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PROJECT SUMXARY 

Current Engineering Practice 

Nationwide, about five cents of each highway construction dollar is 

spent on culverts. In Iowa, average annual construction costs on the 

interstate, primary, and federal-aid secondary systems are about 

$120,000,000. Assuming the national figure applies to Iowa, about 

$6,000,000 are spent on culvert construction annually. For each one per- 

cent reduction in overall culvert costs, annual construction costs would 

be reduced by $60,000. 

One area of potential cost reduction lies in the sizing of the culvert. 

Determining the flow area and hydraulic capacity is accomplished in the 

initial design of the culvert. The normal design sequence is accomplished 

in two parts. The hydrologic portion consists of the determination of a 

design discharge in cubic feet per second using one of several available 

methods. This discharge is then used directly in the hydraulic portion of 

the design to determine the proper type, size, and shape of culvert to be 

used, based on various site and design restrictions. More refined hydro- 

logic analyses, including rainfall-runoff analysis, flood hydrograph de- 

velopment, and streamflow routing techniques, are not pursued in the 

existing design procedure used by most county and state highway engineers. 

The hydraulic portion of culvert design has been thoroughly re- 

searched and published in user manuals for practicing engineers. Although 

the hydrologic portion of the design has also been the subject of much re- 

search, adequate answers have proven more elusive. Lacking basic hydrolo- 

gic data on small watersheds, since few are actually gaged, the designer 



has had t o  use o t h e r  methods of es t imat ing  peak d ischarges  f o r  various 

recurrence  i n t e r v a l s .  Two of t h e s e  a n a l y t i c a l  methods (use of da ta  and 

hydrologic f a c t o r s  analyzed from gaged watersheds, and use of r a i n f a l l -  

runoff r e l a t i o n s h i p s  combined wi th  u n i t  hydrograph techniques)  formed 

the  b a s i s  f o r  t h i s  s tudy.  

There is much complexity involved i n  developing accura t e  f lood hy- 

drographs wi th in  t h e  hydrologic v a r i a b i l i t y  experienced i n  na ture .  This  

i s  accompanied by t h e  ted iousness  of t h e  many c a l c u l a t i o n s  requi red  i n  

such s t u d i e s .  These have l e d  engineers  away from us ing  r e f i n e d  hydrologic 

des ign  methods. However, today t h e  d i g i t a l  computer o f f e r s  a unique 

opportuni ty t o  program a s e q u e n t i a l  hydrologic des ign  method t h a t  e a s i l y  

incorpora tes  a l l  hydrologic v a r i a b l e s  i n t o  t h e  design process.  The de- 

velopment and t e s t i n g  of such a complete model, as accomplished i n  t h i s  

s tudy,  incorpora t ing  t h e  r e f i n e d  hydrologic a n a l y s i s  and a v a i l a b l e  hydrau- 

l i c  eva lua t ion  has  c l e a r l y  demonstrated t h e  c o s t  reduct ion  p o t e n t i a l  of 

such a scheme i n  t h e  c u l v e r t  des ign  and cons t ruc t ion  program. 

The computer, however, is not  t h e  f i n a l  answer t o  any problem. It is 

only a high-speed c a l c u l a t o r  w i t h  memory c a p a b i l i t y  which a l lows  t h e  de- 

s i g n e r  t o  use methods which previous ly  were considered t o  he t o o  t i m e  

consuming t o  use  economically i n  a des ign  o f f i c e .  While t h e  computer 

p r i n t o u t  may look impressive,  i t  is only a s e r i e s  of numbers which must be  

i n t e r p r e t e d  by t h e  des igner .  People can be t r a ined  t o  inpu t  d a t a  t o  a 

computer and then record t h e  output .  However, t h e  output  must be  i n t e r -  

pre ted  by someone wi th  educat ion  and experience i f  t h e  f i n a l  s e l e c t i o n  of 

a c u l v e r t  s i z e  i s  t o  be made wise ly  and prudently. The computer can never 

r ep lace  engineering judgment and experience,  hut  i t  can provide  va luable  



additional information on which to base a final decision. 

Purpose and Scope of the Study 

The purpose of the project is to develop a comprehensive computer 

program which includes both current and new innovative design procedures. 

It should, in a single run and with a minimum of input data, allow the 

designer to examine several culverts of various sizes and shapes under 

varying conditions, in order to determine which one size, type, or combi- 

nation of culverts, is best suited to a particular site. The design is 

accomplished in three phases: determine inflow to the ponding area up- 

stream of the culvert site, evaluate the storage effect of changes in the 

temporary pond volume in the flood routing procedure, and discharge the 

outflow from the pond through the culvert. While the general structure 

of the program is such that it may be introduced anywhere, the equations 

used make this specific program form applicable only to the State of Iowa. 

Two beneficial results can be achieved using the computer program as 

developed. First, because a portion of the flood volume is temporarily 

stored upstream of the culvert, the peak outflow discharge will be less 

than the peak inflow. Since the culvert needs to be designed only for 

that discharge which actually flows through it, a smaller culvert fre- 

quently can be used. This results in reduced construction costs, since 

costs are directly related to size. 

Second, culverts in all areas of the state would be designed to the 

same risk of traffic interruption by floods. For example, assume two 

watersheds are similar except that one has minimal storage available up- 



stream of the proposed culver t  and the second has large storage capabil- 

i t i e s .  Assume the design c r i t e r ion  is t o  l i m i t  the allowable headwater 

for  a pa r t i cu l a r  recurrence in te rva l  t o  an elevation no higher than three 

f ee t  below the highway grade. I f  the  same s i z e  culvert  i s  constructed a t  

both locations,  based on ex is t ing  peak discharge c r i t e r ion ,  the second 

s i t e  w i l l  have greater protection against overtopping since a flood of a 

larger recurrence in te rva l  is required t o  pond water t o  within three f e e t  

c2  the roadway. By using a smaller culvert  a t  the second s i t e  and making 

use of the temporary storage capacity, the same recurrence in t e rva l  flood 

would cause water to  pond t o  within three f e e t  of the highway grade a t  

both locations.  Therefore, more uniform application of any selected head- 

water c r i t e r ion  would be achieved. 

A basic  premise i n  the development of the  program is t h a t  the  input 

data be simple and minimal, with a l l  possible calculations contained with- 

in the program. In a s ing le  run, several  a l t e rna t e  s izes  of culverts or  

combination of culverts (such as s ing le  or  multiple pipes or  boxes and/or 

a drop i n l e t )  a t  various elevations and for  various recurrence in te rva ls  

and storm durations can be analyzed. For each a l te rna t ive  the  designer 

may determine the reduction i n  peak discharge, maximum headwater depth, 

amount of storage used, and length of time the water exceeded any par t ic-  

ular elevation. The r e su l t s  w i l l  provide the designer with useful infor- 

mation fo r  evaluating the e f fec t  of a smaller culvert on headwater depth 

and r i s k  of overflow. He then can decide which s i z e  and type of culvert  

o r  culver ts  would be best  sui ted t o  a par t icu la r  s i t e .  

The computerized design method includes the following steps:  f o r  a 

given recurrence in te rva l ,  s i z e  of watershed, and location i n  Iowa, a 



rainfall is calculated for each of seven storm durations. Each storm du- 

ration has a specific rainfall distribution pattern. Each storm also is 

divided into several equal time increments and the volume of surface run- 

off from each increment is determined. These runoff increments are con- 

verted using unit hydrograph principles into individual triangular hydro- 

graphs which are then summed to yield the total inflow hydrograph. The 

peak discharge of the computed inflow hydrograph is compared with and con- 

strained somewhat to the design discharge obtained from charts presently 

used by the Preliminary Bridge Section of the Iowa State Highway Commission 

(ISHC). This hydrograph is then routed mathematically through the upstream 

temporary storage pond and through the culvert entrance. This temporary 

ponding occurs as the flood discharge develops sufficient head to flow 

through the culvert. The hydraulic efficiency of various culvert inlet 

types is also included in this computerized design method. 

Several assumptions are implicit in the development of the computer 

program. The Peak Rates of Runoff chart used by the ISHC is assumed to 

yield reasonable estimates of peak discharges for recurrence intervals 

normally used in culvert design. The rainfall-runoff relationship devised 

by the Soil Conservation Service (SCS) is used to describe the "losses" of 

rainfall due to interception, infiltration, and depression storage. Use of 

the SCS Method in conjunction with unit hydrograph theory and the princi- 

ples of invariance, superposition, and proportionality then yield inflow 

hydrographs typical of those which will be experienced by the culvert 

during its service life. 

There are also a few but definite restrictions to the use of the pro- 

gram. The computerized design method is applicable for drainage areas 



lying between 40 ac. and 16,000 ac. (25 sq mi). Below 40 ac .  the minimum 

culver t  s izes  permitted by the ISHC i n  Iowa w i l l  generally govern. I t s  use 

is a l so  r e s t r i c t ed  to  r u r a l  areas throughout Iowa but it may be used i n  a l l  

types of t e r ra in ,  f l a t  as  wel l  a s  h i l l y .  If used i n  mixed ru ra l  and urban 

areas,  times of concentration and runoff volumes must be adjusted accord- 

ingly and good judgment exercised. It assumes also tha t  r a i n f a l l  floods 

produce greater  peak discharges and flood runoff volumes than snowmelt 

events, which has been shown to be t rue for  smaller watersheds i n  Iowa and 

the midwest i n  general. Because of the hydraulic equations incorporated i n  

the program, which a re  based on standard culvert  entrances o r  drop i n l e t s  

having uncontrolled discharge charac te r i s t ics ,  the design procedure should not 

be used where hydraulic gates o r  other flow-controlling devices a r e  i n s t a l l ed .  

General Hydrologic Techniques Used i n  the  Program 

The hydrologic cycle is a continuous process which includes precipi- 

t a t ion ,  i n f i l t r a t i o n ,  d i rec t  surface runoff, groundwater flow, evapotrans- 

pira t ion,  and general streamflow. The r a t e  of flow i n  a stream during a 

flood i s  influenced by a combination of many factors  which a r e  divided in to  

two major groups: cl imatic conditions with emphasis on precipi ta t ion and 

the physical charac te r i s t ics  of the drainage basin. A study of forty-five 

gaged watersheds throughout Iowa indicated t h a t  r a i n f a l l  was the cause of 

more than eighty percent of t he  peak annual floods on watersheds l e s s  than 

twenty-eight sq m i  i n  s ize .  

Engineers have devised several  methods t o  estimate peak discharge 

ra tes  based on r a i n f a l l  and other factors.  These range from simple graphi- 

cal  correla t ions  to  complex exponential regression equations. The SCS 



method of the  Soi l  Conservation Service, US Department of Agriculture was 

adopted f o r  use i n  t h i s  study s ince i t  included most of the  var iables  

which a f f ec t  runoff. These a r e  embodied i n  a runoff curve number CN. The 

r e l i a b i l i t y  of these estimates of peak discharge was shown t o  be within 

reasonable limits based on our present knowledge. 

The concept of using upstream channel and valley storage t o  reduce the 

peak discharge required for  culver t  design is not new. The Iowa Highway 

Research Board sponsored a study using t h i s  concept i n  1954 by Howe and 

Metzler (see Ref. 14). Their r e su l t s  were embodied i n  culvert  design 

diagrams which showed the diameter of CMP culvert  with sharp-edged entrance 

needed i n  r e l a t i on  t o  watershed s i ze ,  valley configuration, and amount of 

culvert  submergence desired. A more recent study was prepared by Young, 

e t  a l .  fo r  the Federal Highway Administration i n  1970 (see Ref. 3 3 ) .  A 

computer program was developed to  per fom the necessary calculations;  

however, the program was r e s t r i c t ed  t o  box culverts only, and i n  addit ion,  

the hydrologic data was assumed known and simple traingular hydrographs 

were used. In  the present study, both concrete and corrugated pipe and 

box culver ts  a r e  included, In  addit ion,  the  def ini t ion of the inflow 

hydrograph fo r  various storm durations and recurrence in te rva ls  is one ma- 

jo r  fea ture  of the  computerized design method developed. 

Program Development 

The three phases t o  t he  design of a culvert  l i s t e d  previously have 

been incorporated i n  the  computer program which has been named HDC, hydro- 

logic  design of culverts.  Technical Paper No. 40, Rainfal l  Frequency Atlas 



of t h e  United S t a t e s  (USWB-TP-40), was used a s  t h e  source f o r  r a i n f a l l  

amounts. The d a t a  was reduced t o  a s e r i e s  of equations f o r  use i n  t h e  

program. Since r a i n  does not  f a l l  uniformly throughout a storm, n a t u r a l  

storms of varying dura t ions ,  t o t a l  r a i n f a l l  amounts, and time of occurrence 

and amount of r a i n f a l l  i n  ind iv idua l  b u r s t s  were included i n  t h e  comput- 

e r i zed  design method. These desc r ip t ions  of n a t u r a l l y  occurr ing  storms 

were obtained from a s tudy made by Huff i n  I l l i n o i s  (15) which described 

the  time d i s t r i b u t i o n  of r a i n f a l l  i n  heavy storms. The r a i n f a l l  amounts 

obtained from USWB-TP-40 and v a r i a b i l i t y  of r a i n f a l l  d i s t r i b u t i o n  wi th in  

storms from the s tudy by Huff were combined with t h e  SCS method and u n i t  

hydrograph theory t o  develop the  f i n a l  inflow hydrograph. .J 

The sequence of t h i s  development is a s  follows. The t i m e  of concen- 

t r a t i o n  of t h e  watershed and then an incremental time period AD a r e  cal-  

cu la ted .  The t o t a l  storm dura t ion  is f i r s t  made equal  t o  one-half t h e  

t i m e  of concent ra t ion .  A p a r t i c u l a r  time d i s t r i b u t i o n  of r a i n E a l l  i s  

s e l e c t e d  f o r  storm dura t ion  and land use and s lope  f a c t o r .  Ra'nfall f o r  

the  t o t a l  storm dura t ion  and then the  incremental  r a i n f a l l  and runoff 

amounts f o r  each AD time increment a r e  determined. The incremental  

t r i a n g u l a r  hydrographs a r e  constructed from these  runoff amounts. These 

a r e  summed t o  g ive  the  f i n a l  inflow hydrograph f o r  t h a t  storm dura t ion .  

This procedure is repeated  f o r  each of seven d i f f e r e n t  storm dura t ions :  

t h e  f i r s t  equal  t o  one-half the  time of concent ra t ion ,  t h e  second equal  t o  

t h e  time of concentrat ion,  and t h e  o ther  f i v e  equal  t o  some l a r g e r  m u l t i p l e  

of t h e  t i m e  of concentrat ion.  These seven hydrographs a r e  then used t o  

sub jec t  each a l t e r n a t i v e  c u l v e r t  s e l e c t e d  f o r  s tudy t o  t h e  varying storms 

and volumes of runoff i t  undoubtedly w i l l  encounter during i ts  s e r v i c e  



life. 

The inflow hydrographs, therefore, represent flood hydrographs typi- 

cal of those that will occur during the life of the culvert. No pre- 

sumption is made that by inputing an experienced or observed storm of 

known time distribution of rainfall, the program will reproduce the ob- 

served flood hydrograph caused by the storm, because runoff depends on 

many factors averaged internally for statistical purposes. In addition, 

no presumption is made that the peak of the inflow hydrograph will exactly 

match the peak discharge rate used by the ISHC for culvert design although 

they will be similar in magnitude. The factors used in the development @f 

the computer program have deliberately been selected such that the peak of 

the inflow hydrograph will normally be somewhat greater than the design 

discharge estimate obtained from the present ISHC method or else the latter 

estimate will be selected by the program internally. 

Because each culvert site has unique storage characteristics, the 

elevation-storage relationship at the site was made an input item to the 

computerized design method. The amount of storage is determined from 

available contour maps such as US Geological Survey 7.5-minute quadrangle 

maps, maps prepared from aerial photographs, or contour maps prepared from 

field surveys. The maps used should be reasonably accurate because less 

detailed maps can cause a difference in computed values of the maximum 

headwater depth of three to four feet in examples tested. While in some 

cases this may not be critical (such as a roadway grade forty feet above 

the streambed of a deep gully having no man-made improvements subject to 

inundation), at many sites this three to four feet variation could mean the 

difference between using a larger rather than a smaller culvert. 



The elevat ion-storage r e l a t i o n s h i p  i s  used i n  t h e  rou t ing  equations 

i n  conjunct ion wi th  an elevation-outflow re l a t ionsh ip .  The outflow d i s -  

charge i s  ca lcu la t ed  wi th in  t h e  program f o r  t h e  c u l v e r t  o r  combination of 

c u l v e r t s  being considered. A t o t a l  of twelve i n l e t  types  f o r  p ipe  and box 

c u l v e r t s ,  drop i n l e t s  and overflow w e i r s  have been included i n  t h e  comput- 

e r i zed  design method f o r  cu lve r t s .  There are t h r e e  i n l e t  types f o r  re in-  

forced concre te  p ipes ,  fou r  f o r  corrugated metal p ipes ,  t h r e e  f o r  box 

c u l v e r t s ,  one f o r  drop i n l e t s ,  and one f o r  overflow we i r s  such a s  water 

flowing down a s i d e  d i t c h  or  water  overtopping the  highway. The equat ions  

used f o r  p ipe  and box c u l v e r t s  were developed by t h e  then Bureau of Pub l i c  

Roads based on research  s t u d i e s  by va r ious  groups. 

The inflow hydrograph, s to rage ,  and c u l v e r t  hydraul ics  were then 

combined i n  a f lood rou t ing  r o u t i n e  which outputs  the  fol lowing da ta  f o r  

each incremental t i m e  period: t ime, inf low rate, outf low r a t e ,  amount of 

s to rage  used, and headwater e levat ion .  This type of output  is repeated 

f o r  each of the  seven inflow hydrographs f o r  each a l t e r n a t e  c u l v e r t  be ing  

s tudied .  A one-page summary is a l s o  output  f o r  each c u l v e r t  s i z e  and type  

s tudied  and includes the  following information f o r  each inflow hydrograph: 

storm dura t ion ,  t o t a l  r a i n f a l l ,  t o t a l  runoff ,  maximum inflow, maximum out- 

flow, t i m e  of maximum outflow, maximum s to rage  used, and maximum headwater 

e l eva t ion .  

Program Input  

The input  requirements have been kept  t o  a minimum and c o n s i s t  of 

four  gene ra l  types: hydrologic da ta ,  s tage-storage d a t a ,  i d e n t i f i c a t i o n  



data ,  and hydraulic data. The hydrologic data includes the county number, 

recurrence in te rva l ,  drainage area,  land use and slope fac tor ,  frequency 

f ac to r ,  length of main channel, difference i n  elevation between the water- 

shed divide and the streambed a t  t h e  culvert  s i t e ,  and number of storage 

elevations.  The stage-storage data consis ts  of a s e r i e s  of elevations and 

the t o t a l  storage volumes below those elevations. The ident i f ica t ion  data 

includes whatever information the designer wishes t o  use to  iden t i fy  the 

culvert  s i t e  and al ternat ive under consideration. The hydraulic data 

consis ts  of the  culvert  type, i n l e t  type, headwater elevation,  flowline 

elevation,  s i z e  and number of pipes, o r  s i z e  and number of box culver ts ,  or  

length of weir. 

Examples of Program Use 

Many s i t e s  throughout Iowa were analyzed during the course of the 

study and potent ia l  savings were found i n  almost a l l  of them. The three 

examples discussed i n  d e t a i l  i l l u s t r a t e  the range of appl icab i l i ty  of the 

computerized design method. The f i r s t  deal t  with the bridge inspection 

program currently underway i n  Iowa. A sample of eleven inadequate bridges 

(not capable of being ra ted f o r  any kind of truck t r a f f i c )  inpottawattamie 

County indicated that  new bridges would cost $210,000 while culver ts  de- 

signed using the computerized method would cost about $95,000. Culverts 

designed by the current ISHC method would cost  about $150,000. The second 

example showed how f u l l  use of s torage available a t  a s i t e  near Sioux City 

could reduce the culvert  cost  from $37,000 t o  $8,300. The th i rd  example 

showed how the use of storage a t  two adjacent larger  watersheds i n  Webster 



County has the po ten t ia l  of reducing culvert  costs from a one mill ion 

do l la r  l eve l  t o  about $540,000. 

Conclusions and Recommendations 

A comprehensive computer program has been developed which includes 

both current and new innovative design procedures fo r  the design of high- 

way culverts.  One major factor  has come to  l i g h t  i n  t h i s  study. Use of 

the  program c lear ly  shows tha t  the hydrologic portion of the design has a 

greater influence on t h e  select ion of the  f i n a l  culver t  s i z e  than the hy- 

draulic analysis of t he  culvert. For instance,  reasonable use of the 

avai lable  storage can permit a greater reduction i n  culvert  s i z e  then can 

be obtained by neglecting storage e f f e c t s  bu t  select ing the most e f f i c i en t  

culvert  i n l e t  shape. The e n t i r e  hydrologic sequence (from r a i n f a l l  t o  

runoff t o  the complete inflow hydrograph and reservoir  routing) has been 

included i n  the  program and is ta i lo red  t o  f i t  each individual s i t e .  A 

second important conclusion reached is tha t  only a very small temporary 

storage volume a t  the culvert  s i t e  (equivalent t o  one- to two-tenths of an 

inch over the watershed) w i l l  permit using a smaller s i z e  culver t .  This 

essen t ia l ly  means tha t  detailed hydrologic study of a l l  s i t e s  should be 

considered i n  culvert  design. Also, the  r e su l t s  show that  each culver t  

s i t e  is unique and should be investigated on its own merits using the pro- 

posed computerized design method. 

Use of the  program also has shown tha t  t h e  mathematical equations 

developed i n  the study t o  estimate r a i n f a l l  amounts f o r  various storm 

durations and recurrence in te rva ls  a r e  within 'the range of accuracy of 
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r a i n f a l l  and runoff amounts increase),  but the amount of increase was 

more dependent on the other parameters. The efficiency of the culvert in- 

lk t -had  only a negl igible  e f f ec t  en keadwater depth £ o r  pipe culver ts  and 
. .  , . . 

a minor e f f ec t  for  box culverts.  The time d is t r ibu t ion  of r a i n f a l l  used 

had a large e f fec t  on peak inflow r a t e  but a l e s se r  effect  on headwater 

depth, dependent again on the other parameters. Storage tended to  smooth 

out the peak discharge var ia t ions .  

Based on s tud ies  of changes i n  the length of main channel and d i f -  

ference i n  elevation used, the  e f f e c t  on headwater depth was more pro- 

nounced fo r  various changes i n  the length. Therefore, the length of the 

main channel should be measured as  accurately a s  possible - inc lud ing  the 

meanders i n  the lower portion of the  watershed, 

The numerous surface depressions of the  pothole t e r r a in  of nor th  

c e n t r a l  Iowa a re  capable of temporarily or  permanently holding a volume of 

water equal t o  one-half to  one inch of runoff from the e n t i r e  watershed. 

Studies showed that  a one-inch reduction i n  runoff caused a 25 percent 

reduction i n  headwater depth, and imply a potent ia l  to fur ther  reduce 

culver t  s izes .  However, the  duration of temporary flooding may be more 

c r i t i c a l  and could eventually control  the culvert  design. These r e su l t s  

indicate  t ha t  more s tudies  should be done t o  r e f ine  our present hydrologic 

techniques i n  t h i s  pothole region of Iowa. 

Loss of storage volume due to  sedimentation over a period of years 

r e s u l t s  i n  increased headwater depths. A t  s i t e s  which have only small 

volumes available,  t he  increase i s  minor. However, a t  s i t e s  which have 

large storage volumes available,  the increase can become important enough 

to  influence the f i n a l  s i z e  of cu lver t  used a t  the site. In  these cases,  



the storage volumes input to the program should be arbitrarily reduced 

at the time of design to determine the effect that a reduction in storage 

volume will have on headwater depth. 

No computer program is ever complete. The program listed in Appendix 

D should be regarded as the first major step in developing an improved de- 

sign method. Several possible improvements to increase the flexibility of 

the computerized design method are noted below but a possible adverse ef- 

fect should be noted. As the flexibility is increased, the input re- 

quirements usually become more complex. A designer normally would rather 

be designing than filling out input forms. Therefore, he may not use the 

program as much if the input forms become too cumbersome. One simple 

solution is to have two forms of the program, the basic and the more 

flexible, and then let the designer choose which one he wants to use. 

Improvements which could be added to increase the program's flexibil- 

ity are the following: permit input of a different SCS curve number than 

the average value currently selected internally within the program for a 

specific county location; allow the input of a known inflow hydrograph 

such as an observed one obtained during a recorded flood event; permit 

arbitrary selection of a specific time distribution of rainfall; input an 

outflow stage-discharge relation rather than have the program calculate 

it; include outlet control equations for culverts and sequentially test 

whether inlet or outlet control governs; and in addition to the hydrologic 

analysis, calculate and output the design water surface profile through 

the culvert. 

In addition, the program should be used for a period of time and then 

have the users make recommendations for other use options and output items 



that would be useful to them. Initial use by the ISHC and the county 

engineers in Iowa is being planned. 

The results confirm the hydrologic routing concepts stating that the 

outflow discharge is less than the maximum inflow discharge. As this re- 

duced discharge flows downstream, the next downstream structure may also 

he somewhat reduced in size - depending on additional inflows and use of 

ponding at the downstream sites. Also, inflow to the site under consider- 

ation might also be reduced due to existing structures upstream. This 

possibility deserves investigation to ascertain if it could be added to 

the proposed design method. 

Iowa's land and water are two of its most valuable resources. The 

conservation of these two resources is of concern to all. The National 

Environmental Policy Act (NEPA) of 1969 has given the public a powerful 

tool to enhance highway planning and design. The use of the proposed 

computerized design method could have several beneficial effects: re- 

duction in culvert cost, emphasis on the creation of permanent farm ponds 

upstream of road embankments (which are both economically and esthetically 

pleasing), and reduction in soil loss through erosion. 

One question which should also be investigated and answered is wheth- 

er or not the volume taken up by the prism of water flowing in the channel 

should be subtracted from the temporary pond storage used in the flood 

routing procedure. In deep confined gullies, this may be an important 

factor. 

The ISHC should be encouraged to set up a procedure so that the 

county engineers and consulting engineers who do work for the county or 

state may use the program and assist them in its use. m e  potential 



savings in culvert construction cost through the use of the proposed 

computerized design method are sufficiently large that the suggestion can 

be made to increase the number of personnel in the preliminary bridge 

section of the ISHC to take full advantage of the possibilities offered 

by the use of this new method. The additional time and effort required 

in performing detailed hydrologic analyses is more than offset by the 

potential cost savings in reduced culvert costs. 

As mentioned before, only a very small temporary storage volume at 

the culvert site will permit using a smaller size culvert. This storage 

volume is determined in the following manner. First, determine the "maxi- 

mum allowable" headwater depth at the site. In many cases this could be 

20 ft or more. Site conditions and the judgment of the engineer will 

determine the "maximum allowable" depth. Second, determine the total 

volume of storage below this depth to the culvert invert. Third, convert 

this storage volume from acre-feet to inches as follows: multiply the 

storage in acre-feet by twelve to obtain acre-inches and then divide this 

result by the drainage area of the watershed in acres to obtain the tem- 

porary storage volume in inches over the watershed. If the answer is 

greater than one- or two-tenths of an inch, the computerized design method 

proposed in this study should be used because a smaller culvert size could 

be achieved at the site. The amount of storage available below the "maxi- 

mum allowable" headwater depth also gives some indication of the amount of 

reduction in culvert size that can be accomplished. The larger the storage 

volume in inches over the watershed, the smaller the culvert can be made. 



