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ABSTRACT

OPTIMAL RISK-BASED DESIGN OF

HYDRAULIC STRUCTURES

YeofieKoung Tung
. ,  and  . . .  .

Larry W.  Mays ._.

In the design of water resource engineering projects there exist many

uncertainties in addition to  the conventionally considered hydrologic uncer—

ta in ty  due to  the randomness in f lood and ra in fa l l  f requency. Uncer ta in t ies

are also contributed from many other sources such as hydraulics, economics,

structural, etc. A general framework for evaluating the risk and reliabil ity

of water resource engineering projects is developed which takes into account

t he  uncer ta in features involved in both hydrologic and hydraul ic  aspects and

parameter uncertainties. In most water resource engineering projects the

evaluation of risk is l imited to  the consideration of the inherent hydrologic

uncertainty while the hydrologic model and parameter uncertainties and the

hydraulic uncertainties are ignored. This report illustrates that ignoring

these addi t ional  uncerta int ies can lead t o  serious underestimates of  the

associated risks and consequently, underestimate the associated economic

losses and safety hazard.

First—order analysis is used to estimate the uncertainty of deterministic

hydraulic models which have uncertain parameters. The first-order analysis
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of  uncer ta in ty  enab le s  t he  est imat ion o f  the  mean and variance o f  the

capacity of hydraulic structures. An example of developing the risk

evaluation procedure by considering the inherent hydrologic uncertainty and

hydraulic uncertainties for culvert design is presented. Both static reliabil i ty

models, which consider single loading application to hydraulic structures, and

time-dependent. (dynamic) reliabil i ty models, which consider the random

nature of the wading, are developed.

Furthermore, a new methodology for treating (minimizing) the hydro—

logic parameter uncertainty is developed that uses generalized parameter

(mean, standard deviation, and skewness) values from a weighting between

sample and regional hydrologic information. Weights are defined as a

function of the variances of the sample parameters and regionalized param-

eters. The methodology uses either of two non-parametric statistical

techniques, the jackknife or the bootstrap, to determine variances of the

sample parameters,  and regression analysis i s  used t o  determine variances o f

the sample parameters. The hydrologic model uncertainty is treated using a

weighting procedure by assigning a weight t o  various probability models

considered. The weight is determined by applying Bayes theorem, to compute

the posterior probability of the model for a given prior probability of the

model. The generalized parameter estimates described above, and the

observations of sample data are both used. By doing so a composite

probability model can be developed to define risk and reliabil ity which

reduces the uncertainty of adOpting the probability model. The application is

made considering all the hydrologic and the hydraulic uncertainties to  define
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the  risk—safety factor relationship for levee design considering both t he  stat ic

and the t ime-dependent cases.

The methods for analyzing the  uncertainty of t he  hydrologic and

hydraulic aspects  a r e  incorporated in optimization procedures t o  design the

hydraulic s tructures to  minimize to ta l  expected costs .  Dynamic program-

ming (DP) and discrete differential dynamic programming (DDDP) are used in

a mode l  t o  rr‘i’inimize the  to ta l  annual  expected  cost  f o r  a l evee  sys t em,

taking into account the  tradeoff between installation cos t  and expected

damage cost .
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CHAPTER 1

INTRODUCTION

1.1 PRELIMINARIES

Hydraulic structures are designed with reference to some natural

events that could be imposed on the structure during i t s  expected service

l i fe .  This involves hydrologic determination of the magnitude of a design

event ,  which is a design f lood or  ra in fa l l  event .  In pr inc ip le the  design event

can be character ized by  an annual exceedance probabi l i ty  or by  i t s  reci—

procal ,  the  design re tu rn  per iod.  Any design event which is  selected can be

expressed ei ther  by  i t s  magnitude or by  i t s  re tu rn  period, since these two

quant i t ies must  be d i rec t l y  re la ted  by  a probabi l i ty  d is t r ibut ion.  The engi-

neer's basic task in the design procedure is to determine the "best" design

considering the return period of the design event as the basic variable. This

return period has economic, social, legal, and engineering consequences that

are often overlooked in the design process.

Convent ional ly,  the re tu rn  period is so determined t ha t  the many

associated risks are either ignored or not mentioned and consequently, the

result often leads to misleading conclusions or decisions. For instance, the

current practice of designing highway culverts and storm sewers by selecting

a ra in fa l l  or f lood f o r  a given re tu rn  per iod wi thout  specify ing the associated

risks often causes unnecessary misunderstandings. Knowledge of the many

1,



associated risks is essential in estimating the expected damages to properties

and inconvenience to the public because of flooding or improper functioning

of a hydraulic structure over its expected service life.

The return period design method has as its background a large

amount of practical engineering experience. However, the fact that the

method has been so widely used suggests to many engineers the possibility

that the retusn periods presented in design manuals may reflect some

approximate nonanalytical correspondence with optimal economic design.

This is truly misleading especially to the inexperienced, young engineer. The

existing conventional return period design method fails to account explicitly

for the cost interaction of the project components so that a proper trade-off

analysis between potential damages and project costs is not performed in

determining the design.

Existing return period design methods also fail to systematically

account for the many uncertainties in design. The existence of uncertainties

in hydrologic and hydraulic design of engineering projects has long been

recognized. In existing design methods, only the hydrologic uncertainties

caused by basic“ randomness in flood and rainfall frequencies are considered.

However, uncertainties could also be contributed from many other sources.

The traditional method of analyzing flood exceedance probabilities

has always been controversial in hydrology. This procedure has been to (l)

observe historical records of flood events; (2) choose a reasonable generating

process or probability density function; (3) estimate the parameters from the

historical records; and (4) make inferences about the occurrence of future

”macaw:



flood events. These inferences a re  normally related t o  return periods. This

procedure ignores uncertaint ies  and introduces others  such as  those caused by

probab i l i t y  dens i t y  func t ion  and  those  caused  by  the  pa rame te r s  tha t  desc r ibe

the  dens i t y  func t ion .

As pointed out  by Yevjevich (1977), there  is confusion in using the

concepts  and t e rms  of risks and uncertainties as  applied t o  the  design of

hydraulic structures. The concept  of hydrologic risk caused by the  basic

stochast ic  process represented by rainfall events  is not  new. However, what

is new is the concept  of an overall o r  composite risk. The risk involved in

hydraulic structure design is actual ly a result of the  interaction of several

types of random variables. The procedure of evaluating risk quanti tat ively

fo r  t he  des ign  of hyd rau l i c  s t ruc tures  has  been r a the r  e lus ive  even  by  the

most knowledgeable engineers and theoreticians.  Because t he  variables and

parameters  for  t he  des ign  of  hydraul ic  s t ructures  a r e  random va r i ab le s ,  t he

est imation or aSSessment of the  t rue  values of those random variables is

usual ly  based on  a l im i t ed  amount  of i n fo rma t ion  and  da ta .  Th i s  r e su l t s  in

various uncertainties,  many of which can be integrated t o  define risk and

reliability of hydraulic s t ructure designs. A systemat ic  procedure using

analysis  and  synthes is  is needed too fo r  t he  quant i f ica t ion of r i sks  and

uncertaint ies.

In view of t he  many uncertainties,  which will be  discussed in la ter

sections,  t he  successfulness of engineering designs is accomplished by adop—

ting a safety fac tor ,  possibly in the form of a high return period. Without a

scientif ic  basis for this  evaluation, t he  safety fac tor  has been determined
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mainly by experience.  Consequently, return periods or  safe ty  fac tors  for

conventional return period design methods a re  assigned without scientif ic

basis and without accounting for  the  many uncertainties and economic

t radeof fs .

1.2 EXISTENCE OF UNCERTAINTIES

The  first i t em in d iscuss ing  risk and  r e l i ab i l i t y  of hyd rau l i c  s t ruc tu re

design is t o  del ineate uncertainty and other  related t e rms  such a s  probability

and stochastici ty because there  a re  various opinions and connotations among

engineers and even among theoreticians.  Uncertainty could simply be  defined

as  the  occurrence of events  tha t  a re  beyond our control .  The uncertainty of

a water  resource system is  an  indeterministic character is t ic  and is beyond

our rigid controls.  In the design of hydraulic s t ructures ,  decisions must be

made under a l l  kinds of uncertainty.  In general ,  uncertaint ies  in wa te r

resource engineering projects can be  divided into four basic classifications:

hydrologic, hydraulic, s t ructural ,  and economic.

The  c lass i f ica t ion of  hydro log ic  uncer ta in t ies  fo r  any design p rob lem

may be further  divided into three  types:  inherent,  parameter ,  and model

uncertainties.  Streamflow processes or rainfall events  are  frequently consid—

ered or assumed to  be  stochast ic  processes because of the  observable natural ,

or  inheren t ,  r andomness .  Because  of t he  l ack  of pe r f ec t  hydro log ica l

information about these  processes or  events ,  e .g. ,  infinitely long historical

records, there  exists  informational uncertainties about the  processes. These

uncertaint ies  a re  referred t o  as  t he  parameter  uncertainty and model
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uncertainty. There is seldom enough i n fo rma t ion  available t o  proper ly

evaluate the  parameters of the  model ,  e.g.,  mean, standard deviat ion,  and

skewness coefficient or select the best model with certainty. In the past,

stochastic hydrology has focused mainly on t he  analysis o f  the  na tura l

uncertainties and has generally ignored the informational uncertainties.

However ,  there  have been a few recent  a t tempts  repor ted in the  l i te ra tu re  t o

explicitly accoant for the parameter uncertainty through a Bayesian frame-

work.

The classification of hydraulic uncertainties for hydraulic structure

design may be divided into several types: model, construction and material,

and operational conditions of the f low. The model uncertainty results from

the use of a certain hydraulic model t o  describe f low conditions which is

essentially an uncertainty in design discharges. For example, flows through

o r  over hydraul ic  structures are  unsteady and nonuni form,  which can on ly  be

described in three-dimensional form by the St. Venant equations. However,

equations such as Manning's are quite commonly used in practice that cannot

adequately describe unsteady and nonuni form f low.  This fac t  results in

additional uncer’tainty that w i l l  be referred t o  as equation errors. The

construction and material uncertainty results partly from the structure size,

e.g., a sewer diameter or the culvert width and depth. Manufacturers'

tolerances or construction tolerances may vary widely resulting in these

uncertainties. Another factor is the misalignment of a hydraulic structure as

well as settlement resulting in errors such as in the slope. Material vari—

abil i ty causes variations in the size and distribution of the surface roughness



resulting in errors of roughness factors. Changes in resistance coefficients

and structural size reduction because of deposition could be classified under

the operational conditions. Also, factors such as not cleaning the structure

to  eliminate clogging may result in additional uncertainty.

Structura l  uncertainty re fers  to  the  fa i lure  f rom st ructura l  weak-

nesses. Structural failures can be caused by many things such as: water

saturation andzloss of soil stabil ity, erosion or hydraulic soil failures, wave

act ion ,  hydraul ic  overloading, st ructural  collapse, and many others.  A good

example is the failure of a levee system either in the levee or the soil near i t .

The structural failure of a levee may be caused by water saturation and loss

of  soi l  s tab i l i ty .  A f lood wave can cause increased saturat ion of t he  levee

and an increased pressure gradient through the levee leading to  levee failure

through slumping. Levees can also fa i l  because of hydraulic soil failures and

wave action. As pointed out by Wood (1977), experience has shown that

during a f lood,  most  levees fa i l  s t ructura l ly ,  ra ther  than by  the  f lood waters

overtopping the s t ruc ture .  Methods o f  analysis rare ly  include the probabi l i ty

of structural failure in an explicit manner. Results may significantly

overest imate the protect ion o f fered by  a hydraul ic  s t ructure and under-

estimate expected damage that may occur.

Economic uncerta int ies can be the  result  o f  uncerta int ies caused by

construct ion costs, damage costs, operat ion and maintenance costs,  in f la t ion ,

and inconvenience losses. Construction, damage, and operation and main-

tenance costs a re  all subject t o  uncertaint ies because of t he  f luc tuat ion in

the  rate o f  increase o f  construct ion mater ia ls ,  labor costs, t ransportat ion
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cos t s ,  economic losses ,  reg iona l  d i f f e r ences ,  and  many o the r s .  The  p rob lem

of inflation trends also causes  uncertaint ies  and should be accounted for  in

hydraulic s t ructure  design. There a re  also many other  economic and social

uncertainties tha t  a r e  referred t o  as  inconvenience losses. An example of

this is t he  fai lure of a highway culvert  resulting in flooding causing t raff ic

related losses (Young, e t  al., 1974),

1.3 PREVIOUS CONSIDERATIONS OF UNCERTAINTY

As  previous ly  men t ioned ,  i t  i s  on ly  recen t ly  tha t  o the r  uncer ta in t i es

in addition to the natural  or inherent hydrologic uncertainties have been

considered explicitly on a scientif ic  basis. Basically the re  have been works t o

cons ide r  t he  hydro log ic  uncer ta in t ies  ( i nhe ren t ,  pa rame te r ,  and  mode l )  and

also a few a t t empt s  t o  look a t  the  hydraulic uncertainties.  Most of the  work

reported in the l i tera ture  that  considers the hydrologic uncertaint ies  has been

through a Bayesian f ramework.  Some works have considered the  natural  and

parameter  uncertainties or the natural  and model uncertainties,  and some

works a t tempt  t o  consider al l  th ree  uncertainties [ Bernier (1967); Conover

(1971); Davis and Dvoranchik (l971); Davis e t  a l .  (1972); Vicens e t  a l .  (1975);

Wood and Rodriguez-Iturbe (i975a); Wood and Rodriguez-Iturbe (1975b); Bodo

and Unny (1976); and Wood (1977)]. Most of these works have dealt with

improving flood frequency es t imates  by incorporating parameter  or s t a t i s -

t ical  and hydrologic model uncertainties.

A few basic works have been reported to  explicitly account  for  the

hydraulic uncertainties of design. Yen and Ang (1971) adop teda  scheme to



account for subjective uncertainties and consequently proposed a design

method based on risk analysis. Tang and Yen (1972) proposed a model

whereby other sources of uncertainties associated with the hydraulic design

of storm sewers can be systematically analyzed and combined and incor—

porated in the evaluation of the overall risk of alternative hydraulic designs.

