions 

For horiozontal intakes \l-ith a vertical bell mouth inlet, 

S> 62 v• (5-89) 

where 

S =minimum n:quired submetgence abc.we the centerline of the beU mouth (m) 

V = intake velocit}' at the bell mouth 

Alcemati\'e criteria for submergence at such horizontal intakes are 

S! d s 0.7 and F • V/V(gd) S0.5 (S-90) 

For \"ertical intakcs. 

2.14 f...,, s S! d s F"-" (!).91) 

The head loss through the entrance. exit, bends, and conduit of an intale may be estimated 
mlng the methoch described in Chapter 3. Head loss through the rm.~h rack ii)Stalled :tt 
the entrance of the intake may be estimated by the foUowing (Davis and Sorensen 1970; 
Zipparro and Hansen 1993; Chow 1959; ASCE 1989): 

IlL ~ k,,. (I/ b)'13 ( V' / 2 g) sin or (S-92) 

where 

hL = head !oss through the tra.s-h rack 

Ar = a coefficient. with a \'alue of 2.42 for tra'ih rack ban \\ith square nose and 1. 79 tOr 
round bats 

1 = thickncssofban; (em) 

b = clear spacing between ban (ern) 

a = angle of bar inclination to horizontal 

\1 ~ ''elocicy of approach ahead or uash rack 
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An alternative method to ~timate head loss through the tra"h rack is to use a head loss 
coellicient g;,,,., by the following (USBR 1987): 

h.,. u L45 - OAS II,/ a,- (Q,/a1)' 

Then, 

II,= ... (1'.'/ 2 gj 

where 

"" = \'elocity through the open area of the lr.Ub rdck 

a,. .., net open area through the trash rack 

a• = gt'O.S!i area of the tra~Jh rack a_od supports 

(f>-93) 

(J>-94) 

For practical cases, head loss through the trASh rack should be estimated assuming the trash 
r•ck to be :.0% clogged. 

The contraction loss in pipe now may be estimated b)' the foUowing (ASCE 1989): 

(5·95) 

wbe1·e V1 s; o,;·elocity in the smaller pipe, and typital values of lr.r for diflCrcnt contraction 
ratios are gh·en in Table 5-26. 

Typical values of loss coefficients, 4 for a 90 degree bend "ilh a radius, R, in a pipe of 
diameter, d, are indicated in Table 5-27 (USBR 1987). 

&ample S-21: Water Je\'t'J.s in a r<:l'tervQi_r fluctuate betweeu SOO and ~10m. The dead stor· 
age cle\o-ation ~ 295 m. \Vater i! to be Stlpplicd to a poim 200 m away frum the dam at El. 
289.70 m. The required wate-r suppty discharge from the n:sen·oir is 2.86 m' / s.. Estimate the 
d.imensions of a pipe intake for t.hjs case. Use an aver-.tge frktion coefficient ofO.OI . 

Solution: The inta.ke could be an inclined pipe laid along tbe emban.kmen• slope or a 
''ertka.l tower JOC" .. ted near the emban.kment. For this case. a vc.rtical tower is adopted. To pre
\'Cnt fub from getting sucked into the intake Ula_ft, a vert_ica_l q •lindrica_l fisb screen wUI be 
provided a1 the eorraoce, and the velocity or approach toWard lhe Krcen will be lirrtited to 
0.15 m/ s. A velocity cap will be provided at the top of the screen so tbal water enters ont)' 
through lhe height of the: screen. The screen ban rna)' occupy approximately 20% of lhe gross 
area of the screen. However, for design purposei,. assume that blockage: of the 50'ecn area due 
tO screen bars, debris, and fouling is 50%. Tbu.s, 

A. = ( I - 0.20) A, = 0.80 A, and A.,. (unclogged) == 0 .50 A. • . 0 .40 A,. 

To pau 1he design dlscbarge. 

0.15 X (I - 0.20) T D, H,, X 0.50 " 2.85 

where 

D, = diameter of lhc cyUndJ'ical screen cage (m) 

1/, • heigh I of screc.n (m) 

0 1' D, H, i: 15.10 m' 
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Table :5-26. Typical values of contraction coefficients for pipes 

A,! A, It, 

0.1 o.S63 
0.2 0.339 
0.4 0.268 
0.6 0.164 
0.8 0.053 
I I 

At = cross-sectional area ohmaller pipe aod A1 = Cl"05HcX.tional area of larger pipe. 
Sour<e; ASCE (1989). 

Table S-27. Typical values of bend lo6s coefficienl5 for pipes (90" bend) 

Ri d K. 

0.8 0.3 
1 0.23 
1.5 0.18 
2 0. 18 
3 0.1 

2:4.0 0.08 

Source; USBK (1987) . 
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Assume D1 • 3.7 m and fJ, • 4.1 m. A.saume square-cornered entr.mce forlhe circular crest 
of the in rake pipe at EJ. 296 m and D = 3. 7 mJ which graduall)' reduces to the pipe diameter, 
d. The i.ntake musc t:arry 2.85 n1' Is with lhe lower re&en'Oir e levation of 800 m. Then, 

SOO - 289.7 ~ [(A,.+ k, + 4 +/lid + 1) V'/2 g + .I,I(V' / 2 g) - (V.'/ 2 g)l) 

where 

k7 = trash rack loss cocfficKmt = 1.4~ - 0.45 X 0.40 - 0.16 = 1.11 (Eq. (MIS)) 

A.= emrance 105$ coeffieieot ;oro 0.70 

.t. = bend loss coefficient for the elbow where the vcnicaJ pipe: become11 nearly hori
zontal with a bend mdius of twice: tbc pipe diameter or more = O.lS 

i c = loss coefficient for contrnctioo from the diameter of the bell mouth to tbc pipe 
diameter= 0.25 (USBR 1987) 

V, = \"CIOCity through lhe circular intake entrance e! 2.8~/('1' X S.~/4) = 0.27 m/ s 

Thu.,, 10.3 = [1.11 + 0.7 + 0.13 + (0.01 X 200/ d) + I] V'/2 g + 0.25 ( V' / 2 g - 0.27'/ 2 g) • 
(2.94 + 2/d] V'/ 2 g+ 0.25 V2/ 2 g- 0.0009. 

A>sume a trial d = 1.0 m so that V= 2.3-'/(~ X I.o'/ 4) = 8.63 m/s. Then .• h1, = (8.19 + 2.0) 
(8.682/(2 X 9.81)) - 0.0009 • 3.48!> 111. 
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Figure 5-8. Simple surge cank 

For preliminary estilnates fot• a silnple surge tank. c II' may be neglected (ASC£ 1969): then. 

when: 

z = (£!,/ AJ (\I! A, U(A g)l) sin [YIA g/(A, L)lt) 

,.., "'(Q,/11,) YIA,U(Ag)l 

T = 2 n'IA, £./(11 g)l 

~ = maximum water s,urfuce rise abo\'e m:ady-slate level in surge W1k 

T ~ time period of water level tluc.tuations 

( !>-101) 

(!>-102) 

(!>-103) 

ExaMple 5-22: Estimate preliminary dlmensioos of a simple q 'Un drical surge tank with ciror 
tar croM sec:tioo for a power plant tbat. i:s 5Upplied \<l~ucr from a r~"''iT through a t,()O(}.m-long, 
1. 75 diameter ooncretc-lincd tunnel. Scead~~ate discharge through the tunnel is 6 m1 / s. The 
average head aboYc: the ce.nte.rUne of l.he conduit. from the reeel'\•oir to tbe surge tank h .80 m . 

Assume lhc design condition to be the s.uddcn closure of a ... -atve at the pcnsux:k. 

Solutioo: For concrete-lined tunnel, assume/= O.Ol!;, V= 6/ ( r X J.75'/ 4) a 2 .4945 m/ s. 

c ~ f 1./(2 gr/J s 0 .015 x 1,000/(2 x 9 .81 x 1.75) • 0.437 and z {initial or Steady-orate Y:llue) = 
c V' = 0.457 X 2.4945' = 2.72 m. 

CrOilHec.tional area of tunnel = A = 7 x 1. 75t;4 ;:: 2 .405 mt . 

Uf..ing Eq. (b-OO), minimum areot of surge cank .. A1 • 2AO!l X 1.000/ (2 X 9.31 X 0.437 X 
SO) • 9.35 m1, and minimum required diameter of surge tank = .J'(4 X 9.35/'w-) = 3.45 m . 
From practical COIUideration5, ltSe ~ = !).5 m a.nd A~ = 7 X 5 . .5' I 4 = 28.758 m~. 
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A/ A,= (1.75/ 5.5)' = 0.1012. 

Ignoring fnction 1006 and using Eq. (5-102), z.- = (6/23-~78) {((5.5/1.75)' X 1,000/(9.81)1 = 

8.1 "' 

COnsidering friction loss, the nwcironm surge may be estimated using Eq:s. (~99) and (5-100) 
on an Excel ~preadsheet (Rouse 1950). The computations are iUusrrated in Table 5--28. The 
steps of computations are: 

I. Detennine time, t. at which computations are made (colum1'1 (1)). 

2. Oete.nnine time step of computations, ~~ {difference in two conr.ecutive ,~.~Ju~ oft i.n 
column (1)). 

S. Set initial val\lCS of previously computed V,,;, and c vt in oolunuu (~). (5), and (6), 
and compute initial values in other columns.. Note tbat initial : '' uegath-e because 
lJtead~t<UC W"dler le'\-el in $urge tank i.s lower than resen'Oir \<1'3ter IC\'el due to losses in 
the tunnel. 

4. ll<lenn(oe IU (column (4)) using Eq. (5-99). 

5. Determine :tin oolumn (5) (adding~-:: 10 t computed in the pr'e'ious time step). 

6. Compute c V' using value of V from previous time step, making sure lhat the sign of 
this \'alue in column (6) is oppc»he that of the veJocicy- for the prcviou5 time step in 
column (3); i.e., 

r. v' = -r.abs · (V) · v 

where abs · represcnt5 absolute value a.od Vrefen to the previou5 time step. 

7. Compure::: - c V1 and enterresultio column (7). 

8. Compute 6 Vusing F.q. (!)..100) and enter result in column (8). 

9. Compute V (new time step) = V (previotlS time step) + 6. Vand emer result in co~ 
umn (3) for current time step. 

The estiro.ated maxi:mur.n 5ttrge bcig:btabm·e the reservoir w:1ter IC'\"Cils 6.2 1 m atl = 56 s. and 
the minimum height below the reservoir 1C\'CI ts 4.56 matt= 159 s. The: cffec;t of friction in 
the tunnel b to reduce the maximum surge height from 1,.11111 e: 8 .1 m to 6.21 m. Use a surge 
lank diamete:r or 5.5 m and a height of 7 . .25 m above the rc:sci'\'Oir water surface Jc,'eJ., alJow
iog a freeboard ofabout 1.0 m. 

Draft Tube 

The design of the draft n•bc is usually provided by the manufac;rurer. Howt:'\·er, ita .set· 
ling with respect lO the turbine and tailrace may have to be checked to ensure that there is 
oo potential for cavitation at the junction of the turbine and the dr.Ut tube. This is done 
using the foU~;_ng energy equation (Da"is and Son::nscn 1970i Zipparro and Hansen 1993): 

z, + f'lh + v,' / 2 g = v,' J2 g + f L 1< Vi + V,l/211/ 
[2 g (d1 + <1,)/ 2] + I(V, - V,)2/ 2 g l + p.,~ (5-104) 
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Dissolved Oxygen Content of Power Plant Releases 

ln wmc caM!S., water relt"6Sed from hydroclec.-uic facilities oontaim low dissoh'ed oxygen 
(DO), which is detrimental to fuh and o ther aquatic org-..mi...m~ and reduce.o; the wa.u.e a$Sim
ilative capacity of the downstteam ch;t.nnel. Therefore, DO enbaocc::ment be<:omes an impor
tant emironmental consideration. In particular, this occurs at hydroelcclric facilities located 
on stratified resen'Oirs.. Deep reservoii'S teod to s-u-cltify, particularly during s-umn1er months 
when the top layer of water ( epilimnion) becomes warmer and less dense due 1.0 exposure: 
to sunlight than the bouomlayer (hypolhnni(m). The ptoeesse~ that use oxygen diS$0h'td in 
the resen'Oir water include respiration of living organisms, decomposition of organic matter, 
and chemical reactions between di.ssol\'ed matter and resen;·oir sedimentJ.. These processes 
occur in both the epilimnion and hypolimnion. Howe,ter, the ox)'gen depleted from the 
cpilim.nion i5 rcpleni$hed due to exposure to atmosphere and sunlight. But in the isolated 
hypolimnion in a $lrntified rcsen.-oir. lhere is c;ontjnuous 00 depletioo with little replen· 
isbrnem. Ais a reS'ult, W'.tter withdrawn from the lower levt'ls of a stratified resen•oir has 1~-e.r 

DO concentrations. When this water pas.<es through the low'pressure regions of the turbine 
and draft tube1 it releases air and oxygen, re.sulting in ful'lher reduction in DO. Thus, the 
water re1cascd from the turbine and draft n1bc contains low 00. 

Methods to enhance DO in w-dten from hydropower plants include the follOlNing; 

1. Selective Withdrawallntakes: These intakes are designed '¥\i.tb multiple inlets to shnuJ· 
taneousl)' witbdr.rw proportional quantities. of water from the epnimnion (with high 
00) and hypotimnion (with I""· 00), which are mixed before entering the rurbine. 

2. Turbine Venting and Com.pre<.ed Air l.njection in Draft Tube (USAEWES 1983): 
ln this case, air is aspirated or drawn into the regions of subatmospheric. pressure 
i.n the d.rnft tube below the turbine exit. These regions of subatmospheric pres5ure 
may occur as described in "'Draft Tube: or may be created by design. Vacuum is 
created through the instaiJation ofbaffies or deflector plates near \'ent holes, which 
cause flow !eparation and localized lo"'"Ptes.sure areas near the vent openings. 
Vents are often pro,~dcd on bydroturbines as pan of a vacuum breaker system to 
protect the turbine during tapid shutdown and to reduce: vibration and cavitation 
during nonnal operation. Compres.'W!d air injection into the draft tube is u.~d 
when hydraulic conditions do not permit the usc of the aspirating type of rurbine 
venting. 

3. Reservoir Aeration or Descratification: TI\is invulv~ oX)gen injeetion wing dif
fusers or by introduction of a diffused air bubble plume in the water oolumn. The 
rise of a_ir bubble$ from the hypolimnion to the cpilimnion tends to dcstrati.fy the 
•'<:;SetVUir a.od add oxygen tO the lower w:atel" column. 

The design and economics of the DO enha ncement dC\1ces are based on model cx:pcr
imems, experience at ~imilar installations, and consultation wi1h manufacrurers of specific 
dc::\'ic;es. C'.are must be taken to ensure that DO enhancement doe$ not result in supersatu-
ration of water with gases.. which may cawse gas·bubble dise-.uc in fuh. Gas.bubble disease 
r~ults when water becomes supenaturated '¥\ith nitrogen. oxygen. and argon, and the cJ.is.. 
sol\'ed gases come out of solution in the blood of fuh. If the i.ntake is located at a great 
depth in the reservoir, water may be relea<ed to the tailrace, where pre1Sure may be lower 
and temperature may be highet. Thi.~; may create potential for gases coming out of solution, 
resulting in ~ubble disease (ASCE 1989), 
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Infiltration into Rod< Tunnels 

In addition to evaluating the size and lining requirements of tunnels, the water resources 
engineer ha.~ to e\timar.e potential lnfilttation through rock tunnels so tJtat 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· 
tious encountered in Chicago's tunnel and reservoir plan (TARP) system \'3tied from 61 to 
1,176 m'/day per kilometer lc:ugth of tunnel (Oalron and La Russo 1979) . 1n many field sit· 
uations. adequate data are not available fOr 1he calibration and implementation of 50phis
ticattd dual-porosity or fracture flow models to simubte satur.ned-un.saturated ground\\7l
ter Oow through var-ous rock fOrmations. Usually, infiltration wiU occur from the top surface 
or overburden to the location of the tunnel through several inte.nnediate rock formations. 
Because of the empirical nature of the estimation procedures, it is advisable to estimate 
inftltrarion rates using several different methods and select the design value by judgmcnL 
Some approximate methods are described here. 

Conti-nuum Approach 

This approac:h i1h•oh-es representation of the joints and fmcrures in rod:. formations 
O\•-erlying the tunnel segment by equivalent hom~neous porou.~ media tt'lln.g hydraulic 
conductivities obtained by slug tests or packer tests in different fonnatious. This approach 
is a reasonable approximation of the hydraulic characteristics if the 10pacing of the joint-., 
bedding planes. and frnctures is fairly dense aod the hydraul.ic behavior of the rock ma.'l...es 
is shnUar to granular porow media (Freeze: and Cheny 1979). 

Jn thi.'l approach. it is as.'lumed that the hydr.mUc conducli\1.ty of each fonnarion ol> 
tai.ned from slug and packer tcst.1 is the one causing infiltration into the runnel. This means 
the estimated average hydraulic conductivity represen~ the vertical hydraulic conductivity 
of the respective formations. Further, it is con.scn'ati\-ely assumed that the j oints, fractures. 
or porous media in the overburden and underlying fonnations are hydraulically connected. 