REVIEW OF GENERAL HYDROLOGIC TECHNIQUES 

Factors Affecting Runoff 

The hydrologic cycle i s  a continuous process which includes 

prec ip i ta t ion ,  i n f i l t r a t i o n ,  d i r e c t  surface runoff,  groundwater flow, 

evapotranspiration,  and general streamflow. The culvert  designer 's  

primary i n t e r e s t  i n  the hydrologic cycle i s  with d i rec t  surface 

runoff during flood periods and i s  concerned with the other portions 

only t o  the  ex ten t  t h a t  they a f f ec t  t h i s  d i r ec t  surface runoff. The 

e f fec t  of these and other factors  on peak ra tes  of runoff a r e  wel l  

described i n  the  following excerpt from Wisler and Brater (31). 

The flow in  any stream i s  determined by two en t i r e ly  
d i f f e r en t  s e t s  of fac tors ,  t he  one depending upon the climate 
with special  reference t o  t he  precipi ta t ion,  and the other 
upon the physical charac te r i s t i cs  of the  drainage basin. The 
influence of the f i r s t  group depends upon: 

1. Type of p rec ip i ta t ion  

2. Rainfall  in tens i ty  

3 .  Duration of r a i n f a l l  

4 .  Distribution of r a i n f a l l  on basin 

5. Direction of storm movement 

6. Antecedent precipi ta t ion and s o i l  moisture 

7. Other c l imat ic  conditions which a f f ec t  evaporation 
and transpiration.  

The e f f ec t  of the  second group i s  determined by the f o l -  
lowing charac te r i s t i cs  of the drainage basin:  

1. Land use 

2 .  Type of s o i l  



4. Shape 

5. Elevat ion  

6. Slope 

7. Or ienta t ion  

8. Type of drainage n e t  

9. Extent of i n d i r e c t  drainage 

10. A r t i f i c i a l  drainage.  

Anyone seeking a  simple and convenient equat ion f o r  d e t e r -  
mining t h e  maximum f lood flow, t h e  minimum flow, o r  t h e  average 
flow of a  s t ream w i l l  s ee  t h e  d i f f i c u l t y  of such a procedure when 
h e  r e a l i z e s  t h a t  any such equat ion  has  t o  be expressed i n  terms 
of a l l  t h e  above v a r i a b l e s ,  and t h a t  almost any of t h e  f a c t o r s  
may a f f e c t  t h e  r e s u l t  by one hundred percent o r  more. Fur ther -  
more, i f  t h e  flow is expressed i n  terms of only one v a r i a b l e ,  t h e  
r e s u l t  may e a s i l y  be i n  e r r o r  by over a  thousand percent .  From 
t h i s  i t  fol lows t h a t  a  t rus twor thy  appra i sa l  of any of t h e  s e v e r a l  
c h a r a c t e r i s t i c s  of streamflow must be based upon a c a r e f u l  considera-  
t i o n  of t h e  in f luence  of a l l  t h e  foregoing f a c t o r s  and cannot 
poss ib ly  be determined by t h e  use of a  simple equat ion involving 
only  one, o r  a t  b e s t ,  two or  t h r e e  of those va r i ab le s .  

To add complexity, some of t h e  above v a r i a b l e s  can be subdivided 

i n t o  c a t e g o r i e s ,  t hese  ca t egor i e s  can be divided i n t o  subse t s ,  and 

these  subse t s  can be f u r t h e r  divided.  For ins tance ,  land use can be 

divided i n t o  ca t egor i e s  of  urban and r u r a l  land use. Rural land use 

can b e  d iv ided  i n t o  subse t s  of woodland, pas ture ,  cropland,  and farm- 

s t e a d s .  Cropland can be f u r t h e r  subdivided i n t o  s e v e r a l  types  of 

c rops :  row, f i e l d ,  and orchard. Rowcrops can be f u r t h e r  subdivided 

i n t o  kinds of rowcrops. Each of t hese  sub,  sub, sub, subse t s  must then  

be r e l a t e d  t o  t h e  o t h e r  v a r i a b l e s  such a s  r a i n f a l l  i n t e n s i t y .  I n  a  

watershed only a  few hundred a c r e s  i n  s i z e ,  t h e  number of poss ib l e  

condi t ions  occurr ing  a t  t h e  same time can become astoundingly la rge .  



Type of P r e c i p i t a t i o n  

The f i r s t  v a r i a b l e  l i s t e d  i n  t h e  previous sec t ion  on f a c t o r s  a f -  

f e c t i n g  runoff was the  type of p r e c i p i t a t i o n .  For purposes of t h i s  

s tudy,  a l l  p r e c i p i t a t i o n  i s  assumed t o  be i n  t h e  form of ra in .  Flooding 

from snowmelt i s  widespread throughout Iowa. However, on t h e  smal ler  

watersheds with which t h i s  s tudy i s  concerned, recorded peak f loods  

a r e  predominately caused by thunderstorms. Time of occurrence of re-  

corded peak annual f loods  f o r  45 watersheds, 28 sq m i  o r  l e s s  i n  s i z e ,  

i s  shown i n  Table 1. These 45 streamflow gaging s t a t i o n s ,  9 recording 

and 36 c r e s t - s t a g e ,  have a combined t o t a l  of 897 s t a t ion -yea r s  of record 

through the  1972 water year ,  The d a t a  were obtained from records  pub- 

l i shed  by t h e  US Geological Survey (30). The discrepancy between t o t a l  

number of occurrences,  783, and the  897 s t a t i o n  years  of record i s  

accounted f o r  by two f a c t o r s :  sometimes peak f loods  d id  not  reach 

t h e  bottom of t h e  gage, so  no peak flow was recorded; i n  o ther  yea r s ,  

no d a t e  of occurrence was l i s t e d .  

Of 783 occurrences,  555 peaks, o r  71  pe rcen t ,  were recorded,  May 

through October. Three months, May through J u l y ,  account f o r  

54 percent .  For November through Apr i l ,  no at tempt was made t o  

separa te  which of t h e  remaining 228 peak f loods  were caused by 

snowmelt, r a i n f a l l ,  o r  a combination. I f  t h i s  had been done, t h e  

percentage of annual peaks caused by r a i n f a l l  might have increased  

t o  80 o r  90 percent .  By adding Apri l  and November t o  t h e  May through 

October per iod ,  the  number of annual peaks inc reases  t o  623, o r  

80 percent of t h e  t o t a l  number of  occurrences. 



Table 1. Month of occurrence of peak annual f loods  

Month 
Number of 

occurrences Month 
Number of 

occurrences 

January 

February 

March 

J u l y  

August 

September 

Apri 1 54 October 17  

May 105 November 14 

June 178 December 1 

Discharge Relat ionships Obtained from Gaged Basins 

Formulas f o r  the  determinat ion of peak discharge r a t e s  based on 

s t a t i s t i c a l  analyses  of stream gaging s t a t i o n  records have t h e  d i s t i n c t  

advantage of including many i f  not  a l l  t h e  v a r i a b l e s  a f f e c t i n g  runoff .  

A gaging s t a t i o n  record includes the  hydrograph of each indiv idual  

storm runoff  event.  This record of t h e  time r a t e  of runoff i s  the  

i n t e g r a t e d  e f f e c t  of each v a r i a b l e  a s  i t  a f f e c t e d  each p a r t  of the 

watershed p r i o r  t o ,  dur ing ,  and a f t e r  each storm. A few of these  

s tud ies  w i l l  he commented on l a t e r .  This  sec t ion  i s  devoted t o  a re- 

view of the  method c u r r e n t l y  used by t h e  Iowa S t a t e  Highway Commission 

(ISHC). It is a combination of empirical  and s t a t i s t i c a l  methods, 

based on a Bureau of Public  Roads design procedure published i n  1951, 

known as t h e  BPR Method (2). 



The BPR Method is  based on work published by Po t t e r  i n  1950 (22), 

His s tudy included a s t a t i s t i c a l  ana lys i s  of runoff records from 

experimental drainage bas ins  e s t a b l i s h e d  by t h e  S o i l  Conservation 

Service (SCS). These watersheds a r e  small a g r i c u l t u r a l  bas ins  of 

l e s s  than  1000 ac. with d i f f e r e n t  types  of land use i n  t h e  humid 

region of t h e  United S t a t e s ,  inc luding some i n  Iowa. Peak r a t e s  were 

p lo t t ed  a g a i n s t  drainage a r e a  on log-log paper. Using t h i s  curve i n  

conjunct ion with the  p r o b a b i l i t y  curves developed a t  each s t a t i o n  

y ie lded  the  peak r a t e  f o r  any s i z e  watershed f o r  any des i r ed  recurrence 

i n t e r v a l .  The design peak discharge f o r  a  given watershed is computed 

as  t h e  product of fou r  f a c t o r s :  t he  r a i n f a l l  f a c t o r  RF, t he  land use , 

and shape f a c t o r  LF, t he  frequency f a c t o r  FF, and t h e  peak r a t e  of 

runoff Qc f o r  mixed cover i n  humid regions with a  frequency of 

25 years  and r a i n f a l l  f a c t o r  of uni ty .  This r e l a t i o n s h i p  i s  shown 

as  Eq. (1) .  

where Q = design d ischarge  i n  c f s  d 

RF = r a i n f a l l  f a c t o r  

LF = land use and slope f a c t o r  

FF = frequency f a c t o r  

Q = discharge from c h a r t  developed by Po t t e r  i n  c f s .  
C 

The ISHC has adapted t h i s  method t o  Iowa's condi t ions  and 

experience using appropr ia te  modif ica t ions .  The same equat ion  i s  

used except t h a t  the  r a i n f a l l  f a c t o r  i s  dropped, a s  i t  i s  assumed t o  

be u n i t y  f o r  t h e  e n t i r e  s t a t e .  The matr ix  f o r  land use and s lope  



fac tors  has been expanded with the slope as  defined below. The 

frequency matrix and curve have been adjusted t o  r e f l ec t  a 50-yr 

recurrence in te rva l  used f o r  the  design of culverts on the i n t e r s t a t e  

and primary road systems. A frequency factor  of 1.2 i s  used i n  Iowa 

for  the 100-yr recurrence interval .  The curve has been extended t o  

10,000 ac. and adjusted downward a t  the lower end to  cover the range 

of drainage areas used i n  culver t  design. Use of the curve beyond 

10,000 ac. i s  suggested only as a check on other methods, These 

changes a r e  ref lected i n  Fig. 1. 

While the land use categories i n  Fig. 1 are  self-explanatory, 

the land slope requires the use of some judgment. The following 

descriptions have been provided by the Preliminary Bridge Section of 

the ISHC and a re  intended t o  a s s i s t  the designer i n  making these 

judgments. 

Very h i l l y  land is best  typif ied by the bluffs  bordering the 

Mississippi and the Missouri Rivers. This t e r r a in  i s  p rac t ica l ly  

mountainous i n  character. Small areas of very h i l l y  land can be 

found i n  a l l  par t s  of the  s t a t e .  Typically, they can be found near 

the edge of the flood plains  of the major r ivers .  

Hilly land i s  best  typified by the ro l l ing  h i l l s  of south central  

Iowa. In t e r s t a t e  35 i n  Clark and Warren Counties traverses many h i l l y  

watersheds. Small areas of h i l l y  land can be found i n  a11 areas  of 

the s t a t e .  

Rolling land i s  best  typified by the more gently ro l l ing  farm 

lands of cen t ra l  Iowa. In t e r s t a t e  80 i n  Cass and Adair Counties 
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traverses many ro l l ing  watersheds. Small areas of ro l l ing  land a l so  

can be found i n  a l l  parts of the s t a t e .  

Flat  land i s  best  typif ied by the farm lands of the north central  

part  of the s t a t e .  US Highway 1!69 traverses many f l a t  watersheds i n  

Hamilton and Wright Counties. Small areas of f l a t  land can be found 

i n  a l l  areas of the s ta te .  

Very f l a t  land i s  best  typified by the flood plain of the Missouri 

River flood plain near the western border of the s t a t e .  In t e r s t a t e  29 

i s  located on t h i s  type of land f o r  most of i t s  length. Small areas 

of very f l a t  land a l so  can be found i n  a l l  parts of the s ta te .  

The above descriptions are  typical  t e r r a in  features for  the various 

regions of Iowa. The user should be aware, though, that  a small water- 

shed of any land use gnd any land slope w i l l  be found i n  any and a l l  

parts of Iowa. 

Rainfall-Runoff Relationships 

For culvert-sized drainage areas,  streamflow records seldom exis t  

or  may be available only for  short periods and/or a t  widely scattered 

locations. Engineers have devised methods t o  cor re la te  the more 

p len t i fu l  r a i n f a l l  records with scarce or  incomplete runoff records. 

The correla t ions  are  based on the components of the hydrologic cycle. 

Both flood runoff volumes and flood hydrograph character is t ics  have 

been studied in  great  de ta i l .  Flood volumes of d i rec t  surface runoff 

are  computed by the relationship stated i n  Eq. (2).  



where Q = runoff  volume expressed i n  inches depth v 

P = p r e c i p i t a t i o n  i n  inches 

L = l o s s e s  expressed i n  inches. 

Losses inc lude  i n t e r c e p t i o n ,  depression s t o r a g e ,  i n f i l t r a t i o n ,  and 

evaporat ion.  Thus, i f  r a i n f a l l  i s  known and Losses can be est imated,  

the  amount of runoff can be determined. I n  t h e  fol lowing examples 

of g raph ica l  c o r r e l a t i o n ,  t h e  l o s s e s  a r e  e i t h e r  i m p l i c i t  o r  a r e  ex- 

pressed by var ious  parameters. 

I n  t h e  s implest  c o r r e l a t i o n ,  r a i n f a l l  is p l o t t e d  aga ins t  runoff .  

There usual ly  is  much s c a t t e r  but a  d e f i n i t e  t rend can be observed 

a s  shown i n  Fig. 2. To reduce s c a t t e r  and improve the  c o r r e l a t i o n ,  

a  t h i r d  v a r i a b l e  can be introduced. This could be season of the  yea r ,  

r e l a t i v e  condi t ion  of the  s o i l ,  groundwater flow, number of days t o  

l a s t  s i g n i f i c a n t  r a i n ,  o r  t h e  antecedent -prec ip i ta t ion  index (API). 

With the  c o a x i a l  method of graphica l  c o r r e l a t i o n ,  a  number of independent 

f a c t o r s  a s  we l l  a s  t h e  dependent va r i ab le  a r e  included (20). For 

ins t ance ,  t he  dependent v a r i a b l e  could be  storm runoff wi th  the  inde- 

pendent v a r i a b l e s  being t h e  API, week of the  year ,  amount of p r e c i p i t a -  

t i o n ,  and/or storm durat ion.  More complex s t a t i s t i c a l  methods using 

regress ion  a n a l y s i s  a l s o  can  be employed (11). 

An even more comprehensive r a in fa l l - runof f  r e l a t i o n s h i p  has been 

developed by  the  SCS f o r  r u r a l  a reas .  This  method was s e l e c t e d  f o r  

the  p resen t  study because t h e  SCS Method embodies most of the  1 7  major 

f a c t o r s  a f f e c t i n g  runoff which were l i s t e d  previously (8, 25). The 

SCS r a i n f a l l - r u n o f f  r e l a t i o n s h i p  is def ined  by Eq. ( 3 ) .  





where % = a c t u a l  runoff  amount expressed i n  inches depth 

(9, ( P - l a )  

P = r a i n f a l l  i n  inches 

S = maximum p o t e n t i a l  r e t e n t i o n ,  inc luding t h e  i n i t i a l  

a b s t r a c t i o n ,  i n  inches 

I, = i n i t i a l  a b s t r a c t i o n  of r a i n f a l l  before  runoff begins i n  

inches  = 0.25 i n  SCS ana lys i s .  

Equation (3) i s  developed from t h e  following conceptual  r e l a t i o n -  

sh ip ,  a l l  of whose parameters a r e  expressed i n  inches. 

where F = a c t u a l  r e t e n t i o n  including i n f i l t r a t i o n  (F S) 

P = maximum p o t e n t i a l  runoff 

S, QV, and Ia a s  defined above. 

The maximum p o t e n t i a l  runoff i n  any storm i s  the  amount of p r e c i p i t a -  

t i o n  P (assuming Ia = 0) .  m e  r e t e n t i o n  S has a s p e c i f i c  value f o r  

any p a r t i c u l a r  storm; it i s  the  maximum t h a t  can occur under the  

e x i s t i n g  condit ions.  It could be very high i n  a  dry  porous s o i l  having 

l i t t l e  s o i l  moisture o r  it could be very  low f o r  a sa tu ra t ed  c l ay  

loam with a l l v o i d s  f u l l  and having l i t t l e  permeabil i ty.  The a c t u a l  

r e t e n t i o n  F v a r i e s  i n  a  s imi la r  manner because i t  i s  t h e  d i f f e rence  

between P - Ia and Qv a t  any poin t  on t h e  mass curve. S u b s t i t u t i n g  

t h i s  r e l a t i o n  f o r  F, Eq. (4) can be r ewr i t t en  a s  



Solving Eq. (5) f o r  % produces Eq .  (6). 

Qv = (P - I a )  + S 

Based on s t u d i e s  of r a i n f a l l  and runoff da ta  from small  exper i -  

mental watersheds,  the  SCS h a s  developed t h e  fol lowing empir ica l  r e -  

l a t i o n s h i p  between Ia and S. 

S u b s t i t u t i n g  t h i s  r e l a t i o n s h i p  i n t o  Eq. (6) y i e l d s  Eq. (3 ) .  

This Ia and S r e l a t i o n s h i p  s t a t e s  t h a t  20 percent  of t h e  maximum 

p o t e n t i a l  r e t e n t i o n  S i s  t h e  i n i t i a l  a b s t r a c t i o n  Ia which i s  the  

i n t e r c e p t i o n ,  depression s to rage ,  and i n f i l t r a t i o n  occurr ing before  

runoff begins.  Thus, S i s  a funct ion  of so i l -water  s to rage  and 

t h e  i n f i l t r a t i o n  r a t e s  of a watershed which i n  t u r n  a r e  funct ions  of 

s o i l  t ypes ,  types  and condi t ions  of cover  i n  the  watershed, and t h e  

antecedent  moisture condit ions.  

These f o u r  f a c t o r s  (type of s o i l ,  type  of cover,  condi t ion  of 

cover ,  and antecedent  moisture condi t ion)  a r e  included i n  a curve 

number CN which i s  ca lcu la t ed  f o r  each watershed. The curve numbers 

range from 0 t o  100 and a r e  a measure of runoff  p o t e n t i a l .  A curve 

number of 100 means a11  r a i n f a l l  appears  a s  runoff .  The r e l a t i o n s h i p  

between curve number CNandmaximum p o t e n t i a l  r e t e n t i o n  S i s  



Thus, i f  CN = 100, S = 0 ,  and Q, = P. Likewise, as CN approaches 0,  

S approaches i n f i n i t y ,  and \ approaches 0. These curve numbers for 

spec i f ic  s o i l  and cover conditions were developed by class'ifying over 

4000 s o i l  types in to  four broad hydrologic s o i l  groups, assuming s o i l  

surfaces were bare,  maximum swelling had taken place, and r a i n f a l l  

r a t e s  exceeded surface intake rates.  Each s o i l  grouping indicates t he  

runoff potent ia l  of a s o i l  based on the following parameter: the 

minimum ra te  of i n f i l t r a t i o n  obtained for a bare s o i l  a f t e r  prolonged 

wetting. The def in i t ions  for  these four s o i l  groups a r e  as follows (25): 

A. (Low runoff potent ia l . )  So i l s  having high i n f i l t r a t i o n  
r a t e s  even when thoroughly wetted and consisting chief ly  of 
deep, well  t o  excessively drained sands or  gravels. These 
s o i l s  have a high r a t e  of water transmission. 

B. Soi ls  having moderate i n f i l t r a t i o n  r a t e s  when thoroughly 
wetted and consist ing chief ly  of moderately deep t o  deep, 
moderately well  t o  well drained s o i l s  with moderately f i ne  t o  
moderately coarse textures. These s o i l s  have a moderate r a t e  
of water transmission. 

C. Soils  having slow i n f i l t r a t i o n  ra tes  when thoroughly 
wetted and consist ing chiefly of s o i l s  with a layer tha t  
impedes downward movement of water,  o r  s o i l s  with moderately 
f i n e  t o  f ine  texture .  These s o i l s  have a slow r a t e  of water 
transmission. 

D. (High runoff potential .)  Soi ls  having very slow i n f i l t r a -  
t i on  r a t e s  when thoroughly wetted and consisting chiefly of clay 
s o i l s  with a high swelling potent ia l ,  s o i l s  with a permanent 
high water table ,  s o i l s  with a claypan or  clay layer a t  or near 
the  surface, and shallow s o i l s  over nearly impervious material. 
These s o i l s  have a very slow ra t e  of water transmission. 

Coves conditions were evaluated by forming several classes:  land 

use, land treatment, and hydrologic condition. Types of land use and 

land treatment were c lass i f ied  on a flood runoff-producing basis.  



Land use i s  the watershed cover and it includes every kind of vegeta- 

t ion ,  l i t t e r ,  mulch, and fallow as well as nonagricultural uses such 

as  water and impervious surfaces. Land treatment applies mainly t o  

agr icul tural  land uses and includes mechanical pract ices ,  such as 

contouring and terracing,  and management pract ices ,  such as  grazing 

control or rota t ion of crops. 

The assignment of curve numbers t o  hydrologic soil-cover complexes 

was accomplished as follows. The data l i t e r a t u r e  was searched for  

watersheds i n  s ing le  complexes (one s o i l  group and one cover). An 

average curve number for  each watershed was obtained using the r a in fa l l -  

runoff data for  the storms which produced the annual floods. These 

watersheds were generally l e s s  than one square mile i n  s ize ,  the storms 

were of one day or less  i n  duration, and the number of watersheds fo r  

a par t icular  complex varied. The data included antecedent precipi ta t ion 

for  the 5- and 30-day period preceding the occurrence of the annual 

flood. 

Because of the d i f f i c u l t i e s  of determining antecedent moisture 

conditions (AMC) from data normally available, the conditions are re- 

duced t o  the following three cases (25). The t o t a l  5-day antecedent 

r a i n f a l l  during the graving season fo r  the  three moisture conditions 

is a s  follows: l ess  than 1.4 in. fo r  AMC-I,  between 1.4 in .  and 2.1 in .  

fo r  AMC-11, and over 2.1 in.  f o r  AMC-111. 

AMC-I. A condition of watershed so i l s  where the s o i l s  a r e  dry 
but not t o  the wil t ing point, and when sa t i s fac tory  plowing 
o r  cul t ivat ion takes place. (This condition i s  not considered 
applicable t o  the design flood computation methods presented 
i n  t h i s  t ex t . )  



AMC-11. The average case for  annual floods, t ha t  i s ,  an average 
of the conditions which have preceded the occurrence of the 
maximum annual floods on numerous watersheds. 

AMC-111. When heavy r a i n f a l l  o r  l i gh t  r a i n f a l l  and low tempera- 
tures  have occurred during the 5 days previous t o  the given 
storm, and the s o i l  i s  nearly saturated,  

Based on the curve numbers applicable t o  Iowa, the SCS has developed 

the generalized curve numbers shown i n  Fig. 3 .  The computation sheet 

used by the SCS i s  included as  Appendix A. The average curve numbers 

shown in  Fig. 3 correspond t o  watersheds with mixed cover, the condition 

used for  design by the ISHC. Mixed cover i s  defined a s  a watershed 

which includes raw crops, pasture, woods, farm buildings, and roads. 

Relationship between Runoff and Peak Discharge 

Rainfall i s  usually expressed i n  inches. A six-inch ra in  i s  

construed t o  be an average depth of water on the ground surface equal 

t o  s i x  inches. A six-inch ra in  over a watershed can a l so  be interpreted 

a s  a volume - assumed t o  be or calculated as the average depth of 

r a i n f a l l  over a defined watershed. Rainfall  can be interpreted as a 

volume when it i s  associated with a given watershed s ize .  I n  l i ke  - 
manner, runoff can a l s o  be interpreted as  a volume: a three-inch 

runoff from a one square mile watershed. 

The time d is t r ibu t ion  of runoff, or graph of discharge against 

time, i s  called a hydrograph. It represents the time ra te  of runoff 

a t  a designated point on the stream i n  a watershed. A simplified 

hydrograph takes the form of a t r i angle ,  with the peak of the 

t r iangle  being the peak ra te  of discharge, The area of the t r iangle ,  





i . e . ,  t h e  a rea  under the  hydrograph, i s  equal  t o  t h e  v o l ~  of runoff  

from the  storm. Through a n a l y s i s  o f  t h e  f lood hydrograph, t h e  volume 

of runoff i n  inches can be  r e l a t e d  t o  t h e  peak discharge i n  c f s .  



CURRGNT DESIGN PROCEDURE ALTERNATIVES 

Peak Discharge Estimates 

Highway cu lver t s  are  normally designed using a peak discharge 

r a t e  which is associated with a selected recurrence interval .  Several 

decades of research have yielded numerous methods re la t ing  peak dis-  

charge t o  watershed and storm charac te r i s t ics ;  however, the accuracy 

of these relationships i s  s t i l l  being questioned. No one method gives 

complete and adequate r e su l t s ;  a l l  answers must s t i l l  be regarded as 

estimates. Some of these methods a r e  reviewed b r i e f l y  i n  the following 

sections. A thorough discussion of several peak discharge formulas 

developed over the years i s  contained i n  a study by Chow (7).  

ISHC Method - 
A modification of the  BPR Method (2), selected by the ISHC, was 

discussed i n  a previous section and shown i n  Fig. 1. The equation fo r  

the design discharge i s  given as Eq. (10). 

where Qd = design digcharge i n  c fs  

FF = frequency factor  

LF = land use and slope factor  

Qc = discharge i n  cfs from chart  i n  Fig. 1. 

USGS Method - 
Another method which can be used i n  Iowa is  based on a s t a t i s t i c a l  

analysis of Iowa streamflaw records by the US Geological Survey (USGS) 

i n  1966 and known as IHRB Bulletin 28 (24). A combination of the 



mul t ip le  c o r r e l a t i o n  and index flood methods was used t o  der ive  two 

reg ress ion  equations.  The equat ions  were developed f o r  use on drainage 

a r e a s  from 1 t o  15,000 sq m i .  Experience i n  Iowa i nd ica te s  t h a t  

these  equations y i e l d  low es t ima tes  of d ischarge  on cu lve r t - s i zed  

watersheds. B u l l e t i n  28 has r e c e n t l y  been updated by the  USGS and the  

Iowa Natural  Resources Council a s  INRC B u l l e t i n  No, 11 (18). I t  i s  

a l s o  based on a s t a t i s t i c a l  a n a l y s i s  of streamflow records using the  

log-Pearson Type 111 d i s t r i b u t i o n  and mul t ip le  c o r r e l a t i o n  techniques,  

No experience has  y e t  been gained in  t h e  use of d ischarge  e s t ima tes  

based on these equations.  The d i f f i c u l t y  l i e s  i n  the  pauci ty  of gage 

d a t a  on small  drainage a r e a s ;  t h e  s tandard e r r o r  o f  es t imate  using the  

INRC b u l l e t i n  i s  about 30f - percen t .  