Overa l l  r isk re fe rs  t o  the r isk  caused by  several uncerta int ies,  no t  just the

natural or inhgrent hydrologic uncertainty. In this approach, the natural or

inherent hydrologic uncer ta in ty  const i tutes only a pa r t  of  the overa l l  r i sk .

Tang, Mays and Yen (1975) have incorporated this risk procedure into a

dynamic programming approach for the optimal risk-based design of storm

sewer systems. This procedure does not relate expected damages to the

volume of flooding; however, i t  does define a composite or overall risk that

includes the  inherent hydrologic uncer ta in ty  and the  hydraul ic uncertaint ies

through first—order analysis of uncertainties of the rational formula and

Manning's equation. An  improved model  developed by  Tang, Mays and

Wenzel(l976) for the optimal design of sewer systems does consider the

expected damages as a function of volume of flooding and incorporates

various uncertainties. A risk-based procedure incorporating the inherent

hydrologic and hydraul ic uncerta int ies was essential ly incorporated as a

constraint model within a dynamic programming model for selecting the

design of  p ipe c rown elevations, l pes ,  and diameters.  Young, Chi ldrey,  and

Trent (1974) developed an optimal design model for highway drainage culverts

that considered economic risks. This model defined economic risks as

expected f lood losses which were converted t o  yearly f lood risks by using
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appropriate probabi l i t ies fo r  each f lood.  This procedure, however,  d id not

consider the  existence of  t he  various uncertaint ies ment ioned previously and

re la ted these to  an overal l  o r  composite r isk .  Watt  and Wilson ( l978)

developed a procedure t o  a l low fo r  r isk and uncer ta in ty  in an op t ima l

strategy for design of a system of hydraulic structures on a regional econ—

omic basis. This procedure did not actually define design uncertainties and

risk but did define an optimal return period.

Wood (1977) developed a model for analyzing flood levee reliabil i ty.

This model  considered hydrologic uncerta int ies fo r  overtopping and s t ruc tura l

uncertainties for structural failure of the levee. The hydrologic uncertainty

included the inherent and parameter uncertainties through a Bayesian frame—

work. Bogardi, Duckstein, and Castano (1977) studied the effect of stoch-

astic model choice on hydraulic design using as an example the design of a

flood levee.

Yen (1978) demonstrated the determinat ion of safety fac to r  on the

basis of risk and reliabil i ty for hydrologic and hydraulic engineering design.

Yen’s paper presents six d i f fe ren t  safety factors  and applies a character is t ic

safety fac to r  t o  s torm sewer design. F i rs t -order  analysis o f  uncerta int ies o f

the rational formula and Manning's equation is used to  define hydrologic and

hydraul ic uncerta int ies,  respect ive ly .  Many other works are repor ted in the

l i terature that deal with uncertainties in the design and operation of water

resources systems; however,  these do no t  a t t emp t  t o  def ine r isk and

reliabil i ty by integrating the various uncertainties.
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1.4 DEFINITION OF  RISK AND  RELIABILITY

The reliability of a hydraulic component, subsystem, or system is

defined as the probability of the strength or resistance, r, exceeding the

stress or loading, 51 , i.e., the probability of survival. The terms stress and

strength are more meaningful to structural engineers, while the terms loading

and resistance are more descriptive to water resources engineers. The risk of

a hydraulic component, subsystem or system is defined as the probability of

the loading exceeding the resistance, i.e., the probability of failure. The

mathematical representation of the reliability, R , and the risk-Ti can be

expressed as, respectively,

P r ( r > £ )p
a n H Pr( 1: ~ 2 >0) (1.1)

and

E Pr(r<i)=Pr(r—9.go) (1.2)

where P r (  ) refers to probability. The relationship between reliability and

risk is

R = I —“§ (1.3)

The resistance of. a hydrauic structure is essentially the capacity of

the structure and the loading is essentially the magnitude of flows through or

over the structure, e.g., from a hydrologic event. Since the loading and

resistance are random variables because of the various hydraulic and hydro—

logic uncertainties, a knowledge of the probability distributions of resistance

and loading are required to develop risk and reliability models. The
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computation of risk and reliability can be referred to as load—resistance

interference as shown in Fig. 1.1. The intersection of the load and resistance

curves demonstrates the interaction of two composite stochastic processes.

1.5 SAFETY FACTORS

As previously mentioned the success of engineering designs is

accomplished logy adopting a safety factor to take into account the ignorances

and simplifications in the design processes. Loosely a safety factor can be

defined as a measure of the resistance of the project over the loading. The

precise definition of the safety factor depends on how the failure is defined

and evaluated. Yen (1978) proposed six different safety factors for hydro—

logic and hydraulic design. They are briefly described as follows:

Pre—assigned safety factor. This is an arbitrarily chosen safety

factor that is conventionally used without probabilistic considerations. It is a

factor multiplied to a reference design loading (e.g., design discharge) to give

the resistance. Usually hydrologic risk is calculated through a frequency

analysis and not directly included in choosing the safety factor.

Central safety factor. If the expected value of the random

variable 1' (resistance) and 5?. (loading) are “r and 112 , respectively. The cen-

tral safety factor is defined as

SFu = ur/ 1.12 (1-4)
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Figure 1.1 Load-Resistance Interference
(Kapur and Lamberson, 1977)
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However ,  the value of Mr and 11 cannot be found precisely from the limited2,

data; therefore, the central safety factor, SFL1 , is only of theoretical

interest.

Mean safety factor. If the estimates of ur and us, are E andE,

respectively the mean safety factor is defined as

Basically, the mean safety factor, fi, is an estimate of the central safety

factor, S F U  . Their relationship can be expresed as

S F  = K - SF (1 .6 )
ii

In practice the value of K is taken to be unity.

Characteristic safety factor. Often in a project the significant

design values for the parameters are not the mean value but rather specified

values. For example in culvert or levee design the loading is neither the

mean value of all the floods nor the mean value of the selected flood of an

annual maximum series. It might just be a specified flood of given magnitude

(e.g. a flood with Tr—year return period). Therefore, the characteristic safety

factor is defined as

SFC = 130/310 ( 1 .7 )

where rO and to are the specified resistance and loading, respectively. With

rO and £0 assigned without a probabilistic analysis, SFC in Eq. (1.7) is simply

an arbitrarily preassigned safety factor conventionally used and discussed at
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the beginning of this section. I f  the value of rO and to are determined by

using the mean o f  the  resistance and the loading, respect ive ly ,  derived f r om

the sample, SFC is identical t o  the mean safety factor defined in Eq. (1.5). in

general, rO and 5&0 can be determined through a probabilistic analysis of the

parameters. Tang and Yen (1972) used the estimated mean value of

resistance and specified loading to  define a safety factor as

SF = r/JZ. ( 1 .8 )

f o r  s to rm sewer design.

Partial safety factor. This safety factor is assigned to each of the

indiv idual  parameters or components in the system. i t  is  par t i cu la r ly  useful

when the resistance and the loading of the total  system are di f f icul t  to  assess

and the design or decision can be made only as long as the  resistance exceeds

the  loading. The component safety factors  are no t  necessarily the  same, and

each can be  determined on a probabi l is t ic  basis. However,  the  sa fe ty i fac to r

f o r  the t o ta l  system cannot be given by  this method.

Reduced safety  f ac to r .  In order t o  evaluate r isk  or re l iab i l i t y

knowledge of the probability density function of the loading as well as the

resistance is required. in p rac t ice ,  t he  probabi l i ty  density funct ion is

aSSessed based on a limited amount of data. Yen and Ang (1971) have shown

tha t  f o r  smal l  probabi l i ty  of  fa i lu re  (say, less than 10—3) the resu l t  becomes

sensit ive to  the  d is t r ibut ion funct ions, and sensi t iv i ty  increases w i t h  the

coe f f i c ien t  o f  var ia t ion.  In order t o  avoid th is  d is t r ibut ion sensi t iv i ty

problem, Ang (1970) introduced a judgment factor, which is called reduced
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safe ty  f ac to r ,  v , such tha t  t he  probability of failure can  be  d iv ided  in to  two

pa r t s ,  i . e . ,

Pf = Pr( 2> §> - Pr( cw)  (1 .9 )

where C is the‘correct ion factor required by vir tue of the uncertainties to

ensure no failure and is a random variable; and v is a specified value of C .

1.6 PURPOSE OF THE RESEARCH

The design process for  many water  resources engineering projects

can  be divided into two general  phases: t he  calculation of design inflows and

the  determination of t he  geometry of the structure(s) based on these inflows.

Considerable ef for t  has  been devoted in the  area  of hydrology to  improving

the  f i rs t  phase. However, there  is an apparent  need for  developing

procedures  used in the  second phase .  As  men t ioned  p rev ious ly ,  t he  ex is t ing

conventional hydraulic and hydrologic design methods fai l  to  account explic-

itly for  the  cost interaction of the project components and to  systematically

account  for  al l juncertainties in the design. Only the  hydrologic uncertainties

such as  basic randomness in flood and rainfall frequencies a re  considered,

neglecting the presence of other  uncertainties.  Present  design methods

usually consider only a risk associated with the  hydrologic uncertaint ies ,  o r

more  commonly is e i ther  not mentioned or plainly ignored. It would be  much

more  reasonable, real is t ic ,  and perhaps easier  t o  justify a recommended

design to the public if the  costs are associated with t he  degrees of protection
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and risks. Emphasis should be placed on the in tegrated use o f  the  hydraul ics,

hydrology, risks, cost-damage-benefit relationships, and optimization for

determining optimal designs.

Water resources engineering designs are always under uncertainties

that bear important consequences when the best design is being sought.

Design procedures need to be developed basing the optimal design on

minimum costzby maintaining a proper balance between the cost of the

pro jec t  and potent ial  damages in the event o f  fa i lure  o f  the pro jec t .  The

purpose of this research is a theoretical development of general procedures

for incorporating all the uncertainties and resulting risks into optimal—risk

based design of water resources projects. The results will not only be of

direct use in planning and design, but also provide a means of evaluating

current design methods. Such information should also be of extreme

impor tance to  state and Federal  agencies, w i th  the  ever increasing economic,

energy, and environmental considerations.

The overall objective of this research is to  develop fundamental

techniques for the optimal risk-based design procedures for water resources

engineering projects. More specifically, i t  can be divided as follows:

1. A risk evaluation procedure for water resources projects has

been developed such that an overall risk is determined.

Previous design risks are based solely on hydrologic risk.

2. A methodology to  improve the estimate of the hydrologic

parameters as well  as hydrologic models has been developed.
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New methodologies for evaluating expected damages in the

event of failure of the project which incorporates the

overal l  r isk  have been developed.

The r isk and expected damages have been incorporated in to

opt imizat ion models so tha t  a proper t rade-o f f  analysis

‘ be tween  potential damages and the cost of the project is

performed in determining the design. There are no general

procedures of this nature reported in the l i terature.

Fina l l y ,  the procedures have been developed in a general

f o rma t  such t ha t  they are  applicable t o  d i f f e ren t  water

resources engineering projects. For example, the proce—

dures a re  applicable t o  the design of  s torm sewers, open

channels, spi l lways, s t i l l ing  basins, aqueducts, f loodwal ls,

detention and retention basins, highway drainage culverts,

and many others.

THE. SCOPE OF AND LIMITATION OF THE RESEARCH

In th is ’paper the  emphasis w i l l  be placed on the in tegrated use o f

hydrology, hydraul ics, r isk evaluat ion,  cost—damage-benefit relationships and

optimization for determining optimal designs. For the sake of clar i ty,  the

scope o f  t he  research can be stated as fo l lows:

Develop a r isk evaluat ion procedure f o r  systemat ical ly  anal-

yzing the component uncertainties in the hydraulic and

hydrologic designs. The risk contributed from the structural
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weakness will not be considered. Risk is defined from the

viewpoint of operational condition of the project rather than

the structure safety aspect of the project. The method used

to analyze the hydraulic uncertainty is first-order analysis.

New methods of using weighting procedure to treat hydro-

” logic parameter uncertainty are developed. A composite

hydrologic model is deveIOped to take into account the

hydrologic model uncer ta in ty .  The reliability model for

evaluating the "risk" associated with design considers two

loading situations, i.e., single loading application re fe r red  to

as the static case and repeated loading applications referred

to as the time—dependent case.

Current practices of risk-based water resources engineering

projects evaluate the expected flood damage by considering

the hydrologic risk only. The procedure will be refined in

this report to consider the fact that the resistance of the

hydraulic st ruc ture  is a random variable. In other words,

the resulting expected flood damage will be an integrated

product considering the hydrologic and hydraulic uncer-

tainties. In order to compute the expected flood damage

cost the knowledge of probability distribution function of

the loading and the resistance, as well as the flood damage

cost function are required. The result of the statistical

analysis from the previous step will be used for assessing the

.maww
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probability density function of the loading and of the

resistance. However, to define the flood damage cost

funct ion is  beyond the  scope o f  t he  research. A hypo-

thetical damage function or reported one in the l i terature

wi l l  be used.

3 .  .. This paper considers two types o f  hydraul ic  st ructures,  i .e . ,

highway box culvert and flood levee. The optimization

technique used for the optimal risk—based levee design is

dynamic programming (DP), and discrete differential dy—

namic programming (DDDP).

4. The area chosen to apply the proposed methodologies is the

Southwestern region of the United States. The optimal risk-

based flood levee design using DP and DDDP for Victoria,

Texas is given as an example in which only three stages,

approximately 10,000 f ee t  o f  t o ta l  length,  are considered.

No attempt w i l l  be made to  compare the resulting optimal

, levee design with the existing levee system.