Each fonnarion may have a different hydr•ulic conductivity and thickness. An equivalent 
vertical hydrauHc conductivity for all fonnations above a runnel segment is estimated by 

K (equivalent) a IH,./I(H,/ K,) (+2) 

where 

K ;; equh'3lenr ' -ertical hydraulic conductivity for infiltration into a tunnel segment 
(m/ day) 

H,. ;; thickness of formation n (m) 

K, ~ hydraulicconductivityofformation n (m/ day) 

I is over aU fonnation5 overlying the tunnel segment 

Tile infahration will be under a unit hydraulic gradient in the vertical direction along 
the perimeter of the tunnel. The tunnel will act as a sink at atmospheric pressure. Thus. 
there may be some concentration of streamlines in its vicinity. To ~count for this. a flow 
conccntrntion factor of 1.5 may be lL'ICd. Thu.'l, 

Q ~I.5XKX iX LXP (!>-105) 
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wbere 

Q ~ infiltration rare (m'/day) 

L """ length of tunnel segment (m) 

i -= h)'dr.a.ulic gr.•dient for venical flow 

P = perimeter of runnel cross section (m) 

ActuaUy, the major portion of infiltration would occur through the top half of the tunnel. 
F.q. (5-105) is approximate becau.-;e it a.~<~umes in61tratioo to be uniformly di,\tributcd oo aU 
sides of the runnel. 

lrifillmli"'' through Soii-Filkd feints 

ln 50roe ca'ie$, there may be identifiable soil-li.Ued j oints in rod. formations. UsuaUy, 
most of these joinr& may be filled with fine sand, silt, and day particles tr.msported from the 
!urface or 0\'erburden with infiltr.uing rainwater. Ba.~d on publi5hed data for hydraulic 
conductivities. tbe fill materials may be assigned lower and higher limit hydraulic conduc· 
tivitia (e.g., 10-• and 1o-• cm/5). 

Baaed on site~pedfic data on dUtribution of joint $h:es, weighted average width and 
ipadnga of rock joints are estimated. The spacings are u.o;cd to estimate the number of 
potential joints in the tunnel segment. The number of joint sets in a tunnel segment is 
gi\'CO by 

N = ((L,INW) + (Lr!NE)l (5-106) 

whete 

£,- """ length of tunnel segment (m) 

NW • weighted a.-erage spacing of one >ct of jointS (m) 

NE = weighted a\--erage spacing of the onhogonalset of joints (m) 

lfreqwred.. other..,,. ofjoin!S may be added. 
Since the rock matrix is n:lalh't!ly tight, infiltration through the rock matrix may be 

assumed to be negligible and the total in61tration rna)' be assumed to occur only through 
soil..filled joi.nta under ~~a turd ted conditions. The flow i5 assumed to be through vertical .slit." 
filled with clay, silt, and/ or .:mnd./gr.aw:l: there may be little prc&5ure Oow through the bot· 
tom of the tunnel section.,. The 5li1.1 are aMUmed to open along the ceiling and !ide walls of 
the runnel. Therefore, 

Q= NX (W + 2'1") X bX K.x i 

where 

Q = inf~uation in the tunnel segment (m'/ day) 

N ;;;; estimated number of total joinu or fracture$ in the runnel segment 

W • width of tunnel (m) 

(1'>-107) 
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T a height of tunnel (m) 

b a weighted average width of a typical joint (m) 

K = hydraulic conducri,ity of fill material (m/ day) 

i = hydrcmlic gr.tdient for vertica_l infiltr.uioo 

J.nfillral.ion through Fhuturt.S 

In som e cases1 infiltration may be through narrol'l' fractures in the formations. Flow 
through a narrow frJcture is gi'·en by the following (Slfteter 1971 ): 

q = g U' i/ (12•) 

where 

q = flow in m3 / s per meterlen~rth of the frdcture 

b = plausible width of a water-filled joinr (m) 

i o hydraulic gradient 

g = gravituional acceleration (m/ s') 

t> = kinematic: vi.sco!lity o f water (•n'J s) 

(5-108) 

The range of widths of open apertures in rocks u."<ed in some prt:'\-ious analyses is O.CXU 
to 0.002 em (Long eta!. 1982; Long and Wltbe,.poon 1985; Freeze and Olerry 1979); how
C\'er, widths of rock joint" may be lig:ni ficantly greater. lf field data are not a'railable. then a 
relati,.ety high fractun: width (e.g .. 0.002 em) may be a."umed. 

Because of the zi.rp.ag patterns o.f interconnc:t:ted fractures_, water flowing through inter· 
connected fractures fol1o~ a tOrtuous path. Tonuosity, r, is detined M tbc square of the ratiQ 
of aetuallength of flow along Ugzag Dow paths in a porous medium t.o the Jttra_ight length. 
Titis gi\'es the following approxim-ate hydraulic. grndient (Brook..<> and Corey 1964; Ddleur 
1999): 

i a 1/V(r) (!'>-109) 

TortUosity m.ay be estimated by laboratory experiments on rod. cores. Where no data are 
av.Ulablc:, an approximate value of r = 5 may be u.,W for preliminary estimates and the 
results may be adjusted with appropriate factors of safety. 

The length of fractures per square meter area of rock. may be estimated from fr.&eture 
mapping. For preliminary estimates in case§ where such maps are not available, fracture 
maps ror other similar formations may be used with appropriate safety factors. Then, 

Q=qf.;ll'iJ, (5-110) 

where L1 = length of ftactures per square meter of rock. If. in addition tO the cei1ing of the 
tunnel, fncture openings arc anticipated along tbe side walls as well, theo II' in Eq. (.').11 0) 
should be changed to IV+ 2 T. 
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Table 5-29. Thickn""""' and hydr•ulic conductivities of fonru~tions abo>-e tunnel bottom 

Thidmeso (m) Hydraulic condu<tivioy (m/day) 

Fom>a11oo H. K.. H./K.. 

A 12.2 0.006756 1,811.2 
B 26.7 0.071807 371.8 
c 7.6 0.0567>1 133.9 
D 13.7 0.0389>1 351.7 
E 11 .4 0.020482 »6.6 
Sum 71 .6 3.225.2 

Exa .... S-24: Make a prelhnimuy estimate of infiltration through a tunnel segment for 
inclusion in a bid package for tun.nd oon~tructioo. There are 6vc rock formations above the 
tunneJ. The thickneuo and hydraulic conduc:thities (obc.ined by packer tcst5) of these for
mations arc given in Table 5-29.lnspcction of cores and fracture mapping indkat.cs that there 
may be a mix of natrow join to~ and frncturcs with ;n·cn.ge aperture length of 3 m/ m' of rock 
~urface. The average ~idth of apertures (wi(h narrow f:rnciUres and some relativety wide air
or water.fi1ledjoints) is 0.0) em. The tunnel segment has a width of 10 mJ height of 7 m, and 
length of 300m. Alsume T = 5.0and a kinematie>iscooityofwaterof 1.31 X 10-< m' / satabout 
10" c. 

Solution: Usingthecontinuumapproach$with tv = JOmand T= ?m,P= 2 X ( 10 + 
7)=34m. 

Using Eq. (+2), equivalent vertical hydraulic conducti,ity of tl\e formatiom abo\"e the tunnel 
segmen~ K = 71.6/3225.2 = 0.0222 m/day. 

Using Eq. (5-105). infiluation r.ue for lhis tunnel segment, Q = 1.5 X 0.0222 X 1.0 X 300 X 
M - MO m'/day. 

Using the fracture Oow approach with b = 0.0001 m," = 5.0, and v = 1 .~1 X l0-6 m'/ s, W = 
10m, Lr • 300m. and I..r= 3m. 

i = I/V5.0 = 0.447. and q = 9.81 X (0.0001)' X 0.447 X 10'/ (12 X 1.31) = O.OOOOOO'l8 m1/ s • 
0.0241 m2/dayand Q= 0.0241 X 300 X 10 X 3 • 216.91 m3/ day. 

The estimated range of infiltratio n rates into the runnel !iCgmr.ot U about 217 to $40 m' / day. 
These eatiruates must be updated when sit<:-ipecific data become a\'ailable. 
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EcoNOMIC ANALYSIS 

Estimates of Costs and Benefits of Water Resources 
Engineering Projects 

CHAPTER 6 

The: following costA are CUlS()(.iated with a typieal ·wa.ter resources engineering project; 

1. Land acqui~tion 

2, MobiHzation/ demobilizatioo of equipment and labor 

3. Buildings for .storage, work.,hop5, and hou.sing 

4. C~l structures and other facllities assodated with the project (e.g., diversion or 
coffer dam, tunnels, intake structures. dam and its appurtenant structures., le\o-ees, 
erosion protection, canals, wells, and excavdtion of contaminated roils or other 
remediation activities) 

5. Access roads and communication sys:lems 

6. Rehabilitation, relocation, and rcseu.lement of evacuees 

7. Pen:nitting and environ.mental compliance, including monitoring 

8. Management during constnlc.tion 

9. OperJtion and maintenance duri.ng life of the project 

The benefi~ may include primary benefits (e.g., mw:Ucipal water supply, irrigation. 
electric energy, Oood control, environmental enhancement, and remediatcd site): second· 
ary bencfita (e.g,. developments occuning because of the a_,;dlability of the water supply, 
flood contrOl facilities, electric energy. and environmental enhancement); and tertiary ben.. 
efiLo; (e.g .• de'\>elopment of other busi.ncs..\CS, utilities. and indusuics incidental to project· 
related developmenu). 

Both C0$1S and bencfiiS may be exprC$SCd in tangible (doUar-denominated) and/or 
intangible (non--dollar-denominated) tenns.lntangible tenns include expression of project· 
related impacts as minor, medium. or major and inldgnilicant or JignificanL ln addition, 
they may be exprcs.s.cd as number of people or hO\L.\Cholcb. tTees, archaeologic::al features, 
and acreage (e.g., areas of fisheries and "'ildlifc habitat) affected by the project. 
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Benefit.Cost Analysis 

Economic analyses of water resources engineering project~ in'i'Oh:-e comparison of costs and 
beneBts of projects or altetnadves of a pro~t. Coita and benefits are expreS5Cd as annual
ized or capitalized values over the lifetime of the proja;t "'irh appropriate raU!5 of di.~unt 
(interest) and price escalation o'•er time. For .simpliS-tic corupatarh·e ev.tluation of altema
tn-es, price escalation t5 u.,ually ignored. The annual costs may include annualized values of 
the capital cost, annual operation and maintenantt cost, and annual value ofliabilir)' for dam
ages and i_udem.niftcation/i:nsurance costs associated with the construction and operation of 
the pr~cc.t. The annual benefits may include monetary "alues of prim.ary and secondary ben
efits auributable to the p~ect. The costs of liability and indemnification o r insunmu may 
include annual paymenu to cover damages to utilities, facilities, o r communities attribut~ 
able ro the operation of project facilities (e.g .• malfunction of a. v.'Mning system) o r in th~ 
C\'Cnt of potential failure of project strucrures (e.g., damages resulti.ng from fa.ilute of a 
dam). In addition, the$e cost' may include capital cOSt to reconstruct or rehabilitate the 
stmcrure or provide equivalent benefilS for the projected residual life of the project These 
costs are estimated using probabilities of failure, lifetime of the pftlject, discount rate. and 
atimated monetary value of failure consequence. (ASC£ 1988; Prakash 1992a, 1992b). 

The capital cost (present-day cost) may be converted to an equivalent ann·uat ~t by 

CA a CPi (I+ •)'/ [(! +~· - I] 

where 

CA = equj\'alent annual cost 

CP = capital cost (present co.s-t) 

i = discount rnte per annwn per dollar 

n = estimated life of the project 

All oosc. are in proscnt-day doii<JTS 

(6-1) 

The capital recovery factor, ('JIF, is the annual value that, after • yean, will yield the 
equivalent of one dollar invested today. CRFis gi\'ell by 

CRF~ i(l + i)'/[(1 + •)" - I) (6-2) 

The bene6t..cost ratio, B/C, is computed as 

8/C ratio = &1/ ( CA + OM) (6-3) 

where 

BA .., annuaJ benefitt 

OM ;::c aru1ual opetation and Olaintc:nance oost 

Future price escalation in present'<Lay annual costs and benefits may be incorporated by the 
tollowU>g (USACE 1m; Pralwh 1992a): 

A= 01 (I+ J)i [(I + •1'- (I + J)'J/[1(1 + •)"- Jl(i- J)) (6-4) 
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where 

A =annual \alue adjusled for price escalation 

C4 = ~timated annual value of benefits or CO!ts 

j a rate of price escalation per dollar per year 

UsuaUy. rate of price e.scalation,j, will be les$ than tht: discount rate, i.. 

291 

A\>etage annual damage that i.s protected by a flood control p~ject can be estimated by 
tbe expected value approach: 

ED = ~D(P) X t.P 

where 

£D = expc<:ted damage 

D(P) = damage like ly to occur due to a Oood of probabilit)', P 

t.P = incremental probability or fr<"qutncy 

t = from 1 to the total number of incremental probabilities 

The steps of computations are listed below: 

(6-5) 

• Ust rerum periods, 7: (or different Ooods from 1 yr to the upper limit flood (col
umn (1), Table 6-1). 

Table 6-1. Computation of expected damage for a flood contrOl project 

(I) (2) (S) (4) (5) 
Freq~cyor Expected 

Re1Unl lnttemental Damage, damage 

period Probabilioy probabilloy D(P) D(P) X t.P 
(yn) (P) (L>.P) (thousand dollan) (thowoand doU....) 

1.005 0.995 0.005 0 0 
2.000 0.5 0.495 300 148.5 
2500 0.4 0.100 400 40 
3.883 0.8 0.100 500 50 
5.000 0.2 0.100 550 55 

10.000 0.1 0.100 600 60 
20.000 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 
50.000 0.02 0.010 800 8.0 

100.000 O.QI O.QJO 8~0 8.5 
200.000 0.005 0.005 1,000 5.0 
>200 < 0.005 0.005 1,100 5.5 
Total 1.000 427.5 
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Compute cumulati'-e probabilities for each return period; P = l/T (column (2), 
Table 6-1). 

Compute incremenml probabilities between adjacent Clllll ula1ive probabilities (col· 
umn (S). Table ~1) . Note that the sum of all incremental probabilities is 1.0. 

F.5timate damages a.~odatcd with Ooods of each return period (columns (1) and 
(4), Table 6-1). 

C.ompute expected damages associated \\i:th each incremental pro bability. D(P) X 
6.P (column (5), Table 0.1). 

E.\timate totaJ (expec-ted annual) damage as indicated bf Eq. (6-4) (colurnn (5) • 
Table 0.1 ) . 

Example 6-1: A Oood control p~ect im-ol\u chanoeli2ation. le\'ee consrructlon, and erosion 
p rotection. The cost of lbe prqjcct (in present-day dollan) is $4.~ million. The discount (inter
est) r.ate for the pr~ect life of 50 yr is 7%. E.timated flood damagos likely to be pm'<ot<:<l by 
the project are shown in colwnn (4) ofTable ~1. The estimated operation and maintenance 
cost in present-day dollars is $25,000 per year. Compute the B/C rn.tfo, ignoring price escalation 
and also considering price escal3tion at 3% per year. 

Solution: The damages that would ba\<e occurred due to O()()(b of different probabilt
ties bul would be pre\'t:uted by the project are shown in columns (2) and (4) of Table &1 . 
The f.requeocy or incremental probability of each ltood event or prt\'ented damage is shown 
in colum.n (S). Column (S) i~ the difference or two successive Y.llues of P in coluntn (2). The 
e xpec ted damage b the product of columns (3) and (4) and b a.hown in column (5) . 

The e$tlmatcd toEal annual prC\'Cntcd damage is $427,500. To simplify the ana.t)-sis, it is 
a.'mrned that tbi$ average annual benefi1 is a derermlnbtic (tather tbau probabilistic) atiJnate. 

Ignoring p rice <Kalatioo, Eq. (4}1) gi""' CA = 4.5 X O.o7 (1.07)50/ [(1.07),.- II x 10' ~ 
$326,069. 

Adding annual operation and maintenance cost, total annual cost= (Jt + OM= $526,069 + 
$25,000 - $351,069. 

8/C ratio= 427,500/ 561,069 = 1.22. 

With price escalation, the dollar ,oaJuc of project benc6u and oper.1tion mainte-nance CMlll 

would increase. The capital cost has ab·cad)' been incurred~ So price C$C3lation rna)' not allC:ct 
its anl\ua.lited value. Using Eq. (6-4) with j e 0.03, adjll!ted annual benefit = 427,.500 X 
(!.OS) X O.o7 X ((1.07)00 - (1.05) 00]/[1(1.07)00 - II (.07 -. 03)] = 427,500 X 1.588 = 
$678,370. 

Similarly. adjusted annua.l operation and maintenance oos1. = $2&,000 X 1.588 = S$9,?00. 

Total annual con e $39,700 + $326,069 = $.'165,769. 

Adjusted 8/ C ratio = 678,870/ !166,769 = 1.86. 

Evoluotion ol Wotw Resources EnginMring Projed Ahemo1ives 

The B/C r.a.tio lo; a rea'l<mable index for comparnti,.-e C'\>1\luation of different p~ect alternatives 
or for c:vdluation of the e<::ooomic viability of a prqject. An additional refinement in economic 
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analyses of project altemath'C:S where additional capillll hwesunent may increa<e project bene
fits is w eo.aluare incremen&al COStS and economical benefi~ of,'3rio~ projoctaltemalhti. 

&a.,a. 6-2: [,~.&Juate the cconomk feasibili ty of six altemath'es of a flood conlr'OI project 
with incremental cosu and bene6ts indicated in Table 6-2. 