SCS Method - 
Another method used i n  Iowa (and the  one adopted f o r  use i n  the  

computer program developed i n  t h i s  s tudy) i s  t h e  method devised by 

t h e  SCS (25).  The peak d ischarge  es t imate  comes from the  hydrograph 

a n a l y s i s  shown i n  Fig. 4, The volume of f lood runoff  equals  t h e  area  

of t h e  t r i a n g u l a r  hydrograph o r  one-half t h e  a l t i t u d e  times the  base  o r  

from which 

where qi = peak discharge i n  inches per hour 

= storm runoff i n  inches 





T = time t o  peak i n  hours 
P 

T = time of recess ion  i n  hours. r 

Let Tr = H x T where H i s  a cons tant  t o  be determined f o r  a 
P '  

p a r t i c u l a r  watershed. 

Next, convert  inches pe r  hour t o  cubic f e e t  pe r  second and in t roduce  

the  drainage a r e a  A i n  square miles .  One inch  per  hour is  equivalent  

t o  645.3 c f s  per sq m i .  

where 
q~ 

= peak discharge i n  c f s  

The value of the  constant  H f o r  a p a r t i c u l a r  stream may be  analyzed 

using observed f lood  hydrographs. Analyses by t h e  SCS have r e s u l t e d  

i n  t h e i r  adoption of H = 1.67 a s  a general  average value f o r  ungaged 

watersheds. Subs t i tu t ing  t h i s  value f o r  H i n t o  Eq. (14) y i e l d s  

and s u b s t i t u t i n g  t h i s  va lue  f o r  K i n t o  Eq. (13) y i e l d s  



From F ig .  4, T = 0.5D + L. Based on s t u d i e s  of many watersheds,  the  
P 

SCS has  developed t h e  fo l lowing empir ica l  r e l a t i o n s h i p  f o r  lag :  

L = 0.6 Tc, S u b s t i t u t i n g  t h e s e  i n t o  Eq. (15) y i e l d s  t h e  f i n a l  equat ion 

f o r  t h e  determinat ion of peak discharge,  

where 
q~ 

= peak d ischarge  i n  c f s  

A = dra inage  area  i n  square mi l e s  

Q, = t o t a l  runoff  i n  inches 

D = r a i n f a l l  excess  period i n  hours 

Tc 
= time of concent ra t ion  i n  hours - t r a v e l  time of the  water  

from t h e  h y d r a u l i c a l l y  most d i s t a n t  poin t  i n  t h e  water-  

shed to t h e  point  of i n t e r e s t .  

P o t t e r  Method 

I n  1961, P o t t e r  developed a method f o r  determining peak r a t e s  

of runoff from small  watersheds 25 s q  m i  o r  l e s s  f o r  t h e  Bureau of 

Publ ic  Roads (21). Cor re l a t ions  were e s t a b l i s h e d  between QI0, t h e  

peak r a t e  of runoff f o r  an average recurrence  i n t e r v a l  of 10 years ,  

and a topographic index T, a p r e c i p i t a t i o n  index P ,  and t h e  watershed 

area  A. The procedure was based on t h e  use of l i t h o l o g i c a l  zone and 

r a i n f a l l  index maps and a s e r i e s  of c o r r e l a t i o n  nomographs. He 

cautioned t h a t  t h e  r e s u l t s  obtained through t h e  procedure should be 

construed a s  a i d s  t o  engineering judgment r a t h e r  than proven f igu res .  



I l l i n o i s  Method 

I n  1968, E l l i s  developed a method f o r  es t imat ing  flood flows from 

small drainage a reas  of l e s s  than 10 sq m i  i n  I l l i n o i s  (9). Mult iple  

r eg ress ion  a n a l y s i s  c o r r e l a t e d  flood d ischarges  of seve ra l  l e v e l s  of 

magnitude wi th  t h e  fol lowing bas in  c h a r a c t e r i s t i c s :  s i z e  of drainage 

a rea  A i n  square  mi les ,  length  of stream L i n  mi les ,  perimeter  P i n  

mi les ,  and channel s lope S i n  percent.  Nornographs f o r  e s t ima t ing  

flood-frequency r e l a t i o n s  were presented f o r  convenience i n  so lv ing  

the  exponent ia l  equations. 

Method of Bock, & &. 

I n  1972, Bock, e t  a l .  developed peak flow es t imates  f o r  small 

r u r a l  watersheds ( l e s s  than 25 sq mi) app l i cab le  na t iona l ly  f o r  t h e  
I 

National Highway Research Board ( 4 ) .  Three s e t s  of p red ic t ion  

equations f o r  t h e  United S t a t e s  t h a t  were s imi la r  i n  p red ic t ive  

c a p a b i l i t y  t o  each of 31 s t a t e  methods were presented. Discussion 

h ighl ighted  t h e  designer 's  r e s p o n s i b i l i t y  t o  cons ider  a l t e r n a t i v e s  

of des ign  cos t  and es t imat ion  e r r o r  p o s s i b i l i t i e s .  

R e l i a b i l i t y  of Es t imates  

Each of these  s t u d i e s  d i scusses  r e s u l t s  i n  terms of "estimates" 

of peak flows o r  "predict ions" of f lood flows. None of them claims 

t o  have determined the peak flow f o r  a p a r t i c u l a r  watershed, only an 

es t imate  of t h e  t r u e  value. Bock, e t  a l .  i n d i c a t e  t h a t  about two-thirds 



of such predictions may be i n  e r ror  by 25 percent or more, and that  

some estimates are  grossly i n  error .  

The range of predictions from various methods for  a given s i t e  

w i l l  indicate  va r i ab i l i t y  i n  the estimation of the t rue  value. Table 2 

l i s t s  the estimates of the discharge with a 50-yr recurrence in te rva l  

from several  methods f o r  three small gaged watersheds i n  Iowa. 

Table 2. Estimates of Q based on various methods 
50 

Estimates of Q50, c f s >  f o r  
indicated USGS gage number 

Area o r  method 5-4537 5-4540 5-4550 

D.A., ac. 990 15,740 1,930 

Methods 

I SHC 900 4,800 1,425 

Bul le t in  28 800 3,560 1,250 

Bulletin 11 

Potter 

Bock, C - 1  

Bock, D-3 

Table 3 l i s t s  the location,  s ize ,  and s t a t i s t i c a l  parameters of 

21 selected small gaged streams i n  Iowa. This list i s  a portion of 

the s ta t ions  used by the  USGS t o  develop flood-frequency equations 

fo r  Iowa based on the log-Pearson Type I11 dis t r ibut ion (18). Stream- 

flow data usually i s  skewed t o  some extent,  By transforming the raw 

data t o  logarithms, the  data w i l l  come closer t o  a normal d i s t r ibu t ion  
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with a skew equal t o  zero. However, the transformed data i n  Table 3 

s t i l l  displays some skew. 

A s t a t i s t i c a l  method of looking a t  the range of estimates of the 

t rue  value i s  the use of confidence intervals .  "Student's" t -d i s t r ibu t ion  

i s  applied t o  the  mean and standard deviation, obtained from an analysis 

of gaging s t a t i on  records, t o  determine a lower and upper l i m i t  fo r  the 

t rue value of the  mean with some degree of confidence. "Student's" 

t -d i s t r ibu t ion  converges t o  the  normal d i s t r ibu t ion  as N,  the  number of 

items of da ta ,  grows large. Snedecor and Cochran (28)describe the 

d i s t r ibu t ion  of 1: as prac t ica l ly  normal with )I = 0 and a = 1 in large 

samples, Only when the sample s i z e  is less  than 30 does the difference 

become obvious. 

Table 4 presents the 95 and 5 percent confidence l i m i t s  of the  

data l i s t e d  i n  Table 3 and using the "Student's" t -dis t r ibut ion.  

For example, f o r  gage No. 5-4540, we a re  90 percent confident that  

the t rue value of the mean annual flood l i e s  between 220 cfs  and 

10,500 cfs .  The mean annual flood i s  the average of the  largest  annual 

floods recorded during the sampling period. These largest  annual 

floods w i l l  have varying recurrence intervals .  The large confidence 

interval  of 10,280 c f s  indicates only the large var iab i l i ty  inherent 

i n  the annual flooding on Iowa's streams. 

Confidence l i m i t s  associated with the design discharge estimate,  

such as QlO0, make judgment of design adequacy more re l iab le ,  Beard (3)  

has proposed a method t o  calculate  confidence l imi t s  for  various 

recurrence in te rva ls  and number of years of record. Table 5 presents 

the 95 and 5 percent confidence l imi t s  f o r  the  100-yr flood estimate 
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f o r  t h e  s t a t i o n s  l i s t e d  i n  Table 3. The es t imates  of Q were ob- 
100 

t a i n e d  from t h e  frequency curve developed f o r  e a ~ h , s t a t i o n  based upon 

t h e  log-Pearson Type 111 d i s t r i b u t i o n  (18). For gage No. 5-4206, we 

a r e  90 percent  conf ident  t h a t  t h e  t r u e  value of Q l i e s  between 
100 

610 c f s  and 2,160 c f s .  The po in t  e s t ima te  was 980 c f s  based on 20 yea r s  

of  record. I f  t h i s  po in t  e s t ima te  had been based on 100 yea r s  of record ,  

w i th  a l l  o the r  parameters remaining t h e  same, t h e  confidence l i m i t s  

would have been 770 c f s  and 1,310 cfs .  

Wycoff i n  Missouri (32) compared methods of determining peak 

d ischarges .  Six hydrclogic methods were chosen f o r  s tudy and each was 

app l i ed  t o  seve ra l  smal l  gaged r u r a l  Missouri watersheds which were 

100 t o  1,000 ac .  i n  s i z e .  Resul ts  from each method were compared t o  

f lood peak va lues  obtained from a n a l y s i s  of e x i s t i n g  flood da ta .  Cor- 

r e c t  p red ic t ion  was defined as  es t imat ion  of a n  observed flow w i t h i n  

p l u s  o r  minus 20 percent .  Six ca t egor i e s ,  t h r e e  based on watershed 

s i z e  and t h r e e  on recurrence  i n t e r v a l ,  were used t o  judge the  adequacy 

of t h e  method. The P o t t e r  Curves and BPR Chart ranked l a s t  and next t o  

l a s t  c o n s i s t e n t l y .  The Missouri Geological Survey Regression Equations 

ranked second, t h i r d ,  o r  fou r th  depending on t h e  category.  The Rat ional  

Method ranked f i r s t  o r  second i n  f i v e  out  of s i x  ca t egor i e s .  The 

Harbaugh Regression Equations ranked f i r s t ,  second, o r  t h i r d  a l l  s i x  

times. The Simplif ied SCS Method ranked f i r s t  f o r  l a r g e r  watersheds 

(g rea t e r  than 250 ac.) and a l s o  ranked f i r s t  i n  p red ic t ion  of the  50-yr 

f lood . 
I n  conclusion,  s eve ra l  methods have been developed t o  determine 

t h e  design d ischarge  f o r  a spec i f i ed  recurrence  i n t e r v a l .  No one 



method can be assumed t o  yield  the t rue  answer, but some methods have 

been shown to  be be t t e r  than others.  For instance,  the SCS Method has 

been shown to  be an equal o r  be t t e r  predictor than other methods. Also, 

the range of answers from these various methods are  within reasonable 

l imi t s  based on our present knowledge. 

Previous Studies Which Incorporated Upstream Storage 

Howe and Metz l e r  -- 
The concept of using upstream channel and val ley storage to  reduce 

the peak discharge used i n  the design of culverts i s  not new. I n  

1954, Howe and Metzler used t h i s  idea i n  a study f o r  the Iowa Highway 

Research Board (IHRB) (14). Comments about t h e i r  study are  included 

herein for  two reasons: t o  summarize previous research sponsored by 

the IHRB on t h i s  subject and t o  serve as background for the  develop- 

ment of the computerized design method detailed in  the next section. 

County engineers i n  southwestern Iowa have replaced many small 

bridges with cu lver t s  t o  h a l t  fu r ther  channel degradation and erosion 

of bridge abutments. Three benefits  of t h i s  change to culverts have 

been a s tab i l iza t ion  of the grade of the channel, a hal t  to  the  

erosion of the channel banks upstream of the highway, and a reduction 

i n  maintenance costs.  A fourth benefit occurred when the storage 

volume in  the g u l l i e s  of t h i s  region of Iowa was used t o  allow reduction 

i n  the  s ize  of culver t  ins ta l led.  

The peak discharge equations used t o  compute culver t  s i ze  do not 

include the e f f ec t s  of channel and valley storage, To include 



storage,  the designer must use a re la t ive ly  simple, though sometimes 

tedious, design procedure. Even though he may have the knowledge to  

use t h i s  procedure, the value of h i s  time i n  making the lengthy computa- 

t ions  may of fse t  some o r  a l l  of the savings realized by using a smaller 

culvert .  However, while the savings a t  one s i t e  may be small, the 

large number of culver ts  ins ta l led  over a period of a few years may 

r e su l t  i n  a s ignif icant  overal l  savings. 

The reduction in  peak flow through the culvert occurs since part  

of the water i s  temporarily stored upstream of the culvert  as shown i n  

Fig. 5. This occurred even when the culvert  entrance was not sub- 

merged. By allowing water to  r i s e  above the culvert  crown, the amount 

going i n t o  storage was substant ia l ly  increased with a corresponding 

decrease i n  the peak flow through the culvert ,  The reduction i n  flow 

was determined by using a streamflow routing process applicable for  

reservoirs.  Standard inflow hydrographs, dependent on watershed s ize ,  

were assumed f o r  5-, lo- ,  and 25-yr recurrence intervals .  These in- 

flows were routed through a se r ies  of val ley configurations made up of 

combinations of several  channel widths, s ide slopes, and streambed 

gradients.  The routing resul ts  were embodied i n  culver t  design 

diagrams which showed the diameter of culvert  with sharp-edged entrance 

needed i n  re la t ion  t o  watershed s ize ,  valley form, and amount of 

culver t  submergence desired. The diagrams permitted engineers t o  take 

advantage of upstream storage, thereby considerably reducing the  re- 

quired s i ze  as  the permissible depth of ponding was increased. 
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A more recent  s tudy which included upstream s torage  i n  t h e  design 

o f  c u l v e r t s  was prepared by Young, e t  a l .  f o r  t h e  Federal  Highway 

Administrat ion i n  1970 (33).  I n  add i t ion ,  t h e i r  s tudy included the  

ques t ion  of economic and s o c i a l  consequences of c u l v e r t  design. The 

o b j e c t i v e  of the  s tudy was t o  develop a procedure t o  reduce flood- 

r e l a t e d  damage t o  highways on a sound p r o b a b i l i s t i c  b a s i s ,  considering 

hydrologic,  hydraul ic ,  and economic f ac to r s .  Culvert  hydraul ic  computa- 

t i o n s  were an i n t e g r a l  p a r t  of t h e  ana lys i s  and techniques used in-  

cluded ponding, outf low, and headwater predic t ion  a s  a funct ion  of time 

and ana lys i s  of t h e  complete inflow hydrograph. 

Two case s t u d i e s  were included t o  i l l u s t r a t e  t h e  use of the  computer 

program Young, e t  a l .  developed. Recurrence i n t e r v a l s  of f i v e  years  

f o r  the  1-85 s i t e  and one year f o r  the  Glade were requi red  t o  approxi- 

mate the  optimum solu t ion .  The smaller  s i z e  of t h e  optimal designs,  

over the  conventional 50-yr design,  was a t t r i b u t e d  t o  p e r m i s s i b i l i t y  

of ponding and acceptance of occasional  lo s ses  i n  order  t o  reduce 

cons t ruc t ion  cos t s .  Tota l  s o c i a l  c o s t s  (sum of cons t ruc t ion  c o s t s  

p lus  expected l o s s e s  o r  r i s k s )  were lower when some ponding was a l -  

lowed. For both case  s t u d i e s ,  opt imal  designs had 9 percent  of t h e i r  

t o t a l  s o c i a l  c o s t s  i n  t h e  r i s k  category and 91 percent  i n  cons t ruc t ion  

cos t s .  

Improvements a v a i l a b l e  today 

The present  s tudy d i f f e r s  from the  above s t u d i e s  i n  t h e  fol lowing 

ways. The computer was not  r e a d i l y  a v a i l a b l e  a s  a design t o o l  i n  1954 
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PROGRAM DEVELOPMENT 

In t roduc t ion  

Today, computers i n  many des ign  o f f i c e s  e l iminate  t h e  need f o r  

t ed ious  ca lcu la t ions .  The des igne r ' s  time p lus  computer opera t ion  

r ep resen t s  only a  p a l l  f r a c t i o n  of the  savings e f fec ted  i n  c u l v e r t  

cons t ruc t ion  c o s t s  by using the  proposed computerized design method. 

The computer inc reases  the  f l e x i b i l i t y  of design s t u d i e s  by inc luding 

box c u l v e r t s  a s  we l l  as  pipes (concrete o r  corrugated metal)  p lus  

va r ious  ent rance  types f o r  each, by varying t h e  i n v e r t  e l e v a t i o n  of 

t h e  cu lve r t  t o  take  b e s t  advantage of s i t e  condi t ions ,  by t e s t i n g  t h e  

proposed c u l v e r t s  wi th  flows from storms g r e a t e r  than  t h e  design storm, 

and by extending the  concept of using upstream s torage  t o  a l l  a reas  

of t h e  s t a t e .  

There a r e  t h r e e  phases t o  t h e  passage of water  through a highway 

c u l v e r t :  inflow t o  the  upstream a r e a ,  s to rage  changes i n  the  temporary 

pond volume, and outflow from t h e  pond through the  cu lve r t .  Each 

phase i s  included i n  t h e  computer program which has  been named HDC. 

A f t e r  presenting t h i s  i n  d e t a i l ,  t he  s a f e t y  and e f fec t iveness  of t h e  

program i n  r e c m e n d i n g  use of a  smaller  c u l v e r t  i s  discussed,  

While the  genera l  s t r u c t u r e  of t h e  program may be used anywhere, 

s p e c i f i c  equations used make t h i s  program form app l i cab le  only t o  t h e  

S t a t e  of Iowa. 



Inflow Hydrograph 

Amount - of r a i n f a l l  

A s  described i n  an e a r l i e r  sec t ion ,  a l l  p r e c i p i t a t i o n  i n  t h i s  

study i s  assumed t o  b e  i n  t h e  form of r a in .  Over many years ,  observa- 

t i o n s  from a nationwide network of p r e c i p i t a t i o n  gaging s t a t i o n s  have 

been compiled, analyzed, and published by t h e  National  Weather Service 

of the  US Department of Cormwrce (formerly the  US Weather Bureau). 

Technical Paper No. 40, Ra in fa l l  Frequency A t l a s  of the United S t a t e s  

(USWB-TP-4O), i s  t h e  source of r a i n f a l l  amounts used in  the  present  

s tudy (23). 

Ra in fa l l  amounts f o r  t o t a l  storm dura t ions  of 30 minutes and 1, 2, 

3 ,  6 ,  12, and 24 hours  f o r  recurrence i n t e r v a l s  of 1, 2,  5 ,  10,  25, 

50, and 100 years  were taken from USWB-TP-40, The d a t a  a r e  shown a s  

l i n e s  of equal  r a i n f a l l  superimposed on a map of t h e  United S ta t e s .  

Storm dura t ions  of l e s s  than 30 minutes a r e  taken a s  percentages of 

the  30-minute storm dura t ion  a s  shown i n  Table 6. 

a 
Table 6. Percentages of 30-minute r a i n f a l l  d u r a t i o n  

Duration, 
minutes 

Factor  
percent  

15 72 

a 
Af te r  USWB-TP-40. 



I n  USWB-TP-40, t h e  term r e l i a b i l i t y  i s  used i n  t h e  s t a t i s t i c a l  

sense t o  r e f e r  t o  t h e  degree of confidence t h a t  can be placed i n  the  

accuracy of r e s u l t s .  Zn developing t h e  depth-area r e l a t i o n s ,  d a t a  

from seve ra l  dense networks were examined. Examination of d a t a  from 

reg ions  where t h e  physiography could have l i t t l e  o r  no e f f e c t  showed, 

f o r  example, t h a t  t h e  s tandard dev ia t ion  of po in t  r a i n f a l l  f o r  t h e  2-yr 

r e t u r n  period f o r  a f l a t  a r ea  of 300 sq m i  was about 20 percent of t h e  

mean value.  Iowa's r a i n f a l l  regime i s  a l s o  not  inf luenced l o c a l l y  by 

orography o r  bodies  of water.  Seventy 24-hr s t a t i o n s  i n  Iowa, each 

wi th  more than  40 y r  of record showed a range i n  t h e  2-yr ,  24-hr 

i s o p l u v i a l s  of from 3.0 t o  3.3 i n .  These dev ia t ions  must be regarded 

a s  a r e s i d u a l  e r r o r  i n  sampling s ince  t h e r e  were no ass ignable  causes  

f o r  these  d ispers ions .  

The r a i n f a l l  amounts obtained from t h e s e  maps a r e  expressed i n  

p a r t i a l - d u r a t i o n  f requencies  and represent  point  r a i n f a l l s .  For t h e  

recurrence  i n t e r v a l s  normally used i n  c u l v e r t  design,  t e n  yea r s  and 

longer ,  va lues  f o r  t h e  p a r t i a l - d u r a t i o n  and annual s e r i e s  co inc ide ;  

s o  no adjustment was made t o  t h e  va lues  obtained from USWB-TP-40. 

Based on analyses  of t h e  records ,  these  poin t  r a i n f a l l  amounts may be  

used a s  r ep resen t ing  average depths over watersheds up t o  a few square 

mi les  i n  s i z e .  

For watersheds l a r g e r  than a few square mi l e s ,  a r a i n f a l l  r a t i o  

must be appl ied  t o  t h e  r a i n f a l l  amount obtained from t h e  maps. This  

r a i n f a l l  r a t i o  i s  a funct ion  of drainage a r e a  and storm dura t ion  and 

i s  depicted i n  USWB-TP-40 a s  a s e r i e s  of curves. A t abu la r  form i s  



shown i n  Table 7. This r a t i o  i s  applied t o  the r a i n f a l l  amount obtained 

from the maps by the  use of Eq. (17). 

Rainfalluse = Rainfall  x Rainfall  r a t i o  
W P  

(17) 

Table 7. Rainfall  r a t i o s  based on watershed s i z e  and storm durationa 

Duration 

Rainfall  r a t i o s ,  percent, for indicated 
drainage area,  sq m i  

* ‘ ; . O  , 25 100 50. . . , , . , . . . . . , , . , 150 , 

30 minutes 100 80 69 661 5 8 

1 hour 100 87 80 72 69 

3 hours 100 93 90 85 82 

6 hours 100 95 92 89 87 

24 hours 100 97 95 94 93 

a After USWB-TP-40. 

As showninTable7, f o r e  25-sqmiwatershed,thereisasmuchas a20- 

percent: reduction fromthernappointvalue f o r a  stormdurationof 30minutes. 

Asa prac t ica lmat te r ,  a30-minute stormdurationwouldnotbeused onawater-  

shedof 25 sqmi. Alongerdurationstormisrequiredtodevelop the peakrunoff 

expectedtooccuronceevery25 or50years .  Basedona sample of54watersheds, 

rangingfrom40to17,920ac . ,  and f romf la t toveryh i l ly ,min imumstormdura -  

t ions  forvar iousdrainageareas  were determined as shown i n  Table 8. 

Minimum r a i n f a l l  r a t i o s  for  various watershed sizes a r e  shown 

i n  Table 9, a combination from Tables 7 and 8. The maximum reduction 

i s  about 6 percent f o r  a watershed of 17,920 ac. Based on t h i s ,  the 

decision was made t o  not reduce the r a i n f a l l  amounts obtained from 



Table 8. Minimum storm dura t ions  based on watershed s i z e  

Drainage a rea ,  Drainage area ,  Minimum storm dura t ion ,  
ac  . s q  m i  hr 

USWB-TP-40. The h igher  r a i n f a l l  amount i s  wi th in  t h e  range of e r r o r  

of t h e  maps and t h e  conserva t ive  r a i n f a l l  depths y i e l d  s l i g h t l y  higher  

headwater depths.  From another  viewpoint ,  some agencies  use t h e  poin t  

r a i n f a l l  amounts up t o  10 sq m i  (6,400 ac.) without  reduct ion .  

Equations for r a i n f a l l  amounts 

The r a i n f a l l  amount f o r  a p a r t i c u l a r  storm dura t ion  and recurrence  

i n t e r v a l  could have been made a n  input  i t em t o  t h e  program. This 

would have requi red  t h e  des igner  t o  look up t h e  r a i n f a l l  amounts f o r  

each design.  However, i n  keeping wi th  t h e  premise t h a t  i n p u t  da t a  be 

kep t  t o  a minimum, USWB-TP-40 was reduced t o  a s e r i e s  of equat ions .  

The only inpu t  d a t a  requi red  a r e  the  recurrence  i n t e r v a l  and t h e  county 



Table 9. Minimum r a i n f a l l  ra t ios .  fo r  watersheds of various s izes  

Drainage area,  
ac . Drainage area,  

sq m i  
Reduction factor ,  

percent 

number obtained from Table 10. The storm duration i s  determined within 

the program as  w i l l  be  explained la te r .  

The equations f o r  t o t a l  r a i n f a l l  were determined in the  following 

manner. Rainfall amounts for  the several  durations and recurrence 

in te rva ls  were scaled from the maps i n  USWP-TP-40 f o r  Story County and 

plotted on log-log paper a s  depicted i n  Fig. 6. The plotted data 

forms a family of curves which are s l i gh t ly  convex upwards. This 

family of curves can be described by an equation of the form: 

b - d - 
P = aRI Dur 

~ u r ~  



Table 10. Iowa county numbers 

No, County No. County No. County No. County 

Adair 

Adam 

Allamakee 

Appanoose 

Audubon 

Benton 

Black Hawk 

Boone 

Bremer 

Buchanan 

Buena Vis ta  

Bu t l e r  

Calhoun 

C a r r o l l  

Cass 

Cedar 

Cerro Gordo 

Cherokee 

Chickasaw 

Clarke 

Clay 

Clayton 

Cl in ton  

Crawf ord 

Dallas 

Davis 

Decatur 

Delaware 

Des Moines 

Dickinson 

Dubuque 

Erne t 

Fayet te  

Floyd 

Franklin 

Fremont 

Greene 

Grundy 

Guthrie 

pamilton 

Hancock 

Hardin 

Harrison 

Henry 

Howard 

Humboldt 

I d a  70 

Iowa 71 

Jackson 72 

Jaspe r  73 

J e f f e r s o n  74 

Johnson 75 

Jones 76 

Keokuk 77 

Kossuth 78 

Lee 79 

Linn 80 

Louisa 81  

Lucas 82 

Lyon 83 

Madison 84 

Mahaska 85 

Marion 86 

Plarshall 87 

M i l l s  88 

Mitchel l  89 

Monona 90 

Monroe 9 1 

Montgomery 92 

Muscatine 

O'Brien 

Osceola 

Page 

Palo Al to  

Plymouth 

Pocahontas 

Polk 

Pottawattamie 

Poweshiek 

Ringgold 

Sac 

Sco t t  

Shelby 

Sioux 

Story 

Tama 

Taylor 

Union 

Van Buren 

Wapello 

Warren 

Washington 



Table 10. continued 

No. County No. County No, County No. County 

93 Wayne 95 Winnebago 97 Woodbury 99 Wright 

94 Webster 96 Winneshiek 98 Worth 

where P = t o t a l  p r e c i p i t a t i o n  i n  inches 

R I  = recurrence i n t e r v a l  i n  y e a r s  

Dur = storm dura t ion  i n  hours 

a ,  b ,  c ,  d ,  e  = cons tants .  