5. Conclusions are made and further studies along this line are

suggested.

l .8  OVERVIEW OF RESEARCH RESULTS

Both static rel iabil i ty models, which consider single loading appli—

cat ion to hydraul ic  st ructures,  and t ime-dependent (dynamic) re l iab i l i t y
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models, which consider the random nature of the loading, are developed in

Chapter 2. First-order analysis of uncertainties is used to  estimate the

uncer ta in ty  o f  determin is t ic  hydraul ic models such as Manning's Eq. which

have uncer ta in parameters.  The f i rs t -order  analysis o f  uncer ta in ty  enables

the  est imat ion o f  the  mean and variance of  the capaci ty  of  hydraul ic

structures. An example of developing the risk evaluation procedure by

considering the inherent hydrologic uncer ta in ty  and hydraul ic uncertaint ies

for the culvert design is presented.

Furthermore, a new methodology for treating (minimizing) the

hydrologic parameter  uncer ta in ty  is developed in Chapter 3 t ha t  uses

general ized parameter (mean, standard deviat ion, and skewness) values f r om

a weight ing between sample and regional  hydrologic in fo rmat ion .  Weights

are  def ined as a func t ion  of  the  variances of  the  sample parameter est imates

and regionalized parameter estimates. The methodology uses either of two

non-parametr ic  s ta t i s t i ca l  techniques, the  jackknifel and the  bootstrap,  to

determine variances of  the  sample parameter est imates and regression

analysis to determine variances of the regionalized parameter estimates.

The ab i l i t y  of ’ th is  methodology is i l lus t ra ted  through a f lood frequency

analysis study f o r  t he  Southwestern Un i ted  States. The resul t  shows t ha t  the

proposed methods provide more  desirable features, such as accuracy as we l l

as s tab i l i t y  o f  the  est imates, than current ly  adOpted procedures i n  which the

parameters a re  est imated.  The hydrologic model  uncer ta in ty  is t rea ted  using

a weighting procedure by assigning a weight to  various probability models

considered. The Weight is determined by applying Bayes theorem to  compute
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the posterior probability of the model for a given prior probability of the

model. The generalized parameter estimates described above, and the

observations of sample data are both used. By doing so, a composite

probability model can be developed to define risk and reliability which

reduces the uncertainty of adopting the probability model. In Chapter 4 the

application is made considering all the hydrologic and the hydraulic uncer—

tainties to defzine the risk-safety factor relationship for levee design con-

sidering both the static case and time—dependent case.

The methods for analyzing the uncertainty of the hydrologic and

hydraulic aspects are incorporated in optimization procedures to design the

hydraulic structures to minimize total annual expected costs. in Chapter 5

dyanmic programming (DP) and discrete differential dynamic programming

(DDDP) models are developed to minimize the total annual expected cost for

a levee system, taking into account the trade-off between installation cost

and expected damage cost. Expected damage functions are developed that

consider both hydrologic risk only and also overall risk.

In Chapter 6 the D P  and DDDP models for optimal levee design are

illustrated using data for the Guadalupe River near Victoria, Texas. This

example is given to examine different risk considerations and their resulting

economic consequences.



CHAPTER 2

RISK ANALYSIS FOR DESIGN

2.1 INTRODUCTION

The evaluation of reliability and risk using Eqs. (1.1) and (1.2)

depends on the state of the resistance and the loading. From the viewpoint

of operational conditions of a water resources engineering design the

resistance is the capacity of a hydraulic structure and the loading is the

magnitude of flows passing through or over a structure. In general, both the

resistance and the loading are random variables wi th certain probability

density functions associated. The current practice of risk-based design in

water resources engineering considers only loading as a random variable,

while the resistance is considered as deterministic.

Many aspects of uncertainty are involved in the design of water

resource engineering projects. Uncertainties attributed to  both the hydraulic

aspects as wel l  as the inherent hydrologic aspect are considered in this

chapter. This chapter illustrates how these uncertainties are combined to

develop risk and reliability models. Description of first-order, analysis

applied to  analyze hydraulic uncertainty is given in section 2.2. Loading-

resistance inference considering both the loading and the resistance t o  be

random variables for the static case is presented in section 2.3. Static

rel iabil i ty models are good for single loading. Static reliability models wi th

22
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log-normally distributed resistance and various types of loading distribution

comonly used in water  resources engineering a re  presented in Appendix C.

Section 2.4 gives examples o f  develOping the  r isk and safety fac to r  relation—

ship for the design of box culverts considering the static case. Because the

number of applications of loading and the t ime of occurrence of the loading

are also random variables, rel iabil i ty models are extended to  time-dependent

models that consider the repeated nature of the loading imposed on the

structure. Time—dependent reliabil i ty models are developed in section 2.5 for

random—independent loading and random-fixed resistance. The box culvert

design example is also used to  develop risk—safety factor relationships

considering the time—dependent case.

2.2 ANALYSIS OF HYDRAULIC UNCERTAINTIES

The reliability of an engineering design is a function of several

variables and parameters. As mentioned those variables and parameters are

often random variables for which the performance of a system is dependent.

In general, a funct ion ,  W, o f  random variables Wl ’  w2,. . . ,  Wp’  whose

properties are known, is expressed as

(2.1)

As an example of a hydraulic model Manning's equation can be expressed as a

function of several random variables. The problem is to  find certain

propert ies of the  random variables, “’1’ w2,  . . ., wp, o f  t he  funct ion ,  W,

which is also a random var iable.  The random variables W1, W2’  . . . , wp  may

”avian-4
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be dependent or independent. In practice, i t  is usually di f f icul t  to determine

t he  uncer ta in  feature  of the system as a whole. A l te rna t ive ly ,  i t  is  easier

and more  economical t o  analyze the  uncerta in feature  o f  the parameters or

components and then der ive the uncer ta in  propert ies of the  en t i re  system.

Cornel l  (1972) demonstrated t ha t  f i rs t -order  analysis can be  sat is-

f ac to r i l y  used f o r  uncer ta in ty  analysis in hydrologic and water  resource

systems. First—order analysis is a method of providing an estimate of the

uncertainty in a deterministic model involving uncertain variables. The f i rs t -

order analysis pr0vides an est imate of  the mean and the variance (or standard

deviation) of W. Through the first-order analysis, the combined effect of

uncertainty resulting from use of uncertain variables in a predictive model

can be estimated.

The vectors o f  the  expected values and of  the  standard deviations of

W1’  W2 ’  . . . WP, are denoted respectively as £=  ( ,u 1 ,  p2 ,  . . .,up) andg=(cyl,

62, . . . ,UP). The Taylor’s expansion of  Eq. (2.1) about the expected value f o r

first-order analysis is approximated as 1 Benjamin and Cornell (1970) and

Kapur and Lamberson (1977)].

p 3136”.)
w=f (£ )+ i__z_  (W i " “ i ) +

l Bw i  w=u

9 ME)131fi... _ ._ .  . ,_ t _ ‘ 22! ié l  j é i  awiawj (W1 ”im’j “3-) + g (2 )
W=_l,l‘
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where  E is  t he  rema inde r .

The expectation of W can be wri t ten as

1 P P SHE) . E[(wi-ui)(Wj“uj)]
E[ w l = f( g )  + —2- 121 j é l  

wawiaWj

+ E<£> (2.3)

By assuming u.a.,, .
xl‘

. , wp are statistically independent and neglecting E ,

Eq. (2.3) then car: he approximated as

P
;l —-—— _ - Var rwp  (2.4)

8W. fi—g

where Var (W i )  is the variance o f  Wl '  Eq. (2.4) can then be  fu r the r  s impl i f ied

i f  the value of Var (W1) is small as compared to fly), to

( 2 .5 )

p SHE)

Var (  W ) : Var [  f ( £ )  ] + Var [  21  SW. = (Wi-fl l i )
1 __

p 8 f (W)

’ iél ( 5w 3 : )  vaflwi) (2.6)
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Equation (2.6) can further be expressed as

MW) 2
1 [Tw=  i ' l J . ‘Q '  (2.7)Z) l

“M
’0

wheres‘zw and raw- a re  the coef f i c ien ts  o f  variation of W and w i ,  respect ive ly .

The first—orderzalnalysis is to use Eqs. (2.5) and (2.6) or (2.7) to estimate the

mean and coefficient of variation of the random variable W.

In water resources engineering, for example, one of the most

commonly used mathemat ica l  models fo r  comput ing the capaci ty  o f  hydraul ic

conveyance structures is Manning's equation:

1.486_ 2/3 1/2QC — —-——————— A Rh sf (2.8)
D.

in which Qc is the capacity, n is Manning's roughness factor, A is the cross-

sect ional  area o f  f l ow  in the  conveyance s t ructure,  Rh  is the hydraul ic radius,

and 5f is the f r i c t i on  slope. i t  is real ized tha t  Manning's equation is  only

suitable for describing a uniform flow condition. Since the hydraulic condi-

t ions f o r  f l ow  through a conveyance s t ruc ture  is  ex t remely  compl icated,

highly unsteady and nonuni form, a model  error  term,Am, is incorporated,

= LELSE 2/3 l / 2  (2.9
Qc Am n ARh S f  )
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This equation must be  re fo rmula ted  so that  each var iab le  involved  in

the model can be treated as a statistically independent random variable. The

hydraulic radius, Rh = A/P, where P is the wetted perimeter, must be

introduced,

1 . : 86  A5 /3P-2 /3S  1 /2  (2.10)
q=Am fC

By performing first—order analysis of Eq. (2.10) using Eqs. (2.5) and (2.7), the

mean and coef f ic ient  o f  var ia t ion  o f  the  capaci ty ,Qc,  can be  expressed,

respectively as:

_ _ 1.486 —5/3 «2/3 -1/2C m-—~—-—fi A P SE 
(2 .11 )

2 2 1 /2
= 2 2 2g 9x  + on + 2.78SZA +0.44S2P + 0.259S (2-12)QC m f

where  ( - )  ind icates t he  mean and {2 is the  coef f i c ien t  of va r i a t i on .

2.3 STATIC RISK AND RELIABILITY

The word "static," from the reliability computation viewpoint repre—

sents the worst single stress, or load, applied in the unit t ime span

considered. The loading applied to many hydraulic structures is a random

variable, and in addition, the number of times of loading is unknown and

random. If the distribution of the loading and the resistance is known, the

reliabil i ty computation is referred t o  as a load-resistance interference (Fig.
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1.1). Following the definitions given in Eqs. (1.1) and (1.2), the reliability and

risk of a hydraulic structure can be expressed as, respectively,

R = I: f£(g')‘[ J£,fr(r’>-dr'1'd2' (2.13a)

= J: fr(r’)'[ Jr'fQVOLW-dsz'bdr’ (2.1%)

and 2
ft = 5:)” frrrm SSE (2) d2]]-dr’ (2.1%)

_ i' .— 505200-105 frfi’) dr']- dz (2.141;)

where fr ( ) and f2 ( ) represent the probability density functions of the

resistance and the loading, respectively. The reliability computations for a

hydraulic structure for the static case require the probability distributions of

loading and resistance.

in the reliability analysis of hydraulic structures theprobability

distribution of the resistance (capacity) and the loading (flood flow) are

required. The capacity of hydraulic structures, such as culverts and levees, is

a function of several variables, that is illustrated in Manning's Eq. (2.8). The

log—normal probability distribution is assumed for the resistance that has the

following functional form:
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where umr  and o are the mean and standard deviation of the log-
2m

t rans fo rmed  res i s tance .

Based on Eq. (2.13b) the  s ta t ic  re l iab i l i t y  model  can be  w r i t t en  as

R = j: f r ( r ' ) -  F2(r’)~ dr’ (2.16)

where F5a (r') is  the cumulative distribution function (CDF) of loading,

F£( r ’ )  = 5; ,  f£(£')-d£’ (2.17)

The probability distributions of loading which are commonly used in

hydrology t o  describe the  random mechanism o f  a f lood f l ow  sequence are

normal ,  log-normal ,  Gumbel,  Pearson type  III, and log~Pearson type III. The

mathematical representation of the static reliabil ity model with log—normal

resistance and various types of loading distribution mentioned above are

described in Appendix C.

For the case when the loading distribution is the Gumbel and the

probabi l i ty  density funct ion has the  f o rm

’ 5L~oc fi-o. «t 1 l \ la eXPl-l—t—i-ewil a2 >1}
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and YB is  Eu le r ' s  constant (0 .5772) .  The  CDF of the  Gumbe l  d i s t r ibu t ion  is

12—061 .

F (9.) = If; 7.172- exp[—<—%>— exp[— Wfl ' d l '

= gxp {—exp [— (3,—n } (2 .19 )

2

The s ta t ic  reliability model is

ua. l A M 2]

R = ID exp [  2<  0S-Lnr >[fir amt

1 0L
- l ,. expg—exp  [~ (-ET—“fl‘; - d r  (2  . 20)
2

2 .4  EXAMPLE FOR CULVERT DESIGN (STAT IC  RELIABILITY MODEL)

The application of. the  reliability computations for  box culvert

design is given as an illustration. In this case the  reliability of t he  culvert  is

defined as  the  probability of t he  resistance or culvert  capaci ty  exceeding the

loading or flood magnitude. Manning's Eq. (2.8) for full flow is used as the

hydraulic model to  compute  the capacity of the culver t .  The f i r s t  s tep is t o

perform an uncertainty analysis on the hydraulic model t o  define the

associated hydraulic uncertaint ies .  As previously demonstrated t he  coef f ic -

i en t  of va r i a t ion  of t he  culver t  capaci ty ,  Qc’  is expressed as Eq .  (2.11) .  The

reason  fo r  the existence of t he  coef f ic ien ts  of va r i a t ion  of t he  mode l ,  9A ,
In
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roughness, (in, cross—sectional area, 9A ,  wet ted  per imeter ,  up ,  and f r i c t i on

slope, 95 f ,  is due to  the uncerta int ies f rom each o f  the  random variables Am,

n,  A ,  P,  and Si, that make up the hydraulic uncertainties, The hydraulics of

culvert f low are very complicated so the error of this assumption to  describe

t he  f low is lumped and accounted f o r  as an uncertainty by  the model  e r ro r ,

A m'  The construction and material uncertainty can partially be accounted

f o r  through th’e uncerta int ies o f  the area, the  wet ted per imeter ,  and slope.