Solutioru Based on 8/ C rmi0$shown in Table &.2. altcmath'C: !:$is the prererTOO option. 
However, if the economic capacity or the p~ec.t sponsors pennits, alternative 4 may provide 
an additional annuaJ benefit of$130,000 with addit_iou.al annual tOSt of $]00,000 a_od may be 
wortb consideration. This is iodicat·ed by an incremental bc.ne6tliocremental cost rado of 
greater than unity. 

A subjcc;th-e method for compa_rat.ivc eva_lu.·ll)on of \'arious project altcm.ati\'es where 
both monetary and intangible benefits and costs are to he considered is a combination of 
1he delpb.i and fw:zy "'t approaches (Pr•ka.•h 1991). In the delphi approach, a panel of 
experts is constiruted that comprises a water resources engineer; n:prescntati'r--es of lhe 
owner/ oper.ttor, beneficiaries, and impacted communities of the project; a member of the 
regulatory agency; and an emi_ronmenta_l scientist. Tbe compmition of the panel may wuy 
depend_ing on the type of project and relative importance o( different evaluation factors. 
The panelists participate in several delphi .se5Sions. 

ln the tint session, all factors for compar.ttive evaluation of the project altematiw:s arc 
llited, and the impacts associated with each altentative arc discussed and ideotified. Each 
pancli.5t independently a.~igns a weight to each ev.duation f.t.c10r such that the ~urn of aiJ 
"-eights is 1.0; that is, 

I»-{r) ~ 1.0 (~) 

where Wtt) = f.rac::tiooal weight a1."igned to evaluation tac-tor i. and the summation is 0\'er all 
e"\oa.luation factors. The weights assigned by each panelis.t along with his or her rationale are 
reviewed by the entire panel to arri\•e at a consensu.~ on weightS. Ba.~d on these discu.~\ions, 
each panel.ist l' a"-cd to mise bis weights. The proces.1 is repeated until a set of agreeable 
weights is determined for all evaluation factors. This resullS in a column vecror »1•). 

Ta ble 6-2. Computation of lncrememal cosu and benefilS 

lncr<mmtal 
Amlvalized lnc:remeotal - Incremental beaellt/ 

coot .... ba>efil> benef"u B/ C inaemental 
Altematk-e (dollan) (dolbon) (dollan) (doiJaro) ratio -

I 2:20,000 0 250.000 0 1.14 0 
2 256,000 :!8.000 m.ooo 50,000 1.16 1.31 

3 310.000 ;;2,000 420.000 120.000 1.35 2.31 
4 410.000 100,000 550,000 150,000 1..34 uo 
5 568,000 1!;8,000 600,000 50.000 J.06 ().32 
6 670,000 102.000 680,000 80,000 J.Ot 0.7S 
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In the S<.-cond delphi seuion, each pancli.u a\Sig:ns to each alrcrnatn·e a score that oor· 
responds to each C\aluation factor on a scale of 0 to 10. A .score of 10 represents the most 
f3vurablc: and 0 Lhe tnQSt adverse impact. A$ in the fitst ses.~ion, the scores of all panelists are 
r-e,iscd based ou mutual discussion.s until a set of agreeable $COres i.s obtained for each alter
nati.,·e for all e,~aluation factOrs. For evaluation f.acwrs with quantitative ""'lues (e.g .. capital 
cost. annual benefi6, etc.), an atbitraty score of5.0 is a.o;si.gnc:d to the median \-Aiue for all 
altemalives. Any incremen1.11 or decrement' with respecl 10 the median \>'3.1\le are represent
ed by incremental additions or subtractions to the median score of 5.0. These increments 
aye also detennincd in this detph.i session. 

B.a.~d o n the information about weights aod scores. a fuuy set C\'aluation matrix is tab
ulated. The evaluation factors fo rm the columns and the number of alternati \"'CS fo•·m the 
rows of this table. Each row of the table (matrix) includes scores assigned to an ah:ernati\<e 
with respect to each e\'aluation factor. The weighti assigned to cacb C\'aluation factor arc 
irlt huted in a column (i.e: .• as a column "-ector). llle product of the tabular matrix with the 
coh.m)O \'Ccto.r of weigh I$ gives a ooh.mw '-'ector containing the weighted score o( each alter
native. Each entry io a row i$ multiplied by the corresponding weight in the column \'ector, 
and all the producu are added to get the weighted a'\-erage .score for the altemati,•e in that 
row. This can be accomplc<hed manually or on a spre2dsheet (e.g., Excel). The weighted 
St'Or<:S repr-esent the r.mk ing of each alternative. 

&ample 6-3: Nine altemati\'eS and eigh1 ewluadon (actors have been idcmiJied IC>r a \\":Uer 
tt:50urces enbrineering project. Tile "''eights aod !SCoring criteria are determined io st\'er.tl delphi 
~ionl and ~u·e shQ\\"'l i_n Tables ()..$, 6-4. and 6-5. Perfunn a c:onJp;u-,ui''<~ (.v.\luation vr r_he allt;1'" 

nati\'CS and idemif)' the P''eftrred options uslng the VA'\) sets of weigbu indK:ated in T3ble 6-S. 

The fai lure consequenecs include rhe oost of damages 10 utilities and facilities resulting 
from structur<tl f3iJure." (e.g., breach in a dam, le'\-ee, or water storage tank). Social impacts 
include disruption of communities, rek~uion of houses., schools, hospitals, a.od ochc:r social 
fac:Uitles. 

Sotucion: 111e sc:oring criterla foe tangible ~-aluation f..eton detf'nnined i.n the delphi ses-
5-iOIU are given in Table 6-4. 

Scoring criteria for constnactibilit)' and ocher intangible fac..'tOrs are included in Table(.,!), 

The resulting scores for each altem:uive lOr the eight c,-aJumion factors a_rc shown i.n Table 6-6. 

Th(' wt.-ightcd a\o-c.r.tge scor(' for ahemat.ivt: I is 9 X 0.2 + 3.5 X 0.2 + 9 X 0.2 + 9 X 0.1 + 9 X 
0.0!; + 7 X 0 .0!; + 9 X 0.1 + 9 X 0.1 = 7.8. 

Proc~dlng in lh<' same m:umer, tlle weighted avtr.tb't: scores of tlle nine altetnadvdl are 
shown in Table 6-7. 

lu this case. the IC!<'s.t cosdy alten~uh"C (ahemalive I) is i.nd_ic:ued to be the preferred option. 

If eoonomic benefits of' the project. are given high welght, as indicated by the altemate weighu 
in Table 6-3, then the "''eiglned scores will be as shown in Table 6-8.. 

ln 1his cue, the most expcmi"c ahcmatjve turns out to be the prc(crred option. This demoo· 
nr.ucs 1hat tlle mclhod takes into a«ounuubjecth-e facton~ that the dcci&ion maker may ha"-e 
to consider io $Ciecting tllc prc.fen·cd cout$C or ac1ion. 
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Table 6-3. Description of alu:rnat:h'eS alld ""-e:ighta of tvaluation aitcria 

lo....p.!es 

ImP"""' 

Fail.""' w ...... 
Alt. Cost S....lit conoequenceo ConltnJalbillty EcoloJI<ol quality Social Otherusen 

I I .0 I. OS 1.1 Eosy Almost none Minimal Alm011 none Almc)$t none 

~ 2 1.2 1.2% 1.6 f.aJy Moderate Mod~r.ote Minimal Minimal ... 3 1.4 I.!S !.1 Eaiy Modent~ Modttate Minimal Minimal 
4 1.6 1.5! t .6 Mcxkra.rc Moden I< Minimal Mode-rat~ Modenu: 
5 1.9 1.6 3. 1 Moderate Minimal Minimal Modentc Moden~< 

6 !.2 1.'15 3.5 Difficult Minimal Minimal Moderate M~r:ue 

1 2.6 2.0 4.0 Oifficuh Moderate Signillcam Significant Significant 
8 ~.3 2.4 4.6 Very dlffiCttlt Significant Significam Signific""' Signifiamt 
9 4.5 3.0 4.7 Very difficuh Signlficam Minltnal Significaot SignifiQnt 

Wt. 0.2 0.2 0.2 0. 10 0.05 0.05 0.1 0.1 
AlL WL 0.05 0.5 0.05 0.08 0.08 0.08 0.08 0.08 

AJt. • ah~maJh"C WL • ~' ~ 10 ~ ~:alua.tion f.la.or: AJL WL • altemaU..-c= wdghl ~ to tlw cw.luation (:actor. 
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Table 6-7. Weighted average scores. Case I 

1 
2 
3 
1 
5 
6 
7 
8 
9 

Weighted ...,rage score 

7.8 
6.8 
6.5 
5.6 
5.3 
5.2 
4.75 
4.6 
4.85 

Table 6-1. Alternate weighted a\'c.ragc scoret, Case 2 

I 
2 
g 
4 

5 
6 
7 
8 
9 
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6.09 
5.41 
5.59 
5.34 
5.4 
5.77 
5.66 
5.95 
6.665 
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CHAPTER 7 
ENVIRONMENTAL ISSUES AND MONITORING 

Introduction 
Water i.s a rlatw-all"ellQurce essential for the:: sus.teoa.nce of life. h is contiuually depleted and 
replenished through the h)-drologic cycle. Howe\'el', a la'le number of competing uses 
mak.es equitable appropriation of water for dilfereot uses extremtl)' complex. Oe\'elopmen c 
of wAter resources for o ne or a few sdected U!St:s impacts it1 3\~.a.ilability for other potential 
ttSC5. One type of we deemed as consumpli\'e in ooe fonn 1113)' be oonconsu_mpti\'e in the 
holistic framework of the hydrologic cycle. For instance, \1/0ttcr diw:rted for irrigation may 
be considered consumptive as far a., the surfuce water resourc~ of a resen-oi.r syscem a_re 
concerned because that water would not be readily available for other uses within a certain 
local en\'ironmem. Ho .... 't'\-er, the portion of di\'erted warer that is lost as seepage and reap
pears a'§ rentm Oow i.n a different wate r body may oon.stiutte nonconS\unpti\'C usc in the 
sense of an ovcr.UI \\,.,uer balance in nature. Nona\ .. Jilability of water of required quantity 
and quality for 1.1ses other than those for which it is dC\-clopcd under a v.cucr resources engi
neering project results in impacts Oil other eovirorunenW fea[U•'es. 

To en5u.re opriroum and equitable use of the aot'ailab1e qua_nrity a.nd qual_ity of water in 
a region. ir is necessary to eooaluate all conceivable beneficial and adverse environmeutal 
impacts of a water resour<:o engineering proje<:t. The tenn "environment" includd both 
natural and physical environment and the relationship of people with that eno."ironruenc 
(e.g .. land: ground- and surface water regime; air; ecosystem; li"ing o•·g:.ulisms; geological 
and archaeological features.; historic artifact~ cuJwral .• sociaJ, economic, and political units; 
and environmental v.tlues at the site). Potential redistribution of water resources among dif
ferent typeS of pa5t, praem. and future uses foliO\\ing the dc,'Clopment of a " 'ater resou_rces 
engineering project may result in e:ooHiclS among competing inceresLS. A viable method to 
resolve or minimize !luch cooflicrs is to prepare a.n environmental assessn1ent (EA) or en\-i
ronmental impact statement (EIS) befOre decision rna.k.ing. lmpacc is a change or conse
quence. whicb may be positi\'e or negarh>e, that resull.ll from tl•e prujecL 

In the Uniccd States, ewluation of cnvironmcnt."\1 impactt~ of dams and ml1c1' waler 
resource5 engineering projects is go\'cmed by the following: 

• 

• 

Nation_a_l Environmental Policy Acr (NEPA) <,f 1969, a." amended (Public Law 91-190, 
42 U.S.C. 4321 <I .eq.) 

Environmcrual Qua.lity bnproveroencActof19i O. as amended (42 U.S.C. 4371 et !Oeq.) 
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Executi"e Order 11514, Protection and Enhancement of Environmental Quality 
(March 5, 1970, as amended by Executive Order 11991, May 24, 1977) 

NEPA estabUshc. policy, sets goals, and provides means for implementing the pol.icy 
and contains action~fordng provisions to ensure that federal agencies act attol'diug to the: 
lcncr and spirit of the act. N'EPA procedures ensure that environmental informatioo about 
the project is a\'ailable w public o9:iciab and citizens before decisions are made and before 
actions are taken. Accurate scientific analysis, expert agency comments, and public scrutiny 
a_re essential to implementing NEPA. The federal agenciC$ are responsible for the folltn'ling: 

• 

• 

• 

• 

• 

• 

lntctpreting and adm.ioistering lhe polic.ies. regulations. and public laws related to 
NEPA 

bnplementing proced1~res 10 m.a.ke the NEPA pro<:c::s5 more useful to decbion mak.en 
and the public 

Emphasizing real envirorunental issues and ahemati,•es 

Integrating lhc requirements of NEPA with other planning and en ... ironmenlal 
teview procedures 

Encouraging and facilitating public in\'olvement in decisions that affect the quality 
of the human emironment 

Using the: N£PA process to identify and as.sess reasonable alte.matk·e.s tO prop<>5l!d 
ac.tiow 

• Using all pr.u:ticable means to restore and enhance lhe quality of the human envi• 
ronment and tO a'"'Oid or minimize any possible adverse effects upon lhe qualil.)' of 
the human ern·ironment (CFR 40, P..art 1500) 

The tenn '"en\ironmental impacts"' includes aU beneficial or adverse impacts or alterations 
in the hydrologic regime attributable to the con:untction. modification. and opera1ion of 
the dam, diversion of Oow. or implementation of other water resources engineering activi
ties. Impacts can be structural; nons-IJ11Chlral; ecosystem .. rel<ated; aesthetic: archaeological; 
w·ctter-. sediment-, and soil-related; economic (commerce--related); l>treamflow- aod water
qualit.y-related; geomorphk.i socioeconomic; cultural; and recreational. EJSs have to be 
prtp..'\red using an interdisciplinary approach that ensures integrated use of the natural and 
soctal .scieoccs and the em'ironmencd de!ti.gn a_n..._ J.n addition, different states have devel
oped guidelines or regulatioru for d1e preparation of EISs for drum aud environmental 
pennit requircn1enu for o tller water resources engineering projecrs ln their jurisdictions. 
These guidelines or regulations ba.'t to be foUowed concurrent \\ith federal guide lin ... 

Similar guidelines or regulations have been established by the World Bank and other 
organizations that provide assistance for the construction and operation of water resourt:es 
engineering project'l. In addition, many countries ha\·e de\·eloped their own guidelines for 
tbe preparatioo of a_n environmental impact repon (E_IR) or EIS for water resources engi
neering projeeu. 

In some countries, includ ing the United States, a system of water rights has been estat> 
lished w fadl itate the distribution and usc of ground- and sutfac:e watel'. There are two 
typeS of water rights: riparian and appropriative. Withdrawal of water from strcanu is gov
erned by appropriated or riparian '\\'3ter rights that generally are administered by state agen· 
cies.. Under ripariao righu, lhe owner of land adjacent to a scream is entitled to reasonable 
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and beneficial use of the natural flow of the stream without change in quality or quantity. 
The adjacent land is called riparian land. Owners of upstream riparian water right• may not 
signiftcandy increase or decrease the natural no~· to the disadvantage of the downsueam 
water rights owner. Appropriated water right.'> establish quantities and prioritia for \\ .. ,uer 
withdraw-.tl for benelidal use by each o""n er of the Wd.ter righ\, provided sufficient quanti
ties are available after satisfying the demands of senior water rights. They are based on the 
concept of first in time. first in right. The wdtt r rights may be transferred from one emity 
or owner 10 another. Also. the point< o.r "iohdrawal may be transferred from one location 
to another u5ing appropriate legal and administrative procedures. \\'hen a\'ailable wate r is 
short. the holder of senior water right5 ma)' u.o;c his or her emire allocation, wberca.' hold
en of junior water rights have to live with the shortage. Water resources engin eering proj
ects.. which may jeopardiu senior water rights. are not permitted ""'ithout proper compen
sation. Appropriati\-e water rights ha"e been established in most western smtes of the United 
States. ln many cases, groundwater b coru:idered tributary• to surface water with which it is 
in hydraulic connection. 

Environmental Impact Statement 
Delinilion and Folmot ol an EIS 

An EIS is a document that describes the impacts on the eu'<ir<>nment that \\ill result from 
impleme.nting a proposed projec:L It also describes impacts of conceivable project& tJ1ou may 
be alternatives to the proposed action, as well as plans to miligatc the impacts. Mitigation 
means minimization or elimination of negatiye Impact.-;.. "No action"' al~ is lre".tted as an 
alternative to the proposed prujecL Once: a p~ject plan is 5ubmhted to a regulatory agency. 
the agency prepares an EA. whkh C\-alu.ates if the proposed project L.~ l_ikely t.o have 5.ignifi
cant environmental impacts and whether or no1 an :ElS is needed. lf the EA detennines that 
an EIS is not needed, the agency issues a finding of no significant impact (FONSI) that briefly 
explairL'I why the action will not h.a'-e 5ignificam i_rnpact.'i on the em; rom:nenL Depending 
on the size. setting, sensitivil)•. and details of the proposed p1·oject, it may require an ElS. 
m.ay require an EA but not a.n EIS. ot may requi.re neither a.n EA nor an E_IS. 

A typical E1S documem includes the fOUowing components: 

1. Cover sheet. which includes the title of the action; its location; ElS designation 
(i.e., final or draft): responsible lederal agency and cooperating agencies; agency 
point of conract, with name, addre55, and phone number; date that comments on 
the EJS are due; and a one-paragraph ab$tt"act. 