The maps i n  USWB-TP-40 show t h a t  f o r  a  p a r t i c u l a r  storm dura t ion  

and recurrence i n t e r v a l ,  t h e r e  i s  l i t t l e  i f  any v a r i a t i o n  i n  r a i n f a l l  

i n  any one county, a  m i t w r  v a r i a t i o n  i n  any one r eg ion ,  and a moderate 

v a r i a t i o n  i n  t o t a l  r a i n f a l l  across  the  s t a t e .  Since current  p r a c t i c e  

(25) uses r a i n f a l l  t o  the  nea res t  t e n t h  of an inch and t o  reduce t h e  

t o t a l  number of equations requi red ,  the  s t a t e  was divided i n t o  n ine  

regions a s  shown i n  Fig.  7. Equation (19) was developed f o r  t h e  

c e n t r a l  region  of Iowa, Region C, based upon the  d a t a  f o r  S tory  County. 

P, R I ,  and Dur a r e  a s  previousl'y defined. Equation (19) was then 

mul t ip l i ed  by an adjustment f a c t o r  f o r  the  o t h e r  regions. The ad jus t -  

ment took t h e  fol lowing forms, wi th  t h e  v a r i a b l e s  a s  previously defined.  

b - 
RIG A l l  wes tern  regions:  Adj. = aRI /Dur 

d 
(20.3) 







Cencral : Adj. = a = 1 (2Ob) 

b - 
N. and S. c e n t r a l :  Adj. = aRIRIC /Dur 

d 
( 2 0 ~ )  

b - 
A l l  e a s t e r n  reg ions :  Adj. = aRI 'IC Dur 

d 
(20d) 

Ra in fa l l  depths  f o r  a l l  du ra t ions  and recurrence i n t e r v a l s  l i s t e d  

i n  USWB-TP-40 f o r  a l l  99 count ies  were computed using Eqs. (19) and 

(20). These es t imates  were compared t o  USWB-TP-40 da ta .  The d i f f e r e n c e s  

f o r  each county, both i n  inches and i n  percent ,  were computed. The 

c o e f f i c i e n t  "a" i n  Eq. (20) was then r ev i sed ,  i f  necessary,  t o  reduce 

t h e  d i f f e r e n c e  in  r a i n f a l l  amounts between t h e  equat ions and USWB-TP-40. 

These equat ions  can genera te  r a i n f a l l  depths f o r  any combinations of 

storm dura t ion  and recurrence i n t e r v a l  anywhere i n  t h e  S t a t e  of Iowa. 

Woodbury County i s  used a s  an example s ince  it has  t h e  wors t  

f i t  of t h e  developed equat ions t o  t h e  va lues  taken from USWB-TP-40. 

Table 11 l i s t s  the  r a i n f a l l  depths  c a l c u l a t e d  by using t h e  appropr i a t e  

equat ions  f o r  Woodbury County and those obtained from USWB-TP-40 a r e  

l i s t e d  i n  Table 12. 

The d i f f e r e n c e s  between t h e  c a l c u l a t e d  amounts and USWB-TP-40 

d a t a ,  Table 11 minus Table 12, a r e  shown i n  Table 13. The percentage 

d i f f e r e n c e  between t h e  two r a i n f a l l  amounts i s  determined by using 

Eq. (21). 

P 
Percentage d i f f e r e n c e  = eqn, - '40 

(21) 
'40 

These percentages a re  shown i n  Table 14. I n  both Tables 13 and 14, 

t h e  minus s i g n  i n d i c a t e s  t h a t  t h e  c a l c u l a t e d  r a i n f a l l  i s  l e s s  than  t h e  



Table 11. Rainfall  amounts i n  Woodbury County calculated using the 
developed equations 

Rainfall  ~ o u n f x ,  .in., fo r  indicated 
Duration, -recur.reaee in te rva l ,  ; yr  

h r  1 2 5 10 25 50 100 

Table 12. Rainfall amounts i n  Woodbury County as obtained from 
USWB-TP-40 

Rainfall  amounts, in. ,  fo r  indicated 
Duration, recurrence' interval,  y r  

h r  1 2 5 10 25 5 0 100 



Table 13. Differences between r a i n f a l l  i n  Woodbury County obtained 
from t h e  developed equations and USWB-TP-40 

Ra in fa l l  d i f f e r e n c e s ,  in . ,  f o r  indica ted  
Duration, recurrence i n t e r v a l ,  y r  

h r  1 2 5 10 25 50 100 

Table 14. Differences between r a i n f a l l  i n  Woodbury County obtained 
from t h e  developed equations and USWB-TP-40 

Ra in fa l l  d i f f e rences ,  percent ,  f o r  indica ted  
Duration, recurrence i n t e r v a l ,  yr 

h r  1 2 5 10 25 50 100 



USWB-TP-40 r a i n f a l l  f igure .  For t h e  recurrence i n t e r v a l s  gene ra l ly  

used i n  t h e  design o f  c u l v e r t s ,  t he  maximum percentage d i f f e rence  

between the  two r a i n f a l l  amounts i s  normally about 3  percent. 

The developed equat ions  a r e  both f l e x i b l e  and complete. Any 

recurrence i n t e r v a l ,  such a s  43 years ,  and any dura t ion ,  such a s  

12-34 hours ,  can be  used. The accuracy of t h e  equations beyond t h e  

range of USWB-TP-40 has  been t e s t e d  and appears t o  y i e l d  s a t i s f a c t o r y  

r e s u l t s .  

D i s t r ibu t ion  - of r a i n f a l 1 , w i t h i n  t h e  storm -- 
Rain does not f a l l  uniformly throughout a  storm. It may begin 

with d r i z z l e ,  then r a i n  h e a v i l y  f o r  some period,  f a l l  off  i n t o  a  

d r i z z l e ,  then end i n  a  heavy downpour. Because of t h i s  v a r i a t i o n  

and s ince  u n i t  hydrograph theory  assumes uniform r a i n f a l l  i n t e n s i t y ,  

s eve ra l  methods have been devised t o  overcome t h i s  d i f f i c u l t y .  The 

bas ic  i d e a  behind them i s  t o  d i v i d e  t h e  storm i n t o  severa l  equal  time 

increments,  wi th  the  assumption t h a t  r a i n f a l l  i s  uniform during each 

of these .  The methods d i f f e r  i n  how r a i n f a l l  i n t e n s i t y  i s  assumed 

t o  vary throughout t h e  storm. 

From SCS analyses  come average r a i n f a l l  d i s t r i b u t i o n s  f o r  a  storm 

dura t ion  of 24 hours appl icable  t o  t h e  midwest. Other SCS d i s t r i b u -  

t i o n s ,  f o r  a  storm dura t ion  of 6 hours, places the  period of heav ies t  

r a i n f a l l  i n  var ious  sequence loca t ions  during the  storm. 

Brater  and S h e r r i l l  i n  Michigan (6) found t h a t  the r a t i o  of 

p r e c i p i t a t i o n  occurr ing during any s h o r t e r  dura t ion ,  e.g. one hour,  t o  

the  24-hr p r e c i p i t a t i o n  of the  same frequency was r e l a t i v e l y  cons tant .  



Hyetographs, o r  t y p i c a l  r a i n s t o m s  of var ious  f requencies  broken down 

i n t o  time increments a s  s m a l l  a s  t h i r t y  minutes, were developed. 

The o r d e r  of placement was based on t h e  ana lys i s  of many storms 

w i t h  t h e  most i n t ense  por t ion  p laced  before  t h e  middle of t h e  t o t a l  

du ra t ion .  These t y p i c a l  ra ins torms were cha rac te r i zed  by uniform 

recurrence  i n t e r v a l s  during a l l  po r t ions  of t h e  storm. 

The author  made a s imi l a r  i n v e s t i g a t i o n  f o r  Iowa using USWB-TP-40. 

A s i m i l a r  f inding  was made; the  r a t i o  of t h e  r a i n f a l l  i n  a s h o r t e r  

du ra t ion  t o  t h e  r a i n f a l l  i n  a 24-hr dura t ion  storm va r i ed  over a very 

narrow range. This  is shown g r a p h i c a l l y  i n  Fig.  8. For example, t h e  

r a t i o  o f  1-hr  t o  24-hr r a i n f a l l  va r i ed  from 48.0 t o  51.4 percent .  

Hyetographs s i m i l a r  t o  those  of Bra t e r  and S h e r r i l l  were a l s o  

developed. These were compared t o  chose used by t h e  SCS and were 

found t o  l i e  between t h e i r  B and C type  storms. 

Neither  of t h e  above methods was deemed s u i t a b l e  f o r  use i n  t h e  

present  s tudy f o r  s e v e r a l  reasons.  The use of a bas i c  6- o r  24-hr 

s torm does not  provide s u f f i c i e n t  v a r i a b i l i t y  f o r  t h e  range of 

watershed s i z e s  and s lopes  encountered i n  c u l v e r t  design. While develop- 

ment of  t y p i c a l  r a i n f a l l  s t o m  d a t a  i s  a s t e p ,  t h e  assumption t h a t  

maximm por t ions  of  t h e  s torm have the  same recurrence  i n t e r v a l  does 

n o t  r e f l e c t  r e a l i t y .  Data were needed from a number of observed 

n a t u r a l  storms t o  provide t h e  f l e x i b i l i t y  of allowing storms t o  be 

t a i l o r e d  t o  watersheds of v a r i o u s  s i z e s  and s lopes .  

A comprehensive s tudy by Huff i n  I l l i n o i s  (15) descr ibes  t h e  time 

d i s t r i b u t i o n  of r a i n f a l l  i n  heavy storms which a r e  app l i cab le  t o  t h e  

midwest. The s tudy was based on d a t a  c o l l e c t e d  s i n c e  1955 on a 





concentrated network of 49 recording  r a i n  gages on 400 sq m i  i n  a r u r a l  

a r e a  of e a s t - c e n t r a l  I l l i n o i s ,  Resul t s  were presented a s  p r o b a b i l i t y  

d i s t r i b u t i o n s  and provided q u a n t i t a t i v e  measures of both i n t e r s t o r m  

v a r i a b i l i t y  and genera l  c h a r a c t e r i s t i c s  of t h e  time sequence of p r e c i p i t a -  

t i o n  i n  storms. Most r a i n f a l l  occurs  i n  a small  p a r t  of t h e  t o t a l  storm 

t ime r ega rd le s s  of storm d u r a t i o n ,  a r e a l  mean r a i n f a l l ,  and t o t a l  

number of showers or  b u r s t s  i n  t h e  storm period;  t he re fo re ,  storms 

were c l a s s i f i e d  i n t o  four  groups, depending on t h e  q u a r t i l e  i n  which 

t h e  heav ies t  r a i n f a l l  occurred, Within groups, long-durat ion storms 

(over 24 hours)  predominated i n  t h e  f o u r t h - q u a r t i l e ,  storms of modera* 

length (12 t o  24 hours)  were most f requent  wi th  t h e  t h i r d - q u a r t i l e  

t ype ,  and shor t -dura t ion  storms were most comon i n  t h e  f i r s t -  and 

second-quart i le  groups. 

This  s tudy by Huff (15) provides t h e  v a r i a b i l i t y  necessary i n  

t h e  present  study. A c u l v e r t  is constructed t o  serve  f o r  a t  l e a s t  

f i f t y  years .  i.t w i l l  be subjec ted  t o  a l l  s i z e s  and dura t ions  of storms 

r e l a t i v e  t o  t h e  time of concent ra t ion  of  the  watershed. Since the  

present  s tudy inc ludes  t h e  e f f e c t s  of temporary s to rage ,  t h e  volume 

of runoff i s  a s  important a s  t h e  peak r a t e  of flow. Using n a t u r a l  

storms of varying dura t ions ,  t o t a l  r a i n f a l l  amounts, and time of 

occurrence and amount of r a i n f a l l  i n  ind iv idua l  b u r s t s ,  t h e  des igner  

can t e s t  a proposed c u l v e r t  f o r  l i k e l y  condi t ions  and can determine 

t h e  e f f e c t s  of du ra t ion ,  e t c .  on headwater depth. 

Twenty-six time d i s t r i b u t i o n s  were s e l e c t e d  f o r  s tudy from t h e  

t h i r t y - s i x  d i s t r i b u t i o n s  presented i n  t h e  study by Huff using a 

sample of  f i f t y - f o u r  watersheds i n  Iowa which ranged i n  s i z e  from 40 t o  



17,920 ac. Fourteen of t h e  twenty-six d i s t r i b u t i o n s  were se l ec ted  f o r  

use i n  the program on t h e  b a s i s  of t h e i r  a b i l i t y  t o  reproduce ( in  

conjunct ion with t h e  SCS Method described previously)  the  peak discharges 

used by the  ISHC i n  c u l v e r t  design. These four teen  time d i s t r i b u t i o n s  

of r a i n f a l l  a r e  l i s t e d  i n  Table 15 and a r e  shown a s  histograms i n  

Appendix B. Within t h e  program, a s p e c i f i c  d i s t r i b u t i o n  i s  se l ec ted  

f o r  each of t h e  seven inflow hydrograpbs on t h e  b a s i s  of two f a c t o r s :  

storm durat ion and land use and slope f ac to r .  

a 
Table 15. Selected time d i s t r i b u t i o n s  of r a i n f a l l ,  percent p r o b a b i l i t y  

F i r s t  
q u a r t i l e  

Second 
q u a r t i l e  

Third 
q u a r t i l e  

Fourth 
q u a r t i l e  

a 
Af ter  Huff (15). 

Runoff from r a i n f a l l  

The SCS Method uses curve numbers (CN) t o  determine a volume of 

runoff from a s p e c i f i c  storm. Generalized curve numbers f o r  Iowa were 

shown i n  Fig. 3 .  The author  has  reworked Fig. 3 so t h a t  curve number 

boundaries f a l l  along county l ines .  The r e s u l t s  a r e  shown i n  Fig. 9 

and these  curve numbers a r e  used i n  t h e  computerized design method 

developed i n  t h i s  study. With these  curve numbers and r a i n f a l l  amounts, 





a l s o  c a l c u l a t e d  wi th in  t h e  program, runoff  volumes f o r  va r ious  s torm 

dura t ions  and recurrence  i n t e r v a l s  a r e  determined. The only  input  

requirement f o r  curve number i s  t h e  county number. These a r e  l i s t e d  i n  

Table 10. 

The f i n a l  inflow hydrograph i s  determined by using t h i s  SCS r a i n f a l l -  

runoff r e l a t i o n  wi th  Sherman's u n i t  hydrograph theory (27). The u n i t  

hydrograph i s  defined a s  t h e  hydrograph r e s u l t i n g  from one inch  of 

d i r e c t  runoff from a storm of a spec i f i ed  du ra t ion .  Thus, t h e  a rea  

under t h e  hydrograph i s  equal  t o  a runoff  volume of one inch from t h e  

basin.  Two assumptions a r e  i m p l i c i t :  t h e r e  i s  uniform i n t e n s i t y  of  

r a i n f a l l  f o r  t h e  d u r a t i o n  of t h e  storm and t h e r e  is uniform r a i n f a l l  

coverage over t h e  e n t i r e  bas in .  The second assumption can be met t o  

a l a r g e  ex ten t  by r e s t r i c t i n g  t h e  s i z e  of watershed t o  25 sq m i .  The 

f i r s t  assumption can be met somewhat by d iv id ing  t o t a l  storm d u r a t i o n  

i n t o  seve ra l  t ime increments and developing a hydrograph f o r  each 

increment. 

The equat ion  f o r  peak d ischarge  developed by t h e  SCS (25) i s  

484 AQ" 
= 

qp ~ / 2  + 0.6 Tc 

where 
q~ 

= peak discharge i n  c f  s 

A = drainage area  i n  square  miles  

Qv = storm runoff i n  inches 

D = storm dura t ion  i n  hours  

Tc = time of concent ra t ion  i n  hours .  

When Qv = 1, qp equals  t h e  u n i t  peak d ischarge  r a t e .  



To account f o r  t h e  assumption of uniform r a i n f a l l  i n t e n s i t y ,  

Eq. (16) can be  r e w r i t t e n  a s :  

where AD = incremental  storm dura t ion  i n  hours  

AQ, = storm runoff i n  inches  during AD t i m e  

q ~ '  
A,  and Tc a s  defined above. 

The SCS (17) sugges ts  us ing  AD equal  t o  one- th i rd  t h e  time t o  

peak. Figure 10  has  been prepared by t h e  SCS (25) a s  a r ep resen ta t ive  

u n i t  hydrograph f o r  ungaged watersheds. The poin t  of i n f l e c t i o n  occurs 

a t  1.7 times T on t h e  c u r v i l i n e a r  hydrograph. An equiva lent  point  
P 

(same percentage of t o t a l  runoff)  occurs a t  1.73 t imes T on t h e  t r i a n g u l a r  
P 

hydrograph. Using t h e  above value and Fig.  9 ,  t h e  fol lowing r e l a t i o n -  

sh ip  between AD and Tc i s  developed. 

AD + Tc = 1.73 T 
P 

0.33 T i- Tc = 1.73 T 
P P 

Tc = 1.73 T - 0.33 T 
P P 

Tc = 1.40 T 
P 

T = Tc f 1.40 
P 

T = 0.715 Tc 
P 

a l s o  3aD = 0.715 Tc 

AD = 0.238 Tc wi th  AD and Tc i n  hours  

AD = 14.3 Tc w i t h  AD i n  minutes and Tc i n  hours  ( 2 6 )  





Also from Fig.  10, 37.5 percent  of t h e  t o t a l  runoff  occurs  between 

time equa l s  zero  and time equa l s  T  . The time base of t h e  equiva lent  
P  

t r i a n g u l a r  hydrograph then becomes: 

where 
T~ 

= time base of t h e  t r i a n g u l a r  hydrograph i n  hours  

T  = time t o  peak i n  hours .  
P  

Thus, t h e  time t o  peak i s  three-e ighths  of t h e  t o t a l  time base and t h e  

time of r ecess ion  i s  f ive -e igh ths  of t h e  t o t a l  time base.  This  r e l a -  

t i o n s h i p  al lows breaking up t h e  incremental hydrograph i n t o  e i g h t  

equal  t ime increments a s  shown i n  F ig .  11. 

"me  fundamental p r i n c i p l e s  of invar iance  and superposi-  
t i o n  make t h e  u n i t  graph an extremely f l e x i b l e  t o o l  f o r  developing 
s y n t h e t i c  hydrographs: 1 )  the  hydrograph of sur face  runoff  
from a  watershed due t o  a  given p a t t e r n  of r a i n f a l l  i s  in- 
v a r i a b l e ,  and 2)  t h e  hydrograph r e s u l t i n g  from a  given p a t t e r n  
of r a i n f a l l  excess can be b u i l t  up by superimposing t h e  u n i t  
hydrograph due t o  t h e  sepa ra t e  amounts of r a i n f a l l  excess oc- 
c u r r i n g  i n  each u n i t  period.  This  inc ludes  t h e  principlc: of 
p r o p o r t i o n a l i t y  by which t h e  o rd ina te s  of t h e  hydrograph a r e  
propor t ional  t o  t h e  volume of r a i n f a l l  excess." (25) 

Using these  p r i n c i p l e s ,  summation of t h e  ind iv idua l  t r i a n g u l a r  

hydrographs (each of which i s  o f f s e t  one AD time increment from t h e  

previous one) y i e l d s  t h e  f i n a l  inf low hydrograph f o r  t h e  p a r t i c u l a r  

storm dura t ion .  This process i s  i l l u s t r a t e d  g raph ica l ly  i n  F ig .  12. 

Comparison of peak r a t e  of d ischarge  

The method p resen t ly  used by t h e  ISHC was shown i n  Fig. 1. The 

d ischarge ,  from t h e  c h a r t ,  i s  a  func t ion  of drainage area .  Thus, t o  

determine a  des ign  d ischarge ,  t h r e e  v a r i a b l e s  a r e  requi red:  a  frequency 
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f a c t o r ,  a land use and s lope  f a c t o r ,  and the  dra inage  a rea  i n  acres .  

These t h r e e  v a r i a b l e s  a r e  inpu t s  t o  t h e  computer program. The d i s -  

charge c a l c u l a t e d  from these  v a r i a b l e s  i s  used a s  a check on t h e  peak 

hydrograph d ischarges  ca l cu la t ed  by t h e  program. 

The log-log p l o t  of discharge versus  drainage area  shown i n  F ig .  1 

has  been included i n  t h e  computer program a s  an equat ion  of  the  form: 

0.858 
1.21 

1.88A A 0.05 
A ~ * ~ ~ ~ ~  ( l n (O . l l  A ) )  

Q, = 6.499 A 
75 (28) 

The equat ion is  accura t e  t o  drainage a r e a s  of 20,000 ac.  o r  about 

31 sq m i  a s  shown i n  Table 16. 

Summary 

To sum up, t h e  inflow hydrographs f o r  a p a r t i c u l a r  drainage a r e a  

and recurrence  i n t e r v a l  a r e  determined i n  t h e  fol lowing manner. The 

time of concen t ra t ion  of  t h e  watershed and then  AD a r e  ca l cu la t ed .  

The t o t a l  storm dura t ion  i s  f i r s t  made equal  t o  one-half t h e  time of 

concentrat ion.  A p a r t i c u l a r  time d i s t r i b u t i o n  of r a i n f a l l  i s  s e l e c t e d  

f o r  storm dura t ion  and land use and s lope  f a c t o r .  Ra in fa l l  f o r  the  t o t a l  

storm dura t ion  and then  t h e  incremental  r a i n f a l l  and runoff amounts f o r  

each AD time increment a r e  determined. The incremental  t r i a n g u l a r  

hydrographs a r e  cons t ruc ted  from these  runoff  amounts. These a r e  

s u m d  t o  give t h e  f i n a l  inflow hydrograph f o r  t h a t  storm dura t ion .  

This procedure i s  repeated f o r  each of seven d i f f e r e n t  storm 

dura t ions :  t h e  f i r s t  equal  t o  one-half the  time of concent ra t ion ,  

the  second equal  t o  t h e  time of concent ra t ion ,  and t h e  o t h e r  f i v e  

equal t o  some l a r g e r  mul t ip le  of the  time of concent ra t ion .  These 



Table 16 .  Comparison of discharges using the ISHC chart  and the  
equation developed fo r  the  ISHC Method 

a a 
D.A. Qchart Qepn. D.A. Qchart Qecp. 
ac . c f s  c s ac, c f s  c s 

1 6 6 500 785 779 

2 12 12 600 885 882 

3 16 16 800 1,060 1,071 

4 21  2 1 1,000 1,240 1,244 

5 25 2 5 2,000 1,960 1,969 

6 29 29 3,000 2,540 2,566 

8 36 3 7 4,000 3,080 3,092 

10 43 44 5,000 3,540 3,570 

15 5 9 60 6,000 3,970 4,013 

20 73 75 8,000 4,800 4,822 

25 87 90 10,000 5,520 5,555 

30 9 9 103 11,000 5,900 5,900 

40 126 128 12,000 6,200 6,234 

50 150 151 13,000 6,550 6,556 

60 172 17 3 14,000 6,900 6,869 

80 214 214 15,000 7,200 7,173 

100 254 252 16,000 7,450 7,469 

15 0 340 337 17,000 7,750 7,759 

200 415 413 18,000 8,050 8,041 

300 552 548 19,000 8,300 8,317 

400 67 5 669 20,000 8,600 8,588 

aValues as in terpreted from the char t  by the author. 



seven hydrographs a r e  then  used t o  sub jec t  each a l t e r n a t i v e  c u l v e r t  

s e l e c t e d  f o r  s tudy t o  the  varying storms and volumes of runoff  it w i l l  

encounter during i t s  s e r v i c e  l i f e ,  

The inflow hydrographs a r e  meant t o  be f lood hydrographs t y p i c a l  

of those  t h a t  w i l l  occur dur ing  t h e  l i f e  of t h e  c u l v e r t ,  No presumption 

i s  made t h a t  by input ing  an experienced o r  observed storm of known time 

d i s t r i b u t i o n  of  r a i n f a l l ,  t h e  program w i l l  reproduce t h e  observed 

f lood hydrograph caused by t h e  storm. I n  add i t ion ,  no presumption i s  

made t h a t  the  peak of t h e  inf low hydrograph w i l l  e x a c t l y  match t h e  peak 

discharge r a t e  used by t h e  ISHC f o r  cu lve r t  design although they w i l l  

be  s i m i l a r  i n  magnitude. As d iscussed ,  no one method can  y e t  b e  as- 

sumed t o  y i e l d  t h e  t r u e  value.  The dec i s ions  made i n  t h e  development 

of t h e  computer program have d e l i b e r a t e l y  been made such t h a t  t h e  peak 

of t h e  inflow hydrograph w i l l  normally be somewhat g r e a t e r  than t h e  

design discharge e s t ima te  obtained from the  p resen t  ISHC method. 

Storage 

Each c u l v e r t  s i t e  has  unique s to rage  c a p a b i l i t i e s .  The e a r l i e r  

study by Howe and Metzler  (14) used s tandardized v a l l e y  forms wi th  t h e  

des igne r  using t h e  conf igu ra t ion  c l o s e s t  t o  h i s  p a r t i c u l a r  s i t u a t i o n .  

I n  t h e  present  s tudy,  t h e  e leva t ion-s torage  r e l a t i o n s h i p  a t  t h e  c u l v e r t  

s i t e  i s  an i n p u t  i tem t o  t h e  program. 

This  r e l a t i o n s h i p  can be determined using one of t h r e e  a v a i l a b l e  

sources.  The f i r s t  i s  t h e  7.5 minute quadrangle maps prepared by 

t h e  US Geological Survey. I f  t h i s  map i s  n o t  a v a i l a b l e  f o r  a p a r t i c u l a r  



culver t  s i t e ,  one of two other maps i s  useful. These are  contour maps 

prepared by the Kelsh P lo t te r  from a e r i a l  photographs and contour maps 

prepared from actual  f i e l d  surveys. Conversations with the head of t h e  

photogrammetry section of the  Iowa S ta t e  Highway Commission indicate  

that  these maps are  currently prepared for  and used by the road design 

squads and the preliminary bridge section. 