Uncertainty of the material variability can be accounted for through

Manning's roughness factor, n. Also uncertainties for the operational

conditions of flow can be accounted for through n.

The mean and coef f ic ient  o f  var ia t ion f o r  the  box cu lver t  f l ow
‘ )

cross—sectional area are computed using

5 = 5 E (2.21)

= 2 2 l/?-
9A ( “D  + QB) (2.22)

from‘ the first-order analysis of uncertainties where 15 is the mean culvert

depth and E is the mean culvert width. The mean and coefficient of variation

of the wetted perimeter, P ,  is computed using

13=2 (D+B)  , (2.23)

_ “ E 2 1
Q? = L (~  D _ )2  QDZ + (r) QB ]  / 2

D + B D + B
( 2 .24 )

For the fr ict ion slope a fu l l  pipe f low is assumed with the depth on the down-

s t ream s ide o f  the  cu l ve r t  assumed to  be  D .  The  su r f ace  wa te r  e l eva t i on  on

Jump», 7
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the upstream side of the culvert, Yu ’  is found using the stage-volume

re lat ionship.

W i th  these assumptions the  energy and momentum equations are

used to derive the fr ict ional slope, Si, and the mean is expressed as

'5 =§  + —“_ (2.25)

where go  is the mean slope of the culvert; Yu  is the mean depth on the

upstream side of  the  cu l ve r t ;  l5 is the  mean cu lver t  depth; and i. is the mean

cu lver t  length.  F rom the first—order analysis, the coe f f i c ien t  of var ia t ion  of

the fr ict ion slope, 95  , is

where B : ZEE + 7 — D.o u
One technique to  evaluate the  32's f o r  the  random variables Am, n ,  50 ’

Yu ’  D,  B ,  and L is t o  use tr iangular distr ibut ions and assumed errors f o r  each

variable. in other words by assuming minimum and maximum values of each

variable, w . and w i t  is possible t o  use a triangular distribution (Fig.min max
2.1) t o  compute the  coe f f i c ien t  o f  var ia t ion  of  each variable. This procedure

is outlined in detail by Yen et  al.  (1976) and applied t o  storm sewers. When

t he  coef f ic ients  of var ia t ion are as smal l  as those considered here the  density

(2 .26 )

Aways”:



33

Distribution W
min 

max

- _ 1Mean w — -( . w + w )3 min max c

Coefficient of
variation 9 = [i - —i~ W W . ) 11 /2w . w + w w +2 6&2 min max max c c min

Figure 2.1 Triangular Distribution
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functions can also be treated as approximately Gaussian. The form of the

d i s t r ibu t ions  could be determined by a Monte Carlo analysis if the analyst so

desires.

The probability distribution of the random variable, culvert capac-

ity, is assumed to be log—normal based on the central limit theorem. The

mean and coefficient of variation of the culvert capacity can be computed by

using Eqs. (2.11) and (2.12), respectively. Knowing these statistical para- "t

meters of the culvert capacity, the log-normal probability density function is

expressed using Eq. (2.15) as

2nQ'—XQ
fQ (Qp = ——~—-——l exp[- awe C )2] (2.27)
c 1/2“ QC CQ Qc

C

are respectively, the mean and standard deviation ofCQC

the transformed random variable mQC. The coefficient of variation of the

where X Q  and
c

culvert capacity can be used to compute the standard deviation, :Q , for
\ C

the distribution, i.e.,

CQ = [ Slums +l)]l/2 (2.28)
C C

Clearly the statistical parameters in the resistance or culvert

capacity distribution are a function of the design variables, such as culvert
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depth,  w id th ,  bot tom s lope ,  length,  e t c .  Therefore,  once the  geometr ic

variables of the culvert design with associated distribution and tolerance are

specified the distribution of culvert capacity can be determined.

The loading to  the structure which is a flood magnitude is also a

random variable. The distribution of the flood for a particular site can be

estimated by performing a flood frequency analysis as mentioned previously.

The Type I ext remal  d is t r ibut ion (Gumbel ,  1955) is used as the  d is t r ibut ion o f

annual floods for this example. This probability density function for the

loading or flood magnitude is expressed, following Eq. (2.18) as

1 (Qd ‘ 0‘1 (221‘ 0 ‘ 1 )
f (Q ' )  = - exp - ~eXp [ "  M 2 .29Qd d 0 ‘2  \ <12 > < (12 ( )

where

_ ~ _ /é‘
co l -Qd - -YE '0 i 2and0L2——-- -< IT r  Qd

in which YE is Euler's constant (0.5772); Qd is t he  mean;  and 0 is theQd

standard deviation of the annual flood magnitudes. The flood magnitude for

any return period, Tr ’  can be approximated using

Qd(Tr) = —a2'£n[—£n(l — —%;)]+ 0‘1 (2.30)

knowing (3d and o from historical data.Qd

By using Eq. (2.20) the reliabil ity for this example can be expressed

as

lnéx—XQ Quaco 1 l C c C 1.... . 'R = --——-—-— exp - - 2J-exp -exp[-  1% dQ

[0 /27? Q; :Q E 2( CQC > < “2 ) C
C
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The general pract ice  in water resources engineering is to  choose a

f lood magnitude f o r  a cer ta in re turn per iod specif ied as the  design c r i te r ion

for the structural capacity. The selection of the flood magnitude or return

period depends on the importance and consequence of the project. Also, once

the design flow for the return period is determined, the capacity can be

determined fo ra  specified safety factor. The type of safety factor used is

the  character ist ic  safety def ined as Eq. (1.8), which can be  expressed as

SF = éc/Qdur) (2.32)

The procedure to  establish the risk and reliability-safety factor

relationships is described as follows:

1. Selection of probability distribution for hydrologic uncer-

tainties and determine the parameters of the distribution.

2. Selection of probability distribution and hydraulic model for

hydraulic uncertainties.

3. Selection of design flood, Q d (T  r ) .

Ls. Selection of a structure geometry, and determination of

hydraulic variables such as bottom slope, Manning's rough-

ness (determined by material used), etc.

3. Determination of nominal value of geometric variables of

structure such as width and depth.

6. Performance of uncertainty analysis on each variable of

hydraul ic  model .
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7. Estimation of parameters governing the distribution of ca-

pacity such as mean, QC and standard deviation, 6Q .
c

8.  Check whether CC fo r  a specif ied dimension and hydraul ic

condition is greater than Qd(T r ) '  i f  not, then go to 1% or 5 to

change hydraulic condition or dimension because in general

. p rac t i ce  the  safe ty  fac to r  is usually selected t o  be greater

2 than 1. Otherwise, go to next step.

9. Computation of the reliabil ity, R ,  from Eq. (2.31), risk, T1,

f r om Eq.( l .3) ,  and corresponding safety  f ac to r ,  SF, f r om Eq.

(2.32).

10. Repeat steps 3 to  9 unt i l  whole range of design variation has

been examined.

Using the above procedure, an analysis was performed to  generate

risk—safety factor curves for culvert design using hydrologic data for the

Glade near Reston, Virginia (Young, et  al., 1971+). Tolerances upon which the

dis t r ibut ion f o r  S i ,  n ,  Yu ’  D,  B ,  and L were 0.0005, 0.0004, 0.1, 0.1, 0.1, and

0.5. Fo r  example, i f  D is  5.0 f t . ,  t he  in te rva l  over which the  tr iangular

d is t r ibut ion is def ined is f r om 4.9 t o  5.1 f t .  A value of  E(An?=l is  used. The

mean and standard deviation of flood flow in Gumbel distribution are 536 cfs

and 505 cfs, respectively. The results of the analysis are given in Figures 2.2,

2.3, and 2.4. in Fig. 2.2 is the relationship between risk and safety factor for

different values of /—Sf/n which shows that @f/n has l i t t le  effect on the

r isk safety fac tor  relat ionship. in F ig .  2.3 a set of  r isk-safety  fac to r  curves

fo r  d i f fe ren t  re tu rn  periods i s  provided. F ig .  2.4 is der ived by  p lo t t ing  re tu rn
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period versus risk for various safety factors. Figs. 2.3 and 2.4 give no

provision for  various structure dimensions under cer ta in  hydraulic conditions.

A proposed regression equation to describe the  relationship among ARhZ/B,

Ef/n, and SF for a given Tr  is

b SARfl/P’ = alCSF) 1(rf: >Cl (2.33)

where  a1 ,  b1  and c1  a re  constants .

The results of the  regression analysis for several  re turn  periods a re

listed in Table 2.1

In order to obtain a relationship among Tr ’  SF, /S_._f/n, and Ah/B ,

the following regression equation for the example was developed.

2/3 /§AR}. = 800.5 (log Tr )o .8231(SF)1 .0013(_§ )  -0.99768 (2.34)
1'1

Using Eq. (2.34) in conjunction with Fig. 2.3 or 2.4, t he  reliability of the

2 /3s t ructure  and d imens ion  pa rame te r ,  ARh  , r equ i r ed  can  be obta ined  once

the  des ign  stor’m re tu rn  per iod ,  safety  fac to r ,  and  hydrau l i c  var iab les  a re

determined.

By examining  F ig .  2 .3 ,  f o r  SF= l ,  the  r isk associated wi th  des ign

re tu rn  pe r iods ,  Tr ,  10 ,  20 ,  30 ,  50 ,  and  100  yea r s  a r e  0.12, 0.064, 0.047, 0.033,

and 0.017, respectively. The risk assessed by the  conventionally considered

inherent  hydrologic  r i sks  fo r  the  above return pe r iods  a r e  0.1, 0.05, 0.033,

0.02, and 0.01, respectively.  Comparing these two se ts  of risk values i t  is

41
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10

15

20

25

30

50

70

100

.33

Table 2.1 Result of Regression Analysis in Culvert Design

log (a1)

2.48473

.53453

.78150

.90412

.94454

.99715

.07270

.04322

.09361

.12919

.15420

a

301.

342.

604.

801.

880.

993.

1053.

1104.

1240.

1346.

1426.

1

302

397

644 .

900

116

419

659

638

538

449

264

b
1

.99713

.00120

.00064

.00045

.00903

.00066

.00067

.99973

.99899

.00645

.99969

Correlation
C l  Coefficient

—0.99897 99.99530

—O.98283 99.72772

~1.0000S 99.99975

~O.99939 99.99970

-O.98629 99.36715

—O.99995 99.99963

—0.99983 99.99972

—0.99999 99.99963 =.

—O.99934 99.99950

-1.00803 99.84035

—0.99983 99.99916
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found tha t  the  r isk is underest imated by  20%, 28%, 42%, 65%, and 70% using

the conventional risk evaluation procedure for return periods of IO, 20, 30,

50, and 100 years, respectively. The percentage of underestimation of risk

increases as the return period increases. This shows evidence that the risk is

underestimated by ignoring the hydraulic uncertainty involved.

2.5 DYNAMIC OR TlME-DEPENDENT RELIABILITY

In the l i terature on reliabil i ty theory, the failure of components

under repeated stresses has been investigated primarily with respect to  the

fatigue behavior of materials (Kapur and Lamberson, I977). The loading

tends to  induce fa i lu re ,  and the  resistance resists fa i lu re  w i t h  fa i lu re

occurring when the loading exceeds the resistance. Repeated loadings on a

hydraul ic  s t ructure are character ized by  the t ime  each load is appl ied and by

the behavior of t ime intervals between the application of loads. From

reliabil i ty theory loads may be classified as applied at known times or at

random times. For loads applied a t  known times the changes may follow a

cyclic pattern which is known exactly beforehand. These load occurrences

may be constant or  may  vary  f rom cyc le  t o  cyc le .  Fo r  loads appl ied a t

random times the cycle times are random and independent rather than known.

The randomness of the  cyc le  t imes  may be  described by  exponential  o r

gamma probability density functions and the loading may be deterministic or

stochastic in nature (Kapur and Lamberson, 1977).

From a reliability theory viewpoint, the uncertainty about the

loading and resistance variables may be classified into three categories:
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deterministic, random-fixed, and random independent (Kapur and Lamberson,

1977). For the deterministic category, the variable assumes values that are

exactly known a prior i  which is not the case for hydraulic structures

subjected to  hydrologic events. In the random fixed cases the concern is in

t he  behavior o f  the resistance variable w i t h  respect to  t ime  or  cycles.  The

resistance is a random variable a t  any particular t ime. Fixed refers to  the

behavior of the random variable with respect to  t ime and/or cycles. This

means that  the randomness var ies in t ime  in a known manner.  For  example i f

fr(r) is the probability density function of the resistance random variable, r0,

a t  the initial t ime, then the resistance r ( t )  a t  any instant of t ime t is given

by

r ( t )  = r 0  ' ¢ ( t )  ( 2 .35 )

where ¢(t) is a known function that describes exactly how the resistance

changes (decreases) wi th t ime. For the random independent case the variable

is not only random but the successive values assumed by the variable are

statistically independent. Observation of one loading or resistance value

gives us no information about the size of the subsequent values. Successive

loadings are generally independent. Resistance will vary randomly and wi l l

be independent from cycle to  cycle only when affected by other environ-

mental factors, which are independent of the process. Resistance depends on

the number of load applications, their magnitudes and t ime durations.

The object ive o f  the re l iabi l i ty  computat ions f o r  the  dynamic

models is to  determine the re l iab i l i ty  af ter  n cycles or  occurrences o f

loading, Rn, i.e., the probability of not having a failure on any one of the n

cycles or  loadings. For  hydraul ic structures there is uncer ta in ty  about the
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cycles or loadings. For hydraulic structures there is uncertainty about the

loading and the resistance random variables a t  any instant of t ime and also

about the behavior of the random variables with respect to t ime and/or

loading cycles. The two terms "random fixed" and "random independent" are

used to describe these uncertainties. The resistance of the structure is a

random variable a t  any particular instant of t ime. The behavior of the

random variable with respect to  t ime and/or cycles is assumed to be fixed in

the sense that the random variable, resistance, changes or varies in t ime in a

known manner. The loading on a hydraulic structure, however, is not only a

random var iable;  bu t  unlike the  random f ixed case assumed fo r  the res is t -

ance, the successive values assumed by  the random var iable,  loading, are

statistically independent. The loadings on many hydraulic structures are

basically independent hydrologic events. The resistance provided by a

hydraulic structure does vary randomly and is somewhat independent from

cycle to cycle because of the  e f fec t  o f  various envi ronmental  fac tors .