2. Summary (no more than about 15 pages), which includes a narrative summary of 
the p roposed ac.tion and altct'n"ti'YCS. c.(m clu.osion , area.'! of oontro"-c-rsy. a_nd slgnl_ft. 
cam Wues to be resoh-cd . 

S. Table of coments, whieh lists hcadinp and Jubheadings, liJJUres., tables, abbrevia. 
tion.5, ~md scientific or other symbols used. 

4. Sections that describe the following: 

• Purpo5e of and need for the action. 

• Allt':mati\U, including the proposed action and no action. alternatives not rigor
ously explored, emironmentaJ consequences of alternatives in a comparati\'e 
fonn, preferred alternative, and mitigation measures. 
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IX::..~I'iption of tlle affected en .. 'il'onment 

Environmental consequences, inc.luding dircx:t effects and their significance; 
indirect effects and their significance; contlicts ~ith other federal, state,locaJ, or 
n-ati'-e American ll'ibe plans; energy requirements and conservation potential; 
natural or depletable resource rt<Juirements and consen-ation potential; 
impact.~ o n hl:uoric and cultur.al resources; and mitit;ation me-cl.<mre.-.. 

5. Ust of authors, inctuding names and qualifications. 

6. Distribution list, which includt-s identification of agencies from which official com
ment is requested, identification of officials and org.mizations from whom con:.
mcnt is lW'>licited, those who re<1uested copies of the EIS (although identification of 
citizens is not necessaJy). a.nd location of public access copies. 

7. Index of environmentaltopic.lll. 

8 . Appendices t.hat contain materia_! prepared in support of the EJS, analysis to sup
po1'1 effeclS, and analytic compu~ations tele,-aot tO t.he decision. 

Content ol an EIS 

An EIS for a typical water resources engineering project provides th e folJowing information: 

• 

• 

• 
• 

• 

• 

• 

Description of the proposed ac1iou. in sufficient detail to permit accun.te assess
ment of the environmental impacts. 

Discussion of probable impacts on the riverine and human environment and means 
tQ l'rt i tilf.:t[C :tdVCI'Se C IWin)ftnlt;IUaJ i i'UI)a('L'!o. 

Identification of adverse eovironrnental impac:::L1 that ca_nnot be avoided . 

i\.lct:rnath·es that might a,;'Oid sorne or all of the adverse environmental impacts, 
indudin.g c."'st analyses and environmental im pacts of these altematives. 

Assessment of the cumulative long-tenn impacts, including their relationship to 
short·ttnn use of the ri\oerlne environment versus the euvirc:mment's loog·tetm 
productivit)'. 

Any irrC\·crsible or irrctriC\>able commitment of th e rcsour~ that. m.ight result or 
thm might curtail benc£icial use of the riverine e-nvironment and water resources. 

DiscwsiooJ objections, or comments by federal. state, and local agenc:::1es. private 
organizations, and individuals and how they are addre$$ed. 

The EIS abo documents the foUowing: 

• Applicable water quality 5t.'lndards and stream segment cla•\si6carion 

• Proposed/ committed min.imtun Oow releases 

• Mcuures to protccl and U:nprove water quality 

• lmpacB on water quality 

• Lmpact5 on 6sh and .... ildlife aod botaniC"A_I resouKes, including threatened and 
endangered species, and measures to mitigate impaclS on these resources 
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• Identification of impacted hi_~torical and archeologica1 sites eligible for inciU5ion in 
the National Register of H istoric Places 

• Measures to enhance or create recreational opponunities 

• Impacts on wedands and land use and measures to mitigate such impacrs 

• Implementation or construction schedule for any proposed measures, including 
50urces of financing for implementation 

The EJR. or ElS is site specific, and the level of detail il pt'O\~des 1mm be commensurate 
with the comp.lexity of the pmsi'b le environmenlal impact. The EIR or EIS includes state· 
ments/commitmenu related to monitoring programs during construction and operation, 
environmental tradeoffs, research and de"\-elopmem, and restoration measures that wiU be 
taken routinely or as the need arises. h documeniS provisions for pre- and post-monitoring 
of significant envi_ronmenral impacts of the project. including programs for monitoring 
chang~ in operational phue1 and measures for detecting and modlfying noise leveiJ, mon
itoring air and \\"'ater quality, inventorying key species in food chains, and detecting induced 
changes in weather. l_n addition, the ElR or ElS identi6es federal, regional, state, and local 
regulations and codes that must be complied with in the construction, mairuenanc:e, and 
operation of the project. 

l_n the case of ccttti_n rclati\'el)' less sensitive projects or rdati,"ety small ptojecu, an E.A 
may be adequate. ln general, an EA is a less detailed document than an ElR or EIS. 

Environmental Impacts of Water Resources Engineering Projects 
Envitonmentallmpods ol Dams 

Impacts of dams on the envi.ronmena include impacts on chanuel•-eaches both downstream 
and upstream of the dam. In pa.rticula.r, the5e may include impacts on water quality, river 
morphology, flooding, flSherie.s, living marine resources, wildlife, threatened and endan
gered species. vegetation, cultural resources, land use. recreation. aesthctia, historicaJ and 
archaeological fearur~. and r,ocloeconomic.\. 

General environmental impacu on the riverine em.ironmr:nta downstteam of a dam or 
other hydraulicstructu.n:s that mwt be analyzed and evaluated include the following (ASCE 
1989; CFR 18, Chapter I and Pan 380; Prakash 2002): 

• Accumulation of stabilized and armored riverbed material downstream of the dam 
caused by successive clear ~-ater sluicing and lack of substrate redeposition. 

• Occurrence of a relatively low (depressed) and constant thermal regime of water 
released from a deep reservoir intake. 

• Profuse accumulation of algae caused by inc.reases in transparency, nutrients, bed 
instability, and absence of fwe sediments. 

• Reduced species d_ivers.iry i_n the maaoinvc::rtebratc oommunity. which may be attrib
uted to lack ofwa.ter temperarure "a.riations necessary for completion of important 
life history evcnu,. such as. egg hatching and maturation . 

• lncreased Im.Croio ... -ertcbrate biomass and low d.i\'ers:ity associated with flow con
stancy and/or org-.m_ic loading from the reservoir. 

• lmpacu on threarened or endangered species listed by federal and state agencies.. 
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hnpacts on federally designated wild and sc.-enic ri•;ers . 

Jmpacts on groundwater lt"·cls downstream of the dam due to long-term seepage 
from the impoundment 

Impacts on migratory (ish due to blockage ofpa.'\.Qge and rcl.ativety low adaptability 
of £i.osh to fish ladders and fishways. 

lmpacu associated with dissoh-ed oxygen (DO) deftdt due to biological and chemkal 
proces.~ tn the rtsen'Oir thai comume oxygen. 

Impact<~ a'O.')()Ciatcd with higher dis.wlved concentration of metals, such as iron and 
manganese, because of the io.creaow:: in their solubility in a relatively low DO envi~ 
ronmcm. 

lmpacts associated ·with supersaturation of water released from the resen-oir, result'
iog i.o g.l..-bubble dise-.._..., in fi>h population. When water plunge• to a great depth 
downstream of a dam at the end of a spillw.ty, it rraps air. The increase in depth dur· 
ing the plunge causes more gases to dissolve than would occur at the surface. When 
r.hissupersaturated water rises £rom tbe bouom of the plunge to near the water su .... 
face in the dO\\'I'l~tream channel. gases begin to come out of solution, resulting in 
ga,._bubble dil'oea.~. Water in deeper re.<Jer\'oirs is sometimes saturated with dissolved 
gases. When this warer is released through a deep reservoi_r inta.l e, it is exposed to 
much lower pressure and higher temperatuN: in the down.sli'C'am channel where 
g-.1.~ may begin to come out of r.oludon, resulting in gas-bubble di.sea.~. 

Modification of the ri\:er regime due to alteration in the natural flow h)•drograph, 
including altc:rntiom in floodplain$, wetlands, blancb, and sandbars, and impd(:lS 
on aquatic population a.'l~i.ated with lhese features. 

Lower assimilative capacity of the downstrcam channel for wasteWater discharges 
because of Oow di-"ersions and regulation at the dam. 

Increased risk of flooding with attendant loss of life and property due to potential 
dam failure. 

Sc:neficial impaccs associated with primary, secondary, and teniary Ulll!,~ble and 
imangible benefits of the dam related to the: downstteam environment. 

Environmental lmpacrs on the hydrologic. environment upstream of a dam or other 
hydraulic struc:.tura that must be C\aluatcd include: the foUowing: 

• 

• 

• 

• 

Areas and features inundated or submerged by the impoundment (such as utilities • 
archaeological and historical monuments. religious sites. o ld cemeteries. farmland. 
and any sites either listed or determined to be eligible for incl1Lo;ion in the National 
Register of Historic Places), and impacts on laud use, wildlife habitat, foresu, min~ 
er.ili, and unique ecosystenls. 

Population displaced and resulting impacts on human health and safety and on aes
thetic and cultuntl values and living standards. 

Increased Oood levels and frequency of Oooding due to hydraulic obstmction in 
the river channel caused by the dam. 

Potential for landslides and enhanced .soil erosion along the shoteline of the t<:Servok . 
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• hnpacts on florn and fauna in the resen-oir area 3Jld in the upstream channel. 

• Potential for degradation ofwouer quality due lO loog-tcn.n iotcraction bct\'lo'<:en sed
iment depo6ited and water 5tored in the- re5CJ"\'Oir. 

• BeneficiaJ impacts associated "rilh primary. 5econdary, and tertiary tangible aod 
lntangibh: benefits of the dam related to the upstream emiroumeru. 

Environmenlollmpocts ol Olher Wafer Resoun»S Engi,_,;ng Pr ofects 
Other water r~urtes: engineering activities that result in ad\'erse impacts on the environ· 
ment include discharge~ of polluted water from point and non-point sour«$. Point source 
discharga that impatt riveri.ne environments indude sanicat)· wastewater, industrial waste
\\'ater. and stonn water runoff from construction or mining area$, induMrial facilities, road!, 
and parking lots through individual outf.UI$. Non-point sources of water pollution include 
runoff from agricultural :...rea& and foresu. 

It is reported that non·point sources, which main1y include agricultur.d runoff. con· 
tribute two-thirds of the total water-quality- related impact."' on ffi·erine en~ronmenu and 
on<>-half of the water-quality-related impact> on lakes and reservoin (NRCS 1996; Ojima 
et al. 1999). Non.point source discharges from agricnltu.ra.l area'i contain contaminants 
from fertilizers, herbicides, pesticides, li\'t".Stock wastes, salts, and sediments. This re!ult"' in 
increased salinity, nulrientloading, wrbidil)', and siltation of streams. 

AnotbeT s.igni6cant no~.nt soun::c of environmental impac:u on surface water quality 
is t urface runoff by "'"'Y of overland Oow from abandoned mine waste pilc5 and old tail.in.g5 
disposa.J areas. Rainwater in.6hrating through such facilities or entering abandoned under
ground mine workings enten the groundwater environment as contaminated water (e.g., 
acid mine drainage or water containing high levels of dissoh'Cd soUd\), which e\.>enmally 
reach nearby su-eams. Thi.$ type or impact may pertain to old coal mining areas, copper or 
other mineral mines. and urnnium mines. ln certain instance1, uranium mill tailings diJr 
po5ed in river floodplains have become ex'posed to ri\'e-r flows and required remediation. If 
O\>erland Oow or seepage from such facilities is discharged through one or more outfalb, it 
may constinnc a point source of stream pollution. 

Similar types of impacrs result from surf.1ce runoff and ~page from old abandoned 
industtial facilities. 

Remediation or mitigation of impact\ resulting from past mining and industrial activities 
b~ been undertaken through remediation progranu implemented by gc>''e.ntmental agen
cies, actions taken by private entities, and principal responsible pani"' idcnti6cd by the reg>> 
latory agencies. ln the United SGltes, hydraulic impactS associated with cxisti_ng and new mines 
are controUed and regulated by the federal Office of Surface Minlng for coal mines; U.S. 
Nuclear Regulatory Commiuioo for uranium mines; and federal and state agencies for emoi
ronmenW prou:crion for other mincrall through a ay&tem of permits, reguJatious, aud iOSJ>tX"' 
tiom. Similar regulations are enforced by go\'emmc::nt ~ncie5 in man)' othef' countria. 

Mining and other deo.•eloptnemal (including urban and indusuial) activities require 
relocation or di~nion of s.f.J'e'".uns to maxim itt ore re<:ovcry, minimize flooding, or enable 
construction of contiguous facilities. Relocation of streams has negative: impa.cl'i on 5trea_m 

biota. Existing depressions and p.iu a re sometimes incorpor.tted into the relocated channel. 
This may result in decrease in lotic (flowing water) habitat and increase in lentic (still water) 
habitat io the stream. 

lndwtrialization also results in water-quality-related impacts on the hydrologic emri· 
ronmenl Widespread use of smokestacks and chimoe)' emanate Oue ga•es with paniculate 
matter containing different chemical oonstiruems. These particles get deposited on tree leaves, 
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Water quality mon_itoring and analyses arc gencrnlly required to t\'a.Juate impaciS on 
dis."otved oxygeo (DO). temperature. and other p.'l.rn.rnercrs of concern for specific river 
reaches and to eoo-aluate impacts on the assimilative capacicy• of the river atkr oonsu1.1ctiou 
of a dam, iota.kc ~tructure, water dh·ision project. or st.ormwatcr discharge facility. 

Degradation of ·water quality may result due r:o water sediment interaction in the 
impoundment or other modifications in the h)Urologic regime. Constroction of a dam or 
other water resources engineering pmjei:t may result in loss of a.ttiJ3ctos of hisrork, religious. 
or ethnic significance. Often, such impacts are brought out in public hearings related to the 
EIS of the proposed p~eciS and must be addressed. 

Analytical srudies are required lO detennine instream tlow requirements fOr na,tig-.uion, 
recreation, assimilative capacity, and C..sh and aquatic life in tJle channel downstream of a darn) 
intake structure, or water di\"ttsion p•'(~ect. A number or analytical methods are u.~d 10 deter
mine instream Oow requircmeniS for different aquatic species (ASGE 1989). 

Field surveys are required to detenninc pre> and post-project aquatic population and 
biodiversity both upstream and downstream of a dam, in ta_ke structure, or water diversioo 
project and to evaluate potential impact.'> on the ecosystem. Field sun'C)'l> also arc requii"Cd 
to identify the locations and sUC$ of existing islands, .sandbars, and mc-A.ndcn in the ri\o-er 
channel and exis1iug vcgclatioo and animal populations sustained by the.~ features. 
Geomorphologic sludics are requjn~d to dercnni.ne pot.entia1 impacts- of lhc oonstntction 
and operation of tbe project on these features and the ecosystem supponcd by them. Field 
monitoring is required to detennJne pre- and post-project water" quality of the stream. 

Topographic surveys are required to identify areas, households, and utilities and mone· 
mry value5 of property lhat may be inundated or dl~ocatcd aft~r the constnJction of a w-au:r 
re!Wlurtcs engineering project. The cost of compensation for una\'oidable irn_pacrs, insurance 
against damage5 or ad\o"ef"5C impacts, and replacement costs for lost fc:ature5 attributable tO a 
pro~t are iududed in the computation of Ute bcnt"fit<O.Stl'<nio for r:bc project. When a ben· 
efit<OStana.l}~is is prepared, it must indude anal)>ses ofunquantilied en,ironmemal impacts, 
values, and amenities. Lmpaccs for which monetary compensation cannot be calculated 
should be expressed in adequately deti.ned qualitative and descriptive terms. 

According to federal and state regulatory guidelines, dams are divided into different 
size categories, based on their swrage capacities and heights, and into different hazou·d 
categories, based on poteanlal damage to life and property due to f-ai1ure. Oiffc1·ent dCJ&ign 
and/ ot rehabilitation criteria are specified for differem combinations of ha.urd and s-ize 
cla.ssi6t.:ations (e.g., low, significant, o r high hazard potential combined wid:' small, inter
mediate, or" la_rge sb.c of a dam) (NRC 1985). For dams tbat do not or cannot meet spec
ified design criteria, o r where consequences of dam failure arc more severe than those 
without failure, meth ods have been developed tO perform risk analyses and deten:nine 
costs for indemnif}'ing the affected entities against damages attributab le to potential dam 
failure (ASC£ 1988). These ind~mnification <:OS:t.s, along with uon-dollar.-denominatcd 
environmental consequences of dam failure, may be lncluded in the benefi t-collt analysij 
for a dam. 

ln tbe United States, consensw is growing for the demolition of a number of dams 
where the bencfiLS of remO\al are deemed ro exceed those of operation and maintenance 
of the f.u:il iries. Anal)>is of the tn>i ronmcntal impaciS (including benefit-cost analysis) for 
such dams re'\'ealed that, even with fish pao;.~es, these dams ha~;·e been a primary cause of 
fuh mortality in the ri~r system. The resen'Oirs ha'\"C: inundated riparian communitie.'l and 
nawral wetlands, which were important in the cycling of wat~r. nutrient,_, sediment, organic 
matter, and aquatic and terrC$trial organisn:t5 in lhe riverine ecosystem. Cultural resources 
important to the local people \~.'ere inundated .. m-ade iuacceM:ible. or buried. 
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for imp.-.cts that can be mitigated by structural or nonstmctural means, along with moni
toring plan~ to evaluate the progression of unmitig-.tble impacts and effectiveness of rn.itiga~ 
tion mea~urcs for mitigable impact\. Appm\'al of the EJR or EIS by appropriate agencies ill 
required before pennits for construction, operations, or relicensing of the facilities arc 
issued. Usually, these documents form a part of the penn it application for the facility. 