Aerial photographs a r e  presently taken for  a l l  projects which 

include earth moving and culver t  construction. Any work needed t o  

close i n  contours on maps prepared using the Kelsh P lo t te r  can be done 

a t  minimal cost according t o  the head of the ISHC photogrammetry 

section. His opinion i s  tha t  maps prepared with the Kelsh P lo t te r  a r e  

the most accurate of the three types. A study of s ens i t i v i t y  of head- 

water elevation to  storage capacity based on d i f fe ren t  types of maps 

for  a cer ta in  s i t e  i s  discussed l a t e r .  

The storage capacity a t  a s i t e  i s  determined by planimetering t h e  

areas enclosed by the contours on the maps and then calculat ing the 

storage as shown i n  Table 17. The input items t o  the program are 

columns 1 and 6 ,  the elevation i n  f ee t  above MSL and the t o t a l  s torage 

below tha t  elevation i n  acre-feet ,  respectively. The elevation-storage 

curve input t o  the program should begin with the elevation a t  which 

the natural  draw flowline crosses the toe of slope of the highway 

f i l l .  The program then adjusts  the elevation-storage curve t o  the 

lowest proposed culvert  flowline or t he  elevation of the drop i n l e t  

i f  one i s  used. Using the contents of Table 17 as an example and 

assuming a culvert  flowline of 1090.0, the curve used within the 

program would be as shown i n  Table 18. This method of inputing the 



Table 17. Calcula t ion  of an e levat ion-s torage  curve 

1 2 3 4 5 6 
Elevat ion ,  Area, Aver. a rea  A depth,  A volume, To ta l  volume, 

f t  ac. ac  . f t  ac .  f t  ac .  f t  

Table 18. Elevat ion-storage curve a s  used by the  program 

Elevat ion ,  To ta l  volume, 
f t  ac. f t  

1,090 0.0 

e levat ion-s torage  curve g ives  f l e x i b i l i t y  t o  vary the  c u l v e r t  f lowl ine  

t o  determine t h e  e f f e c t  on headwater e l eva t ion  by varying s to rage  

p o t e n t i a l .  

A f u t u r e  method of obtaining t h e  e levat ion-s torage  curve should 

be mentioned. This involves use of t h e  d i g i t i z e r  i n  conjunction with 

the  Kelsh P l o t t e r  t o  produce a deck of punched cards with g r i d  



coordina tes  and an e l eva t ion .  These cards a r e  p resen t ly  used t o  produce 

a contour nsap. Addit ional  rou t ines  could be added t o  t h i s  e x i s t i n g  

program t o  c a l c u l a t e  t h e  e levat ion-s torage  curve d i r e c t l y .  Output 

from t h i s  program could be input  t o  t h e  c u l v e r t  program and e l imina te  

the  need t o  develop t h e  e levat ion-s torage  curve by hand. The ease of 

adding t h i s  c a p a b i l i t y  t o  t h e  contour map program and t h e  c o s t  of us ing  

the  program when completed has not been inves t iga ted .  

Culvert  Hydraulics 

Equations used 

The hydraul ics  of c u l v e r t  flew used i n  t h e  development of t h e  

computer program a r e  based on research  da ta  used by the  Bureau of 

Public  Roads (BPR) i n  the  development of Hydraulic Engineering C i r c u l a r  

No. 5 (12).  The research  d a t a  f o r  p ipe  cu lve r t s  a re  contained i n  two 

publ ica t ions  (5, 10). Experimental d a t a  f o r  box c u l v e r t s  with head- 

wa l l s  and wingwalls were obtained from an unpublished repor t  of t h e  

USGS. The d a t a  were then reduced t o  a s e r i e s  of nomographs f o r  easy 

use by des ign  engineers .  

Computer programs were then w r i t t e n  by t h e  BPR f o r  design of 

pipe and box c u l v e r t s  (19, 29). The equat ions  used f o r  de terminat ion  

of headwater were ca lcula ted  using a least squares polynomial curve 

f i t t i n g  computer program. For p ipes ,  t h e  program was used t o  c a l c u l a t e  

a 5 th  degree curve f o r  the  d a t a  f o r  seve ra l  c u l v e r t  models presented 

i n  t h e  s tudy by French (10). For box c u l v e r t s ,  t he  c o e f f i c i e n t s  i n  

the  equation were f i t t e d  t o  d a t a  taken from Chart 12 i n  Hydraulic 



Engineering C i r c u l a r  No. 5. These 5 t h  degree polynomial equat ions  f o r  

i n l e t  con t ro l  condi t ions  a re  used i n  t h e  present  computerized des ign  

method a s  follows. 

For p ipes  : 

HW = (DIA) (Y) 

where HW = headwater i n  f e e t  

DIA  = pipe diameter i n  f e e t  

2 3 4 Y = a + b X + c X  + d X  + e X  + f X  5 

a ,  b ,  c ,  d ,  e ,  f = c o e f f i c i e n t s  

X = Q/ (DIA) 
2.5 

Q = discharge i n  c f s .  

For box c u l v e r t s :  

HW = (D)(Y) 

where HW = headwater i n  f e e t  

D = height  of box i n  f e e t  

2 4 Y = a + b~ + cx + dx3 + e x  + f~ 5 

a ,  b ,  c ,  d ,  e ,  f = c o e f f i c i e n t s  

X = Q / B ( D ) " ~  

Q = discharge i n  c f s  

B = width of box i n  f e e t .  

The computer program conta ins  equat ions f o r  va r ious  types  of 

i n l e t s  f o r  cor rugated  metal and re inforced  concre te  pipes and f o r  r e i n -  

forced  concrete  box c u l v e r t s .  The t e n  opt ions of i n l e t  and c u l v e r t  

type  contained i n  t h e  program a r e  l i s t e d  i n  Table 19. These a r e  t h e  

types normally used by t h e  ISHC. Pipe arches ,  e i t h e r  corrugated 



Table 19. I n l e t  types f o r  pipe and box cu lve r t s  

Number I n l e t  type 

Box cu lve r t s  
1 30 t o  75 degree wingwall f l a r e  
2 9 0  or 15 degree wingwall f l a r e  
3 P a r a l l e l  wingwalls 

Reinforced concrete pipe 
4 Socket-end p ro jec t ing  
5 Socket-end i n  a 90 degree headwall  
6 Standard end sec t ion  

Corrugated metal pipe 
7 Projec t ing  from f i l l  
8 Mitered t o  f i l l  s lope 
9 90 degree headwall 

10  Standard end sec t ion  
Weir 

11 Drop i n l e t  weir 
12 Weir, roadway overtopped 

metal  o r  reinforced concre te  a r e  not included now, but could be 

added. 

The two weir  a l t e r n a t e s  use an equation of t h e  form: 

where Q = discharge i n  c f s  

C = c o e f f i c i e n t  

L = length of weir  i n  f e e t  

H = head on weir  i n  f e e t .  

A s  p resen t ly  cons t ruc ted  by the  ISHC and SCS, t he  drop i n l e t  opt ion  

has a value of 3.7 f o r  t h e  c o e f f i c i e n t  C. For the  roadway overtopped 

op t ion ,  the  roadway a c t s  a s  a broad-crested weir  and a value of 3.0 



I n l e t  c o n t r o l  equat ions  

A s  s t a t e d  before ,  t h e  equat ions  included i n  t h e  computer program 

a r e  only f o r  i n l e t  con t ro l  condi t ions .  No o u t l e t  con t ro l  cond i t ion  

equat ions  have been included f o r  a number of reasons. Experience a t  

t h e  ISHC i n d i c a t e s  t h a t  o u t l e t  c o n t r o l  r a r e l y  governs, Natura l  

channels  i n  Iowa usual ly  have sma l l  in-bank c a p a c i t i e s .  For  most 

des ign  d ischarges ,  t h e  water  has  overflowed and spread a c r o s s  t h e  va l ley .  

I n  most channels ,  t h e  t a i l w a t e r  r a t i n g  curve shows low t a i l w a t e r  

depths,  even a t  design discharges.  

Two major exceptions a r e  t h e  drainage d i t ches  of no r th -cen t r a l  

Iowa and the  draws i n  the  loes s  reg ion  of western Iowa. I n  both c a s e s ,  

t h e  design d ischarges  normally remain wi th in  the  channel banks. The 

t a i l w a t e r  r a t i n g  curve i n  these  channels  i s  such t h a t  t h e  depth of 

t a i l w a t e r  i s  g r e a t e r  a t  t h e  design d ischarge  than f o r  t h e  above 

cases.  However, the  channel s lopes  a r e  s t e e p  i n  western Iowa, which 

tend t o  reduce t a i l w a t e r  depth. 

The r e sea rch  repor ted  i n  Hydraulic Engineering C i rcu la r  No. 5 

(12) determined t h a t  the  governing downstream depth was the  l a r g e r  of 

e i t h e r  t h e  t a i l w a t e r  depth o r  t h e  r a t i o ,  (Dc + D)/2, where Dc i s  

t h e  c r i t i c a l  depth and D i s  e i t h e r  the  diameter  of t h e  pipe o r  t h e  

he igh t  of t h e  box. I n  most cases  i n  Iowa, t h e  r a t i o ,  (Dc + D)/2, 

governs. The most f requent  exceptions a r e  confined channels on f l a t  

s l o p e s ,  such a s  drainage d i t c h e s ,  and the  s i t u a t i o n  of one c u l v e r t  

loca ted  j u s t  downstream of another.  I n  t h i s  case t h e  headwater depth 

of t h e  downstream c u l v e r t  becomes t h e  t a i l w a t e r  depth of t h e  upstream 

c u l v e r t .  Even i n  these  in s t ances ,  t h e  f a l l  through t h e  c u l v e r t  i s  



usually enough t o  have i n l e t  control govern. Thus, the only instances 

where i n l e t  control  may not govern are  those few cases of high t a i l -  

water with l i t t l e  or  no difference i n  elevation between the i n l e t  and 

out le t  of the culvert .  I n  these cases, the program re su l t s  should be 

used only as an indication of how much the peak inflow might be re- 

duced. 

The research report  by Young, e t  a l ,  (33) included two case 

studies.  Methodology included routing floods through the culvert .  

In  both cases, ou t l e t  control  governed during only a very short i n i t i a l  

period of the e n t i r e  flood which las ted  for several  hours. The Young 

study was confined t o  box culverts.  The i n l e t  control equations used 

i n  h i s  study were a lso developed by the BPR, They take a much d i f f e r e n t  

form from the f i t t e d  polynomial equations used by the BPR i n  t h e i r  

computer programs. However, fo r  any given s ize  of box culver t ,  the two 

se t s  of equations yield  almost iden t ica l  resu l t s ,  

Thus in almost a11 cases, highway culver t  flow i s  governed by 

i n l e t  control .  This can a l so  be shown graphically by perfonnance 

curves, a graph of culver t  operation through some range of discharges 

and ba r r e l  slopes f o r  a spec i f ic  s i ze ,  type, and length of culvert .  

perfonnance curves were developed for  several  s izes  of box culver ts  

(4 x 4 t o  20 x 12) and pipe culverts (36 in. t o  72 in.) .  A 1 1  showed 

r e su l t s  similar t o  those for  the 6 x 6 box culvert  depicted i n  Fig. 13. 

I n l e t  control  governs throughout the range of headwater depths and 

discharges except for  culver ts  on slopes less than one percent with 

headwater depths less  than the height of the culvert. 



Fig.  13 .  Hydraulic performance curves f o r  a 6 x 6 box c u l v e r t  
wi th  an ISNC f l a r e d  headwall. 



Scope and capabil i ty of computer program 

The procedure for  determining headwater-discharge re la t ions  has 

been developed t o  allow the designer a wide choice. Five d i f fe ren t  

ou t l e t s  of varying types, s izes ,  e levat ion,  and number can be analyzed 

a t  the same time. For instance, a 5 x 5 box culver t  a t  elevation 900 

is  used i n  conjunction with a 10 x 5 drop i n l e t  a t  elevation 912. 

Additional outflow capacity i s  provided by twin 42-in. pipes a t  

elevation 918-5. I f  the water ponds t o  elevation 925, a side di tch 

pa ra l l e l  t o  the  roadway w i l l  begin to  carry water to  an adjacent 

stream. I f  the water ponds deeper than elevation 930, overtopping 

of the  highway grade w i l l  occur. 

Assume tha t  the t o t a l  discharge t o  elevation 935 i s  desired. 

The program begins by calculating the capacity of the 5 x 5 box culver t  

from elevation 900 to  elevation 935 i n  one foot increments. Then the 

capacity of the drop i n l e t  i s  determined from 910 t o  935. The dis-  

charges f o r  each s t ructure  are  compared a t  each elevation and the 

lower discharge of the two i s  saved beginning with 0 cfs  a t  elevation 

910. Next, the capacity of the twin 36-in. pipes a t  each elevation 

from 918.5 to  935 i s  calculated. Then the  discharges flawing down the 

side d i tch  from 925 t o  935 are  determined. Last, the r a t e  the water 

flows over the highway from elevation 930 to 935 i s  calculated. A t  

each one foot difference i n  elevation,  beginning a t  elevation 910 i n  

t h i s  example, the t o t a l  outflow capacity a t  tha t  elevation i s  deter-  

mined by adding together the appropriate discharges from each component 

weir and/or culvert .  Each elevation and t o t a l  discharge a t  t h a t  

elevation i s  saved in  a matrix for  future  use. A table  l i s t i n g  



each component discharge and t o t a l  discharge a t  each e l eva t ion  is  

output .  

The more usual  s i t u a t i o n  of a  s i n g l e  pipe (60 i n .  f o r  example) 

o r  a  twin box c u l v e r t  (8 x 8 f o r  example) can a l s o  be input  and 

c a l c u l a t i o n s  made a s  i n  the  more complex example above. A s i n g l e  

run can include a s  many a l t e r n a t i v e s  a s  des i r ed ,  such as varying 

c u l v e r t  s i z e s  and types,  i n v e r t  e l eva t ions ,  and/or number of c u l v e r t s ,  

a t  a s  many loca t ions  a t  t he  c u l v e r t  s i t e  a s  des i r ed  - plus  s i t e s  i n  

a s  many d i f f e r e n t  watersheds a s  des i r ed .  

The hydraul ic  e f f i c i ency  of var ious  types  of i n l e t s  and the  

e f f e c t s  oE them on maximum headwater depths w i l l  be discussed i n  a  

l a t e r  sec t ion .  

Flood Routing 

The t h r e e  elements (inflow hydrograph, s torage ,  and c u l v e r t  

hydraul ics)  a r e  combined i n  a  f lood  rout ing  rout ine  based on a 

computer program w r i t t e n  by Shearman and Dougal i n  1965 (26). The 

method used i s  based on two assumptions: t h e  outflow i s  a func t ion  

only of the  water  su r face  e l eva t ion  and t h i s  water su r face  i s  l e v e l  

throughout t h e  temporary pond so  t h a t  the re  is  a d i r e c t  r e l a t i o n s h i p  

between the  volume of s to rage  and t h e  water su r face  e l eva t ion .  

These t h r e e  elements a r e  combined i n  Eq. (32). 

Outflow = Inflow - Change i n  s torage  (32) 

For any incremental time per iod ,  such a s  AD, t h i s  r e l a t i o n  s a t r s f i e s  

the  p r i n c i p l e  of cont inui ty .  I f  t h e  change i n  s to rage  i s  ze ro  ( fo r  



i n s t ance ,  t he re  i s  no s to rage  a v a i l a b l e ) ,  then outflow equals  inflow. 

I f  s to rage  i s  a v a i l a b l e ,  while  the  inf low i s  inc reas ing ,  some of it 

goes i n t o  temporary s to rage  and the  outElow i s  l e s s  than the  inflow. 

Later  i n  the  f lood,  t h e  s i t u a t i o n  is reversed.  

The r e l a t i o n s h i p  i n  Eq. (32) can be  r ewr i t t en  as: 

Inflow - Outflow = Change i n  s to rage  

o r  

- 
where 7 i s  the  average inflow, 0 i s  t h e  average outflow, and AS i s  

the  change i n  s to rage  during some incremental time period AD. This 

i s  shown p i c t o r i a l l y  i n  Fig. 14. Uncontrolled outflow means t h a t  

the  outflow i s  a funct ion  only of t h e  depth of water and t h e  s i z e  and 

", " shape of the  o u t l e t  s t r u c t u r e ,  Control led outflow would involve the  

incorpora t ion  of a movable ga te  i n t o  t h e  o u t l e t  s t ruc tu re .  

Equation (33) can be r ewr i t t en  a s  

where t h e  subsc r ip t s  1 and 2 represent  t h e  beginning and end of the  

incremental  time period AD. Equation (35) i s  dimensionally c o r r e c t  

using t h e  usual u n i t s  of c f s  f o r  t h e  inflow and outflow, hours f o r  

t ime, ac re - fee t  f o r  s to rage ,  and K the  conversion f a c t o r  from acre-  

f e e t  t o  cfs-hours,  

The only unknowns i n  Eq, (35) a r e  0 and S2, the  outflow and 2 
v ,  s torage  a t  the  end of t h e  period. The outflow and s torage  a t  t he  





beginning are known, a s  a re  Il and 12, two adjacent ordinates of the  

inflow hydrograph. By cross multiplying and arranging a l l  the  known 

elements on the left-hand s ide ,  Eq. (35) becomes: 

The r i gh t  side of Eq. (36) is comonly known a s  a working curve for  

end-of-period re la t ionships ,  and can be re la ted  graphically t o  the 

known elevation-storage-discharge re la t ionships  fo r  a specified out- 

flow scheme. 

S2 Thus, f o r  each sequential  time period, - f 0 i s  obtained using 
AD 2 

2s 
Eq. (36), O2 is determined from - 9 0 versus 0 re la t ion ,  and the an 
corresponding reservoir  elevation and storage can be determined from 

the elevation-storage-discharge re la t ion .  These re la t ionships  and 

equations are contained within the  computer program developed herein. 

No addi t ional  input i s  required t o  accomplish the  flood routing since 

the required data have e i ther  been input o r  calculated a t  an ea r l i e r  

point i n  the program. The output from t h i s  portion of the  program 

includes for each incremental time period: time, inflow r a t e ,  outflow 

r a t e ,  amount of storage used, and headwater elevation.  

A Listfng of the  computerized design method fo r  cu lver t s ,  HDC, 

wri t ten i n  fost ran for  use on an IBM-360-65 computer i s  included a s  

Appendix D. A simplified flow chart  i s  included as Appendix F. 



PRCGRAPI INPUT 

Previous sections d e t a i l  the development of the computer program; 

here, inputing data t o  the program i s  described, Again, the input 

data is kept t o  a minimum. It consis ts  of four par t s :  hydrologic 

data,  stage-storage data ,  ident i f icat ion of a l t e rna t e  data,  and 

hydraulic da t a .  These four s e t s  of data a r e  contained on two input 

forms which are  shown as  Fig. 15 and Fig, 16. A l l  items of data are  

r igh t - jus t i f ied  i n  t h e i r  f i e l d s  and decimal points,  where required, 

are included i n  the forms. 

Hydrologic Data 

Required hydrologic data is  contained on one input card and 

consis ts  of eight items. The f i r s t  f ive items are  record items. 

The county number i s  obtained from Table 10. The recurrence in te rva l  

i s  given i n  years, normally 50 for  p r i m r y  and in t e r s t a t e  highways 

and 25 for county highways. A larger number, such as  100, 500, or  

1,000, can be input t o  t e s t  the culvert  fo r  a larger than design 

storm. The s i ze  of the watershed i s  input i n  acres.  The land use and 

slope factor and the frequency fac tor  are obtained from Fig. 1, the 

chart used by the ISHC t o  determine peak discharges. The frequency 

factor  assumed f o r  a recurrence interval  of 100 years is 1.2 and i s  

2.0 for  a recurrence in te rva l  of 1,000 years (based on logarithmic 

extrapolation). 

The eighth item i s  the number of storage elevations,  1 t o  21. 

This nurnber in column 75 i s  used only as a f lag  t o  t he  computer t o  







designate how many stage-storage data cards it w i l l  be reading. The 

entry i s  required only on the f i r s t  hydrologic data card. I f  the 

designer is  tes t ing  several  a l te rna t ive  culver ts  for  the same s i t e ,  

the subsequent hydrologic data cards w i l l  have a zero i n  column 75. 

This zero ac t s  a s  another f lag  t o  the computer. I t s  e f f ec t  i s  t o  have 

the program use the stage-storage data which had previously been 

input. Typical hydrologic input i s  shown i n  Fig, 17. 

Items 6 and 7 of the hydrologic data,  length and difference i n  

elevation,  are  the only data requirements not presently used i n  the 

culvert  design procedure a t  the ISHC. However, they a re  required a t  

times i n  t h e  hydrologic design of bridges, These two items re fe r  t o  the 

thalweg of the draw, creek, o r  stream. Item 6 i s  the length i n  fee t  

of the main channel between the culvert  s i t e  and divide. I n  the upper 

reaches of the watershed, the main channel i s  taken as t ha t  branch which 

has the greates t  drainage area. Item 7 i s  the difference i n  elevation 

i n  f e e t  between tha t  of the  divide and the  streambed elevation a t  the 

culvert  s i t e .  

These two items of data are  obtained from maps currently avai lable  

i n  the preliminary bridge section and/or photogranmetry section of the 

ISHC. Three measures (or numbers) a r e  required for  items 6 and 7: 

streambed elevation a t  the culvert  s i t e ,  elevation of the divide,  and 

length of the main channel between these two points. The streambed 

elevation at  the culvert  s i t e  i s  avai lable  from the survey notes for  

the project ,  a Kelsh P lo t te r  contour map, or  a USGS topographic map. 

The elevation of the divide is  also available from these two types of 

maps. 





I f  the drainage area is about 2 sq m i  or  l e s s ,  the Kelsh P lo t t e r  

can be used t o  obtain a l l  three items by drawing the t race  of the  

stream on a map and l i s t i n g  the two elevations. The stream length i s  

then obtained by measuring the length on t h e  map. Other sources for  

stream length are USGS quadrangle maps, f i l e s  of agr icul tural  a e r i a l  

photos maintained by the photogrametry section,  and various drainage 

maps prepared by county engineers. 

I f  a USGS quadrangle map i s  used t o  determine stream length, 

then the map scale must be taken in to  account. The length taken 

from a 7.5 minute map (a sca le  of 1:24,000) can be used without 

correction. As the map scale  becomes la rger ,  the meandering which 

shows on the 7.5 minute map becomes l e s s  w e l l  defined. The correction 

factors  shown i n  Table 20 should be used. For example, i f  the length 

scaled from a l.:250,000 map i s  50,000 f t ,  then the length input t o  the 

computer is 50,000 times 1.3 or  65,000 f t .  These factors  were deter-  

mined from the data shown i n  Table 21. 

Table 20. Correction fac tors  f o r  length of stream based on map scale  

Size of other map Scale Ratio = 7.5 minutes/other 

7.5 minutes 1 in. = 2,000 f t  1 , O O  

15 minutes 1 in .  = 5,200 f t  1.10 

30 minutes 1 in. = 10,400 f t  1.20 

1:250,000 1 in. = 20,800 f t  1.30 



Table 21. Length r a t i o s  for  maps other than 7-5 minute quads 

1 2 3 4 5 6 7 
County Gage Quadrangle 1:250,000 Ratio Ratio 

Size Length, Length, col. 4fcol. 5 7.5fother 
f t  f t  

Marion D.A. = 2625 7-5 22,500 17,400 1.29 1.29 

Johnson 5-4540 7.5 61,800 47,500 1.30 1.30 

plymouth 6-5998 7.5 28,900 22,600 1.28 1.28 

Mills 6-8082 7,5 36,700 28,000 1.31 1.31 

Allamakee 5-3884 15 34,200 28,500 1.20 1.08 

Greene 5-4830 15 64,200 54,000 1,19 1.09 

Allamakee 5-3887 30 9,770 9,200 1.06 1.22 

Stage-Storage Data 

The method for  determining the stage-storage curve is described i n  

a previous section on storage as  shown i n  Table 17, Columns 1 and 6 

of Table 17 are entered on the input form shown i n  Fig. 15. Twenty-one 

en t r ies  f o r  elevation and storage volume are  available on the form; 

normally less  than ten en t r i e s  w i l l  adequately describe the storage 

capabi l i ty  of a s i t e .  Only one elevation and the t o t a l  storage volume 

below tha t  elevation are  l i s t e d  on each card. Always begin the elevation- 

storage curve a t  the  elevation a t  which the natural  draw flowline 

crosses the  toe of slope of the  highway f i l l .  



Iden t i f i ca t ion  Data 

Four l ines  (4 cards) of information t o  iden t i fy  the culver t  s i t e  

and a l t e rna t e  under consideration a re  available i n  the  program as  shown 

i n  Fig. 16. These four l i ne s  a r e  labeled i den t l  t o  ident4 and the  

information i s  coded i n  colwms 6 through 65, A l l  four cards must be 

included. I f  three l ines  a re  suf f ic ien t  t o  ident i fy  the a l t e rna t e ,  

then the  fourth card need only have the number 4 i n  column one. 

Information t ha t  might be included a r e  the designer 's  name, 

project  number, the  design number, the s t a t i on  of the  cu lver t ,  the 

drainage a r ea ,  the  type of t e r r a in ,  the  name of the  stream i f  it has 

one, the  type and name of the  top0 map used, and the  type, s i ze ,  

number, and flowline elevation of the  culver t ,  o r  combination of 

cu lver t s ,  used i n  the  par t icu la r  a l t e rna te .  An example of iden t i f i ca t ion  

input i s  shown i n  Fig. 17. 

Hydraulic Data 

Hydraulic data fo r  each a l te rna te  i s  entered on f i v e  cards. For 

twin 48-in. pipes or  a s ingle  10 x 10 box culver t ,  f o r  example, only 

the appropriate columns on card 1 need be f i l l e d  i n .  Then, on cards 2 

t o  5 ,  a zero in  column 10 i s  required - plus a 2 through 5 on cards 2 

t o  5 i n  c o l m  5. The zero i n  column 10 is  a f lag  t o  the computer t ha t  

the card can be bypassed. 

Card 2 i s  reserved f o r  drop i n l e t s .  I f  no drop i n l e t  i s  used 

i n  the  a l te rna te ,  a zero is  placed i n  column 10. I f  a drop i n l e t  i s  

used, an 11 i s  placed i n  columns 9 and 10 and the  t o t a l  length of 



weir i s  placed i n  the proper columns next t o  the decimal point i n  

column 80. The other columns can be l e f t  blank or  r i gh t - ju s t i f i ed  

zeros can be placed i n  the other f i e ld s ,  

More complex al ternates  could require the use of a l l  f ive  cards. 

For instance,  a 5 x 5 box culver t  a t  elevation 1080 is t o  be used in  

conjunction with a 10 x 5 drop i n l e t  a t  elevation 1090. Additional 

outflow capacity i s  provided by twin 42-in. pipes a t  elevation 1095. 