However, in this analysis the resistance will be considered as random-fixed.

Rel iabi l i ty  computat ions fo r  dynamic (t ime-dependent) models can

be made for deterministic and for random cycle times. Because the loading

on most hydraul ic  s t ructures is random, the  t ime  dependent re l iabi l i ty  model

fo r  random cycle t imes  is of most  impor tance.  However ,  f o r  s imp l i c i t y  o f

the  discussion, the model  fo r  determin is t ic  cycles will be  developed that

natural ly  leads in to  t he  model  for  random cyc le t imes .  For  determin is t ica l ly

known cycle times the reliability at time t ,  R(t), can be determined from the

re l iab i l i ty  af ter n cycles o r  occurrences of loading, Rn ’  as
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R( t )=Rn  , t n< t< tn+ l  n :  1 ,2 , . . .  ( 2 .36 )

where tn  is the instant in time a t  which the  nth cyc le  occurs .  Referring t o

the  loading a sz  and the  resistance as  r,  Rn can be expressed as
pa nn Pr [ (£ l< r )  n (£2<r)n . . . . . . . .  n (2n<~r)]

Pr [  max (£1 ,  9 ,2 , . . . .  , i n )  < r ]  ( 2 .37 )

By let t ing the  maximum loading, 9,max = max ( 21, £2, . . . , i n ) ,  then the

d i s t r i bu t ion  func t ion  of  2max  i s

_ nFn(£) - [F£(2>1 (2.38)
provided the loadings are  independent and identically distributed, where Ft”)

is the  cumulative distribution of the loadings or  hydrologic events .  The

r e l i ab i l i ty  fo r  s ta t ic  re l iab i l i ty  models  of hydraul ic  s t ruc tu res  is expressed  as

Eq. (2.13). The t ime-dependent reliability model for‘determinist ic  cycles,  is

expressed  as

on I"  , In .50 frcra.[ 50 f£(l5 d2] df7:
)

11
ll

5: fr(r9'l F2<r9 ln-dr' (2.39)

As previously mentioned the  loadings (hydrologic events) for  most

hydraul ic  s t ructures  occur  a t  random t imes .  The  above  r e l i ab i l i t i e s  fo r

random loading t imes  can be  expressed in t e rms  of t ime  a s

R( t )  = n30 nn<t ) 'Rn  (2 .40 )

.mamw
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where Irn(t) is the probability of n loadings occurring in the time interval (0,

t )  and Rh is the probability of all n successes. It is now evident that the case

of deterministic cycle times is a special case of the above reliabil ity equation

for random cycle times.

A Poisson distribution can be used to describe the probability of the

number of events occurring in a given t ime interval. This distribution is

given as -“-

e—At  (A t )n

n !
wn( t )  = ( 2 .41 )

where A is the mean rate of occurrence of the loading which may be esti-

mated from historical data. For example, i f  annual data are being used

k= l /T r  where Tr  is the return period and t is considered the expected

service l i f e  of t he  hydraul ic  s t ruc ture .  Other distr ibut ions may  also be

applicable but they lead to more complicated analysis.

For the random-independent loading and random-fixed resistance

the t ime dependent reliability can be expressed as:

ll M

3° -}\t n m 1" .
Rct) fiflfl— f0 firm-[r0 f2(£')'d£'ln'dr'

.. [mg  fzcl') awn
z d’ r '  (2.42)

n !

H s.
..

“
0

8

Hi
'1

3 (D
| >2 (1
‘



48

Now using Eq. (2.42) and manipulating the reliability equation becomes

m -' l - F  r 'R(t) = 1  f (r')'8 m £01“ (“3)
O r

Based on Eq. (2.43) the time—dependent reliability model for log-

normal random-fixed resistance and random-independent loading can be

2expressed as

1 1 '  5L r'- ”star 2 _ _
R “ )  = [0 ————eXP[—§ (LT—fl) ]'exp ltEl F2( I ’ ) ]  i

m r'o’mr 2nr

( 2 .44 )

where F2 (r') is the cumulative distribution function of the loading. The CDF

F£(r') of the loading for normal, lognormal, Gumbel, Pearson type III, and log-

Pearson type III are Eq. (C.2), (C5), (2.19), (CB) ,  and ((3.17), respectively.

2.6 EXAMPLE FOR CULVERT DESIGN (TIME-DEPENDENT MODEL)

As an illustration of time dependent reliability computations, the

same example of box culvert design used previously for static reliability

models is considered. For this example the reliability of the culvert is

defined as the probability of the resistance (culvert capacity) exceeding the

loading (flood magnitude). Manning’s equation for full flow is used to

compute the culvert capacity. The probability distribution for the random
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variable, culvert capacity is assumed to  be lognormal, Eq. (2.27) and random

fixed. The s ta t is t ical  parameters in the resistance distribution are a function

of  the  design variables, cu lver t  depth, w id th ,  bot tom slope, length,  roughness

factor, e tc .  Tolerances upon which the triangular distributions for 50, n,  Yu ’

D,  B ,  and L are the  same as f o r  the stat ic  model .  The random variable

loading, Qd ’  t o  t he  s t ructure which is  a f lood magnitude has a d is t r ibut ion

which can b€ determined from a flood frequency analysis. The Type I

extremal distribution, Eq. (2.29) is used as the distribution of annual floods

for this example. The reliabil i ty model for this random-independent loading

and random-fixed resistance example can be expressed using Eq. (2.27),

(2.29), and (2. 44)., as

1 °° ‘ 3Mt) = ———-—-—-— l 9-— d (2.45)Mg, O Q: QC
where

_X  0!. + Q

B = % <fl%§:—>2 + ) ‘ t [1 -exp <- 1 a2  C > ]  ( 2  46 )

c

This model was used to generate the risk-safety curves for various service

l ives,  t ,  and re turn  periods shown in Figs. 2.5 through 2.10. The safety factor

used is the characteristic safety factor defined by Eq. (2.32).

2.7 NEED FOR EXPANDED MODEL

In this chapter the static and time~dependent reliabil ity models have

been developed. These models evaluate the- reliabil i ty or risk associated with
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the hydraulic structure taking into account the uncertainties involved in the

determination of hydraulic structure capacity as well  as the inherent

hydrologic loading uncertainty. Examples for applying the static and time—

dependent reliabil ity models in determining the risk-safety factor relation—

ship for the culvert design are given. I t  has been discussed that the risk

associated w i th  a design tends t o  be  underest imated by  the convent ional ly

considered inherent hydrologic risk only as opposed to including hydraulic

uncertainty. As mentioned, in addition t o  the inherent hydrologic uncer-

ta in ty ,  o ther  types o f  hydrologic uncerta int ies such as model  and parameter

uncertainties are involved. The ignorance of the existence model and

parameter uncertainties can lead to an inadequate evaluation of the risk.

Hence, f o r  a bet ter  evaluat ion of the r i sk ,  a procedure is needed that  takes

in to  account the  uncer ta in ty  a t t r i bu ted  by the  assessment of the hydrologic

model and i ts  parameters. In the next chapter procedures for treating the

parameter uncertainty as well as model uncertainty are described.



CHAPTER 3

HYDROLOGIC UNCERTAINTIES

3.1 INTRODUCTION

In the‘risk-reliability analysis of water  resources engineering project

design, i t  is always desirable and rather ideal t o  have procedures for  accurate

prediction of hydrologic events ,  e .g .  flood magnitudes and rainfall depths.

This could be  achieved if a large number of hydrologic da ta  a re  available for

the  si te  under investigation. However, hydrologic data commonly extends

on ly  ove r  a pe r iod  of 10  t o  30  years ,  w i th  some  loca t ions  hav ing  longer

records and a large  number of locations having no records. Stream flow and

rainfall processes a r e  assumed to  be s tochast ic  processes because of t he

na tura l ,  o r  i nhe ren t ,  randomness  of the i r  occur rence .  Because  of t he  lack of

bet ter  information about these events ,  e .g .  infinitely long historical records,

there exists  informational uncertainties about the  processes which are  the

parameter  and ’mode l  uncertaint ies.  There is  presently much debate  among

hydrologic researchers concerning these uncertainties and how to  consider

them.  This chapter  presents methods for  reducing or minimizing the

hydrologic parameter  and model uncertainties tha t  can be  used in the  risk and

reliability models.

The common pract ice  in hydrologic frequency analysis is t o  f i t

observations t o  theoret ical  probability distributions. The practical  problems

57
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that are encountered are ( l )  the choice of distribution, and (2) how to

estimate the parameters of the distribution. The parameters are commonly

der ived by  the  method o f  moments,  but  can also be  der ived by  the  method o f

max imum l ike l ihood.  Because only a l im i ted  number o f  hydrologic da ta  a re

usually available, sample sizes are too small to  accurately estimate the

stat is t ica l  parameters,  the  mean, standard deviat ion and especial ly h igh-

order moments such as skewness and kurtosis.  Consequently these param—

eters are random variables and subject t o  sampling errors. A procedure is

developed t ha t  can be  used t o  mod i f y  the hydrologic parameters est imated

f rom a sample t o  reduce the  errors or  uncer ta in ty  of the  es t imate .

3.2 HYDROLOGIC PARAMETER UNCERTAINTIES

3.2.1 Hydrologic Parameters f o r  Frequency Analysis

In the hydrologic flood flow frequency analysis the parameters

commonly used to character ize the  hydrologic frequency d is t r ibut ion are the

mean, standard deviat ion,  and skew coef f i c ien t  which are  es t imated by  the

method of moment or the method of maximum likelihood. For a given flood

f l ow  sequence o f  an annual maximum series o f  record length N years 21 ’  22, .

. . ZN,the mean,  standard deviat ion,  and skew coef f ic ient  o f  the  series can be

est imated respect ive ly ,  by  method o f  moments using

_ l Nz =— _s N 1:1 
21  (3 l )

s __l N - 2 1/Z _ [N - l  Z (Z .  -Z )  ] 2 (3-2)
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and

G = NZs (N—l) (N—2)s§ i
S

I I
M

Z

A N I N v

1 i s (3 3)

These parameters are required when the flood flow frequency distribution is

ei ther  a norma l ,  an ex t remal  type I (Gumbel), o r  a Pearson type III.

The Hydrology Committee of the Water Resources Council (1967)

recommended. the log-Pearson type III as a base method for flood flow

f requency studies. This was an a t temp t  t o  promote a un i fo rm and consistent

approach to  flood-flow determination for use in all Federal planning that

involves water and related land resources. I t  was also recommended for use

by all state and local governments and private engineers. Further guidelines

were set forth-by the Water Resources Council (1976) in Bulletin 17. The log-

Pearson type III distribution is a three parameter distribution requiring para-

meters for the log transformed flood flows, i.e., T’s (mean), Sys (standard

deviation), and Gy (skew coefficient) that are generally used t o  estimate the
S

population parameters “ y ’  Oy ’  and yy,  respectively. These parameters can

be estimated using the sample, respectively, by the method of moments, as
A

N
‘ _£
Ys " N .2 V i  (3‘4)

1=l

N — 2 1/2S [ 2 ( y.—Y ) (3.5)Vs N 1 i=1 1 S
NN _Gy = 3 z (y.—Y )3 (3 6 )

s (N—1)(N-2)sv i=1 1 S
S

where y i  is the log  t ransformat ion of t he  f lood magnitude y1 = JLn( 21 ) ;  and N
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is the  number of  observations ( 21, z 2 , .  . . , zN). Fo r  f lood f lows that  fo l low

a log-normal distribution the parameter estimates of the mean and standard

deviation are given by Eqs. (3.4) and (3.5) respectively.

The parameter estimates derived from the sample, and also referred

t o  as sample s tat is t ics ,  are funct ions o f  random variables. Hence the

parameter estimates are random variables with associated sampling distri-

butions. Flood; frequency curves generated in a statistical analysis depend on

the parameter estimates and therefore are subject t o  the errors inherent in

estimating the population parameters from sample statistics.

3.2.2 Rev iew of  Previous Works on Parameter Uncer ta in ty

It is  only recent ly  that  other uncerta int ies in addi t ion t o  t he  natural

or inherent hydrologic uncertainties have been considered explicitly on a

sc ient i f i c  basis. Basical ly,  there have been works t o  consider t he  hydrologic

uncertainties (inherent, parameter, and model) and also a few attempts to

look a t  the hydraul ic  uncer ta int ies.  Some works have considered the  natura l

and parameter uncertainties or the natural and model uncertainties and some

works attempt to  consider all three uncertainties. Most of these works have

dealt with improving flood frequency estimates by incorporating parameter

and/or model uncertainties into the hydrologic analysis [Bernier (1967); Bodo

and Unny (1976); Conover (1971); Cornell (1972); Davis and Dvoranchik (1971);

Davis et al. (1972); Vicens, et al. (1975); Wood (1977); Wood and Rodriguez-

Iturbe (1975a); Wood and Rodriguez-lturbe (l975b)]- Most of these works

consider the hydrologic uncertainties through a Bayesian framework.
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As previous ly  mentioned, the  U.S. Water ReSOurces Council (WRC)

recommends the use of the log—Pearson type 111 distribution as the base

method for flood flow frequency studies. This three parameter distribution

requires t he  skew coe f f i c ien t  which has greater var iab i l i t y  between samples

than the mean and standard deviation. Because the estimate of skewness is

biased and subject t o  large sampling errors, Hardison (l974) developed

generalized slfew coefficients for use in determining flood frequency curves

that follow the log—Pearson type III distribution. These generalized skew

coefficients were illustrated by isopleths on a map of the United States. The

Hydrology Committee of the Water Resources Council (1976) suggested the

use of  a generalized or regional value o f  the  skew coe f f i c ien t  as opposed t o

the skew coefficient from a short record. The generalized skew was provided

on maps , Fig. 3.1, to obtain a map (regional) skew coefficient, Gyr, for a

specific site. In addition the use of a weighted average of the sample

skewness, Gy , and the map skewness, Gy , was suggested as
s r

E; = w ’G + i—w ‘G 3.7y < G)  y < >
y s y r

where Gy is the skewness to  be used in flood frequency studies using log-

Pearson type III distribution and WG is a skew weighting factor (01WG i i ) .
y

The Water Resources Council (1976) further recommends using the sample

statistics Vs and 5y  computed by Eqs. (3.1+) and (3.5) respectively, along with
s

a weighted skew coe f f i c ien t  def ined by  Eq. (3.7) t o  est imate peak f lows .  The

recommended skew weights are defined as

0 N i 25

w = M 25 i N i 100 (3.8)
G 75y,WRC

l N 1 100
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which are a function of sample size, N, only. This method has no theoretical

basis and determines the weight regardless of sample and regional infor—

mation available. it has the disadvantage of discarding information contained

in the sample collection when the size is less than 25 while taking full

confidence on the sample skewness when sample size is greater than lOO

which neglects the fact that the sample statistic is a random variable with

associated var_iance even though it is derived from a large sample. McCuen

(1979) pointed out that the above weighting procedure tends to give excessive

weight to the map skewness especially for small sample sizes. For a station

with a record length of 25 years, the weighting function, Eq. (3.8) would give

a weight of zero to the sample skewness, even though the variance of the

map skew, 0.552 provided by Bulletin 17 (WRC, l976) as given by Fig. 3.1, is

greater than the variance of the sample skewness.