Tile ElR or ElS ls a public docume1n appro\'ed by appropriate regulato•y agencies after a 
series of public hearings and technical reviev.s. Tile commionents fol' mitigation and moni
loring of specific environmental impacts stipulated in these documents become legaUy and 
politically binding on the owners and opc:rat.on; of dams and other faci lities. The pc:rfonnancc 
of the mitigation meas:utes and progtession of ur\mitigable impaccs of the project duri.ng the 
operating period are routinely scrutinized by the regulatory agencies. impacted public, and 
.. anous nongovernmental organi7.atiom (NGOs) or e nvironmenlal 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 lhe fonn of petitions, notices, or com
plaints.. After adequ.1.te ana1)'5is and c-.'aluation, t.he resolution of these complaint" may con
stitute the ba.'ii.s of additional mandated environmental monitOring for the p1-ojecL 

Thu.,, post-mitigation environmental monitOring requiretntniS are generally site-5pteific, 
depending on the sensitivity and environmental significance of the impacted environmental 
parameter (e.g .• aquatic habittt. \'tgttation, morphology. hydrology, water quality, and socio
economics). 

Components ol Environmenlal Moniloring 

The main 001nponenrs of arl enviroomemal monitoring plan irlclude rnonitol'ing of fLSh 
and wi.ldlife, habitat, and ~mer quality. 

Monitoring of fish and wildlife includ~ species composition. abundance, distribution, 
and habitat use of fish and benthic invettebrcu.es; species COillJX>Sit.ion, abundance. di$tribu
tion, and habitat use of shorebirds, herons, waterfowl. and eagles; and species oompo5ition, 
abmldance, and distribution of hcrpetofauna, and habitat use of amphibians and reptiles. 

Monitoring of habitat includes aquatic and tenestrial monitoring. Aquatic monitoring 
includes water depth, water velocity. substrate siu and compositiOJl, and quantity of large 
woody debris. Terrestrial monitoring includes plant species composition of riparian and 
floodplain vegetation and wedand.s: welland surface area, \'Oiume, duration, and depth; num· 
ber, area, ar\d elf'\•ation of unvegetated sandban; groundw-.t.l.er elevatiom; floodplain land 
cover; and floodplain geomorphology and hydro period. 

Water qualir:y monito1'l1tg include.~~; ~·:uer quality parameters of concem in the:: regiot), 
including 00, temperature, turbidity, aJ\d nutrients fol' ri\'et reaches, t-e!lt'!J'voin , and wet
land habitats. 

Envii'O•Hnental water quality parameters for various su·eams in the United States arc 
monitored and published by Lhe U.S. Geological Survey (USGS). Another source of water 
quality data of streams i$ the Storage and Retrieval (Sf'ORET) S)'Stem main mined by the 
USEPA. Commonly monitored water quality parameters include specific conductaJlce, pH, 
tempetature, turbidity, DO, fecal colifomt, fecal Jitrcptococci, hardness, calcium, m.agne
shun, sodhun, poms.siwu, arsenic, barium, cadmium, chromium, cobalt, copper, iron, lead, 
manganese, mei'C'ury, selenium, silvc•·, zinc, bicarbonate. carbonate, S\llfatc, chloride, Ouc>
ride, silica, total dissoh•ed and suspended 50lid'i, niu-ogen, pht)Sphonl.'i, org-anic carbon, 
PC&, aldrin, chlordane, DOD, DDT. ODE. di-eldrin, dt-a.zinon, cndrin, ethion, heptachlor, 
lindane, malathion, metl1oxychlor, metllyl parathion. me-thyl tri·thion, p:ill'athion , toxapht-J\t, 
trithion, phytoplankton, and periphyton . 
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For proj«ts under the jurisdiction of the U.S. Army Corps of Engineers (USACE), a pol
icy has been established for conducting environmental compliance as.<>essment' with respect 
to the provisions fol' eovil"(mrne ntal llloniLOring stipulated in Lhe EIS (USACE 1999). Inter· 
nal assessrnems for compljan.ce with envirOilmemal monitoring commiLments are conduct
ed annually by project/facility personnel. ExtcmaJ as5<:5Smcnts arc conducted on a 5-yr C)'Cie 
by out~ide contractors or pc~nnel not employed at the f.tcility. Records of the provisions of 
the EIS, amendmentS tO the EIS, or other decisions penaining to envi.ronmeru.al mjtigation 
are kept by tJu: appropriate authority. Upon rc:que.'it from int.ere!>IL-d agencicl> or the public, 
report-. on tl1e progress of required mitig-.ttion, committed emironmental monitoring, and 
oll-u~r provisions have tO be made available to them. Monit.oring is required to ensure that 
the deci.!iiOn.'i and conunitted environrnental monitoring_, including mitigation mr:-.u;un.-s. arc: 
implemented. 

Some agencie~ have implemented arnbient lake monitoring progr.ams (ALMPs) ro char
actcriu Lrencls in the environmental condition of lakes, detcnnine caust.'S of environmen
tal degntdalion, monitOr pr<>gress of restOration pn:.gr.ams, anrl update lake da'ls.ification/ 
prioriti1.ation systcms with respcc;t lO environmental quality and restoration. This involves 
collcc.lion and anai)'Sis of water quality and sediment samples as well as field observations for 
w;uer color, weather. sedimem deposition, algae, macroph)•tes. and other signHicatll aspecl.i 
of the lake. Ambient trend monitoring is conducted to dctenninc long-tcnn trends in water 
quality and to e\'aluate restoration programs. For this purpose. Lakes are monitored once 
during the spring nmoff and nlmO\•er period (April or 1\'tay). three tim<.-s during the sum
mer (June, july, and Aug\lst). and once during the fall rurnover (Septe mber or October). 
The parameters analytcd include suspended solids. nutrients. chlorophyll. 00 and temper
anLrc profiles. and other field parameters for water samples collected from l ft below the sur
face and 2 0: above the bottom at the deepest loauion. lmensivc Lake-6pecific monitoring is 
conduclcd at. some lakes. t-J~kc.>~ a•·e 5C.I«Icd fot Pha.<K: I (d iagnoslic). Phase JJ (eo.;du~1tion), 

or Phase ru (post-restoration evaluation) of intcnsi-..'C monitoring. For Phases l and II. mon
ito•ing is generally conducted twice per month from May to September and monthly from 
October to April for a l·yr period prior to implementation (Phase I) and for l or more yr 
during and following implementation (Phase 11). Phase U1 monitoring usually consi~ts of 
3 yr of sampling from I ft below t.he surface, mi<kic::pth (at deeper lakc:s). and 2 ft abo\'e the 
bottom at the deepe-st location. ParametC'n monitored indudc suspende-d solids. nutrient.'>, 
chlorophyll, 00 and temperantre proiiles, and major biological resources (e.g .• phytcr 
p lankton, 6sh , aquatic vegetation, and sometimes zooplankton and be mJ\os). Sediment 
samples arc analyzed for solids content. nutrients. persistent organics., and heavy metals in 
the initial diagnostic period. Ln addition, fish contaminant sampling and analyses also are 
conducted during this initial phase. 

For dams and other international waters projects, the World Bank requires an E.A or 
EIS. which are public documents that spell out unmitigable impacts and associated moni
toring plans that mus:t be scrutinized by the bank staff and b)' olhcn; in public hearings. The 
commiune•us for erwironmental monitoring stipulated in these documents arc binding on 
the ownel'5 or operatorg of danu and related facilities. The description of lhc environ men
raJ monitoring programs must include reasons for and costs of monitoring and institu
tional arrangements for monitoring, evaluating monitoring results, and initiating nece~o;:ary 

action to limit adverse impac.ts disclosed b)' monitoring. It is hnperative that there is an insti~ 
rution to monitor compliance and institulc enforcement action when and where 1leeded. 

The World Bank ha.\ de,•doped guidelines for the design and i•npleme ntatiOrl of 
monii.Oring arld evalua tion of projects funded by the Global Environment faci lity (WB 
1996). All World Bank-funded pr~jects must indude plans for monitoring a1ld evaluation 
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In- and out~migrntions of' people 

Change. in economic and social scams of reseLtlemem population and people 
re.:naining in lhe river basin 

Similar monitoring facLOI"S are ider'lt.i fied for projects involving O()()(J protection, watenhed 
development, irrigation and drainage, fisheries, agroindttl>try, natural forest ma nagement 
and plantation development., range:: land and li\'est.ock management,. and m ral roadc;. 

Tilere i.~ no standard monitoring program for hydroelectric proj~u. The EA or EIS for 
th~e proje<;tS should include a moni toring plaJ'1 for those variables induded in the list for 
dam and reservoir projec.u that a re pertinent fo r each particular site (W8 1998). 

Pr~e<:t monitoring is tlle respcm.s.ibility of the pl'~ect management tea.l'n. htstitut.io rlal 
responsibilities for evaluation of performance differ depending on the evaluation designation: 

1. interim evaluation (during project implementation) 

2. Tenninal evalualion (at the e1ld ofthe project ) 

.3. Impact c.·valuation (se\·cral years after completion of the project) 10 mca.mrc direct 
and indirect impacrs 

The developmenL. implementation. and evaluation of tJl e M&E plan im'Oh··e tJ\e 
following: 

• Initial assessme•H of existing environJnental and SO<:ioeconomic conditions and 
in.slitutional entities fo r environmental managc;:men l, monitoring, and cv.tluation 

• Jdenti6cation of m~or problems ca\Jslng envlronmemaJ degl'<ldation 

• Development of indicators for perfonnance monitoring 

• Development of procedures fo r data collection, analytical methods. maintenance of 
monitoring equipment. and regional ooo•·dination 

• ldentilication of institutional respor\Sibilities and funding sources for implementation 

• Periodic t'\>aluation of p•'Oject perfonnance and adequacy of the M&£ plan 

Evaluation of Environmental Significance of Projects 
Significance for Fish Habitof Sustoinability and Enhancement 

Some factors used to evaluate the significance of water resources engineering projcclS for 
flsh habitat sust..'\lnabilil)' and enhancement include the foUowing (USDA 1977) : 

• Acreage of water body that is available for fish movement. spawning, and halching. 

• Whether Oow is constant or in l.enniuent throughout the year a11d whethe r wate r 
levels remain nearly constam or fluctuate greatly from time to time. 

• Water quality. including temperarure, pH. 00, dissoh·-ed carbon dioxide, and oon
e:enll-dtiOtt$ of chemjcals lOxic to C.sh and humans. 

• Percentage oflotal stream length occupied by Lhc following: 

- Pools: Stream sections that are deeper a nd usu.aH)' wider Lhan nonnal with 
appreciably slower current than immediate ly upsucam and downstream so·cam 
reaches and with streambed consisting of a mixture of silt and coarse sand. 
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- Ri£Des: Scream sections that comain gravel and/or rubble in which surf' .. ce \'o'3.ter 
is slightly turbulent and ctt.tttnt is swift en(u.•~Jb so that the sur£1«: of gra\'el and 
rubble i• kept lith1y free fMm sand and silL 

- Flats: Stream sections with c.um:nt too slow to be da..'O.'Ii_fied as a rillle and too shal· 
low to be cla1Sified as a pool. In a Oat, streambed is usually composed of sand or 
finer materials1 \\'ith occasional coarse rubble, boulden, o r bedrock. 

- Cascades: Stream sections without pools. consisting primarily of bedl'od. with 
lilLie mbble, gr.wcl. or other such material; the current is usually iUOI'e swift than 
in riflles. 

From 1be standpoi.nt of fish habital, a scream sec-cion ~ilh about 3.')% of area occupied by 
pools and 35% by rilDes may be classified as exceUent. 

• Area or length of water body that is affected by shade due to 't"Cgetalion (e.g., ttees 
and shrubs). Generdlt)'. la-rger area or length of the vr.1ter body under shade is bet· 
ter for fish habitat. 

• Turbidity of w·ater body. lf the bottom of the water body can be distinctly seen 
through about 1.2 m of water or more, the Wdter body ruay be classified as excellent 
{n)rl) the standpoint Of aquatic habilaL 

Significance for Recreational ActMties 

Some fact.ors u.'Sed to evaluate the , ;ability of\vatcr resources engineering projects for recre-
ational activities include the fo llowing (USDA 1977): 

• Proximity lO population centers. Projects "ithin a radius of about 80 k.m may p~ 
vide good potential for recn::ation.al acth·i des. 

• Access. Projec-t~ or stream see:'tions witltial about 1.5 km of an aUoo\lto·eather road may 
be good for recreational activities. 

• Si1.c of water bod y. T he size or che water body should be suflic::icnt 1.0 S\tpport pub
lic recreational acti\oities. 

Some tactors to evaluate the recre;uional potemlal of a ~>atcr resources engineering 
pl'oject depeod 011 t.he t)-pe of rec:teational acti.;•ity. Recreational activities associated with a 
water resources engineering p roj<.'(;t and facwrs lO det.cnniue the \'iab ility of each recre-
ational aclivity are as follows: 

• 

• 

• 

Fi.shlng: Facwrs affecting the viabiiJty of re<.Tcation~tl Jishlng iJ.lcludc abundaru:e C)f 
fish population., accessibility, scenic 5etting. existence ofritlles and pools, and over· 
all diversity of landscape. 

Swimming: Desirable environmental factors for swimming include good water qua~ 
ity) pH between 6.5 and 8.3, colifonn count below 800, and clear water ·with mini· 
mmn inflow of 2,450 I/ day per bathe r, water depth of about 1.5 m or more, and 
shoreline slope of less than 10%, preferably 2o.o 4%. 

Boating ~uld CaJ10cin,g: \ ·Vater depth in OOar-ing n rearns should be at leall:t 0.6 m for 
rowbo~ and about I m for boots with outboard motots. Tbc widrh should be at 
k":\St 2.5 times tlte lengtlt ofpcnniued boaL'I. Water depth." in canoeing stream.., may 
be a'S low a.'S 15 c;rn for sbon; reaches and 45 em for a major portion. The stream 
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width may be at least 1.3 m. The avero~ge Row may be about 3 m'/ s, although this 
may vary with width, depth, and slope of Lhe stream. 

• Hikin.g and w.tl.king: Over·watcr waU..·ways and pedes.trian bridges erlhance hiking 
and walking utility of a w.tter body. Trails along v.-at.cr bodies should be about 
1.25 min widlh with desirable longitudinal slopc-..s of le&S than 10%. 

Remedial Investigation and Feasibility Studies (RI/FS) 
Definition one/ Scope 

Industrial activities during the early and roiddle part of the twentieth ccntuJ) ' have resulted 
in soil, gl'oundwater, and surface ·w·ater contamination at or in chc \<icinjl}' of a number· of 
5ites. In many cases, this has posed threats to human health in particula_r and the environ· 
metH in general. To addrtS.'i the is.o;ues rdatcd to the remedjation of these comamUt<\led 
sites, the United States Congress enacted the Cornprehensive Environmental Response, 
C'.ompcnsation, and Liability Act (CERCLA, 42 U.S.C. 9601 , 1980) and Resource Consen'a
tion and Recove1')' Act (RCRA, 42 U.S.C. 6921, 1976). RJ.s imply all fic~ld investigations and 
anaJytic.:;ll studies required to identify the nature and extent of contamination that should 
be remediatcd. FSs include all laboratory, Geld. and office studies and experiments required 
to ~-aluatc l.he feasibility of potential altemati\te~ to eliminate OJ' 1'educ:e the identified con
camination lO acceptable levels. The goal of remedial in.,-eftig-ations may be to identifY meas
ures lO limit soil, surface W"dter, and groundwater contamination to accept.1ble maximum 
conraminant leo.rel~ (MCL); to timit cont:al)lination tO accepcable risk-based lcvelsi or to 
achieve resource protection to pristine conditions. Accep.able contatninant levels, cleanup 
objecth-cs, or goal5 for :soil. surface ·water. and groundwater remediation under specific en vi· 
ronruena have been developed by the USEPA and state organiutioo.s respon$iblc for en vi· 
ronmental quality. These agencies also ha\'e de\•eloped MCLs deerued acceptable for dif
ferent classes of ground· and surface waters. 

ln gener.al, the re<Juirements and main component-; of a.n RJ/ FS include the following 
(USEPA 1989b): 

• Definition of remediation problem and otticctivc.li 

• ~ign of soil. groundwater. and surface wate•· monitt.)ring pr'(>gr~un.\ 

• Soil boring and installation of monitoring welts and surfate v.-·;ncr monitoring 
.stations 

• Smface water, soil, and sediment sampling and analysis 

• Groundwater moniwring and analysi5 

• Contaminant fll(Wement (plume) analysis in ground"ater and :surface water 

• Hydrogeologjc in'O't$tigations to detennine aquifer ch.ar.cu;teristics 

• Identification of potential exposure pathways and potential receptors of contami· 
na[ed ground- and surface water tra\'ersing or in the viciniry of the site 

• Si1e characteri.z.'ltion 

• E\aluation of remediation str-.ate},ries a.nd technologies 
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• Identification and design of preferred remediation method or combination of 
methods 

• Agency appro\'al of proposed I'CnH.:dialion meth\'>d 

A significant pa_rt of investigation.<> related co the Rl}f'S or conca.minated si t~ focuses on 
soil and groundwater contamination. Detailed remedial investig-dtions may be preceded by 
a series of preliminary studies. These studies invotve preliminary auessm ent of potencial fo r 
contamination at the site using available rna.ps. site in.spcc.tiom, history of oper.ufons at lhe 
site, and avdilable docurnenrs fl'om the operator and go\'c:l'nmeru agencies. Detailed reme· 
dial investigations related to contaminared soils include the foiJowing (USEPA 1996c): 

I. l>e\.-elopment of a Concep tual Site Model (CSM): Th~ CSM is a three-dimensional 
picture or description of sire condition.~ that illustrates contaminant distributions in 
soils, comami_n.am release mt..dlanisms, exposure path'olo'a)'S and migr·~u:ion routes, 
and potential receptOt'$ of cont~uninanL~ released from soils. Dt.•vclopment of a 
CSM involve.11 data collection (hL.,toric~ll rec."'J'd'l, mapll, background infonnation, 
and state soU sun·eys); data analysU to identify w urces of contamination , affected 
media, and potential migration routes, and receptors: and site reconnaissance to 
identitY data gaps. 