I f  the water ponds t o  elevation 1099, a roadside ditch w i l l  begin to  

carry water t o  an adjacent stream. I f  the water ponds deeper than 

elevation 1104, overtopping of the  highway w i l l  occur. For t h i s  

a l te rna te ,  d e t a i l s  of the 5 x 5 box culvert  are  entered an card 1, 

the drop i n l e t  on card 2,  and the twin 42-in. pipes on card 3. The 

s ide di tch w i l l  a c t  as a weir and is entered on card 4. The highway 

i t s e l f  w i l l  a l so  ac t  as a weir and i s  entered on card 5. These 

f ive  cards a r e  shown i n  Fig, 17. 

The l a s t  two items on the input form are  f lags  to  the computer. 

The f i r s t  of these questions i s  whether a new inflow hydrograph is  

wanted. The usual answer w i l l  be no, s ignif ied by placing a zero i n  

column 1, The or ig ina l  se t  of inflow hydrographs i s  computed from 

the hydrologic data input t o  the computer. These hydrographs a r e  

stored i n  memory and are recalled for  each a l te rna te  analyzed for  the 

s i t e .  The only time a yes answer i s  used i s  i f  any of the hydrologic 

input i s  changed, or if another watershed i n  the  same or  another 

project i s  going to  be analyzed. 

The second question i s  whether more calculations are  t o  be made. 

The usual answer w i l l  be yes, s ignif ied by placing a one i n  column 1. 



The only t i m e  a zero is placed i n  column 1 i s  i f  t h i s  is t o  be the 

l a s t  a l t e rna t e  t o  be analyzed. The zero is  a f lag  t o  the computer 

t h a t  calculations cease and output terminates following the current 

a l ternate .  



EXAMPUS OF PROGRAM USE 

The following examples i l l u s t r a t e  use of the  computer program to 

h e l p  determine t h e  type  and s i z e  of c u l v e r t  b e s t  s u i t e d  t o  a p a r t i c u l a r  

s i t e .  The t h r e e  examples por t ray  a v a r i e t y  of s i t u a t i o n s  encountered 

by the  highway c u l v e r t  and bridge designer:  br idge obsolescence i n  

h i l l y  Pottawattamie County, drainage f o r  an urbanizing area  i n  Sioux 

Ci ty ,  and a combination highway and r e c r e a t i o n a l  use proposal i n  Webster 

County. 

Bridge Replacement in  Pottawattamie County 

The f i r s t  example i s  a case  study of e leven small county bridges 

i n  Pottawattamie County. The recent  n a t i o n a l  br idge  inspect ion  program 

requi res  t h e  inspec t ion  of a l l  bridges constructed with f ede ra l  funds. 

The r egu la t ions  r e q u i r e  t h a t  br idges  b e  posted with an allowable load 

l i m i t .  Some w i l l  have t o  be replaced i n  order  t o  ca r ry  t h e i r  intended 

t r a f f i c ,  f o r  in s t ance ,  t rucks  on t h e  farm-to-market system. The inventory 

and inspect ion  requirements apply t o  a l l  br idges  ca r ry ing  and going 

over federa l ly-a ided  i n t e r s t a t e ,  primary, and secondary highways 

i n  every s t a t e .  The example shows how t h e  p o t e n t i a l  s t r a i n  on the  

county budget can be  eased through the  use of t h e  computer program 

(a savings of somewhat over $115,000 i s  poss ib le  i n  the  replacement 

of the  11 b r i d g e s ) .  

The magnitude of the  t o t a l  problem can be est imated by looking 

a t  the  d i f f i c u l t i e s  on t h e  l o c a l  level .  Prel iminary information was 

provided i n  a p r i v a t e  communication from a consul t ing  engineer 



performing inspection of bridges on the secondary road system i n  

Pottawattamie County. Thereare 238 bridges included on the farm-to- 

market system i n  Pottawattamie County. Of these,  62 bridges, o r  26 per- 

cent ,  cannot be rated for  any truck t r a f f i c  under current guidelines. 

While some of these bridges might be upgraded, many of them w i l l  need 

t o  be replaced. The 238 bridges represent about one-third of the 

secondary road bridges i n  the  county. It i s  estimated tha t  the 

percentage of inadequate bridges on the remaining local  system i s  

l ike ly  t o  run much higher than on the county's farm-to-market system. 

The percentage of exis t ing bridges on potent ia l  culvert-sized water- 

sheds may a l s o  be greater.  

The 62 inadequate bridges are  located throughout the county. 

They range i n  length from 15 t o  83 f t  and drain  watersheds which vary 

i n  s i z e  from 36 ac. t o  189 sq m i .  Only e igh t  of the  62 watersheds 

are  larger than 25 sq m i ,  An a rb i t ra ry  sample of eleven smaller water- 

sheds was selected t o  provide a var ie ty  of locations,  storage capab i l i t i e s ,  

and heights from road grade t o  streambed. These eleven h i l l y  watersheds 

range in  s i z e  from 36 to  960 ac. and the exis t ing bridge lengths vary 

from 19 t o  106 f t  as shown i n  Table 22. 

Three types of replacement costs  were calculated fo r  these eleven - 
s i t e s :  replace with bridges of the  sane length,  replace with culver ts  

using the current ISHC design procedure, and replace with culver ts  

using the computerized design method developed i n  t h i s  study. Highway 

geometric standards and quantity and cost  f igures were obtained from 

the Preliminary Bridge Section of the ISHC. 



Table 22.  Location and s i z e  of  eleven small  br idges  i n  Pottawattamie 
County 

Location Length, Width, Drainage a r e a ,  
Number sec  . , twp., range f t  f t  ac.  

The f i r s t  type of replacement c o s t  assumes t h a t  each of t h e  

eleven b r idges  would be rep laced  with a 30-f t  wide concrete  s l a b  bridge 

of  the  same l eng th ,  a l though a c t u a l l y  some of the  br idge  l eng ths  would 

have t o  be increased  due t o  channel degradat ion and/or e ros ion  of the  

banks of  the  channel. Other br idges  would be replaced by c u l v e r t s  i n  

o rde r  t o  s t o p  t h e  deepening of t h e  g u l l y  caused by channel e ros ion .  

However, t h i s  assumption of equa l  length y i e l d s  an adequate f i g u r e  

f o r  a minimum es t imate  of t o t a l  replacement cost .  

The second type assumes t h a t  each br idge  is  replaced  wi th  a cul-  

v e r t  whose s i z e  is determined by using t h e  c u r r e n t  ISHC des ign  procedure. 



This means determining the design discharge, Q by using the Peak 
25' 

Rates of Runoff Chart shown i n  Fig. 1, then using Q and Hydraulic 
25 

Engineering Circular No. 5 (12) t o  determine the correct  s ize  and type 

of culvert .  This method r e s t r i c t s  the design headwater t o  the crown 

of the cu lver t  o r  up t o  two fee t  above the culver t  crown, depending 

upon the structure.  

The th i rd  type assumes tha t  each bridge is replaced with a culvert 

whose s i ze  i s  determined by using the computerized design method 

developed i n  t h i s  study. Several a l te rna te  s izes  and types of culver ts  

were analyzed using Q 
25' 

Those culver ts  t h a t  were ten ta t ive ly  selected 

were checked using 9 
100" 

The author re jected those culverts i n  which 

Ql00 
overtopped the ex is t ing  highway grade. Pertinent elevations for  

these eleven s i t e s  a r e  shown i n  Table 2 3 .  The difference i n  headwater 

elevation between current ISHC and computerized design methods is due 

to  the f a c t  t h a t  temporary ponding e f fec t s  a r e  ignored i n  the current 

ISHC method which uses only the peak design discharge. 

Required structure s izes  of the three replacement methods are  

shown i n  Table 24.  Other culver t  s izes  and imrert elevations were 

a lso investigated. Sizes shown i n  Table 24 for  the computerized design 

method are  minimum s izes  i n  order t o  show maximum possible savings. 

Additional s i t e  or  design r e s t r i c t i ons  may r e su l t  i n  using larger  

culverts.  

Only one headwater elevation fo r  the computerized design method i s  

shown i n  Table 2 3 ;  however, the e f fec t s  of seven storm durations are  

analyzed i n  t h e  program. The other s i x  analyses on each a l te rna te  

yield addit ional data on the e f f ec t  d i f f e r en t  peak discharges and 



Table 23, P e r t i n a t  .elevations and storages used a t  the eleven 
bridge sites 

Proposed Existing Headwater elev,, 425 Storage 
Streambed culvert  highway Current Computer used, max. 

Number e lev. elev. e lev. methoda methodb ac. f t  

11 1171.0 1177.0 1190.0 1183-9 1187.0 27.9 

a 
Hydraulic Engineering Circular No. 5 (12). 

b 
Computerized design method, Q ~ O O  does not overtop exis t ing highway 

grade. 

runoff volumes have on miximum headwater elevation. The program output 

can a l so  be used t o  determine the length of time the water surface 

was above a given elevation. I f  adjacent cropland i s  inundated once 

every 25 or 100 years, t h i s  time length of inundation w i l l  help 

determine the probabili ty of crop damage. I n  a l l  eleven cases, t o t a l  

flood duration for  the 100-yr event was l e s s  than half  a day. 



Table 24. Structure replacement s izes  a t  t he  eleven bridge s i t e s  

Replacement Current ISHC Computerized 
Number bridge s i ze  design method design method 

1 24 x 30 48 in .  CMP 

2 61 x 30 60 i n ,  CMP 

36 in .  CMP 

36 in .  CMP 

3 106 x 30 10 x 8 RCB t o  8 x 6 RCB 60 in .  CMP 

4 22 x 30 8 x 6 RCB 6 x 6 RCB 

5 42 x 30 8 x 6 RCB 60 in .  CMP 

6 38 x 30 6 x 6 RCB 

7 23 x 30 6 x 6 RCB 

8 19 x 30 10 x 6 RCB 

60 in .  CMP 

72 in .  CMP 

60 in .  CMP 

9 61 x 30 2 (8 x 6) RCB 2 (8 x 6) RCB 

10 34 x 30 3 (60 in.) CMP 3 (60in.)  CMP 

11 70 x 30 8 X 6 RCB t o  6 % 6 RCB 54 in.  CMP 

The replacement of bridges with cu lver t s  w i l l  stop some erosion of 

the channel upstream. The highway f i l l  w i l l  t rap some of the sediment 

carried by flood waters, This w i l l  eventually r e s u l t  i n  lessening the 

amount of available storage. 

The cost  of each of the methods i s  shown i n  Table 25, There are  

addit ional costs  when a bridge i s  replaced with a culvert. The bridge 

opening must be f i l l e d  with enrbankment material and topped with paving. 

The f i l l  and paving costs shown i n  Table 25 are t o t a l  costs for  a l l  

eleven s i t e s .  Comparing the three methods indicates  tha t  culver ts  

designed using the current ISHC method would save about $60,000 over 
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Small Drainage Area i n  Sioux City 

The second example concerns a  small watershed of 340 ac. i n  Sioux 

City. Here, the  d e l i b e r a t e  use of a v a i l a b l e  s torage  reduces t h e  peak 

outflow discharge t o  6,2 percent  of t h e  peak inflow r a t e  ( t o  47 c f s  

from 762 c f s ) .  This g r e a t l y  reduced Q can then  be  s a f e l y  handled by 

t h e  e x i s t i n g  c u l v e r t s  downstream. This p a r t i c u l a r  so lu t ion  has been 

incorporated i n t o  t h e  design p lans  f o r  US Highway 520 i n  Woodbury County. 

Typical program output f o r  t h i s  example has  been included a s  Appendix C 

t o  i l l u s t r a t e  the form and types of information output  by t h e  program. 

The topography of t h i s  urbanizing watershed i s  t y p i c a l  of t h e  

s t e e p  l o e s s  h i l l s  found i n  western Iowa, The amount of ava i l ab le  s to rage  

i s  l a r g e  wi th  respect  t o  t h e  s i z e  of the  watershed. While t h e  normal 

response r a t e  of watersheds i n  t h i s  loca le  i s  s h o r t ,  urbaniza t ion  w i l l  

f u r t h e r  decrease the  t i m e  requi red  f o r  flow t o  reach  maximum. Urbaniza- 

t i o n  w i l l  a l s o  increase  t h e  magnitude of t h e  peak discharge.  

Thewatershed i s  1ocatedadjacenl:totheMissouriRiverfloodplainaad 

crosses  FreewayNo. 5 2 0 j u s t e a s t o f t h e B i g h w a y  520interchangewithInters ta te  

Highway129. TheproposedalignmentofHighway 5 2 0 c r o s s e s t h e  upstreamendof a n  

exis t ingpond l o c a t e d i n t h i s  por t ion  o f thewa te r shed .  The o u t l e t  o f t h e  c u l v e r t  

d r a i n F a g t h e 3 4 0 a c . i s t o b e  located ju s tups t r eamofap roposed le tdown  

s t r u c t u r e .  T h i s s t r u c t u r e d r a i n s b o t h t h e 3 4 0 a c .  watershed loca ted  sou thof  

Highway520and a 4 0 a c . w a t e r s h e d o n t h e  north s i d e ,  The combined flow d r a i n s  

i n t o  the  remainder o f t h e  exis t ingpond.  I f t h e w a t e r g e t s t o o d e e p i n t h e  pond, 

letdown s t r u c t u r e s  paral lel ingHighway520 safelyconveyexcesswatertothe 

Missouri River  flood p la in .  



The normal s t r u c t u r e  f o r  t h i s  340 ac. urbanizing h i l l y  watershed 

would b e  a 10  x 8 re inforced  concrete box cu lve r t .  Due t o  t h e  highway 

sec t ion  and grade,  l o c a l  topography, and proposed i n v e r t  e l eva t ion ,  

t h e  normal c u l v e r t  would be about 185 f t  long and would cos t  about 

$37,000. The peak outflow from t h i s  c u l v e r t  would n e c e s s i t a t e  a 

s i m i l a r l y  s i zed  letdown s t r u c t u r e  i n t o  t h e  e x i s t i n g  pond and might 

overtax the  e x i s t i n g  o u t l e t  s e ruc tu re  of t h e  pond. The cos t  of these  

s t r u c t u r e s  were not  determined. 

I n  order  t o  pro tec t  the  downstream s t r u c t u r e s ,  t h e  dec is ion  was 

made t o  temporari ly pond the  water  upstream of Highway 520 and r e l e a s e  

it so t h e  downstream s t r u c t u r e s  and t h e  surrounding a rea  would not  be 

endangered. This r egu la t ion  w a s  accomplished by reducing the  s i z e  of 

t h e  o u t l e t  s t r u c t u r e  through the  Highway 520 embankment. Several  s i z e s  

of re inforced  concrete pipe were analyzed using the  computer program. 

The r e s u l t s  a r e  shown i n  Table 26. Dikes upstream and downstream of 

Highway 520 conta in  t h e  water  wi th in  t h e  draw t o  an e l eva t ion  of 

1170.0, The peak inflow r a t e  of 762 c f s  i s  equivalent  t o  t h e  100-yr 

flood . 
The s i z e  s e l e c t e d  f o r  use i s  a 48-in. RCP with the  i n l e t  reduced 

t o  a 24-in, opening. The 48-in. b a r r e l  was used f o r  ease  of in spec t ion  

and maintenance. This c u l v e r t  i s  about 225 f t  long and c o s t s  about 

$8,300. The peak inflow of 762 c f s  i s  reduced t o  a peak outflow of 

47 c f s  with a maximum water su r face  e l e v a t i o n  of 1168.6. Even when 

the  peak inflow i s  increased t o  919 c f s ,  t h e  peak outflow i s  reduced 

t o  57 c f s  with a a x i m u n  water  sur face  e l eva t ion  of 1168.9, s t i l l  a 

foo t  below t h e  t o p  of t h e  dike.  The 21 percent  inc rease  i n  peak inflow 



Table 26.  Per t inen t  e l eva t ions ,  peak inflow and outflow r a t e s ,  and 
s to rages  used f o r  var ious  s i z e s  o f  pipe cu lve r t s  f o r  
a 340 ac. watershed i n  Sioux Ci tya  

Pipe Inflow Outflow Headwater Storage 
diam. , r a t e ,  max., r a t e ,  max., e l e v . ,  max., used, max., 

i n .  c f s  c f s  f t ,  MSL ac.  f t  

a 
E x i s t i n g  streambed e lev .  = 1141.7 
Proposed i n v e r t  elev.  = 1155.0 
Minimum highway e lev .  = 1175.4. 

i s  s tored  i n  an a d d i t i o n a l  4-in. depth of water .  This reduction i n  Q 

i s  shown g raph ica l ly  i n  Fig. 18. 

Large Drainage Area i n  Webster County 

The t h i r d  example shows what might be done on two adjacent  water- 

sheds (15,000 and 1,800 ac.) on proposed US Highway 520 i n  Webster 

County. The c o s t  of t h e  p resen t ly  proposed c u l v e r t s  f o r  Highway 520 

and an ad jacen t  county road i s  j u s t  under $1,000,000. The proposed 

s o l u t i o n ,  based on output  from the computerized design method, has a 

c u l v e r t ,  r i p r a p ,  and land cos t  of j u s t  under $540,000. Thus, t h e r e  i s  
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a po ten t ia l  savings of about $460,000. The proposed solution creates  

two small lakes and i f  used fo r  recreation by the county, other costs 

would be incurred. These other  costs may be i n  the  range of $50,000 

t o  $100,000. I n  addit ion,  before t h i s  solution i s  accepted, the  

technical ,  soc i a l ,  environmental, and i n s t i t u t i o n a l  impacts, both 

pos i t ive  and negative, must be assessed. 

These two watersheds of 23,4 sq mi and 2.8 sq m i  are located 

mostly i n  pothole t e r r a in  i n  Webster County, They a r e  d i f fe ren t  i n  

t ha t  t h e i r  channels have dug i n t o  the f l a t  and poorly drained area  

of north cen t r a l  Iowa i n  order t o  meet the streambed of the  Des Moines 

River almost two hundred f e e t  below the upland surface, The proposed 

alignment of Freeway 520 cu ts  across these two creeks as they plunge 

down t o  the  Des Moines River, Farmland here i s  usually drained by a 

combination of t i l e  l ines  and surface drainage ditches.  Those portions 

of the watershed upstream of the  proposed highway, 1,000 and 300 ac . ,  

consist  pr incipal ly  of deeply incised channels and a re  very h i l l y .  

These deep narrow valleys provide l i t t l e  storage volume i n  re la t ion  

t o  the  s i ze  of the watersheds. An exis t ing county road i s  located 

pa ra l l e l  t o  and just  downstream of the  proposed Highway 520 alignment. 

The proposed culver ts  fo r  these two watersheds have been designed 

using current ISHC design procedure. For the  15,000 ac. watershed, a 

s ingle  24 x 26 reinforced concrete arch culver t  has been proposed. 

It would be 422 f t  long through Highway 520 and 164 f t  long through 

the  county road. The two sections would be joined by a 46-ft sect ion 

of open rectangular channel. The inver t  elevations of the  proposed 

arch culver ts  match the ex is t ing  streambed, about 67 f t  below the  



proposed highway grade. For t h e  1,800 ac. watershed, a  12 x 10 r e i n -  

forced concrete box c u l v e r t  tapered  from a 16 x 10 i n l e t  has been 

proposed. This c u l v e r t  would be  455 f t  long through Highway 520 and 

would have i t s  i n l e t  r a i s e d  16  f t  above t h e  e x i s t i n g  streambed. 

The proposed highway grade i s  an average of 65 f t  above the  e x i s t i n g  

streambed. The o u t l e t  of t h e  c u l v e r t  would be constructed so t h a t  t h e  

water would flow down t h e  d i t c h  between Highway 520 and the  e x i s t i n g  

county road. The d i t c h  sec t ion  between t h e  c u l v e r t  o u t l e t  and the  

rec tangular  channel would be armored with r iprap .  The est imated cos t  

f o r  a l l  of the  above s t r u c t u r e s  is j u s t  under $1,000,000. 

The computerized design method was used t o  examine t h i s  est imated 

s t r u c t u r e  c o s t .  Several a l t e r n a t i v e  s i z e s  of pipe and box cu lve r t s  

were analyzed f o r  both of the  watersheds with the  i n l e t s  r a i s e d  30 f t  

above t h e  e x i s t i n g  streambed. The i n l e t s  were r a i sed  f o r  two purposes. 

F i r s t ,  s t r u c t u r e  c o s t  would b e  l e s s  because the  c u l v e r t s  would be 

s h o r t e r  and a l i g h t e r  sec t ion  could be  used due t o  the  decreased f i l l  

height  over the  s t r u c t u r e .  Second, i f  t h e  i n l e t  i s  r a i sed ,  more 

s torage  volume becomes a v a i l a b l e  f o r  depths of one t o  two times the 

he ight  of the  c u l v e r t ,  

The i n i t i a l  computer runs showed t h a t  each watershed was i n  e f -  

f e c t  a c t i n g  a s  two sepa ra te  watersheds. Runoff from t h e  s t e e p  por t ion  

near  t h e  highway would ga ther  quickly  and flow through the  culver t .  

This water  would recede before  t h e  runoff from the  f l a t  por t ion  a r -  

r ived  a t  t he  cu lve r t .  As an example, f o r  a  storm dura t ion  of t e n  hours 

on the  15,000 ac,  watershed, t h e  runoff  from the  1,000 ac. por t ion  

reached a peak of 1,225 c f s  two hours a f t e r  t h e  beginning of the  storm, 



had receded to  133 cfs  a t  time equal t o  four hours, and t o  almost zero 

a t  t en  hours. For the  14,000 ac. f l a t  portion,  inflow t o  the culvert  

was zero a t  two hours and 128 cfs  a t  four hours. The peak of 3,630 cfs  

did not a r r ive  u n t i l  twelve hours a f t e r  the beginning of the storm. 

This ten hour storm had a recurrence in te rva l  of 50 years. Total rain- 

f a l l  and runoff were about 5,O and 2.5 in . ,  respectively.  

Summaries of the computer analyses are  shown i n  Tables 27 and 28. 

The studies indicated t h a t  the culver ts  on both watersheds could be 

considerably reduced i n  s i ze  without any adverse e f fec t s .  A t en ta t ive  

selection of f i n a l  s i ze s  are  a 10 x 10 box culver t  tapered from a 

16 x 12  i n l e t  on the larger  watershed and a 4 x 4 box culvert  tapered 

Table 27. Pertinent elevations, peak inflow and outflow r a t e s ,  and 
storages used f o r  various s izes  of box culverts for  a 
15,000 ac. watershed i n  Webster Countya 

Inflow (Putflow Headwater Storage 
BOX culvert  s i z e  r a t e ,  max., r a t e ,  max., elev., max., used, max., 

I n l e t  Barrel  c f s  c f s  f t ,  MSL ac. f t  

Twin Twin 
20 x 12 12 x 12 3,939 3,853 1031.2 2 74 

a 
Existing streambed elev. = 990-0 
Proposed invert  elev. = 1020.0 
Minimum highway elev. = 1057.6. 



Table 28. Pert inent elevations,  peak inflow and outflow r a t e s ,  and 
storages used f o r  various s i ze s  of pipe and box culverts  on 
an 1,800 ac. watershed in  Webster countya 

Inflow Outflow Headwater Storage 
Culvert s i z e  r a t e ,  max,, r a t e ,  ma..,  elev., max., used, max., 

In l e t  Barrel  cf  s  c f s  f t ,  MSL ac. f t  

-- - -- 

16 x 10 12 x 10 1,273 

6 x 6  5 x 5  1,273 

5 x 5  4 x 4  806 

60 in .  48 i n .  806 

54 in .  42 in .  806 

48 in. 36 in.  1,273 

5 x 5  4 x 4  1,153 

a 
Exis t ing streambed elev. = 1000.0 
Proposed inver t  elev. = 1030.0 
Minimum highway elev. = 1062.0. 

from a 5 x 5 i n l e t  on the  smaller watershed, The t o t a l  cost  of these 

s t ruc tures  i s  estimated t o  be j u s t  over $250,000. Because the  i n l e t s  

a re  each ra ised 30 f t ,  two ponds are created. Thesewould be about 21 

and 6 ac. in  size.  To provide land f o r  these ponds, 100 ac. were 

assumed t o  be purchased a t  a cost  of $100,000. A unit cost  of $1,000 per  

acre  was assumed because t h i s  land is  somewhat desirable fo r  rural  

homesites. 'In order t o  protect  the upstream slope of the  highway 

from erosion due t o  wave action,  a portion of the  slope was armored 

with a 3 - f t  thickness of riprap. The cost  of the  r iprap was estimated 

t o  be $189,000. 



Thus, the  t o t a l  cost  of t h i s  a l te rna te  i s  about $540,000. The 

estimates fo r  land andriprapweredeliberatelyhightocoverothercosts 

which might be involved. The potent ia l  savings f o r  these two adjacent 

watersheds, then, is about $460,000. Before th i s  solution i s  accepted, 

however, the technical, soc ia l ,  environmental, i n s t i t u t i ona l ,  and legal 

impacts, both positive and negative, must be evaluated. Also, addi- 

t i ona l  computer runs should be made for  other invert elevations and 

culvert  s izes  t o  determine the bes t  combination f o r  each of the  two 

s i t e s .  

These th ree  examples show the capabi l i ty  of the computerized 

design method t o  reduce culvert  costs  without adverse e f fec t s .  

Table 29 summrizes the costs  of the  three examples using the current 

ISHC design method and the computer program design method. The examples 

reported here show a t o t a l  potent ia l  saving of about $543,000. Many other 

s i t e s  throughout Iowa were analyzed during t h e  course of the study and 

potent ia l  savings were found i n  almost a l l  of them. 

Table 29. Comparative construction costs  of the three examples. 

Example 
Current ISHC 
design method 

Computer program 
design method 

1 $ 148,500 $ 94,400 

2 37,000 8,300 

3 1,000,000 540,000 

Total $1,185,500 $642,700 



SENSITIVITY OF HEADWATER DEPTH TO VARIOUS PARAMETERS 

In order t o  determine how accurately input items need t o  be 

measured and how sensi t ive  program re su l t s  are  t o  several in ternal  

items, the  s ens i t i v i t y  of headwater depth t o  various parameters was 

studied. Headwater depth was selected as  the c r i t e r ion  for  comparison 

purposes because i n  most instances, it i s  the determining factor  on 

which a specif ic  culver t  s i ze  and type i s  e i t he r  accepted or rejected. 

The parameters studied were length of main channel, difference i n  eleva- 

t ion between the watershed divide and the streambed a t  the culvert  s i t e ,  

recurrence in te rva l ,  culvert  i n l e t  efficiency, culvert  s ize ,  time 

d is t r ibu t ion  of r a i n f a l l ,  runoff volume, value of SCS runoff curve 

number, and volume of storage. Volume of storage i s  discussed l a s t  

but it appears t o  have the greates t  e f f e c t  on headwater depth. Also, 

a t  those s i t e s  which have a large volume of storage, there i s  l e s s  

e f f ec t  of the  other parameters on headwater depth. 

Length of Channel and Difference i n  Elevation 

The time of concentration of a watershed i s  re la ted t o  the length 

of main channel and difference i n  elevation between the watershed 

divide and the streambed a t  the culvert  s i t e  by 

where Tc = time of concentration i n  hours 

L = length of main channel i n  fee t  

H = difference i n  elevation defined above i n  f ee t .  