Wallis, et al. (1971+) applied the Monte Carlo method to derive an

empirical formula for the standard error of sample statistics which is a

function of the population parameters, sample size, and type of distribution

from which the sample is taken. Direct application of the derived empirical

formulas is not»possible because the population parameters and true proba—

bility distribution are unknown. Later, Tasker (1978) used the results of

Wallis’ work and proposed an expression for the weight as

N
we = -—-——-—-—— (3.9)

y,Tasker N+2O

which is a function of sample size only, provided that the variance of regional

skewness is 0.552, regardless of the value of the population parameters.
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The other limitation of Tasker's weighting factor is tha t  the  distribution of

the  annual maximum series is for a log—Pearson type III distribution.

Tasker (1978) examined the  sensitivity of es t imated  peak flows to

errors  in generalized skew coeff ic ients  by Monte Carlo experiments .  Using

s imu la t ed  da t a ,  10 - ,  50—, 100—, and  SOD—year peak  f l ows  were  e s t ima ted  by

four methods.  Two methods consisted of using the sample mean and

variance, with; WG : O and then with WG
Y Y

methods were  the  Water Resources Council Method, Eq. (3.8), and Tasker's

= l in Eq. (3.7). The o ther  two

Method, Eq. (3.9). Tasker concluded tha t  the  use of a generalized skew

coeff ic ient  can  improve the  accuracy of es t imated  peak flows provided i ts

accuracy is evaluated and taken into account in the  weighting procedure. It

was also concluded that  determining a weighted average  skew coeff ic ient

using the  weighting factor  recommended by the  Water Resources Council

(1976) of ten  results in a poorer e s t ima te  of t he  population skew coeff ic ient

than using the  sample skew coefficient  alone.

A methodology is introduced in the  next section tha t  can  be  used in

hydro log ic  f r equency  analysis  t o  reduce  the  pa rame te r  uncer ta in ty .  The

methodology consists of developing generalized values of the  parameters

(mean, standard deviation, and skewness) through the  use of a weighting

procedure between sample and regionalized parameter  e s t ima tes .  The

weights are  defined as a function of the  variances of the sample parameter

es t imates  and regionalized parameter  es t imates .

,mgma
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3.2.3 Weigh ted  Parameter  Est imates

Weighted parameter estimates (mean, standard deviation, and skew-

ness) are now considered that combine both parameter estimates from sample

data and estimates from regional information. Hydrologists have recognized

that hydrological information often can be transferred among watersheds or

even river basins. The transferring of information has the function of data

augmentationewhich hopefu l ly  increases the  re l iab i l i ty  of  t he  analysis. As a

rule o f  thumb, accuracy increases wi th the  amount o f  in format ion tha t  is

available. For a hydrologist there usually are two sources of information

available. One is from local sample data collected and the other is from

regional information. A general equation relating parameter estimates, 5 ,

based upon the sample data and upon regional information can be expressed

as

A:  o _ ' 6  . 10e we 38+(1We) r (3 )

where as and er are hydrological parameter estimates (mean, standard

deviation, and skewness) from the sample data and from regional information,

respectively and We is the weight. The question is how to combine the

parameter  est imates t o  y ie ld  the "best"  resu l t ,  i .e . ,  t o  m in im ize  parameter

uncertainty. The commonly used expression and measure of uncertainty

feature of an estimate is the variance. Assuming that as and er are

independent estimates and assuming they have the same mean, the variance

of (3 can be expressed as

Var(§)=w§ - Var( es)+(1-We)2 -Var(e r) (3.11)
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where Var (es) and Var (er) are variances of the hydrological parameter

estimates derived from the sample data and regional information, respec—

tively. As can be seen from Eq. (3.11) the variance of a weighted parameter

est imate ,  a , is a convex funct ion o f  We . Hence, the funct ional  f o rm  o f  the

weight, We , which minimizes the variance of 5 is

VWe = Wank“) (3.12)
a T 9 6_ Var (  s )  + Va r (  r )

which is determined by differentiating Eq. (3.11) with respect to  We and

solving d[Var ( é ) ]  /dWe : O for We . This optimal functional form of the

weight ing f ac to r ,  Eq. (3.12), takes i n to  account the  t rade-o f f  between the

information contained in the sample estimate and the regional estimate. A

measure o f  in fo rmat ion  of the  es t imate  is the  rec iporca l  of  the  var iance. A

larger value of variance corresponds to  less information. in this case, i f  the

value of the variance of the regional parameter estimate is larger than that

of the sample estimate, more weight is given to the sample estimate.

The determinat ion of  We using Eq. (3.12) requires t he  values o f

both Var ( 95) and Var ( e r ) '  The variances of the parameter estimates from

the sample data, Var (as) can be determined using two non—parametric

statistical methods called the bootstrap and the jackknife. While the

variance of the regional parameter estimate, Var ( e r) can be derived using

regression analysis relating 9 r  t o  physiographic and meteorological charac—

teristics of the watershed or river basin considered. The details and

appl icat ion of  the jackkni fe,  bootstrap, and regression analysis are described

in l a t e r  sec t i ons .
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3 .2 .4  Variance of Sample Est imators

Two non-parametric  s ta t i s t ica l  methods, namely the  jackknife and

bootstrap methods which make no assumption about t he  distribution function

_ are especially useful to  determine Var ( 65). These non-parametric methods

do  pay a computat ional  price for their  freedom from normal distribution

theory.  However, the use of the  computer  makes these methods very

tractable  rather than a nightmare for  the user.

3.2.4.1 Jackknife Method

The jackknife ,  in t roduced  in late 1950 ,  is an in t r igu ing  a t t emp t  t o

answer an  important  s ta t i s t ica l  problem: "Having computed an  e s t ima te  of

some quanti ty of in teres t ,  what  accuracy can be at tached to  the  es t imate?"

Accuracy here refers t o  the " i  something" which often accompanies statis-

tical estimates. The usual i quantities are based on normal distribution

theory,  o r  occasionally on some o ther  parametr ic  theory,  while the  jackknife

is a nonparametric technique which makes no assumption on the  distribution.

Miller (1974) gave  3%: excellent  review of this method.  The jackknife method

has  the function of bias correct ion which makes this method more favorable.

The most  commonly used expression for the  "accuracy" of an  es t imate  is the

standard deviation. The jackknife procedure can be used to  compute the

standard deviation of parameter  es t imates  a s  follows:

1 .  Compu te  the  es t imate  of in te res t ,  a s ,  f rom the  N sample

observations.

2 .  Fo r  each observat ion 1 = l ,  . . . , N ,  compute  6(51) f r om N —
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l obse rva t i ons  w i t h  t he  i - t h  obse rva t i on  deleted f r om the

data set.

3. Compute the accuracy of as using

A<J>  - N- l  N '
(7 ~ 2 ( 8 (1 )_  9 ) 2  1/2 (3 13)

N i=1 3 S ‘
{3)where o is the jackkni fed standard deviat ion of  the es t imate  as. For  the

2 N .

purpose of bias correction, statisticians usually replace as by l /N  .2 9(1) in121 5

Eq.  (3.13); otherwise, w i t h  no  bias cor rec t ion ,  as is made.

Hence, for a given set of observations the jackknited standard

deviation of the estimate, 88, can be computed by the procedures described

above. The variance of  es  is expressed as

Var<3)( es) : [ 8(3) 1 2 (3.14)

which can be used to calculate the weight using Eq. (3.14). Readers are

referred to Efron (1978) and Miller (l974) for the details of the theory of this

method.

3.2.l+.2 Bootstrap Method

Efron (1977) developed the bootstrap method which can also be used

t o  access the accuracy o f  any es t imate  of  in terest  der ived f r om a sample.

From the theoretical point of view, the bootstrap is more widely applicable

than t he  jackkni fe,  and also more  dependable (Etron,  1977, 1978). The

procedures of this method are out l ined as fol lows (Etron,  1977):

1. Le t  i: be  an empi r ica l  d is t r ibut ion o f  N observed data points,

{ y r  1 : 1, . . . , N } ,  i .e . ,  l /N  is the probabi l i ty  o f  occurrence

assigned t o  each o f  t he  observations.
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*
2. Use a random number generator to  draw N new points { yi,

i = l ,  . . ., N } independently and w i t h  replacement f rom F ,  so

each new point is an independent random selection of one of

the N original data points. This set of N new points is called

the bootstrap sample which is a subset of the original data

points.

3 .  2 Compute the est imate a: f o r  the bootstrap sample “It, i =

l ,  . . . , N }  .

4. Repeat steps (2) and (3) a large number of times, say mzl ,  .

. . , MB times each t ime using an independent set of new

random numbers to  generate the new bootstrap sample. The
*

resulting sequence of bootstrap statistics are 95(m), m= l ,  .

. , MB.

5 .  The variance o f  as can be  calculated as

B 21 *(m) - *  )= —— Z 6 — 6Var(es) M13 m=l < s S (3.15)

in wh i ch

M
B 3‘:

6* = T1, 2 93““)
S B m=l

3.2.5 flpplications of Jackknife and Bootstrap

The jackknife and bootstrap methods described above can be used t o

compute the  variance o f  any number o f  s tat is t ics (e.g. mean, standard

deviation, and skew) derived from a sample. Applications of the jackknife

and the bootstrap methods of estimating the variance of sample statistics are
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made. Two  sets of  st ream f low record are considered; Mill Creek near Los

Molinos, Cal i fo rn i a ,  wi th  a record  length o f  30 years (Beard, 1962), and

Greenbrier R iver  a t  Alderson, West Virginia,  w i t h  a record length o f  72 years

(Zelenhasiz, 1970). Records o f  annual maximum st reamf low fo r  these two

locations are listed in Table 3.1. The results of the analysis of accuracy of

the sample statistics derived from using Eqs. (3.1+), (3.5), and (3.6) for these

two sets of records by applying jackknite method and bootstrap method are

shown in Tables 3.2 and 3.3. The standard error of the sample statistics,

mean, standard deviation and skew are denoted as a? , 0‘s , G ,
5 Y Y

respectively, and MB is the number of sets of bootstrap samples genserated. S

O'

The following is a summary of methods used to compute generalized

skew coefficients by assuming the flow sequences follow log—Pearson type 111

distribution.

1. Sample s tat is t ics :  Uses Eq. (3.6) to  determine Gy then uses
5

WGy:  l in Eq. (3.7), i.e. Gyzcys.

2. W.R.C. Method: This method uses Eq. (3.6) to compute G
s

and Gy is obtained from the regional skew map, Fig. 3.1.
r

* The weight, W6 is computed using Eq. (3.8). The
y,WRC ,.

generalized skew coefficient, Gy, is then computed using

Eq. (3.7).

3. Tasker's Method: This method uses Eq. (3.6) to compute

Gy . G is obtained from the regional skew map, Fig. 3.1.
s r

The weight, WG is computed using Eq. (3.9). The
y,Tasker

«104M:
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Table 3 .1a  Annual Maximum Series fo r

Mill Creek near Los  Mbl inos ,  California

Year Peak Discharge (cfs) Year Peak Discharge (cfs)

1929  1 ,520  1944  3 ,220

1930 6 ,000  1945  3 ,230

1931  1 ,500  1946  6 ,180

1932  5 ,440  1947  4 ,070

1933  a 1 ,080  1948  7 ,320

1934  2 ,630  1949  3 ,870

1935  4 ,010  1950  4 ,430

1936  4 ,380  1951  3 ,870

1937  3 ,310  1952  5 ,280

1938  23 ,000  1953  7 ,710

1939  1 ,260  1954  4 ,910

1940  11 ,400  1955  2 ,480

1941  12 ,200  1956  9 ,180

1942  11 ,000  1957  6 ,140

1943  6 ,970  1958  6 ,880
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Table 3 . lb  Annual Maximum Series fo r

Greenbrier River at: A lde r son ,  W. Va.

Year I Wuharge  ( c f s ) f  Year ! Peak Discharve ( c f s f1  Year rPeak  Discharge (01‘s ) !