2. o-.ua collection: This involves field inspt.-ction w male an a-ssessment of the di.-.tri· 
butioo of comaminanc.s, de, '\:lopu1CI'Il of a soil sampling plan, identifiouion of 
appropriate method.'! for sampling and chemical analyses. and collection of soil 
samples. 

3. Analy'5is of soils dara: TI1.is indudt"S anai)'Sis of soil sa_mplcs. identitication of con
tt\mioants, delineation of spatial and depLI~·wist" extenc of et.)nta.mination, and deter-
mination of soil characteristics (e.g., org::mic carboo contem, texture, dry• density. 
a_nd hyd.rauli.<:. cond\lc.tivity) . 

Remedial i.n\o'C:!Itigations related w groundw:Hcr include the foiJoy,i.ng (US&PA l989b): 

• Characterization of chemical~ of ooncem. which indudcs identification of specific 
compounds and their phy5ical stare, extent of contamination, solubility. adsorp
tioo, dcgl'a dation, toxicity, denshy, "iscosiry, and conccntr.ttions. 

• Site ch-aracterization, which includes: 

- identification of tbe subsuJ'f3cc med ium 

- Ol$tances of on~ite and oO~te w~tter supply \Oo'CU~ streams, and property boundaric."S 

Uosaturated and saturated thickness of porous mc."<lium at the site and along 
potential pathways 

- lnfih_r.u:ion, net recltarge. and water content of un$atur:ucd .soli Z.~)llCS 

- Porosity, bulk density. hydraulic c.::onduc-tivity, chemical characteristics, dispel" 
sion characteristics. and organic carbon content of porous media 

Depth w groundwater ln unsawrated soil zone 

- Satur.ued thickness, hydraulic gradient, and geologic features of saturated soil 
zones 
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The sources of information for a groundwater remediation investigation may include 
handbooks, records maintained by ownen and operators of faci lities and state and federal 
o rganizations, previous studies, and site--specific fie ld data. Based on an evaluation of exist· 
ing ir\formation, a groundwater sampling plan mtL411 be developed to c;:ollect additional 
data to fill in data gaps and delineate the horizonlal and ' 'crtical extent of the existing con~ 
taminatu plume a11d potential pathways of groundwater c<uuaJllina Lion. Moni toring welb 
requil'ed to collect field data should it1dude sufficient rlumber or upgradient wells to a»es!l 
background concentrations of the chemicals of concern; downgradient wt:lls to evaluate 
the potential for on-site and off-6ite contamlnam migration and to serve as compliance 
wells; and on-site wells co delineate the extent of groundwater contantinatio•l . 

Smtistical mcth<)(b may be used to determine the adequacy of soil and ground\\•;ncr sam· 
piing and to analy<e soil and groundwater monitoring data (USEPA I989c). for instance, if 
the number of possible sample locations is large, a binomial distribution {Haai\ 1977) ma)' be 
used to detc•mine if at least one of the samples is from the most contaminated wells or hot 
spou. If a total of Nsoil samples i.s available from a 5itc, n (< N) sample$ may be selected at 
random and anatyzed. Then the proba.bilit)• C.'ln be caJculated that at least one of the "soil 
samples i.s from lhe !o'.'Ors:t ksamples (or hot spots) in the entire population of Nsamples using 
the hypcrgeometric distribution. 

Example 7 .. 1: Groundwater samples fTom 30 monitoring "'-ells an: tested from a s-ite. 
Utimatc: the probability, P, thou at least one of these 80 wells re-present:~ the wors-t 10% of con~ 
r.aminated locations at the site. 

Solution: In this case, the number o f possible sample locations (population) is large, so 
a binomial distribution is appropriate with n (!>elected number of samples) = 30 and p = 
probability of worst contamination in lhe population = 0. 10. Thus, 

P(atlea.none>ampleis from the,.'Orstl0%ofweU.) = I - ( I - p)" = I - (I- 0.10)"'= 0.96 
(Haan 1977) . 

Example 7-2: A tolal or 100 soil s.'tmples is available from squate grids on a s.ite. Only 30 
randomly selected sample$ from the total number of ~1.mples are analyzed. Estimate 1he pro~ 
ability. P, that at. least one of the selected S."lmplcs represents the 10 worst hot spou at the site. 

Solution: ln this case, the population (i.e., 100 sample locations) is k.n~'TI . So, a. hyper· 
geometric distribution may be appropriate (Haan 1977). For hypc:rgeometric disuibution, N 
• 100. n • 30. and h • 10. Then. 

P (probability that at least one of lhc 30 randomly lldected :~amples is from the 10 wont 
spoi.S) = l - probability that none of the SO samples is from the 10 worst hot spots. 

Acc.ording to hypcrgeomctric distribution, the probabiliry that x of n .samples randomly 
x lecuxl from a population of Nbtlong LO the group of wom It samples = p(~ N, n, k) = (Jc! / 
1.-l (k - x)ll) ((N- k)l/l(n - x)l (N - k - n + xl!II/[N!/In! (N- n)!l] =II X 90! SO! 70!1/ 
130160110011 • 190! 7011/160! 100!1 ~ ((1.48571 X 101,.) X (1.19785 X t0100) l/((8.32098 X 

10S1) x (9.33262 x 10157)) • 1.77966/n.65654 .. 0.023 (note that x = 0). The "aluC$ of fac
torials ma)' be obtained from standal'd tables (e.g., Abramowitz and Stcgun 1972). Thu.s. 

P = I - 0.023 = 0.98. 
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The uncenainty invol~-ed in the estimated trcauncnt cost and volume of contaminated 
soil or groundwtlter based on a cettain number of ~pie& f.l'()m a lite abo can be es:limat-
ed usi.ng 5tatisticaJ method'S (Spurr and Bonini 19·73). The computational 5tcps are illus
trated in Example 7-3. 

ba ... le 7-3: A total of 100 soil samples is available f<om square grids on a site. Each sample 
represents approximately 2,000 tons of soil weight. and the cost of remediation is $1,000 per 
ton. Chemical ana1)'5is indicated that30 of the samples an: abo"e penubsible contaminant It'\" 
ds. Estimate rhc uncerlainty in the cos-t of remediation at the 95% confidence level and abo 
the ll).lQCimum m1cenainty cos.t. 

Solution: The total number o f samples = N = 100. Total weight of imoestigated soil = 
2.000 X 100 = 200.000 tons. 

The proportion of contaminated ~mples = p = 30/ 100 = 0.30. 

Sc,ndotd error of proportion p = s, = vl(p (I - p)/ NI = 11(0.110 (I - 0.110)/ 1001 = 0.0458. 

l'bc highest sumdard error of proportion = s,.(max) = 0.5/ VN = 0.!>/ -1100 = 0.05. 

For a confidence 1...,1 a (i.e .. 9MI\), the upper confidence limit of p = p. = p + t..N · S, where 
t._.N = Htatistic for conlideoce level a fOr sample size N taken from statistical tables (Spurr and 
Bonini 19'13) = 1.65 (for a = 95% and N = 100). Thus, p. = 0.110 + 1.65 X 0.0458 = 0.3756. 

Meaw.re ofw>cenaincy· ~ M. ~ p.-p ~ '•.N · S, ~ 0.0756, and M. (max) a 1.65 X 0.05 • 0.0625. 

Con oftmcertaimy at95% confidence le~t: l • 0 .0756 X 200,000 X 1,000 • $15)120,000. 

Cost of maximum u_ncertainty = 0.0825 X 200,000 X 1.000 = $16..500.000. 

Notice tha& the cost of uncenain ty reduces w:ilh the increase in number of aamples because 

both s, and ~.li reduce \\ith the increase in number of samples. Separate plots may be made 
betv.-een con of wlt crtaint)' at d ifferent confidence IC'o-els and number of ~pies, and a deci
sion may be made about tbe required number of samples (0 ha\'e reasonable cost of unce,.. 
lainty at an acceptable confidence level. 

Feasibility snldies related to remediation of contaminated soils and groundwater inc1udc 
comparative evaluation of different tochnologies induding remo,'al or extraction, in.&ru 
treatment. natural attenuation. and other appropriate technologies (see the .s«tion in this 
chapter en tided "RelCYmt Hydrologic Processes and Simulations") . 

Jnsrancc:s of surface water or sedinu:nt cont:lmination related tO or resulting from soil 
and groundwater contamination occur in the following situations! 

• 

• 

Where plumes of contaminated grouod"'•:ucr di"'Chargc 10 s.u_rfacc w~uer bodies, the 
concenu-.• uions of diluted contaminanu may be of concern with respect to their 
impacts on aquatic biota, and lhe total mass tlux of contaminants entering the 
receptor t<.0.5)'5t.cm r.nay be significant witb respect to the assimilative capacity of the 
re<:ching surface water lxxly. 

Where contaminated soib from indu.<itrialsit.es ll_rc eroded du_ri_ng rahutorms. trans
potted to nearby .rurfctcc water bodies, and deposited on the bed and floodplain.' of 
nreams, in marshes and wetlands, or behind obstructions, such as dams. 
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mixing zone ls that the concentration a.t any point ln the cross section at the boundary of 
the mixing zone should not deviate b)• mo~ than 5% from the mean value for that cross 
section (Fi5cller e t al. 1979). l_n cases where diKha.rge of ground"'-a.ter fr01n ron laminated 
s-ites occurs in lakes and rese.r\'oirs, the total mass flu.x of contaminants and concentrations 
in the surface wa.ter body during critical periods with respec-t 10 the spa"'n ing and growth 
of aquatic habitat may be limiting considerations. 

Most "'"'te.r quality sf.andards specify the u.o;e of 7Q10 to evaluate the impactS of point 
and non-point discharges on the water quality of .sU'eams. The steps of analyses generally 
wed to evaluare the extent of surface water contamination resulting from groundwater dis
charges from contaminated sites include the foUo"'i.ng: 

• Define the sou.rcc: of contaminated groundwater enterin.g the stream or la_ke in 
terms of concentr.uion~ of chemicals of concern, mass flux. and d intensions of the 
rourcc area. Depending on specific site conditions and degree of sophistic-.adon of 
the required anal)'!is. app1'0xima.tc: the 8()"ui'Ce oonGgul"'.:&.tiou as a point, line (verti· 
cal or horizontal) , or plane (ve1·ticaJ or horiumtal) source, or as a source ofirreg· 
ular shape defined by rectangular grid ... or triangular, rectangular or isoparameuic 
elemena 

• Define h)'Clraulic and water quality characteristics of the rccch·ing 5urfuce water body 
(e.g .• cross sections. flo"''5· flow velocities, ambient water quality, and dispcr.sion/ 
diffusion parameters for streams. and i.nJlO\Oio'S, outOows. storage capacicy, str.trifica· 
lion potential, and ambient water quality for lakes and reservoin). The extent of 
required dati depends on the sophistirntion of the desired analyse•. 

• Obtain climatic data required for wAter quality modeling for la.k.es a_nd reservoirs. 

• Perfonn advecri,·e-dispersion analysis ~ith desorption/ adsorption for the transport 
of contaminants entering tl\e nrerun with the groundwater discharge through the 
impacred sr.ream and/ o r lake. 

• Estimate the mixing w nc dimensions and toed ma~s flux and compare with the 
assimilative capac.·ily of the surf.tce \\atc:r body establi.;;hed by the regulatory agencies. 

Usually, adequate site-specific dara are not a\'ai_lable LO c;alibrate a_nd verify the aecurJcy 
of the results of modeling and anal)'SeS relared to the comamination of surface water and 
sediments. The sophistication of the selected modeling or anaJyticaltec.hniques has to be 
commensurate Y.1th the amount of available sice-specific data. So, in most cases, the resuiLS 
of the analyses and modeling ha\-e Umited acc:urd.cy. However. the objective of an RI/ FS 
is to collect and de\'elop sufficient infonnation to identifY principal sourcesJ nature. and 
extent of contlmiiUition; identify principal responsible parties (PRPs) for contamination; 
apportion responsibilities for remediation; and develop feasibility-le'\-el details (or potential 
methods of remediation. The detailed design and costs for remediation have to be deter
mined later based on additional data on the extent of contamination and cleanup levels 
agreed upon with the regulatory agencies and tesults of pilot tc:&:ts for the effectiveness of 
the selected ttmcdiation technique. 

Hydrologic models simulate surf.ace and subsurfuce watershed hydrologic proces.\CS and 
resulting land rurface runoff, groundwater interaction, and non-point source contaminant 
loading. These hydrologic models ser"e as a basis for \'ariOUS environmental anal)-ses. espe-
cially when dealing with watetshed management is$ues and e ... atuation of impacm of upm-earn 
souTCCS on receiving water bodies. These models rely on the representation of land-based 
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dynamic modcl provides water surface elcvatiOn.'i, horizontal and verti.cal velocity, shea.r 
stn:ss, and turbulent diffusion to predict lhe transpon. of mspended sediment and d_i)l'fOI\:ed 
and adsorbed conaaminants.. The contaminant transpo•'t model simulates the mO\'emem of 
dioolvcd and sediment-sorbed c.ontaminant5 by ad\'ection, paniculate w:tding, turbulent 
d iffi:tsion, ad\'t."'Clioo, molecular diffusion, h}drodynamic dispersion, and biological mixin.g. 

Sediment uansport modeling includes simulation or erosion, transportation, and depo-
sition due ro water, wind, and gravity. Erosion m:ay expose contaminated 50ils, which may 
be subject to exposure pat.hwa)'S due to additional erosion by wind and water. Transport of 
cornaminated sedin1ents may impair eo\'ironmental quality by mO\·emem of adsorbed con· 
taminanL'>lO other potential reccpton (e.g .• rivers, lakes, and estua_rics). Deposition o( oon· 
taminated aediments may impact river floodplains, rnaf11hes. and wetlands and may threaten 
groundwater en ... -irolllllent. due to infiltrAtion and leaching of cootam.ioants. 

Remediation Methods 

Commonly Uit':d methods for soil and grow1dwater remediation include rc:mov.al, treat· 
ment.. and natural attenuation. 

Removall., a conventional contaminated sediment remediation method. It involves uant
po~ treaunent, and disposal of contaminated sediments and extraction and disposal of 
contaminated grou_ndwdter. The: viability of physical retn0\'31 of sedimentS depends on the 
nature of the sediments, '¥J)C5 of contaminanu;. depth of deposition. thickness and volume 
of !'oedimcnt\, and availability of required equipment. Dredging and transport are appro
priate when the environmental effects of no action an: unacceptable; cmi_ronmental con· 
ditioru such ~ wa~ action, Ooodiog, or er()."ion prohibi1 lca,ing 1he sediment in place; or 
sediment lies in navigation wa1:erways and must be removed. Common methods of dredging 
include mechanical. hydraulic. and pnc:um.atic dredging. Mech.anical dtcdgjng in~'Oh•es sed· 
iment dredging or excavation using conventional earth-moving equipment. Hydrdulic dredg· 
ing uses pon.ablc., handheld, plai.n ~uction. cutter-head, dustpan. and hopper dredge$. 
Pneumatic dredging includes airlift dtedgt::!S and pneuma dredges. 

Trratmmt 

ln~in1 or ex-«im treatment includes comainruenL (b)• capping, solidification and srabi~ 
li.zation. and ground free:z.ingJ, soil washing, chemical treaonent induding chemical extrac· 
tioo and de$troction/ con,·ersion, biological treatment. and incinerdtion. Capping i_m:otves 
placement of clean material over the top of contaminated sedimen~. Solidification and sta· 
bili_r.atic_m and ground freezing immobilit.c conta.mi.nated sediments by treating lhem with 
reagents to solid.if)' or fix them. Soil v.'3Shing is a water-ba'IC!d volume reduction proce5.s in 
which contam.inams are extracted and consolidated imo a $mall residual portion of the orig
inal \o'Olume wJ:ng physical or chemical means. Chemical ttcatmentlncludes dec:.hlorination 
and oxidation. lt adds chemical tc:agents to the sedimenli in order to deuroy, detoxify. or 
remove the: contaminants. Biological treatment i_ncludC$ aerobic and anaerobic biological 
treatments. incineration invoh-es buming of contaminants at high temperatures and dif... 
pooaJ of the resulting ash and slag. 

RemMiaticn by NaJural Attmuotion (RNA) 

RNA i_nvoh-cs p~lw: and consistent reduction in contaminant concentrations in 
:wib and groundwater in the site viciniq• due to moleeulM di(fuJlon .. mechankal di!petsion, 
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dilution by recharge due to rainwater infiltration. volatilization. sorption, chemical (abiotic) 
rc:action5 (e.g .• hydrolysis/ sub5thution, e-limination, and oxidation/reduction), and aerobic 
and/or anaerobic biodegradation, including debalogenadoo. Some of the major advan· 
tages of RNA include minimal sice distur'bance. continued n.~ of the 5he during remedia
tion., low capital coM. and applicability to soils and groundwater belo\\' buildings and other 
areas that may not be accessible. In adclition. RNA can be used as a supplement to other 
remediation techniqut.'l. 