This equation was developed by t h e  Ca l i fo rn ia  Division of High- 

ways (16). 

The change i n  time of concent ra t ion  Tc caused by a change i n  the  

he ight  H o r  length L i s  determined by s u b s t i t u t i n g  varying percentages 

of t h e  he igh t  and length  i n t o  Eq. (37), The r e s u l t s  from seve ra l  

percentages a r e  shown i n  Table 30. A 40 percent  inc rease  i n  he ight  

r e s u l t s  i n  a 12 percent decrease i n  time of concent ra t ion ,  while  a 

40  percent  decrease i n  he igh t  r e s u l t s  i n  a 22 percent inc rease  i n  time 

of concent ra t ion .  Conversely, a 40 percent  inc rease  i n  length r e s u l t s  

i n  a 48 percent  inc rease  i n  time of concent ra t ion ,  while  a 40 percent  

decrease i n  length  r e s u l t s  i n  a 45 percent decrease i n  time of 

concentrat ion.  Based on the  change i n  time o f  concentrat ion,  t h e  

length r e q u i r e s  more accuracy i n  measurement than t h e  he ight .  I f  

both a r e  i n  e r r o r ,  t he  time of concent ra t ion  f o r  gage 5-3884 i s  

0.96 hours w i t h  0.6 x L and 1.4 x H and is 3.58 hours f o r  1.4 x L 

and 0.6 x H. 

The e f f e c t  of these  changes i n  time of concent ra t ion  on headwater 

depth was a l s o  determined. Maximum headwater depths f o r  var ious  

combinations o f  he ight  and l eng th ,  based on computer ou tpu t ,  a r e  

shown i n  Table 31. The percentage change i n  depth,  using the  values 

from Table 31  and the  headwater depth f o r  t h e  L, H combination as  the  

base,  is shown i n  Table 32. Several observat ions can be made from 

the  d a t a  shown in  Tables 31 and 32, An over-est imation of he ight  

causes an inc rease  i n  depth while  an underestimation causes a de- 

c rease  i n  depth. The opposi te  i s  t r u e  of length.  An over-est imation 

of he ight  has  l e s s  e f f e c t  on depth than an underest imation.  The same 
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Table 33. Headwater depths  f o r  va r ious  recurrence  i n t e r v a l s  

Headwater depth,  f t ,  
f o r  i nd ica t ed  recurrence 

Drainage Culvert  i n t e r v a l  
County a rea ,  a s .  s i z e  50-yr 100-yr 500-yr 

Fremont 4,900 2 (12 x 10) 13.0 16.2 21.1 

Johnson 3 8 36 in .  0.8 0.8 1.1 

Johnson 223 8 x 6  7.0 8.3 10.7 

Sco t t  43 4 8  i n .  3.0 3.3 4.4 

Johnson 600 8 x 8  7.2 8 .1  10.3 

Black Hawk 7,425 3 (16 x 8) 7.9 9.0 9.7 

Pottawattamie 765 5 x 5  9.3 10.5 13.3 

Pottawattamie 325 3 (60 in . )  4.7 5.8 7.1 

Webster 15,000 3 (16 x 12) 10.4 11.3 13.4 

Pottawattamie 3 6 30 i n .  6.0 6.3 7.3 

Pottawattamie 83 48 in .  5.2 5.6 6.5 

Pottawattamie 3 30 60 in .  9.2 11.2 14.2 

Pot tawat tamie 265 60 i n .  7.8 11.2 12.5 

Pottawattamie 465 72 i n .  6.5 7 - 4  9.9 

Pottawattamie 960 2 (8 x 6) 7.4 9.2 10.9 

S ix  of t h e  c u l v e r t s  i n  Table 33 exceed t h i s  l i m i t .  Advantage-is  being 

taken i n  these  s i x  of some of t h e  a v a i l a b l e  s to rage  by us ing  a sma l l e r  

cu lve r t .  The two t r i p l e  box c u l v e r t s  have e x t r a  width in t roduced 

d e l i b e r a t e l y  t o  keep t h e  headwater depth t o  a minimum. This  add i t iona l  



Table 34. Change in headwater depth for various recurrence intervals 

Percent change for 
indicated recurrence 

Drainage Culvert interval 
County area, ac . size 50-yra 100-yr 500-yr 

Fremont 4,900 2 (12 x 10) 0.0 24.6 62.4 

Tama 

Johnson 

Johnson 

850 8 x 8  0.0 39.5 75.0 

38 36 in. 0.0 0.0 37.5 

223 8 x 6  0.0 18.6 52.9 

Scott 43 48 in. 0.0 10.0 46.7 

Johnson 600 8 x 8  0.0 12.5 40.3 

Black Hawk 7,425 3 (16 x 8) 0.0 13.9 25.3 

Pottawattamie 765 5 x 5  0.0 12.9 43.0 

Pottawattamie 325 3 (60 in.) 0.0 23,4 51.1 

Webster 15,000 3 (16 x 12) 0.0 8.7 28.8 

Pottawattamie 3 6 30 in. 0.0 5.0 21.7 

Pottawattamie 83 48 in, 0.0 7.7 25.0 

Pottawattamie 330 60 in. 0.0 21,s 54 -4 

Pottawattamie 265 60 in. 0.0 43.6 60.2 

Pottawattamie 465 72 in. 0.0 13.9 52.4 

Pottawattamie 960 2 (8 x 6) 0.0 24.4 47.3 

a Standard for comparison. 

culvert capacity helps to reduce the percentage change in headwater 

depth. The invert of the pipe for the 38 ac. watershed in Johnson 

County was raised several feet above the existing streambed. The 



amount of storage available a t  t h i s  elevation i s  so great  t ha t  the  

water ge t s  only a foot deep even a t  large recurrence intervals .  Storage 

i s  also being used t o  good e f fec t  a t  the  Scott County culvert .  

Culvert I n l e t  Efficiency 

Research has shown tha t  the hydraulic eff ic iency of the culvert  

i n l e t  has an e f f ec t  on flow capacity (5, 10). Ten i n l e t  types fo r  

box and pipe culver ts  a r e  included in  the computer program and are  

l i s t e d  i n  Table 19. Table 35 shows the var ia t ion i n  discharge f o r  

various types of RCP in l e t s .  Table 36 lists the same information f o r  

CMP i n l e t s  and box culvert  i n l e t s  are l i s t e d  i n  Table 37. As shown i n  

these three tab les ,  the var ia t ion i n  discharge becomes larger as the 

depth increases. This var ia t ion ranges from 0 t o  12 percent for  the 

RCP culverts l i s t e d  i n  Table 35, from 4 t o  23 percent for  the CMP 

culverts l i s t e d  i n  Table 36, and from 0 t o  18 percent f o r  the box 

culverts shown i n  Table 37. 

The overal l  e f f ec t  of a change i n  i n l e t  type on headwater depth 

i s  minor. The var ia t ion  i n  headwater depth caused by a change i n  

i n l e t  type i s  shown i n  Tables 38, 39, and 40 f o r  RCP, CME', and box 

cu lver t s ,  respectively. The greates t  percent var ia t ion for  the 

culver ts  studied was 2 percent for  the RCP culver ts ,  10 percent for  the 

CME' culver ts ,  and 13 percent for  the box culverts.  The grea tes t  change 

i n  depth was 0.1 f t  for  the RCP culver ts ,  0.6 f t  fo r  the CMP culver ts ,  

and 1.5 f t  fo r  the box culverts,  Each of these maximum values occurred 
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Table 37. 
Continued 

Discharge, cfs, of 
culvert 

Drainage 
Culvert 

Depth 
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Table 40. Variation i n  headwater depth using box culver ts  with d i f -  
ferent  i n l e t  types 

Headwater depth, f t ,  fo r  i n l e t  type 
Drainage Culvert 30° t o  750 900 or 15O Paral le l  - 

County area,  ac. s ize  wingwalls wingwalls wingwalls 

Webster 15,000 2 (20 x 12) 10.7 11.7 11.7 

Webster 1,800 1 6 x 8  8.3 9.0 9.0 

Pottawattamie 960 2 (8 x 6) 7,4 8.0 8.1 

Mills  6,780 3 (10 x 10) 11.9 13.0 13.4 

Pottawattamie 765 5 x 5 9.0 9.3 9.4 

Johnson 1,406 8 x 8 8.7 9.1 9.1 

a t  s i t e s  which had only a small volume of storage. A t  those s i t e s  

which had large storage volumes, the e f f ec t  of i n l e t  type was de- 

creased. 

Culvert Size 

The s i z e  of culvert  used a t  a specif ic  s i t e  has a marked e f fec t  

on headwater depth. Here again, however, a t  those s i t e s  which have 

a large volume of storage,  the e f f ec t  of a reduction i n  culvert  s i ze  

on headwater depth is lessened. Table 41 l i s t s  the var ia t ion and 

percentage change i n  headwater depth caused by a change i n  culvert  

s ize  a t  s i t e s  with l i t t l e  storage. Table 42 l i s t s  the same informa- 

t ion a t  s i t e s  with large storage volumes. 
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Table 42. Variation i n  headwater depth due t o  change i n  culvert  s ize  a t  
s i t e s  with large storage volumes 

Percent 
Drainage Culvert Depth Culvert Depth change 

County area, ac. s ize  f t  s i ze  f t  Size Depth 

Poweshiek 

Johnson 

Johnson 

Tama 

Johnson 

Johnson 

Johnson 

Scott 

Scott 

Scott 

Scott 

Woodbury 

Woodbury 

Pottawattamie 

Pottawat tamie 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Johnson 

2 (12 x 10) 11-5 

10 x 8 6.6 

8 x 8  7.2 

10 x I0  7.1 

5 x 5  4.3 

4 x 4  0.8 

12 x 10 7.8 

4 x 5  2.8 

6 x 6  4.2 

48 in.  3.3 

4 x 5 6.5 

48 in ,  4.9 

54 in.  10.4 

6 x 6  7.6 

84 in .  7.3 

8 x 8  4.9 

54 in .  10.0 

84 in. 7.0 

8 x 6  7.0 

2 (8 x 8) 

6 x 8  

6 x 6 

8 x 8  

48 in .  

36 in .  

8 x 8  

48 in.  

60 in .  

36 in .  

36 in .  

24 in.  

24 in. 

60 in .  

54 i n ,  

60 in. 

48 in .  

60 in .  

5 x 5  



An inspection of the  l a s t  three columns of Tables 41 and 42 show 

quite c lear ly  the reason f o r  the development of the computerized 

design method for  culverts.  Substantial  decreases i n  culvert  s i ze  

can be made without excessive increases i n  headwater depth. And a t  

those s i t e s  which have a large amount of storage, using a smaller 

culvert  r e su l t s  i n  only modest increases i n  headwater depth. S i t e  

conditions a r e  such for  a l l  locations l i s t ed  i n  Tables 41 and 42 tha t  

no adverse e f f ec t s  are  created; highways are not overtopped or  are  

residences flooded or crops drowned. The maximum length of crop 

inundation for  any of these s i t e s  i s  l e s s  than a day. 

Time Distribution of Rainfall 

The 14 selected time d is t r ibu t ions  of r a i n f a l l  developed by Huff (15) 

and shown i n  Appendix Bhave a large e f fec t  on the magnitude of peak 

discharge. They have a lesser  e f fec t  on the maximum headwater depth 

for  a given storm because of culvert  s i ze  and volume of storage, The 

shorter duration storms ( less  than 12 hours) predominate for  the 

watershed sizes drained by culverts.  The e f f ec t  of these f i r s t -  and 

second-quartile storms, so named because the greates t  percentage of 

the t o t a l  storm r a i n f a l l  f a l l s  i n  the f i r s t  and second quarter of the 

storm, on the peak discharge of the  inflow hydrograph i s  shown i n  

Table 43, "2nd-10" is  interpreted as  the 10 percent probabil i ty 

d i s t r ibu t ion  of r a i n f a l l  of a second-quartile storm. The var ia t ion 

i n  discharge i s  almost 100 percent; however, as previously explained, 



Table 43. Var ia t ion  i n  peak discharge due t o  time d i s t r i b u t i o n  of r a i n f a l l  
used 

Drainage Peak d ischarge ,  c f s ,  f o r  indica ted  time d i s t r i b u t i o n  
County a r e a ,  ac. lst,  30 lst ,  50 ls t ,  70 2nd, 10  2nd, 30 2nd, 50 

40 96 80 5 7  110 - a 
Scot t  - 
Sco t t  92 215 176 125 235 - - 
Johnson 132 3 13 26 1 186 358 - - 
Johnson 223 520 423 301 569 - - 
Howard 580 928 798 596 1,035 963 892 

Johnson 600 - - 583 1,093 975 860 

Allamakee 700 966 802 586 1,111 1,001 95 7 

Dubuque 970 - - 850 1,618 1,462 1,347 

Poweshiek 1,610 - - 857 1,507 1,348 1,175 

Johnson 1,930 - - 694 1,253 1,115 958 

Marion 2,625 - - 1,416 2,207 1,988 1,938 

Montgomery 2,980 - - 1,423 2,480 2,227 1,965 

Davis 3,000 - - i ,872 3,178 2,871 2,580 

Osceola 4,540 - - 1,565 2,784 2,500 2,234 

Fremont 4,900 - - 1,898 3,380 3,040 2,544 

Howard 4,970 - - 1,729 2,959 2,753 2,561 

Plymouth 5,040 - - 1,723 3,110 2,807 2,562 

M i l l s  6,780 - - 2,603 4,641 4,172 3,647 

Allamakee 7,620 - - 2,603 4,641 4,282 3,975 

Johnson 9,470 - - 3,309 5,875 5,277 4,716 

Audubon 16,640 - - 4,690 7,910 7,418 7,033 

%lank space i n d i c a t e s  no value was ca lcu la t ed  f o r  t h a t  time d i s t r i b u t i o n .  



the spec i f ic  time d is t r ibu t ion  of r a i n f a l l  used f o r  a par t icular  storm 

duration yields  a peak discharge value within acceptable l imits.  

Another major e f fec t  of the time d is t r ibu t ion  of r a i n f a l l  i s  i t s  

e f f ec t  on the shape of the inflow hydrograph. F i r s t -quar t i l e  storms 

y ie ld  a hydrograph with a steep r i s ing  limb and sharp peak, while 

hydrographs developed from th i rd-  o r  fourth-quarti le storms have a 

low r a t e  of runoff f o r  several  hours before the r i s ing  limb climbs 

steeply t o  a less  sharp peak. Typical inflow hydrographs a r e  shown 

i n  Fig. 19. Since third-  and fourth-quarti le storms a re  indicat ive 

of longer duration storms, the  volume of runoff i s  greater  and, de- 

pending on the volume of storage a t  the s i t e ,  may tax the culvert  

more than shorter  duration storms. However, a t  those s i t e s  with 

l i t t l e  storage, the peak value of t he  hydrograph has a greater  e f fec t  

on headwater depth. 

Runoff Volume 

Since storage upstream of the culvert  i s  a component of the 

computerized design method f o r  culver ts ,  the volume of runoff becomes 

as  important as the peak discharge Q, While peak discharges tend t o  

remain about the  same, longer and longer duration storms of the  same 

recurrence in te rva l  r e su l t  i n  grea te r  and greater volumes of runoff. 

These larger runoff volumes usually r e su l t  i n  increased headwater 

depths; fo r  t h i s  reason, each culver t  a l te rna te  i s  subjected t o  seven 

storms of increasing duration. The var ia t ion i n  headwater depth due 

to  an increase i n  storm duration is shown i n  Table 44. An analysis  of 





Table 44. Variation i n  headwater depth a s  s t o m  duration increases 

Headwater depth, f t ,  for  indicated 
Drainage storm duration number 

County area,  ac, 1 2 - 3  4 5 6 7 

Woodbury 

Woodbury 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Tam 

Johnson 

Johnson 

Poweshiek 

Poweshiek 

Johnson 

Johnson 1,406 4.6 6 - 3  7.3 8.5 8.9 9.1 9.1 

these depths indicate  that  the r a t e  of increase i n  headwater depth 

decreases a s  the  storm duration increases.  Thus there tends to be a 

leveling off of maximum headwater depth as  storm duration continues t o  

increase. This is shown graphically i n  Fig. 20. 



F i g .  20. Increase in headwater depth a s  storm duration 
increases. 



Value of SCS Runoff Curve Number 

Figure 2 shows t h a t  the runoff curve number CN developed by the 

SCS f o r  Iowa vary over a narrow range, 72 t o  82. The sens i t i v i ty  of 

headwater depth t o  value of curve number used was studied by varying 

the value of the curve number. I n  addition, the  e f f ec t  of a change 

i n  curve number, along with a change i n  culvert  s ize  and amount of 

storage available,  on headwater depth was a l so  studied. The r e su l t s  

a r e  shown i n  Table 45. 

When the curve number i s  changed, the volume of runoff from a 

storm changes. I f  the  curve number is increased, the runoff volume 

increases; i f  the curve number i s  decreased, the headwater depth 

decreases also.  The greates t  change i n  average curve number value 

across the State of Iowa i s  14 percent. However, the percentage change 

i n  headwater depth normally i s  greater  than the percentage change i n  

average curve number. I n  a l l  cases studied, using a smaller culvert  

s i z e  accentuated the change i n  headwater depth caused by using a dif -  

fe ren t  curve number, Again, a t  those s i t e s  which have a large volume 

of storage, the e f fec t  of a change i n  curve number i s  decreased. 

The pothole t e r r a i n  of north-central Iowa presents a special  

problem to  the highway drainage designer. The numerous surface depres- 

sions are  capable of holding a volume of water equal t o  one-half t o  

one inch of runoff from the e n t i r e  watershed. This addit ional reduction 

of runoff can be accounted for  by adjusting the curve number. The 

normal curve number f o r  t h i s  region of Iowa i s  76. By reducing the 

curve number t o  73, runoff volume i s  reduced by about one-quarter inch. 



Table 45. Var ia t ion  i n  headwater depth due t o  a change i n  runoff curve 
number 

Percent 
Normal CN Changed CN change 

Drainage Culvert  r;N Depth, CN Depth, CN Depth 
County a rea ,  ac. s i z e  f t  f t  

Black Hawk 7,425 3 (16 x 8 )  76 9.0 72 8.6 5 4 

Black Hawk 7,425 16 x 8 76 11.8 72 11.2 5 5 

Marion 2,625 2 (10 x 12) 77 11.7 80 11.7 4 0 

Marion 2,625 10 x 10 77 15.8 80  16.6 4 5 

Pottawattamie 765 5 x 5 73 8.1 82 10.5 12 30 

Pottawattamie 765 60 in .  73 8.3 82 10.9 12 3 1 

Pottawattamie 325 3 (60 i n , )  73 4.2 82 5.7 12 36 

Pottawattamie 325 3 ( 5 4 i n . )  73 4.4 82 6.2 12 4 1  

Webster 15,000 3 (16 x 12) 76 10.4 72 10.2 5 2 

Webster 15,000 16 x 12 76 24.3 72 23,3 5 4 

Webster 1,800 1 2 x 1 2  76 10.5 72 9.6 5 9 

Webster 1,800 6 0 i n .  76 23.5 72 20.3 5 14 

Woodbury 40 48 i n ,  72 4.9 82 5.9 14 20 

Woodbury 40 24 i n .  72 7.9 82 9.9 14 25 

Likewise, a value of 71 reduces runoff by about one-half inch;  a value 

of 68 reduces runoff  by about three- four ths  inch;  a value of 65 reduces 

runoff  by about one inch;  a value of 60 reduces runoff  by about one 

and one-half inches;  and a value of 55 reduces runoff  by about 

two inches. This e f f e c t  of a reduction i n  curve number on runoff 

volume f o r  seven storm dura t ions  i s  shown i n  Table 46 f o r  two 



Table 46. Variat ion i n  runoff volume, with a change i n  curve number on 
two watersheds i n  Webster County 

Item 

Runoff volume, in . ,  fo r  indicated 
inflow hydrograph numbera 

1 2 3 4 5 6 7 

Watershed 1 

Duration, h r  3.51 7.01 14.02 21.03 28.05 35.06 42,07 

Ra in fa l1 , i n .  4.02 4-70 5.44 5.90 6,23 6.49 6.71 

Runoff, i n .  

Watershed 2 

Duration, hr 1.21 2,43 3.64 7.29 10.93 14.57 18.21 

Ra in fa l1 , i n .  3-09 3.69 4.06 4.74 5.17 5.48 5.73 

Runoff , i n .  

CN = 76 1.08 1.50 1.78 2.33 2.68 2.94 3.15 

CN = 73 0.92 1.31 1.57 2.08 2.41 2.67 2.87 

C N = 7 1  .. 0.82 1.18 1.43 1.92 2.25 2.49 2.69 

CN = 68 0-68 1.01 1.24 1-70 2.00 2.23 2.42 

CN = 65 0.55 0.85 1.06 1.49 1.77 1.98 2.16 
. ,. . . . . . , . . . , 

a 
Inflow hydrograph number var ies  according to increas ing  stormduration.  



Table 46. Continued. 

Runoff volume, in . ,  f o r  indicated 

Item 
inflow hydrograph number 

1 2 3 4 5 6 7 

watersheds i n  Webster County, one 15,000 ac. i n  s i ze  and the other 

1,800 ac. i n  size.  

The reductioninCNaffects the  peak discharge Q a s  well a s  the 

volume of runoff which resu l t s  i n  lesser  headwater depths. This 

reduction i n  depth is shown i n  Table 47 f o r  the two watersheds i n  

Webster County. A one-inch reduction i n  runoff causes about a 

25 percent reduction i n  headwater depth. This r e su l t  indicates tha t  

more work should be done t o  ref ine our present hydrologic techniques 

i n  t h i s  pothole region of Iowa, 

Volume of Storage 

The volume of storage a t  a s i t e ,  along with culver t  s ize ,  was 

found t o  have the grea tes t  e f f ec t  on headwater depth of a l l  parameters 

studied. The greater  the volume of storage a t  a s i t e ,  the l e s s  e f f e c t  

a change i n  culvert  s i z e  had on headwater depth. This fac t  allows a 

much smaller culver t  t o  be used a t  a s i t e  (which i n  turn reduces 

culvert  cost)  without causing adverse e f fec t s  due t o  an increased 

depth of water. The sens i t i v i ty  of headwater depth t o  a change i n  the  



Table 47. Variation i n  headwater depth with a change i n  curve number on 
tvo watersheds i n  Webster County 

lieadwater depth,, f t ,  fo r  indicated 
Curve inflow hydrograph number 

number 1 2 3 4 5 6 7 

Watershed 1 

Watershed 2 

amount of storage a t  a s i t e  i s  shown i n  Table 48. The percentage change 

i n  headwater depth i s  shown i n  Table 49. This var ia t ion  i n  storage 

volume could be caused by a number of things: lack of good data,  in- 

accurate maps, fau l ty  calculation of storage volume, or  s i l t a t i o n  of 



Table 48. Variation i n  headwater depth due t o  a change in storage volume 

Headwater depth, f t ,  for 
indicated reduction 

Drainage Culvert i n  storage 
County area,  ac. s i ze  0 1/6 1/3 1/2 

Black IIawk 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Pottawattamie 

Marion 

Woodbury 

Woodbury 

Webster 

3 (16 x 8 )  

30 in .  

48 in.  

60 in. 

60 in .  

72 in .  

2 (8 x 6) 

2 (8 x 8 )  

24 in .  

42 in. 

8 x 8  

the  ponding area over a period of time. The greates t  reduction i n  

storage due t o  sedimentation i s  estimated as  one-half, assuming a 

rectangular storage area with v e r t i c a l  s ide walls. For normal val leys ,  

the reduction i n  storage over a period of time due t o  sedimentation i s  

assumed t o  be about one-sixth or less .  

The most important conclusion t o  be reached from the  data shown 

i n  Tables 48 and 49 i s  tha t  the change i n  headwater depth due t o  

decreasing amounts of storage i s  minimal a t  those s i t e s  which have 

l i t t l e  storage volume. Conversely, a t  those s i t e s  which have large 



Table 49. Percent change i n  headwater depth due t o  a change i n  storage 
volume 

Percent change i n  headwater 
depth for indicated 

Drainage Culvert reduction i n  storage 
County area,  ac. s ize  Oa 1/6 1/3 1/2 

Black Hawk 

Pottawattamie 

Pot tawat tamie 

Pottawattamie 

Pot tawat tamie 

Pottawattamie 

Pottawattamie 

Marion 

Woodbury 

Woodb ury 

Webster 

3 (16 x 8 )  

30 in. 

48 i n ,  

60 in. 

60 in. 

72 in .  

2 (8 x 6) 

2 (8 x 8 )  

24 in .  

42 in. 

8 x 8 

a 
Standard for  comparison. 

storage volumes, the change i n  headwater depth i s  much greater .  The 

reasoning behind these r e s u l t s  i s  as follows. When l i t t l e  storage 

volume i s  available,  only a minor portion of the incoming flood can be 

stored below each successive foot of depth; so the depth of water in -  

creases rapidly. This rapid increase i n  depth creates  suf f ic ien t  head 

so tha t  water flows through the culver t  a t  about the same r a t e  as  i t  i s  

flowing to  the culvert. A s  the  inflow ra te  r i s e s  t o  a peak, suf f ic ien t  



head develops immediately (due t o  the lack of storage) t o  pass t h i s  

increased r a t e  of flow through the culvert. Thus the outflow Q is  

almost equal t o  the inflow Q. Since the culver t  must be designed fo r  

the peak Q tha t  flows through i t ,  l i t t l e  or  no reduction in  culver t  

s ize  i s  possible. Since the inflow and outflow ra tes  a r e  almost equal 

already, reducing the amount of storage by one-sixth or  one-half has 

l i t t l e  e f fec t  on headwater depth. 

Conversely, a t  s i t e s  with large storage volumes, much of the 

water can be stored below each successive foot of depth; so the depth 

of water increases more slowly. Since the r a t e  of flow through a 

culvert  is d i r ec t ly  proportional t o  the head on the culver t ,  the  out- 

flow Q i s  much l e s s  than the inflow Q. The difference i n  the two 

flows during any incremental time period i s  stored temporarily upstream 

of the culvert .  The increase i n  depth during t h i s  time period i s  a 

function of the area of t h e  pond. The volume of flow during the 

incremental time period i s  roughly equal t o  the length of  time period 

multiplied by the average of the inflow and outflow Q. This volume of 

water is spread uniformly over the pond, Thus, the grea te r  the area  

of the pond, the smaller the increase i n  depth w i l l  be during tha t  time 

period. The amount of reduction i n  outflow ra t e  i s  dependent on the 

amount of storage available. Since the outflow Q i s  lower, a smaller 

culvert  can be used. Reducing the amount of storage by one-sixth or  

one-half a t  these s i t e s  means less  water can be stored below each 

successive foot of depth; so the depth of water increases more rapidly 

and the percentage change in  depth becomes greater  a s  t he  storage i s  

decreased. 



The amount tha t  the peak Q i s  reduced a s  it flows through the 

temporary pond and culvert  i s  an indication of whether there  i s  a 

small o r  large amount of storage a t  a s i t e .  Table 50 shows the 

reduction i n  Q t h a t  i s  effected a t  s i t e s  which have l i t t l e  storage. 