3 ’ 1 .!
1896 F 28,800 i 1920 E 38,000 i 1944 g 25,200 E
1897 5 54,000 E 1921 ‘ 0 i 1945 £ 19,000 3

g 1898 i 52,500 ; 1922 . 22,200 a 1946 2 43,600 j
i 1899 1 48,900 1 1923 19,500 § 1947 . 24,400 i

1900 i 17,100 ‘ 1924 36,200 g 1948 40,300
1901 F 56,800 i 1925 f 0 i 1949 , 37,100 E
1902 f 43,500 § 1926 I 20,700 ' 1950 f 31,500 i
1903 i 48,900 3 1927 , 40,200 ;.1951 2 29,300 =
1904 ? 25,700 i 1928 18,000 :21552 5 27,600
1905 1 37,600 3 1929 32,700 §§1953 47,100

E 1906 : 26,000 > 1930 36,600 E 1954 1. 29,700
1907 ; 52,500 E 1931 0 E1955 : 44,400 E
1908 E 52,500 9 1932 E 50,100 1 1956 f 18,200 i
1909 E 20,000 E 1933 5 26,400 E 1957 j 28,900 1
1910 a 45,900 § 1932 E 32,300 f 1958 3 26,700 I
1911 1 43,800 g 1935 5 49,600 g 1959 3 23,900 1
1912 E 35,500 .§ 1936 E 58,600 5 1960 E 35,500 f
1913 g 47,000 i 1937 3 36,600 f 1961 1 31,400 1
1914 i ‘ o i 1938 1 32,300 § 1962 5 35,500 1
1915 g 40,000 E 1939 , 41,600 i 1936 f 47,200 §
1916 1 27,200 3 1940 1 29,900 ; 1964 g 39,600 i
1917 E 43,000 g 1941 E 0 E 1965 § 28,400 E
1918 E 77,500 i 1942 1 35,300 3 1966 E 54,500 i
1919 3 59,000 E 1943 i 36,200 i
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Table 3.2 Standard Errors of the Sample Statistics for

M111 Creek

Jackknife Method Bootstra Method

bias correction No bias correction MB: 500 MB: 1000

0? 0.05533 0.05533 0.05221 0.05144

5

O S Y  0.04217 0.04217 0.03578 0.03480
3

G G Y  0.45993 0.45945 0.35669 0.35425
5

Table 3.3 Standard Error of the Sample Statistics for

The Greenbr‘ier River

Jackknife Method Bootstrap Method

with bias correction with no bias correction M B :  500

0‘7 0.01806 0.01806 0.01884

‘3

0q 0.01120 0.01120 0.00559

‘ 5

0G 0.22418 0.22418 0.13491
5
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generalized skew coefficient, Gy ’  is then computed using

Eq. (3.7).

Fisher's Method: For the sake of comparison and its popular

application in water resource engineering, Fisher's method

for computing the standard error of sample skewness is also

considered. This method assumes that the sample follows a

normal distribution. The variance of the sample skew

coefficient is approximated by

Var<F> (G7 ) = ——-——-—-—————————-—6N(N_l) (3.16)
S (N—Z) (N+l) (m3)

using Var(F)(Gs) from Eq. (3.16) for Var (Gy ) and Var (Gy )

from the W.R.C. skew map, (Fig. 3.1), WC 3 ‘ can bre
y, Fisher

determined using Eq. (3.12). The generalized skew coef—

f i c ien t ,  Gy ,  is then computed using Eq .  (3.7). Matalas and

Benson (1968) used Eq. (3.16) to analyze standard errors of

skew coefficients t o  assess the values of skew coefficients

from any size sample. The most obvious l imi tat ion of this

procedure is the  under ly ing assumption o f  no rma l  d is t r i -

bution theory. If the flood sequence investigated follows a

dis t r ibut ion other than norma l  d is t r ibut ion the use of Eq.

(3.16) to compute the variance of sample skewness leads to

theoret ica l  e r ro r .

Jackknife Method: This method uses Eq. (3.6) to compute
Gy . Gy can be obtained from a regional skew map such as

s r
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in Fig. 3.1 or from a regression study. Var (Gy ) is
s

computed using Eq. (3.1#) and Var (Gy ) = 0.5521f from Fig.
r

3.1 or can be determined from a regression study. Eq. (3.12)

is used to  compute WC and E is computed using
y,Jackknife

Eq. (3.7)

6. .. Bootstrap Method: This method is identical t o  the Jackknife

a method except here the bootstrap method, Eq. (3.15) is used

to compute Var (Gy ).

Table 3.4 shows the skew 5weight ing factors derived using each of

the f ive methods described for these two sets of stream flow records.

Variance of regional skewness used is 0.552 which is for the skew coefficient

map in Fig. 3.1. However, this application gives no indication of which

method provides the best answer. An experimental study was performed to

compare the validity of these methods. Clearly, Table 3.4 provides evidence

supporting McCuen’s statement that excessive weight is given to  the map

skew by WRC method.

An exper imenta l  study was per formed t o  compare the  various

methods described above for determining the generalized skew coefficients

including the use of the sample statistic, alone (WG = 1). As an il lustration

the log-Pearson type III distribution is adopted in ythe experimental study.

The analytical method of curve f i t t ing used in flood frequency analysis is

log (ZTy) = , 31y + KT -o (3.17)Yr
in which ZT is the magnitude of a flood of return period Tr ’  KT  is the

r r
f requency factor  which is  a funct ion of the  skew coef f ic ient  and the
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probab i l i t y  of  exceedence, l / T r ,  and ” y  and 0y are the  mean and standard

deviation of log-transformed flows which can be estimated using Eqs. (3.5)

and (3.6), respectively. 'fhe tabulated values of KT with respect to

Pr (x2XT ) and skew coefficient are available in most Istandard hydrology

books. 53m analytical expression for log-Pearson type 111 distribution is

presented by K i te  (1977) as

2 GKT : t + ( t  -l)-6- + %(t3-6t)(§)2 _ ( t 2 -1 ) (§ )3
r

+ Hg)4 + %(§)5 (3.18)
where t is the standard normal deviate and G is skew coefficient. Six

methods (sample s ta t is t ics ,  WRC, Tasker, Fisher,  jackkni fe and bootstrap) a re

considered to  determine the generalized (weighted) skew as discussed above

using G = Ely. Each of these methods provides different weights and different

general ized skew coef f ic ient ,  accordingly.  Because the  frequency fac tor ,

KT is dependent on the skew coefficient as shown in Eq. (3.18), different

magnitudes of KT for the same uy and 0y in Eq. (3.14) are possible.

The ske;  coefficient and the exceedence probability define the

value of the frequency factor in analytical flood flow frequency analysis. In

the experimental study, comparison is made of frequency factor values

derived by each of the above six methods for determining the skew weighting

factor.

The procedure for this experimental study is as follows:

1 .  For  a set of  populat ion parameters, a sequence o f  pseudo

random numbers is generated for the log-Pearson type III
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e .

i

W

d i s t r i bu t ion .  In this s tudy the  l oga r i t hmic  popula t ion  mean,

standard dev ia t ion ,  and  skewness  used  a r e  3 .5 ,  0.3, and  0.2,

respectively, and a return period of 1000 years is used.

The generated sequence is divided into I subsets with each

subset  of s ize  N .  The s ize  of subse ts  examined  a r e  N = 10 ,

” 30, 50, and 70, and the  to ta l  number of subsets generated

fo r  each s ize  i s  500.

Cons ider  t he  subsets  w i th  s ize  N = 10 .

The  sample  s ta t i s t i c s  such a s  t he  mean ,  75 ,  s tandard dev i -

at ion,  Sy , skewness, Gy , using Eq. (3.4) through (3.6) for
s 5

each  subset is computed.

The we igh t ,  WG , fo r  each subset  is comuted  fo r  each
Y

method .

Use of sample statistics (WGI : 1).

fo r  W .Gyni/Rc Gy
Tasker's method uses Eq. (3.9) to compute W for

y,Tasker

. y
WRC method uses Eq. (3.8) to compute W

G .
Y

Fisher's method uses Eq. (3.10) to obtain Var(F)(Gy) then
5

uses Eq. (3.12) with vmcy ) = 0.552 to obtain W
r y ,F i she r

for  WGy.

Jackknite method uses the  jackkniting procedure t o  obtain

Var(3)(cy) then uses Eq. (3.12) with Var(Gy) = 0.552 to
s r

obtain W for WC .
y,3ackknife y

Bootstrap method uses the  bootstrap procedure to obtain
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Var(B)(Gy) then uses Eq. (3.12) with Var(Gy) = 0.552 to
s r

obta in  W for  W .
Gy,E’>oo t s t r ap  Gy  ,.

Nex t ,  t he  genera l i zed  skew coef f i c i en t ,  Gy’  is  de te rmined  by  each

method using Eq. (3.7) for a given value of Gy ,
. r

The frequency factor  K25) is determined for each subset i, i = l ,  2, . .
r

. , 500 ,  fo r  each  me thod  using the  respec t ive  genera l ized  skew

coefficients found in step 6. J.

The root mean square error  (rmse) of the  frequency factor  for  each

method  is  now de t e rmined .  The  rmse  i s  de f ined  a s
500  1 /2

= 1-  1 *<i>_ 2
mse  {360 1:]. (KTI '  KTr)  } ( 3 .19 )

where KT is the frequency factor for  a return period of TI. years,

computed rby  Eq. (3.18) using the population skewness defined in

s tep 1 .

Steps 5 through 8 are  repeated to  compute the rmse for  different

values of t he  regional skewness within the interval of (Gyr-O.6, Gyr+

0.6). That  i s ,  t he  rmse  of each  subset  of s ize  N fo r  va lues  of Gy :

0.80, 0.65, 0.50, 0.35, 0.20, 0.05, -0.10, -0.25, and —0.40 aEe

computed.

Repeat  the  above steps 4 through 9 for  various sample sizes,  N

values.

The reason for  considering various map skew coefficients is a s

In pract ice the t rue  (population) value of skew coeff icient  is

unknown and the map (or regional) skew coefficient is a random variable with

an associated variance.  It is possible to  obtain an  interval  of specified
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confidence l eve l  in which the  t r ue  skewness will  l i e .  Fo r  instance, i f  t he  t rue

skewness l ies  between the in te rva l  [G  i 1.96 6G ] w i t h  95% conf idence

provided Gyr is normally distributed with mean Gyr grid variance 02G . In

the experiment, on the contrary, the true (population) value of t‘skew

coefficient is known while the true map skew coefficient is not. Only

estimated values are known. The sample skewness and the regional skewness

are assumed to be the estimators of the same mean. The regional skewness is

assumed to  be distributed with mean 0.2 and variance 0.552. More accurate

analysis could be performed i f  the sampling distribution of the map (or

regional) skewness is known. Tables 3.5 through 3.8 list the rmse of the

frequency factors for each map skew coefficient considered and for each

method of determining the skew weight. It is observed that the jackknife

method provides the smallest average rmse except when N = 70. Based upon

the average rmse, use of the sample skew coefficient is the least reliable.

The rmse versus the regional skewness for the WRC and jackknife

methods for each sample size are shown in Figs. 3.2 and 3.3, respectively. I t

is observed that the variation of rmse with respect t o  regional skewness

decreases as the  number of  observations increase, i .e . ,  t he  value o f  rmse

becomes less sensitive to  the regional skewness as N gets larger. Therefore,

as N gets larger, an estimator will have less uncertainty, which is to  be

expected. Figures 3.4, 3.5, 3.6, and 3.7 illustrate the variation of rmse versus

regional skewness for each method for sample sizes of N = 10, 30, 50, and 70,

respectively. I t  is interesting to  note that the use of sample statistics along

(WG = l ) ,  in general, has the  least var ia t ion bu t  t he  highest values o f  rmse.
Y
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The WRC method provides the largest variation among the six methods

implying that the accuracy of the generalized skewness, éy ’  and the flood

magnitude depend heavily on the accuracy of the regional skewness. There-

fore, the use of the WRC method possesses high uncertainty especially when

the sample size is small.

The use of sample statistics and the WRC method appear to be the

least reliable of‘ the six methods and in some cases the WRC method provided

worse results ithan the sample statistics alone within the range of regional

skewness considered. It is worthwhile t o  point out that even the bootstrap

method does not present the smallest value of average rmse in this

experiment but i t  does show that i t  has the second smallest variation among

these six methods and the value of rmse is considerably close to  the jackknife

and Tasker's methods.

It commonly assumes that the sampling distribution of a statistic, in

this case KTr  , is normally distributed once the standard error is computed. In

Table 3. 9 comparisons are made of the rmse of the frequency factor, KTr  , for

different regional skewness derived by assuming normality and no assumption

for the 121. of bootstrap sample generated. Sample sizes of N = 10, 30, 50,

and 70 are 1cons ide red .  It is also noted from Table 3.9 that the rmse's of the

f requency factor der ived wi th  and without the  normal i ty  assumption on iA<T

are  almost exact ly the  same fo r  sample sizes of N = 50, and 70, bu t  no t  t o :

sample sizes of N = 10, and 30. From these findings i t  appears that for larger

sample sizes the sampling d is t r ibut ion of the es t imator ,  RT , can  be

approximated as normal ;  however,  w i thout  fu r ther  test ing this s ta tement  may

be generalized a l i t t le  too much.
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Among these six methods, the jackknife and bootstrap provide

satisfactorily robust estimation of parameters. Of the six methods con-

sidered, the  jackkni fe method,  in general, results in the smallest rmse over

the range of sample sizes and regional skewness considered for the exper-

imen t .  The Fisher,  Tasker, bootstrap,  and jackkni fe,  f rom a pract ica l

v iewpoin t ,  provide fa i r ly  consistent resul ts.

The fackknife and bootstrap methods described above can be used to

compute the  var iance o f  any number o f  s ta t is t ics  (e.g., mean, standard

deviat ion,  skewness, e tc . )  der ived f r om the sample. The other in fo rmat ion

required for computing the weight is the variance of the parameter derived

from the regional basis. As previously mentioned, the variance of regional

parameters, 9 r ’  can be computed from the regional regression study. A brief

review on the regression analysis and its application to  derive the regional

parameter estimates are given in following sections.