Evatuation of the vi:abllity of RNA requi.tts modeling and determination of contaminant 
degradation rates and pathwa~ to demonsuate that natural processes of contaminant dep 
dation will reduce contam_inant concentrations to accepr-dble lc:vel' before potential expo5Ure 
pathwa)'!' are c;omplt:t:ed. Groundwater monitoring and sediment sampling mu5t be continued 
for sufficicn1 time to oonfi:n:n that dqrad:uion is occu:ni_ng at rates con.'listem with esrablishcd 
cleanup ol!Jct."tives. Fe-.asibilitr or R.NA as an acceptable remediation mea&ure can be demon
sb'ated through relatively ioexpensiYe field da12 collection, labor.u.ory analyse•. and modeling 
du.riog the site characterization phase. lfit is found that RNA is not feasible, the data collected 
(with or "1thout additional field "'Or!<) can be U!ed to design supplemental or other remedia
tion measures. However, RNA requires soil and ground\Oio'ater monitoring for a relati''ely long 
period of time bolh bc::fore and after ren1cdiation and may require source retllO\'al and/ or 
estabiWuucnr, approval, and long-r.enn maintenance of Grow1dwacer Management Zones 
(GMZ.). 1l>e GMZ is a obre<>dimen!ional region containing groundwater being managed to 
mitigate impainnent caused by the relea!C of ronrruninams of concem at a remedial iit:e. 

lnvcs:ti.ga6vc step5 to demonstrate the viability of natur.t.l auenuatio1~ at a site include 
the following: 

• Site characterization, including source identification, plume delineation, and deter· 
m.in-ation or aqui.fer charactcria:tica 

• Ao;.\CSSment of the fea~ibil.hy of sou.rce or free product remO\'al 

• Collc:ction of data for soU and groundwater contamination for sevcr.t..l periods of 
time and comparison of comam_inam concentrations for wri-ou~ period~ 

• laboratOry analyses to demomtrate biodegradation of the conwninant~ of concern 

• Fate and transpon modeU.ng to demonstrate that contaminant concentr.Ltion will 
be attenuated by natural processes before impacting any potential reeeptOI'$ with or 
without .50utee removal 

• Risk·based analysis to demonstrate that there is no potential threat of contaminant 
upo.'IU_rc: i.n lhc sbon or tong ttnn 

• Practi<'.ability of oontinuot.L1 groundwater monil.ori_ng for sufficiently long periods of 
time in the furure 

• Evaluation of the viabilily of establishing and maintaining GM'Zs for specified time 
periods in the future 

Commonty used remediation technologies for contaminated solls involve the IOU<rning 
treatments: 

1. ln situ Biological Treatment: This includes removal of \-ulatile and SC"mH'Oialilc: con· 
taminan1> (VOC. and SVOCs) from soils using biodegndation or bio.-enting methods. 
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2. In .!itu Physical/Chemical Treatment: This includes soil Oushing (<o remove VOCs 
and metals), soil vapor extraction (to remove VOCs). ahennaUy enhanced vapor 
e" traction (to remO\'e VOCs and SVOQ), and solidification or s~:abilizati<m tech
niques (to remove SVOCs and meeds). 

3. F.x situ Physical/ Chemical Treat.meut Thi" indudes dc:haloge.nation (to remO\'C 
voa. and SVOCs). soil w·.tShing (to remO\'C voes. svoes. and metals) , soli \'apor 
extraction (to remove VOCs). low-temperature thermal desorption (to rcmm-e 
VOC\), a_nd incinernrion (to rtO'lO\'e VOC." and SVOCs). 

Re-mediation tet:hnologies fo r groundwater, surface water, and Jeachate trcauncnt in
clude !he following: 

l. In aitu Biological Treatment: Thill include!! U.'iing bioremediation with oxygen 
enhancement to remm-e VOCs and SVOCs. 

2. In situ Physical/ Chemical Treatment: This includes air sparging to remove VO<A; 
dual-phaie extraction to remo-.•e VOCs; passive treatment walls to remO\'e VOCs, 
SV()Q~ and merals; sJuny waUs to contain migration of V0<::-5, SVOC5, and metal5; 
and , .. .tcuum , .. d.por extraction tO reoJove VOCs, ~VOC&, and merab. 

3. Ex silu Pbyticai/Chemical Treatment: This includes air stripping to r-emO\'e VOCs 
and SVOCs; carbon a&orption to remO\•e VOC&, ~VOCs., and merab; and ultraviOoo 
let ox.idation to remove voes and svoc,. 

Remediation technologies for dissoh'ed pba~Je plumes include tbe lOliO\\ing: 

1. Ex-posure risk a.-s.~ssmetlt for humans and environment and de"\·elopment of risk~ 

based corn:<:tive action (RllC<\) plans (IPCB 2001) 

2. RNA induding monitoring of the pro~rress of narurotl attenuation 

3. Accelerated biodegradation of diS50lved phase contaminants using various cypes of 
ca<al)W 

4. Permeable barriers (e.g., funnel and gate system using iron ftlings) to funnel im
pacted groundwater to a defined area for treaunent 

5. Pump-and-treat S)'SCem co ex_lJ'aCl coma.rninated groundwater for treatment and 
dbpo.al 

The following factors are comidcred in the selection of treatment methcxb: 

• 
• 
• 

• 
• 
• 

Source and nature of contaminarus 

Ph)'Sical characteristics and location of the site 

Use of nearby water bodies for such purposes a1: water 1upply, na,igation, recreation. 
industrial. municipal discharge, ot a combination of these 

Quality and quantity of contaminated sediments 

Ph)l5ital propcrti<=$ of sediments or soils (e .g., fine-grained or coarse-grained) 

Organic mauer content of sediment'S or soils 
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dams ~$-.:'S05, 300--W& 
emironmcntaJ impact report.s 000; 
e.nvironme:ntaJ impact statement 
301-SOS; evalualion and analysis 
306-308; ev.tlualioo of projects 
312:Si.i; of levees 306; 
r«:reOAtivnalacdvili~ 313:311 

emi.ronr:oe r:ua_l m(mitoring 3(16..312; 
ambient la.kc monitoring programs 
310: components '\09-!\1 2 

eo\-iroumental )l"r:rfonnance 
indicators 31 l"k311 

E.Pls: S« emironmemaJ pel'fotmance 
indk:uors 

«Jl&nciou~ O.mp•.s !2i Creager'• 
equation ~ Clippen·~ equation 
~ l:in$1ein~Slric:k_lefloM.ann_ing 

~ Matthai's equation it 
MC)·er-Peter-Muller ~ modified 
unh'Crsal soil loss 107, 52~ revi.'Oed 
uoh·enal soli l<m l 06t sediment 
srabi_lj~· 7!,..78• Shields shca_r ~tretS 
~ universal 50iJIOM 1 0!\. 322 

e1'(111ion, bank 227- 229 
cn)!ion CC)(Hffll 217-229; rest1'\•0inl 

242-240; rip rap 2.1 9-227; 
struCtural 218-2 19 

ero:don, gully 103; sample problems 
104-JQ.; 

cf05ion, soil 10~105: sample 
problems 104-105j on dopes 
103-105: ut o/JQ soillo&S 

e~ion. wind IIO..lll; s.'lmple 
prol>lcms W 

o::i t gradient 232 

failure probabilities 46-48; Jample 
problems j8 

fish habitalS 3J2-.' U3 
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llood bypw 21!1-216 
Oood control 2)2-2 17: bridge 

modi6cadon 216; thanneUzation 
216; cutom 214-215: detention 
basins 216; Hood byp<w 21!>-216; 
flood insurance 216-217;flood 
pn.lCJt'i..~:-s: 216; groins lli lt\·ee, 
212-214 

flO<Miinsurancc 216-217 
Oood proofing 216 
Ooodplain ana.J)'Sb: &1. 
floods 46-48; d:un-br .. k ~100; 

floodplain anal)•u ild. 
Ooodway ild. 
flow, along •lop« !!J 
~· clauificat.ion 62::68 
Row, continuous: HSPF model !n; 

NWSRFS modd 64-611; PRMS 
mod~l !lli; simulation modt".ls 
64-&; SSARR model 6.5. 

Aow, critical 86-87: ddincd: 68. 
Onw,lh.rdan 151-155 
Oow duration analy5is 53. 
Dow, frtt surface 62 
Oow, groundw;uer. bank SlOr..tg:C 

171-l ?:S: capture zone 157-158: 
contaminant tr.uuport 192- 205· 

drains li:b.l :z2 lfo&l!i pba:se (rau.rpvn 
20~5: mounding 15fkJ5Q· onr
dimcmtonal steady state tr.J-1~1): 

partiaUy penetrating well 159-160: 
pumping r..es:u 184-18.1!1; radial Oow 
to a si.nglc well I M-156· ndiw of 
influence 160-161: recharge 
162-164: river stages 177-178• 
...,pie problems !f!l!, 154-1>5; 
seawater i_n tnuion 164-1 66; slug 
tctu 18ft 192; Slead)'"fUHe radiaJ 
155:170: subskknce 167-169· 

tr.uulen t 1 70-200; unsteady 
17~200: utu:r.eldy one-di_n.w:n~onal 
flaw 17tti 7J · uruteady radial now 
l'lft!84: well inteafercncc 16 1-162 

Oow, !ami_nar 100-101· defined fiZ; 
in pipes 130-!!ll 

now, low M'.-62; umple pn>bleam 
~ W21Cr quality W 

om~·. nappe 260 
no~·. non-Dardan 1'-"--' "11. 
Oow, nonuniform 67. 
Oow, 0\-erland l.l::lL 100..10$: 

sample problC:rru I OJ 103 

343 

Dow, pipe 61!.130-lt!; diJ'lium 
1~142: lamln:~~r J:lO-J!U: llatnple 
problcllU lSl. 1!>156: turbulent 
lS1 ., Vi 

now. pressure 6l 
flow, rndial 15!1-170: s=pk 

problems 1.58. 
Oow, sheet U:.l2. 
Oow. skimming 2~261 

Dow, steady: defioed §1.: in open 
channel.t: ti8::::ft2 

Oow. sulxritial &i; defined fi8 
now. supercrit.ical 8§; defined M; 

h)Uraulk: jump 9.692 
flow, through brnds S2:8! 
flow, rurbulcm I 00: dcfinf!d flt in 

pipes .,. JNi 

Oow. uniform .62 
Dow, unateady 17tt200: dam-break 

Oood W"dvn 99;=100: ddined 62 
now vdocities lkl2. 
fr..ctural rock 199=?00 
freeboard as 

gas phase tran.,pon 29~205: sample 
problem!! 204-20.~ 

gr:ade control 2'29-2$6 
gr.mes 1l!:ll2 
grolns W 
groundwa1er: bank Storage 171-l?S: 

barometric pressure 166-161: 
capcure wnc 1!!7-158: 
contaminant tr.uuport J92-29!k 
contamination 517-518; drnim 
174-177; OoM' to a single \lto"CII 
Hlr-1!16: ps pbaw: lra.tUpc)rt 
20~205; mounding 1 !)fkl!)!): one
dimcnsiona.l•teady &tate Row 
H\1-l~'l : panbJJy penecntlng well 
15~160: porous media 1•151: 
pumping 1esLS 184-185; radhu of 
influence l fiel61: recharge 
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WATH IIESOUiaS !118tiiii11N6 

162-11}1' n ... -e.r stages 177-178• 
sample problems 15 7: aeawater 
inml$lon 16io-l66; slug testJ 

188-192; s:re:ad)"il3U: rad ial Row 
J.n5:1~ $Ubsidence 167-169: 
tr.lJ\.~ent flow 170-200: types u r 

aquifers l.:l£ unsteady flow 
l 70-2()0; unsteady onMimensionaJ 
Row 170-171· un!lteadyradial Row 
l...Z&:J~ wdJ interference 161- 162 

gull)' erosion I M ; sam pte probknu 
!Q4..Hl5 

habitat rc."$\Oration M 
head los.1 27rt-277 
I::IE.Cc1 model: Clad:. 't unit 

hydrograph !a:::1l;. eomblniog 
hydrographs ~dimensionless 

unit hydrogt-AI)h llli;. ki1.1ematie 
wa~>e method ~ prWpitation 
dept.h.'J ~ pN>bable maximum 
flood hydrognph ~ rem«liation 
322: storm runoff hydrograplu ~ 
.surface nmofl' bydrograph 
dC'\'t lopmenl 25. 

H£C::2. modd ~ chutes ~ 
flood oontrol 213, 216; steady Dow 
anal)"l' 83. 

HEC.:3 model 6!t 
HEC.I model ti!i 
i:lE.C:6 model 145; .sediment 

cra.nsport analy-s·is W 
HEC FFA model ti!i 
H£C-HMS model 21; Oark '• unit 

hydrogr-.aph ~ i.inem.atic wd\-e 
metbod l2; re-mediation 322; 
surface runoff hydrograph 
dC\-elopment 25 

HECIFH model 213 
HEC-RA.S modcl 144: chutes ~ 

flood control 218. 216; steady Oow 
analysi6 83. 

HELP m~l 207 
HSPF model ti!i 
h ydmulic conducti,i ty 1122:1 !S I: 

5ample problems W 
bydrauli.cjump 2ld!2. ill 

h)droelect.ric po\Oi'Cr 271'6288 
h)'drograph, unh ~ Clark's 
~ dimenskmless 3Q; methods 
~ Soyder's unil hyd:rogtaph 
,HI2 

htc-l.rognphs. probable IJ.IilXi1num 

flood !I!YS 
h)drographs, turf.-u:r runoff 2~j 
ba~O~ ~ bene6•~ts ana.l)~is 

4-9-M: Clark'' unit h)drograph 
M-31 ; combining S9-40· defined 
2!i; design precipitation ~ 
dimenskntle&s uoh bydrogrnph ~ 
failure probabilities 4~: Ooods 
40--48· I:ILC,J model !!t HEC 
HMS model ~ b)'droiogic models 
61. ~kinematic ~'ave method ~ 
models 25. 2R 62, 64: 
pt-ec:ipimtiol) ~J>ths ~2-3~ 
probable maximum tlood 40-40: 
prob3.ble maximum preciphation 
jQ: rain loads lB; rainfall excess 
~ required data 28-29j risk 
anal)'Sis 46-48· roof loads ~39: 
runoff curvt uurnben 3.'>-37j 
.sample problemt ~ SCS cun>e 
numbt:-r method ~ snow h)a(l$ 

~7-S9j snowmell ! 7-!59; Snydet's 
unh byd_rograph 31-32• soil los.~ 
3S-S7; slonn duration 32-33. 41: 
N _bwatenhe<b 22. 1:&::20. modt:J 
2ii lll:!t5 JJ)odc:l ~ unit 
h)tirograph 29--32:; unit 
h}'Clrogr.t.ph methods ~ unh 
hydrograph orc:UJ)<-ttes 28 

hydropower projects fi 
hydrostatic pressure 1£7 

IDF c.UM:S Ll 
indirect method ~ 
infih.ration 28+:287. :!22 
intakes 27!\...278 
intenJity-duratio n-frequency curves: 

S«lOFcunu 

kinematic wa\'e mc-rhod 32 
Kirpich method 8 
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lcvea 212-214: env\ronmc:nr.d 
impa<:L1 S06 

mow cun-e anal) 'SiS ~sample 
probk:ms 54-66 

Malt.h.;ai'• equation ::U. 
Me}'er·Peter~!.t:uJier eqUllt.ion 2!t. 
mining p~ecl$ 5 
mitigation measures S08-S09 
mixing zones 1!1.. 128. m 308, 320 
models, c:ontinoou.s Row: HSPF 

model 6.1;, N'WSRFS model 64-65, 
,22; PRMS model !!2; SSARR 
11\0del 65. ,22 

models._ gt'\)Undw-.ttt:r Oow and 
utUI.lpOrt 207-20& BIOSCR.t.EN 
model 208; HEU' model 207; 
MODFLOW 198, 207; MTliD 
model 208; MULTIMED model 
203. 207-208; WHPA 207 

modds.. h)'draulic 2.!i. 14+1 46· 
CORMIX modd l !.!;, culven 
anal)'sill progr.am C1U.; OAMB.RK 
model 144-145:~modcl ~ 

l!i::!l.l..l±l. 215, 216; HEC6 model 
llL.lifi; HECIFH model 213; 
HEC.RAS model !!l!. 1!i::!1.i.. 1±1. 
2U. 216; N\\I'S J>.am-Bre"dk model 
22; PLUMES 1.i!i: QUAL2E model 
U1. Wi. 1.i!i: QUAL2£:.UNC.-'S 
modd ~ WASP4 modc:l U1. 
l2li: WQRRS model 117. !%!;. 146: 
~model !!l!. W 

modeb.. b)'<lmlogic 62-66: for 
continuom flow simularion ~: 
I:IEC....l model ~ 30::n. 39 40. ~ 
~ 322; IIEC,i model §:!; I:I£Cd 
model ~ HEC-FFA modt:l 65.; 
HECHMS model 2li. !W:32.. fa. 
322: for norm runoff b)dtogt'.tphJ 
!!2. Iii; SWMM model ~ l:&2!l 
model ~ iii; ~ model 6ol 

models. SL."dimtm cran,•,pon 22, lill!. 
11 3, j22 

MODFLOW model 198,207 
modified unh"ersal soUlOM cqu;Ui(ln 

IJl2. ,22 

- 345 

monitoring weUs 206-207 
MTIJD model 208 
MULTIMED model 2lll!. 207-208 
MUSL£: Me modified univenaJ soil 

lcm equatton 

nudearpoM~rp~rcu fi 
h'fW-1; Dam-Break model 29 
N\V'SRf'S modd: tOr continuOU$ tlow 

simulation ~ n:-mediadon 
322 

ogee cres1 88::90 
0\<erland flow U:l.2 

pe:a_k Oow eslimatknl 6-2Ft; t"'.th\f::.U 
intt::tUity l.!l:.llt; rntional formula 
fi:::::G regression equations ~ 
runoff eoefficlc;riCI 7-A· $ample 
problems 20:::21.. ~ &tadsdcal 
ano,~is lrl-25; time of 
concentration &::.J.j, 

pcroolation 1.22. 
penneability l48-.15 1 
ph:t.14! liquid' W 
PLUMES model W 
PMF hydrogr"pb: • probable 

max:hnum flOQd bydrograph 
PMP hydrog<•pll: "'prOO;tble 

maximum pr«ipitation 
hydrog ... p h 

porous media 14&-1 51 
power plants 27()-273· cla1.'1ifi¢Ul(ln 

271; di&:Joh'e(( O~.')'gW 28~; dmft 

tube.~t 280. 282: infihr:nkm 
284--287; intakes 27\....278· sample 
problems 272-273, 2n-278, 
279-280. 282, 287; ! urge tanks 
2'18-2ll0 

pr«ipit"tion depth~ 32-3~: unit 
bydn.v•ph ordinates U 

PRMS model 65. 
proboabJe maximum flood hydrogr•ph 

40-46; equ"tions ~ AA.mple 
probl~ms M. 