Table 51 shows the reduction i n  Q t ha t  takes place a t  s i t e s  which have 

a large voluwz of storage. The difference i n  the percentage reduction 

i n  Q between the two tables  i s  s ignif icant .  A graphical method of 

showing the reduction i n  peak Q i s  by plot t ing the inflow and outflow 

hydrographs. Hydrographs a t  a s i t e  with a large volume of storage 

were shown i n  Fig. 16. Inflow and o u t f l m  hydrographs a t  a s i t e  which 

has l i t t l e  storage i s  shown i n  Fig. 21. 

The data shown i n  Tables 50 and 51 indicate the expected resu l t s .  

A t  those s i t e s  which have small storage volumes, the reduction i n  Q 

i s  s l i gh t ,  ranging from 0 t o  13 percent. However, a t  those s i t e s  which 

have large storage volumes, the reduction i n  Q i s  much grea te r ,  ranging 

from 35 t o  93 percent. An in te res t ing  occurrence i s  a lso shown i n  

these two tables.  Three s i t e s  (40, 1,800, and 2,625 ac, watersheds) 

are l i s t e d  i n  both tables. The only difference i s  the s i ze  of culvert  

used. Simply by using a smaller cu lver t ,  a s i t e  which appears t o  

have a small storage volume becomes a s i t e  with a large storage volume. 

The addit ional storage comes from an increase i n  headwater depth. I n  

most cases studied,  t h i s  increase i n  headwater depth had no adverse 

effects .  I n  those instances where a smaller culvert  did cause adverse 

e f f ec t s ,  tha t  s ize  of culvert was simply rejected from fur ther  considera- 

t ion.  
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Another in te res t ing  occurrence is  tha t  the words "small" and "large" 

are r e l a t i ve  terms. A t  one s i t e  274.4 ac. f t  of storage produced only 

a 2 percent reduction i n  peak Q, while a t  another s i t e ,  j u s t  6 .2  ac, f t  

of storage produced a 93 percent reduction i n  peak Q. I n  t h e  f i r s t  

case, 274-4  ac. f t  was "smalll'and i n  the second case, 6 - 2  ac .  f t  was 

"large." The drainage area i s  15,000 ac. a t  the f i r s t  s i t e  and 38 ac. 

a t  the second s i t e ;  so it would appear tha t  the s i ze  of watershed 

needs t o  be taken into  consideration. Further invest igat ion revealed 

that  both the s i z e  of cu lve r t  and the volume of runoff during some 

increment of time were a lso important. This led t o  an attempt to  find 

some simple method of determining whether o r  not a specif ic  s i t e  had a 

"large" volume of storage and was, therefore, a good candidate for  

using a smaller culvert. 

A t  f i r s t ,  the percent reduction i n  Q was used as  the bas i s  for  

determining whether or  not a s i t e  has a "large" o r  "small" volume of 

storage so tha t  a smaller culver t  could be used. This approach was 

abandoned when several s i t e s  showed only a small percent reduction i n  

Q but a one-third t o  one-half reduction i n  culver t  s ize .  The reason 

fo r  t h i s  was increased headwater depths. Even with a much smaller 

culver t ,  the reduction i n  Q was s l igh t  because of the increased head 

available. The basis  f i n a l l y  used was the volume of storage in  inches 

over the watershed below the  "maximum allowable" headwater depth. The 

r e su l t s  of t h i s  a r e  shown i n  Fig. 2 2 .  

The data shown i n  Fig. 22  indicate tha t  any s i t e  with a temporary 

storage volmne greater  than one- or  two-tenths of an inch i s  a candidate 

f o r  using a smaller culvert .  The storage i s  determined i n  the  following 
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manner. F i r s t ,  determine the "maximum allowable" headwater depth a t  

the s i t e .  In  many cases t h i s  could be 20 f t  o r  more. S i t e  conditions 

and the judgment of the engineer w i l l  determine the "maximum allowable" 

depth. Second, determine the t o t a l  volume of storage below t h i s  depth 

(to the culver t  inver t )  using the method shown i n  Table 17. Third, 

convert t h i s  storage volume from acre-feet  t o  inches as  follows: 

multiply the storage i n  acre-feet by twelve t o  obtain acre-inches and 

then divide t h i s  resu l t  by the drainage area of the watershed in acres 

to obtain the temporary storage volume i n  inches over the watershed. 

If the answer i s  greater  than one- or two-tenths of an inch, the 

computerized design method proposed i n  t h i s  study should be used be- 

cause a smaller culvert s i z e  could be achieved a t  the s i t e .  Each point 

shown i n  Fig. 22 i s  l i s t e d  i n  Table 52. The amount of s torage available 

below the "maximum allowable" headwater depth a lso gives some indica- 

tion of the amount of reduction i n  culvert  s i ze  that  can be accomplished. 

The larger  the storage volume in inches over the watershed, the smaller 

the culver t  can be made, 

A l l  of the  culver ts  l i s t e d  i n  Table 50 were reanalyzed using a 

smaller culvert .  Each of them then used a storage volume of about 0.2 in. 

o r  more. The f ive s i t e s  which had or ig ina l ly  plotted below the 0.2 in .  

l ine i n  Fig. 22 had headwater depths between two and three times the 

height of the culvert. However, t h i s  did not cause any adverse ef-  

fects  a t  any of the f ive s i t e s .  These r e su l t s  indicate again,  though, 

that  a t  those s i t e s  which have minimal storage available,  using a 

smaller culvert  w i l l  cause larger  increases i n  headwater depth. 
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What can be done a t  s i t e s  with Large storage volumes is  a l so  

shown i n  Fig. 22. Several s i t e s  used storage volumes between about 

0.2 and 1.0 in.  with zero percent reduction i n  culver t  s i ze  ( that  i s ,  

the same s i z e  culvert  was input to  the computerized design method as  

was determined using the current  ISHC design method). When smaller 

culverts were input,  only smal l  addit ional storage volumes were re- 

quired t o  achieve substant ia l  reductions i n  culvert  size.  The depths 

recorded i n  Table 52 f o r  these two culver t  s izes  indicate  t h a t  the 

headwater depth was usually l e s s  than the culvert  height f o r  the 

larger s i ze  and somewhat grea te r  o r  much greater  f o r  the smaller 

culvert depending on the amount of reduction i n  size,  

A temporary storage volume of one- t o  two-tenths of an inch 

over the watershed i s  rather  small and essen t ia l ly  means t h a t  a l l  

s i t e s  should be considered f o r  using a smaller culvert .  The shotgun 

pattern shown i n  Fig. 22 indicates  t h a t  each culver t  s i t e  i s  unique 

and should be investigated on its own merits  using the computerized 

design method. 
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APPENDIX B. 

HISTOGEAMS OF TIME DISTRIBUTIONS OF RAINFALL 

The histograms of t h e  four teen  time d i s t r i b u t i o n s  of r a i n f a l l  

shown i n  t h i s  appendix were se l ec ted  from the  t h i r t y - s i x  d i s t r i b u t i o n s  

presented i n  t h e  study by  Huff (15). Each histogram i s  l abe led  with 

a q u a r t i l e  and a percent p robab i l i ty .  These should be i n t e r p r e t e d  a s  

follows. 

The q u a r t i l e  r e f e r s  t o  t h a t  p a r t  of t h e  storm i n  which the  l a r g e s t  

percentage of t h e  t o t a l  r a i n f a l l  occurs.  Thus, a f i r s t - q u a r t i l e  storm 

has t h e  heav ies t  r a i n f a l l  occurr ing i n  t h e  f i r s t  qua r t e r  of the  storm. 

Likewise, a f o u r t h - q u a r t i l e  storm h a s  t h e  l a r g e s t  percentage of t o t a l  

r a i n f a l l  occurr ing i n  t h e  l a s t  q u a r t e r  of t h e  storm. The q u a r t i l e  

l i s t i n g  i s  a l s o  an ind ica t ion  of t h e  dura t ion  of the  storm. F i r s t -  

and second-quart i le  storms a r e  normally associa ted  with s h o r t e r  dura- 

t i o n  storms ( l e s s  than 12 h r ) .  Th i rd -quar t i l e  s tormsare  gene ra l ly  

a s soc ia t ed  with moderate length storms (12 t o  24 h r )  and f o u r t h - q u a r t i l e  

storms a r e  normally a s soc ia t ed  with t h e  longer dura t ion  storms (g rea te r  

than 24 h r ) .  

The histograms a re  a l s o  expressed i n  p robab i l i ty  terms because 

of t h e  g r e a t  v a r i a b i l i t y  i n  t h e  c h a r a c t e r i s t i c s  of t h e  time d i s t r i b u t i o n  

of the  r a i n f a l l  from storm t o  storm wi th in  the  same q u a r t i l e  grouping. 

Thus, t h e  50 percent  p r o b a b i l i t y  r ep resen t s  t h e  average time d i s t r i b u t i o n  

of r a i n f a l l  f o r  a l l  storms i n  t h a t  q u a r t i l e .  The 10 percent and 90 per- 

cen t  p r o b a b i l i t y  l e v e l s  should be i n t e r p r e t e d  a s  time d i s t r i b u t i o n s  of 

r a i n f a l l  t h a t  w i l l  occur i n  t e n  percent  o r  l e s s  of a l l  storms. Likewise, 
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Fig.  B-5. Histogram o f  f i r s t - q u a r t i l e ,  70 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  o f  r a i n f a l l .  

i! 

Fig. B-6. Histogram of  second-quar t i le ,  10 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  of  r a i n f a l l .  



Fig. B-7. Histogram of second-quart i le ,  30 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  of  r a i n f a l l .  

Fig. B-8. Histogram o f  second-quart i le ,  50 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  o f  r a i n f a l l .  



Fig. B-9. Histogram of  second-quartile, 70 percent probability 
time dis tr ibut ion o f  r a i n f a l l .  

Fig.  B-10. Histogram of  second quart i le ,  90 percent probability 
time dis tr ibut ion o f  r a i n f a l l .  



Fig. B-11.  Histogram o f  t h i r d - q u a r t i l e ,  10 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  o f  r a i n f a l l .  

Fig.  B-12. Histogram o f  t h i r d - q u a r t i l e ,  30 percent  p r o b a b i l i t y  
time d i s t r i b u t i o n  o f  r a i n f a l l .  



Fig. B-13. Histogram o f  third-quartile,  50 percent probability 
time distribution o f  r a i n f a l l .  

Fig. B-14. Histogram o f  fourth-quartile, 10 percent probability 
time distribution o f  r a i n f a l l .  
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SINGLE 2 4  INCH CMP AT ELEV. 1 1 5 5 - 0  
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FLCOD ROUTING OUTPUT DATA---PAGE 1 

WOCCBURY COUNTY D.A, = 340 .  ACRES 

1- IG-129-6(31145--04-97 POND AT STAB 4 7 7 + 6 0  
DRAINAGE AREA = 3 4 0  A t .  - VERY HILLY 
7.5 MIN- QUAD - SERGEANT BLUFF (93 -81  
SINGLE 2 4  INCH CMP AT ELEV. 1155.0 

OUR = 5.17 HR. RAIN = 4.37 IN. RUNOFF = 1,73 I N .  

T IME INFLOW OUTFLOM STORAGE ELEVATION 
HOURS CFS CFS AC-F? FB 
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56. FORMAT ( I  1 1  
C 
C ARE MCRE CALCULATIONS TO BE PERFORMED? 
c 

REAC 1 5 9 S S 5 1  HOR 
9 9 5  FCRMAT ( I  1) 

I F  (MOR.EC.1) GO TO 5 
k 9 I T E  1 6 9 5 1 8 )  

4 1 8  FORMAT ( " ' , ~ X I ' E ~ D  OF J O B e 1  
1 ? 1 5  STOP 

END 
L 
C 

SbBROUTINE F L D  
C 
C 
C T H I S  PORTION W I L L  COMPUTE TPE INFLOW HYDROGRAPH 
C FOR DRAINAGE AREAS LESS THAN 2 5  SQUA9E M I L E S  
C FOR AhY DESIRED RECURRENCE INTERVAL 
c 
C 

COMMON I o C 0 ( 9 9 r 1 4 ~ p A , I D 1 ( 1 7 ) t I : D 2 ( 1 7 ~ p I [ D 3 ~ 1 7 ) t I C 4 ~ ~ 7 ~ ~  
1 NOG 

CCMMON /RR1/  KC(S9)pNP~PCD(2l)pPCP(21t14l,ARI,LF1FF, 
1 L E R r H  

CCYMON /PR4/  DRhl7)pDLT(7)rPRP(7),QI(75,7),TI(75,7), 
1 S R ( ~ ) ~ K I T ( ~ ) ~ B G T P E N T  

O I C E N S I C N  P X I 7 5 ~ 7 8 ~ S R 0 ~ 7 5 r 7 l ~ D S R ~ 7 5 , 7 ~ ~ D P Q ( 7 5 , 7 ) ,  
1 t N ( 7 5 )  , T I M ( 7 5 , 7 1  

INTEGER*4 A R I  
REALB4 L F t L E N  

c - 
C TC = T I M E  C F  CONCE NTRATIDN 
C OD = DELTA DURATXDN OF STORM 
C EQUAL T I M E  INCREMEkTS FCR ROUTING 
C 

TC=(1L,S*(LEN/5280.)**3/H)**e386 
7 CO=14.3*TC 

C 
C ROUhDS OFF DC TO AN EVEN T I M  INCREMENT 
c 

I F  (CC.LE.7e58 DO=5. 
I F  ( D D ~ G T . ~ . ~ , A N D ~ O D ~ L E * ~ ~ I ) ~ ~  DD=10e 
,IF (DD.GTe12.5,ANDeDD.LE.17.51 0 0 = 1 5 .  
I F  (DD.GT.17.5-ANDeCO.LEE2225$ DD=20-  
I F  (DD.GT.22.5.AND.OD.LEE27.5t CD=25. 
I F  (DC.GT.27.5.ARD.CD.LEE32251 CD=30, 
IC fDD.G7.32,5,AND,CDeLE~37*51 CD=35. 
I F  6DD.GT.37.5,AND.CD.LEE42.5I DD=40. 
I F  ~ D D . C T . ~ ~ . ~ , A N D , C D . L E E ~ ~ ~ ~ $  CD=45e 
I F  (DD,GT.4705,AND.CD.LEe52*5$ DD=50. 
I F  1DD.GT.52.5,AND.CD.LEE57.5) CD=55. 
I F  ( D D . G T . ~ ~ . ~ . A N D , D D - L E E C ~ ~ ~ J  DD=60. 
I F  (DD.GT,62.5,AhD.CD.L&:&:755'0 OC=7C. 
I F  (DD.GT.75 .0 .AND,CO~LEE85~)  DD=80. 
I F  (00.GT.85,0,ARD.CD.LE~95eB DD=90. 
TF ~3D.GT.95.OaAND.DD.LE~1D5.~ DD=100. 
I F  IDD.GT,105,0.AhD.DDeLEEl155R DC=110.  
I F  IDC~GT~lL5eO.ANO~ODeLE.l3Oe! DD=120. 
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N~~LLV~ iivj~~vu 30 NOIL~BIHJLSI~ ~WII 3 
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ano 3 
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"OT=OO ( 9"O031"31) di 
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LbT=l OI; 00 

SN311PkIilO WIOAS N3h3S JO 3ND 
NoxIvano WUOAS ~VLOL = vno 

LET 
JE l 
GET 
ClE Z 
EE I 
ZE'I 
'IET 
OE Z 
621: 
821 



E=asI t99*o*3ie~i) JI SL 
a5 OL 03 

x=asI 31 

Z=OSI ~Z6"0~31"31°0NIe8"0~13*J1~ JI 8L 
36 01 03 

E;=asi LL 
ai oi. 93 

LL DL 33 (8"0"3leJ1I JI 91 
86 01 03 

T=oss t88ao*63-ji) JI 
Z=OSI (88'O"31"J1~ONV'8*O~d3e31) JT 

+=as1 (8°0*3i*~i) 3s IIL 

18 T 
3 
3 
3 
3 
3 

08 T 
SL T 
81t 
LL 1 
9L T 
SlLT 
+L T 
EL T 
ZLT 
IL T 
OLT 
69 T 
89 T 
19t 
99 T 
59 T 
b9T 
e91 
29 K 
191 
09T 
65 T 
85T 
15 T 
9s T 
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EST 
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8111 
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O'O=f16r~WII 
O"O=(f BNB 

O*3=(lbI')DdO 
OeD=k16 r r) '$SO 
Oe3=(1Vk08S 

Oe3=(lbi')Xd 
SL"=f TOT 03 

SUnOH VI 3WII = Ih 
S31nNId VI 3WII = dIh 

HdV83080AH MOlJNI 1VNIJ 30 3hVNIOaO = I0 
HdP133tJahH tJVln3NVIXI 

lVhN3W313NI dO 31VMIO80 = V9 
~N3k383NI 3dlh P1130 H3V3 803 

hdV830tiOAH MVln3NWI8I 43 B XP3d = 8dO 
JdGNn'$ 33V38nS lVBN3W383NI = US0 

ddCiNn8 33VJdnS 3AIhVlfldn33V = OMS 
NIILV~~O WUOLS ~VIJI 30 

Si3VLN3383d ki0d NLlILVhIdI338d 3AILPlndn33V = Xd 
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MOldNI 1VNIJ 33 S3HII 3AILVlQdn3 S3LQdW33 

J 

3 
3 
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011.1 05 Z 
b+Z 
8CZ 
L+Z 
I)+Z 
5+ Z 
(I+ z 
E'7Z 
ZCZ 
1'72 

'0=(L+r)N9 OCZ 
(16r)Bd0*Z*=k9+r)N3 bE Z 
( l4I')BdOtC*=(S+f )N3 8E Z 
(l'I'r)3dOt?"=tC+r lN3 LE Z 
(l"r)BdO*a*=(E+f)NB JE Z 

(16f)Dd3=(Z+r)NB GE Z 
(lbfr)Bd0*L99"=tI+rlND (I€ Z 

tlbrr)BdO*EEE"=tr)N3 EEZ 
"0=(l-rbN3 ZZZ 

IINbZ=r OCT 03 I EZ 
3 

SHdV833tiOAH 8Vln3NV f tll 3 
lVLN3W383NI dO S31VNIOkI0 S36ldd03 3 

3 
~~VIIND~ OET OE z 

Bdn*(l‘Taf)8S0=t16T+f~Bd0 62 Z 
t16r)DdS-t14T+fBObS=t161+f~8S0 8~2 

3N161=r OET 03 LZZ 
(l'IIN)D8S=t7)8S 72 Z 

3 
IN3k3X3NI 3WII V1130 H3V3 8JJ HdV833d3hH 3 

XVln3NVItll 33 XV3d ONV J33Nn8 33V38nS S3LndW03 3 
J 

37NXbND3 OTI 522 
o*o=(i8r)ovs zox (IZZ 

01T1Z0T6Z0T l$*Ze-(l6r)XdI Ji EZZ 
(S~B"+(l~~r)Xd)/Z+*~SdrZ~-~l~r)Xd)=(l'f~OdS ZZZ 

13d~d=(l'r)Xd IZZ 
63SI bdd3A03d4dN~V8~ZlA=13d OZZ 

LVU/flf=LVtl 61 2 
T-I' =rtl 87 2 

IINIZ=r 0x1 Oil LTZ 
1-ILN=LYM ?T 2 



3.~~8 MO~JVI angrxv~ = w~s 3 
3YSI 33 B M3XS30 = SOB 3 

3HSI 30 LMVH3 330Nn8 40 S3IP8 MV3d W38d 8 = 430 3 
3 

~T6L7N)%B=(7*8NI)lb 
SST 01 03 ~b368NI)IB"13"(26flN~Ibb dl 

"I=~ldLIV) I0 ("7"11"(16hlN)IB) dI 
'OZE/V=(36.LlN)19 

OeD=138 
"095/~lb17~)WIL=LN3 

"09/11Q~M~WIL=~lbLlN~II 
al*"08=tlbllN)WI.L 

(1) IIN=b-IN 
T+aVX=( 1lLIN 

3 
3~1~noa 30313 803 3wza ~NION~ = IN3 3 

3NILnOl 03914 YO3 3WIh 3NlNNI438 = I33 3 
SHdVb3580AH MOlJNI 83d 31W8 NO13 3SIQ = I@ 3 

SHdVki30IOAH MOl3NI 40 aN3 BV 3618 3 
ETZ 

LL Z 
91z 
51z 
?L z 
e12 
ZLZ 
ZLZ 
31z 



913 FORCAT (" ',F26.CpZF10.21 
IF (J.EC,NTI) GO TO 185 
kRPTE (699141 DSR(J+19L)sDPQ(J+lrL) 

$14 FORMAT (q 'sF56e2vFBOmO) 
18C CONTINLE 
185 WRITE (t9415) 
515 FORMAT ("//33XvTTIME TIME 

1 'WINOs 77x9 "Re '97x9 "CFS'/! 
DO 187 J=LrNLT 
WRITE (6.516) TIM(JsL)rTI(JoL)eQIfJtLb 

916 FEUMAT (' 'yF30eO1F10~2rF10.0) 
1E7 CONTINUE 
190 WRITE itp517) CIFLgQDS 
917 FORMAT (sO'p24Xp@MAX~ Q =@,F6.Op9 CFSPp6Xp 

1 *D%S. 6 ='9F6sOpQ CFSO 
50 COhTINUE 

RETURN 
EhD 

305 FUACTION VL2 1X9NPTpBX9BYrNZ) 
C 

INTERFOLATICN ROUTINE FOR CASES WHERE THE KNOWN 
VARIABLE IS IN A CNE-DIMENSPONAL BRRAY AND TWE 
UNKNCkN VbRIABLE IS IN A THC-DIMENSIONAL ARRAY. 

CIPENSICh BXfZl)~BY(ZLpl4) 
CC 1 Kz2vt~PT 
IFtX-BX(K)I 29291 

1 CONTXNUE 
2 J=K-1 

VL2=BY(JpNZ)+(@Y(K~NZl-BY~J9NZl)*[X-BX(J~)/ 
1 (RX(K)-EX(JB 1 

RETURN 
END 

314 SUBROUTIKE HYO 
i. 

C 
C THIS PCRTICN kILL COMPUTE TkE CISCHARGES AT 
C VARIING HEADkATER DEPTHS FOR SINGLEt TWIN, AND 
C TRIPLE BOX AND PIPE CULVERTS OF ANY SIZE 
C OPERPTSNG WITH INLET CCNTRGL - PLUS DROP INLETS 
C AND FLCW OVER TtE HIGHWAY GRADE 

@OX CULVERTS HEC NO. 5 - PROGRAM HY-3 
KTP=1 - 30 TO 75 DEGREE kINGWALL FLARE 
KTP=2 - 90 CR 15 DEGREE WINGWALL FLARE 
KTP=3 - PARALLEL kYNGWALLS 

PIPE CULVERTS bEC NO. 5 - PROGRAM HY-1 
RETAFORCEC CGNCRETE PIPE 

KTP=4 - SOCKET-ENC PROJECTING 
KTP=5 - SOCKET-END IN A 90 DEGREE HEADWALL 
KTP=6 - STANDARC END SECTIDN 

CORREGATED METAL PIPE 
KTP=7 - FROSIECTING FRCM FILL 
KYP=S - CITERED TO FILL SLOPE 
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9 2  = T IME A7 END OF PERIOD 
Q2 = INFLCW AT END OF PERIOD 
0 2  = OUTFLOk A? END Of PERIOD 

E L 2  = ELEVATION AT END OF PERIOD 
S2 = STORACE AT END OF PERIOD 

TRR = RIGHT-HAND TERM OF ROUTING EQUATICN 

@LCCK 1 3  -- I N I T I A L I Z E S  T R L p T l p  AND Q1 FOR 
THE kEXT T IME PERIOD 

4 4  L I h = L I R + l  
I F  ( L I N - 5 6 1  46 ,45945 

4 5  I P F = I P G + l  
k R f T E  ( 6 , 2 9 3 )  IPG 
k R I T E  ( t r S 0 4 )  ( C C ( I ~ M ) ~ C = ~ ~ ~ ) V A  
WRITE (6,2949 1 P D l ( J ) p J = 1 , 1 7 )  
WRITE (6 ,592 )  ? P C 2 ( J ) s J = 1 7 1 7 )  
WRITE f 6 9 9 9 2 9  ( I C 3 ( J l e J = l s 1 7 )  
k R I T E  ( 6 , 5 9 2 )  ( I C 4 ( J ) s J = l r 1 7 )  
WRITE ( t 9 2 S 6 1  D P h t L ) 9 P R P ( L ) 9 S R ( L )  
h R I T E  (6 ,2951  
L I I \ = 1 8  

4 6  TRL=TRR-2 .*02 
T 1 = f  2 
G l=Q2 
G C  TO 4 2  

4 7  VCL-0. 
RITE =NOC-1 
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co 4e J = ~ , N T D  
J J = J + l  
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4R CONTINUE 
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CO 5 1  J=JX,NTD 
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APPENDIX E. 

LOCATION OF GAGING STATIONS AND HIGHWAY PROJECTS 

USED IN THE STUDY 
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APPENDIX F .  

SIMPLIFIED FLOW CHART 



INPUT DATA 

Dimens ion  
va r i ab les  

,- 
Read 

county number 
r a i n f a l l  adjustment number 
county name 
runoff curve number 
rairYfal1 equation cons tants  

time d i s t r i b u t i o n  of 
r a i n f a l l  cons tants  

s tage-s torage  da ta  
i d e n t i f i c a t i o n  d a t a  
hydraul ic  d a t a  

Output 
hydrologic da ta  
s tage-s torage  d a t a  
i d e n t i f i c a t i o n  da ta  
hydraul ic  d a t a  



INFLOW HYDROGRAPH 

UPQ = 45.4*A/TP 

Set values of ISD 



Se t  va lue  o f  I N C  

t o t a l  r a i n f a l l  = P 

S = 1000/CN-10 

PX = PJIPCT 
SRO = (PX-O.2*?3) **2/ 

DSR = SRO(J+l) -SRO (J) 
DPQ = DSR*UPQ 

incrementa 1 t r i a n g u l a r  hydrographs 



Compute 
t o t a l  inflow hydrograph 

TIM = 8 0 W B  
T I  = TIM/60 

ENT = TIM/960 
Q I  = A/320 

QCH = f (A) 
QDS = LF*FF*QCH 

Y E S  

inflow hydrograph 
heading a r r a y  

incremental runoff volumes 
t o t a l  inflow hydrograph 







HW = J - D C 1  

TRY = AH1-HW 

I Y E S  

HW = J-Kl-I 
EOU = LFl+J-1 
QOU = QM3+QM4+qKi+QM6 
NOL = J 
TRY = AH1-HW-1 

Y E S  

hydraul ic  heading array 
EOU,QMl,QMZ ,QM6, 
QM3, QM4, QM.5 , QOU 



HYDROGRAPH ROUTING 

60 Compute CON 
f o r  u n i t s  of hour 

Assign proper va lues  

Compute working 
curve a r r a y  

TRL = CON*Sl-01 

heading a r r a y  
Tl ,Ql ,Ol ,S l ,ELl  



Output 
T2,Q2,02,S2,EL2 



volume of runoff 

YES 

YES NO 