probable maximum prttipitation 
hydrogr•ph <Ill 

projcc1 planning t. cnvirorunt":ntal 
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i.mpact ev.aJual.ion 81~1~ 
ewluadon 4) ( ahemativcs 292 297 

QUAL2E model 145: dia.wh'ed 
oxygen 126: far .. fleld dbpe:rskm 
w 

QUAL2E-UNCA:; model W 

r.tdhlt' of influence !fzO...J 61 
rain loads 88 
r.U:nfall excess 28. 
rainfall intenshy 14-19: wnple 

problems l.ld.9 
rational formula or pe-.a.lr. Oow 

C$timatioo fb1 
recharge 162-164; sample problems 

lM 
rccre-.ational activities l\1 '=!14 

regre:tslon equations of peak flow 
estimation l.i:21 

remediation 81~26: h)drologic 
proc....s $19-S'lS; investigations 
3J>:U8; methods 32'3-326; 
rq,•ulations 31~319; sample 
problems SlfHU7 

r~pon preparation ~ 
rac:n'Oin 5-0: capacity 2~7: d is.10h'ed 

OX)!,rt:n 283; c:mironmental 
monitoring 311-312;ci'O!'ion 
protection 242- 246; flow dur.~.tion 
analysi11 ~low Oow 56-62j ma.~ 
curve ana1)'5i' M-56; opetal.lcm 
studies 5()...62: planning 236-246: 
sample problems 2~242. 

24~246: Jedimentation 238-242p 
!tream_Oow sequences 5()...5Sj wind 
wa<ve height! 242-216 

retardance cl:wd 2YJ. 
mUed Wlh-cnal !IOU loss equation 1.06. 
Rippl analysis: sn mau cu.w. :ana~i.s 
riprap 219-22'J: bank. erosion 

2'-.l?-2:28: bank protection 22~229: 
design 219-223; filter design 224; 
launching apron 22&-228: &ll'Dple 
pi"'blems 222-223: .oour 
prevention 224-226; sizing 
228-224: toe: protection 2~229 

risk ana.lysb 46-4A· sample problems 
~ 

river~ ln- J78: &ample 
problems l1l! 

roof loads !!8-39: sample problems 
~ 

nmoff eocffidents 1::8 
n.tnotT Cu.I'Ve numbers !Y1 
runoff, direc1 29: 
RUSL£: MW re'Ucd univenaJ soil loss 

sare yield 169 
sample problt":ms: beodit~ts 

anai)'Sis 49-50, 292, 29!5, 294; 
channel cransitiona 210-212: 
contaminant transport 197-199 
2!!2; diffu.seq 139-1.0. 142; drop 
st.ructures 231-2$: erodible 
c:hanoc-h: 'Z!i. far·fleld <llipenion 
121-122. 129-l SO; g:u phll>< 
rran11port 204-20.5; groundwater 
flow 151. IM. 1!>4-1!\5 ~ 1!18, 
16S, 16!>-169, 173, 175, 178, 187, 
19 1· oontt..rod_ible channels 71 : 
peak nuw dt'il'n.:adon ~ 24-'t.'>j 
pipe Row I1U.. 135-136; power 
planrs 272-27~. 277-278, 279:280. 
282, 287; remediation 31&.317: 
rck.rvoir operation smdies !JI-52. 
5+-66. 59-62; rescrvc:Mn: 2S9-242. 
245-!49; rip"'p 222- 223; 5<0ur 
depth 2'26, 222; sediment tran!lport 
anal)'5iS Wia 114: soil erosion 
104-105; soiJ 10!\.~ 108-110. !.!.l.a 
'Pillwal" 98-99, 249, 255-256, 
259-260, 261; steady flow aoal)'Jis 
85-86; stilling basins 265, 266. 
269-270: surface runoff 
hydrographs ~ :l!i. ill;. time of 
concemnu.ion l.l::lJ; wOtter 
hammer pre$Sute 143-144; 'A't'.in 
98-99; welb: 161-162. 18'2-18.,; 
wind C":rosfon ill 

satunted zone 200. 20~. 32'1 
&00\lr depth 224-226; sample 

problt":rns 226. 2::22 
scour preven tion 2'2~226 
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SCS CUI\'C nwnba' methOct 
pn:cipiladt>o deJu:M ~ 1ime of 
conccnmuion 8::9. 

SDR: .~s«<iment delivc:.ry t"'.ulo 
seawater intrua:ion 164-166; sampk-

problems IM=-166 
M:diment ddi,'Cry ratio ~22 
~lmem !!:lability Z!i::28. 
acdiment transport analysis 11 ]-114: 

,;unple problems l.l!L l.li; 
SF.OIM01'·11 model W 

sediment yield ana~is IO?=:! IQ 

sedimentation OOSins 113. 
sc:dimemation in resen"Otrs 238=242 

SEOlMOT -U model: remediation ~22; 
sedi_ment tnmpOrt anal) 'Sis I I~ : 

Sf:dirnent yield analysi5 I 08: ~ 
runoff h)'"drognaph dc:,-elopmeut 25. 

SEh: 1« socioeconomic perfonnanc:e 
indic:uon 

setillng ba~.ns ll3. 

thcet """ ll::l2 
Shields shear stress equation 25. 
slopes HlO:: I 0'5 

slug tesu 188=192: wnplc problem .. " 
IJU 

snow loads ~7-:59; 53ltlple probl~s 

~ 
snowmelt~ 
Snyder'!! met.hod 9. 
Snyder's unit hydrogr-.aph aJ..::a2 
sodoeoonomic perfonnanec 

indicatOrs MO 
SoU ('..(,OJCn1tlkm Servicr. Ct1n<t: 

Number method! sn SCS Cur\'e 
Number me thod 

soil contamination !, 11 3 18 

soil t:r'mion: s:am.ple probtenu 
104-l05: ona:lopcs !OS-lOS: w 
4/S() Mi_l ICMS 

soiii0$.1 33-87 105-110. 322; 
modified univcnaJ .soil los.s 
e•1u<tdoo 107· re'i~ univenal 11oll 
lo» equatton 106: 5ampk: 
probleuu IAA-110. ll.l.o <m ~lopes 
10~105; u_n.iverJal soil m, 
equation lOll; wt al.s4 50il erosion 

•1:oecWc "'pocioy 169 
specine energy ~ 

347 

spillways. >6: chutes 252; conduit 
254; c:arth-cut 246: Oow ;a_long 
slopes ~ free: 0'1-erfalJ 24 7j fu.se. 
J)lug 2~217; g~r}' hole 2M-256: 
hydn.ulic jutnp ~ h):draulic:J 
87-IW 246-21;'; labyrin~• 
26!-26!· morning glory 2!"!4-256: 
ogee 24 7- 2!SO; ogee c;~·en AA-90; 
opc:o-(",hannc:l dispenioo 114-JSO; 
0\"erland now 100-103, $lmplc 
J)roblem.s 98-99. 24·9. 2bJ-252, 
255-2a6. 2Mh260. ~ sediu'lent 
yiekl analysis 1.05::.11Qo tide 
cl1anutl 2.5()..252; siphon 256. 
25:k261l· -'OiJ crO!Yon 10.'\-.!05: 
stepped 2'60-261; U'Ough 2.::.2; 
tunnd 2M: unsu:ady Oow 91tl00 

SSAR.R mode.l: for conlinuous now 
simulation ~ rcooediarion !22 

statistical anal~i.s, peak Oow 
(S.timation 22:2a 

.lll_e;uJy 00\1\' 11Hll~ls S~; $lll1J>IC 

problcms 85::&i 
su:p-drawd(no'l\ te:sa 184-185 
stonn duratton ~ .!11 
stream hydJ-...ullc::s u)cthod 9-11 
.stmunOow sequcnce.s 5()...53: 

cv.dualion •nedlods ~sample 

problems~ 

studies <.h>cumenl<ttion 2-4 
subsidence 167- 169. 232:$llmplc 

prt>ble ms 16&169. 
subw:nenhcds 29. 
surtace n moO' h}"drogr.tph~ sn 

hydrogt"'.tphs • .surfucc I'Unofl' 
surge tanb 278-280 
SWMM model fa 

1esu._. pum.pio,g JB4::185 
time of concc:mratioo ~14· defined 

& Kirpk h method 8; ,sample 
problem 1~14· SCS Curve 
Number method 8::::!t.sheet 110\11' 

equarion ll-12: Snyde r's melhod 
9: &[ream hydraulics method 9-11; 
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WAIU IISOUICIS IIIGIIIHIIN6 

U.S. Bureau of Reclamation 
melhod 9. 

toe prottttion 228-229 
IB.:2Il model; stonn runoff 

hydr(JoV<tpb.s fi:i>. st.lrfaA::e nmofT 
hydrogr.tpb devdopn:teol 25 

J:I!,M model Iii 

UHO: • unit hydrograph ordinato 
unit hydrograph 29-~2; Clark's 

30-81; dimc:mionW:ss ~ metltods 
M;. Snyder's unit hydrogr..ph 
!11:32 

unit h)'Clrograpb ordinates gg, 3 1. -'!! 
unh-enaJ willos.s equation 105. m 
U.S. Bureau of Reclamation method 

9. 
USU:: s« tu\ivetsal 10illUM equation 

vadose tone 200. 522 
'"""qc.t:ation 78-8'2. ill 228 
"-e.locity: maximum permissible 

72- 73; DODKOUri_n,g 74-78; 
nousilting 2Y8 

WASP4 model: dioolved OX)'gen 126; 

£tr-fidd dispersion ll1 
""astc:water discharges J 26 
"''ater: extractable 147j hydi'O!ICOpic 

w 

water hammer pressure 14.,_144; 
.sample problems 14\..144 

watr.r surface profiles ~:sample 
problems 85-86 

weln: 87-1!\Q: broad<:ruted 87..SS; 
Oow ~&long t~~ ~ h)"drauliG 
jump ~ ogee crest SA-90; 
opc:n~hannd. dispenion I J 4-1 M; 
overland~· l~IM: sample 
problems 9S..99; sediment 
uanspon anai)'Sb 1 J ~ 
fedimenl yield a.natysis t.n5::.11Q; 
sharp-crested 87-88: soil erosion 
10~105: umteady Oow 99::100 

wclb: eff"•dency 169-170; fully 
penetrating 1 ?8-184; groundwater 
radial now 1 ~5-1% interfereoce 
161-162': monitoring ~207; 

partially penetr.oting 1!19-160: 
sample problems 161-162. 
182-18!; spc:cific capacity 169 

WHPA model 207 
wiod WOl\"e 242-246 
WQRRS model I.W; dis.>olved oxygen 

12&. far-field e,ll~..,t()l') U1 
WSE:2 model 1 # ; Keady Oo~· 

analym ~ 

ronr.1: opcu.rc 157-158; ~rurated 
2!l!l. m. 322: Ylld<><e :1!l!l. 822 
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hi fllrlJu,h tJf fHmi)Jt'1 1f'lm«l kJ Jryrlr~, grounrlttlfJln, hJdunJ~s, h,Jmulu d'Uti,"U• 
d IOJMIIII«l orr /lfJVJJIM 111 a f"D'Irt.fl lll4N tt6, /....,,JJ tlrmtJ:I'r ti"(UUft~ II frw /"dr· 

Ut""""- RU'NIIlllab, aU grtulJUJII.&trultnl.t In tAt ft44 t.{ llttiln mo.rrt:r~ ~lflll'ftrtg. • 

'lt<!lH!uu fan.l'h ll. MJUDCl Prufr>«or 
<.1ul.wn I DIWftU\ 

.,..,,_. tt •~~' nr#llnt1 ~ t(~ ..,w . ..., ~' ....I .. ,aJnJ.J, ,.,.atlm ta Wftr ~n. /1 ~ pfdaaa M 141 KW t1f "'t'.-mJtt ~ ,. Jtl«t 
tltl .ml •ptno.pwUr rvlur, Nlan.'"' 
(,•l.lltno II < n Wu, P .£ , P II. PtMidrnr 
(.uWmo n ( :rciho ronsulung f:nstin«n 

•JJtu bed: cvwn IN lndtlllngv cTJ.d lr\tlra..& porl.J .y 1~ .Ju.bjKt alnrw PtA a tmU,.t 
of «ONHIU' •..N).m tanil tHVm,rtllfU'ttl4/ USUI"~ lc rvciJ lw '"'tiodarfJ lf.V~IIQ ,.,.., ffiKI 
htr'rlt~t K't'du.nlo mlnmg tht fttofn.,inrt. • 
:'\, R.&J.~t.un.un, l·nwntu• l'ruf~<iOr 

l Hl\t'f'll\ ul \.11~11.1- bhuoutml 

ll'ol ... n-..... bwi•....,;"f' Hcvtdboolt •J U...tHJJ .\ltt~ods awl 0..11('1 fUNCr>LI 
prb UfUl Uu!JI1111It l111uh,.. f~'h&cnu tltJUmiUlh ni«Mllllf·l rd 1') prat tKIIIJI! \\'akr 
rr!IOuJtr"' rugmN"n u1 d.a'\'-itl-Cb\ "'Oil m lhr fields of l~1llot.~~n. h\1tr.a.uhu. 
grmtncfw-.H(T tndDUh( ~"· h1dropt..,.Tr rm1ronmeuul •mp.:t;n ~:alU.Ukln. 
nnd rt•nln!UJ ltnutapuott~- 'UJMnnu illmlntM' c-umplo ano pmridrd b:urd 
on chr author·, ntnun"f' ~tw;'C' m *.dnnU ilnd comultinJi; prwUtt 
duuugbou11~ ""'rld. J)r l'nb."h tn~mfonn• y.Tfl-blmm lht'Ofttical rqtu.bOM 
lnlu 1 ;n..ctHl'(' cnl IJoOM. r.uhn lhm compltlt; throrrtial n:pllMoom.. ~ 
'ontiw ltWifM'I' In •hirh thn h;mdbQol.. b. prnnuNI 1n01ln h mrfuJ for am con
wluna: ~lrr rnourtn mgmtCT -, \bout c.hr \uthot' 

\e~.tnd la,Olk.bl•. l'l1ll I' f. ... Ja.u tr\rf' ;;, }'~''(JI ~~~~c,kn•C' lu t\ill••r rMnttrcn 
r·n~tflrl"llll)(. Ur ,.,.,,J,;.l\11 t"otm('(llns f\.'1 otnd \f'-1 ill nHI C"llj,:-IIIC"C'niiR rrum tht" 
I 111\C'I\11, of l(f•ltkrc. lndlAanct a rh.U. 11'11111 ( ,,,,,,,,du 'IU.(I• t 'ntH'JJih lk ,, 
,. I hh'f \\.alcJ lksuun rs t.ngtuc-cr ou till l'N.~ ( .utlXJf.ttlun 111 N.uUinJ{ "Acactnw,, 
Jllluuat.. Ut, 1'',11-.1"11 "'" \\lnLl'd .\.'§:. C'OINihoml iu htdr .. hlljCi\ .uul hwtr.mlic 
l.l•f>C t I• Oi "'.lilT f~llii{M o~·rloptt$t'lll, ll\·fhi•J•Io,IIT'f, 1111111111(1 Jrflllt'n~, 1n1g-o1• 

uon. ncx..-ltontrot, and uw:k.n ~1ruJ I•JUIIJjt.I~'CI 1'11:tiC'Il\ In I he folloWIIlK (uun
lrie:l. l nuf."d St.ato. Can;uta. hut&.;a. lklminteouJ Rtpuhhl. \1a.u;aha. 1\.mgt.ad-r:,h. 
lndonM.U Bolnta l'lul•ppn~ \'rne.zurb .Ugrru Uwt. C~n1croon. :and 
l~fH.4" llr "._. 01n Awxbte ljJttor 11f 1hc-}*nuJ if 11,4,...& ,.,.~,., (.\......c:f) 
Olot:lalnf'tnbt-r or lh(' rdnorul htatrl af ~~ Pnrtrun.)aum.J. 
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