3.2.6 Variance of Regional Estimators

3.2.6.1 Regressional Analysis

The variance of regional estimators Var ( e r )  can be obtained by

regression analysis which relates the regional estimators 6r to  physiographic

and/or meteorological variables. er represents the mean, standard deviation,

and skewness of streamflows based upon the regional information. The

appl icat ions o f  regression analysis are very f ru i t fu l  and extensive by  hydro-

logists. However, there has not been an equivalent amount of e f for t  in

understanding all the effect of assumptions that the regression theory has on

the regression models by the hydrologists. Among regression models the
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linear model is the most popular one used which has the general form

= . n -  + 'r: " '  . 20Yj 50+e l x l+  4 '8k  e j , 31 ,  , n  ( 3  )

or  in t he  mat r ix  no ta t ion :

: =  + g (3.21)

”>
4

where I is an (n x 1) vector of dependent variables (or responses); ; is an (n x

k) matrix with k independent variables; g i s  a (kxl) vector of unknown regres-

sion parameters; and E is a (k x 1) vector of random errors.

The method often employed for equation f i t t ing is the least squares

having the following assumptions:

A . l  The form of model is correct, i.e., i f  the wrong model is

used the values given by that model w i l l  be biased..

A2  The responses 1 are statistically independent.

A.3 The conditional mean of the random response vector X for a

given ; is E(]{_ 1);) = )=(=§, where EQCI Q is the expected value.

All ‘ Homoscedast ic i ty ,  i .e .  Var (_‘_{_ l é )  : 02; where L i s  an n x n

identity matr ix.

A.5 The distribution of X is multi-normal with mean )=( B_ and

covariance matrix 0 L

Assumption All is not necessary in the least squares method. If Ali

does not hold, a weighted least squares (WLS) or a transformation of

dependent variables, which stabilizes the variance, can be applied. In most
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hydrologic applications this assumption is implicitly taken and the ordinary

least squares method (0L5) is applied. Assumption A.5 is required which

validates the statistical inference of the regression parameters estimated.

The variance of X given é in the 01.5 method, 0 2 ,  can be estimated by

T
e e

A 2

0 = _...__.__._ ( 3 .22 )

3

( n - k )

T is the transpose of e, and E = (éTéYIEX which is thewheree=x-  § § , §

OLS  estimator of the regression parameters, g, in the model.

It is always necessary to examine the validity of the above assump—

tions after the regression analysis is made, which can be done by the analysis

of residuals. The most commonly used method is to analyze the scatter plots.

Excellent discussions of analysis of residuals are given by Anscombe and

Tukey (1963). Draper and Smith (1966) and Daniel and Wood (1971) provide

good illustrations on this topic. In general, the analysis of residuals helps the

analyst to test the validity of his model and to provide the necessary

information for modifying the model. It always pays to identify the

influential observations, which affect the results of analysis a great deal.

Cook (1977) developed a statistic, D i ’  named Cook's distance, which measures

the overall impact of any single data point on the least squares solution, as

(Eu) ‘9 E E (3(1) :8.)
D . =  , i = l , . . . , n  ( 123 )

1 A 2

ko

where Di is a measure of the distance between E and éfl)’ where E U )  is the

01.5 estimator of g with the i—th observation deleted.
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Furthermore, Di  can be expressed as
ATY,  - x ,  B V .

D=i—i—:l——-2 —i———, i= l , . . . ,n  (3.24)
l k o i / l -V i  1 "V i

where 331 is the vector of the i-th independent variables, and vi = 5? (LIFE-1

xi .  The f i rst  term on the r ight of Eq. (3.24) is the square of the studentized

residual whileathe second t e rm  is the moment  a rm .  It has been shown by

Cook (1977) that D1 is derived from an F-statistic with k and n—k degrees of

freedom. Standard hypothesis test can then be applied t o  assess the influence

of data points on the regression estimation.

Maximum values of the coefficient of determination (r2) was not the

only criterion used t o  select the best subset of independent variables in the

regression model as the value of r2 can always be increased by adding more

terms to  the model. An adjusted square of the multiple correlation

coef f ic ient  can be used as

( 1  _ r 2 )  ( 3 .25 )

The I? will increase only when the t-statistic of added regression coefficients

are larger than unity. Other cr i ter ia such as the residual standard error, 8 ,

and Mallow‘s Cp statistic (Mallows, 1964), which measures the sum of squared

bias plus the  squared random er ror  in Y at all data points a re  used. Another

purpose of employing Mallows' Cp statistic is to examine the biasness of the

regression model provided so that the validity of assumptions about

ammmmmmm
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the regional parameter estimate in deriving the weighting factor for the

generalized parameter estimate i n  3.2.3 are justified. Mallows Cp statistic is

defined as

RSSp

c = ———————— - (ti—2p) (3.26)p 32

in which RSs: sum of square of residual of regression model with p unknown

coefficients t o  be estimated. The Mallows Cp statistic provides a measure of

the mean square error  o f  t he  predic ted value, i .e. ,  t he  discrepancy between Y

and E(Y), for a p-parameter regression model. Then, the best subset of

independent variables in the regression model are selected with the smallest

value of CP associated. In addition to  finding the regression equation with

the smallest Cp, Mallows (I964) suggested plotting Cp against p for each

regression model. The Cp's for those with small bias w i l l  tend t o  cluster

ar0und t he  l ine Cp : p ,  and Cp‘s f o r  those models w i t h  substantial  bias lie

above the line as point B shown in Fig. 3.8. I t  is suggested that the regression

equation associated w i t h  po in t  B is chosen, because i t  has smaller CP value

than point A ,  even though B has substantial bias compared t o  that of A .  In

other words, i t  pays accepting some biasness in order to have lower total

average squared e r ro r .  In the  computat ion an unbiased es t imate  o f  02  is

needed to calculate Cp '  Often the residual mean square from the complete

equation serves th is  purpose by  assuming tha t  the complete equation has been

carefully chosen to have negligible bias. This is an ad hoc procedure which is

described in Appendix A .
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B ias

Number of Independent Variables, p

Figure 3.8 Mallows’ C p  Statistic V S .

1

Random

Number of Independent

Variables in Regression Model



3.2.6.2 Regression Analysis Study f o r  a Southwest Reg ion

To reduce parameter uncertainty by using the weighting procedure

mentioned in Section 3.2.5 requires the knowledge of information contained

in bo th  sources, i.e., reg ion and loca l  sample da ta  which is expressed as the

var iance o f  t he  es t imate .  The variance o f  these parameter  est imates der ived

from the sample can be determined by the method of jackknife and bootstrap.

The Malues of the parameters and their respective variances for  the

region are determined by regression analysis. Benson (1964) applied regres—

sion analysis to the Southwestern region of the United States relating the

flood magnitudes of specified return periods to  meteorological and physio—

graphical characteristics of the river basins. He divided the region into two

subregions based on the mechanism as t o  how the floods are generated, i.e.,

floods produced by snowmelt and local thunderstorms or widespread tropical

storms. The data used herein involved the subregion where floods are pro—

duced by thunderstorms which includes the central and eastern part of Texas

and a sma l l  par t  of  western Louisiana.

The ordinary least squares method is applied to  determine regression

equations for the regional parameters, mean (if), standard deviation, (SZ ),
r

and skewness (GZ ), of the annual maximum series and also regression
r

equations for the mean (71), standard deviation (Sy ), and skewness (Gy ), of
r r

the log-transformed flows of the annual maximum series. The independent

variables of the regression equations consider the following physiographical

and meteorological characteristics:
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l .  the contributing drainage area (Ad) in square miles,

2. the main channel slope (51) (85 to 10 percent points in feet

per mile),

3. the percentage of surface storage (S t ) ’

4. the tota l  main channel length (L) in miles,

5. __ the 10-year, 24-hour rainfall intensity (I) in inches,

6 .  2 t he  mean annual number o f  thunderstorm days (N t ) ’  and

7.  the rat io of runoff to precipitation during the month when

the annual maximum peak discharge occurred (R t ) '

A tota l  of  95 gaging stations wi th the length of record at least 30 years are

analyzed in this region using Benson's data. For each gaging station selected

in this study the station number, value of parameter estimates described

above, and the  corresponding physiographic and meteorologic character is t ics

are listed in Appendix A. The locations of those gaging stations in Texas used

are shown in Fig. 3.9.  The procedure for examining the validity of

assumptions in the OLS method consisted of an analysis of the residuals and

of Cook's distance. Detailed descriptions of the procedures in deriving the

regression equations o f  t he  regional  parameters are given in Appendix A .  The

resulting regression equations for the regional parameters are as follows:

f o r  t he  mean

9.n(2r) = 6 .442  + 0.632n(Ad) + 0.06482 - O.730.Q,n(St)

—- O.259!Ln(L) + O.4005Ln(Rt) ( 3 .27 )

f o r  t he  s tandard  dev ia t i on
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Figure 3.9 Location of Streamflow Gaging  Stations

Selected in Texas for Regression Study
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l - ‘4  _ '5  - 3 9o 10'6332 + 2500 - 2.16x10 4.16x10 2n<Ad) . x 2
r

— —' —5+ 5.99x10 5£n (S t )  + 3.24x10 ’m(L)—1.14x10 zn(Rt)
(3.28)

for the skew coefficient

£n(GZ_2 = 0.1972n(Ad) + 0.158£n(82) — 0.254£n(L) +
r

0.9052n(I) - O.3589.n(Nt) (3.29)

for the mean of the log transformed flows

£n(Yr) : 1.4% + 0.064Rn(Ad) + 0 ‘0083SJL"  0.0642n(3t)

+ 0.0912n(Nt) + 0.0572n(Rt) (3.30)

for the standard deviation of the log transformed flows

zn(syr) = 3.24 + 0.1782n(Ad)-0.2642n(st)-0.412n(L)

+ OJHRnU) - 0.894%(Nt) - 0.065£n(Rt) (3.31)

for the skew coefficient of the log-transformed flows

Gy = -3.601 + 0.10221“ d) _ 2.5642 n(St) + 4.201(2n(5t))2r i
-+0.72#2n(Nt) (3.32)

The statistics of the regression equations (3.27-3.32) are listed in

Table 3 .10 ,  ( i .e., coe f f i c ien t  o f  determinat ion r2 ,  adjusted coe f f i c ien t  o f

determinat ion F2, Mal low's Cp  s ta t is t i c ,  and standard er ror  o f  residual).

In order to  apply the weighting procedure for reducing parameter

uncertainty the value of sample parameter estimates and their respective

variance as well as those for the regional parameter estimates are required.

Examining all the regression equations developed for the regional parameter
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estimates, Eq. (3.27-3.32), the square of standard error of estimate provided

by the regression equation cannot be used as the variance of the regional

parameter estimate, except for the skewness of log-transformed f low, Eq.

(3.32). By an analysis of residuals for the rest of the regression equations the

normality assumption holds, which enables the retransformation of the

variables back“, to the i r  or ig ina l  scale and then the  computat ion o f  the

correspondingzmean and variance. For example, by analysis of residuals for

Eq. (3.24) the normality assumptions hold; therefore, Yr  is log-normally
.. -)(-

distributed so that the variance of Yr  for a given 35 can be computed using

+ 2 V (i? * ]Varfi ’ r lgg‘) = Ul { e arULn r lfi )  - l } (3.33)

where

Ul  = exp

- 7‘s

{E l znfi r l gfl  + W}  (3.34)

3.2.7 I l lust rat ion of Procedure fo r  M in im iz ing  Hydrologic Parameter

Uncer ta in ty

In previous sections a comparison was presented concerning the use

of the jackknife and bootstrap methods t o  derive the variance of sample

skewness which was used in the weighting procedure to  derive a generalized

skewness. An experimental study (Monte Carlo simulation) was performed t o

compare the frequency factor  der ived by  the  six methods ( i .e. ,  sample

statistics, WRC, Taskers, Fisher, jackknife and bootstrap). The experimental

study considered a population skewness, then varied the skewness above and

«mm/Wm
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below the population value, to determine frequency fac tors  by the six

methods. The jackkni fe and boots t rap  provided consistent resul ts,  whereas

the WRC method provided the largest variation in error  among the methods

tested.

it  can be observed that the parameters with uncertainty featured in

Eq. (3.17) in addition to the skewness, are the mean and standard deviation.

In this section=the application of the parameter uncertainty reducing proce-

dure is extended to  consider the mean and standard deviation and the

comparison of i ts capability in flood prediction are made considering d i f fer-

ent weighting procedures. The methodology can be applied to  any probability

distribution for frequency analysis; however, for the sake of il lustration only

flood flow frequency analysis using the log-Pearson type III distribution is

considered. The ability of this methodology is il lustrated using flood flow

frequency data for the Southwestern United States. Five drainage basins in

the region are considered. The U.S. Geological Survey gaging station number,

length of record, and values of their physiographical and meteorological

characteristics are tabluated in Table 3.11.

Six different procedures considered in this comparison study are now

br ie f l y  described as fo l lows:

1. Sample statistics: Use Eqs. (3.4), (3.5), and (3.6) to compute

parameters,  i .e . ,  the  mean, standard deviat ion,  and skew—

ness, respect ive ly .

2. WRC Method: This method uses Eqs. (3.1;) and (3.5) to

compute the mean and standard deviation, Eq. (3.7) t o
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Table 3 .11  Basin Characteristics fo r  Streamflow

Gaging Stations Tested

Station N Ad 8% S t  L I Nt Rt

8022500 64  4839  1 .25  1 .27  235  6 .33  49  . 62

8030500 66  9329  0 .96  1 .18  427  6 .78  57  . 63

8033500 75  3637  1 .29  1 .13  253  6 .61  52  . 63

8057000 73  6106  3 .67  1 .72  188 5 . 68  47  . 40

8096500  79  20007 2 .77  1 .23  706  5 .14  43  . 38

,~ . . . . a .m.v
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compute a generalized skewness in which Gy is from Eq.
5

(3.6), Gy is a map skew from Fig. 3.1, and the weight
r

G is from Eq. (3.8).
y,WRC

3. Tasker's Method: This method uses Eq. (3.4) and (3.5) to

W

compu te  t he  mean  and  s t anda rd  dev i a t i on ,  Eq.  (3.7) t o

compute  a generalized skewness in which G is from Eq.
5

" (3.6), Gy is a map skew from Fig. 3.1, and the weight,
r

WG is from Eq. (3.9).
y,Tasker

4. Fisher's Method: This method uses Eqs. (3.4) and (3.5) to

compute the mean and standard deviation, Eq. (3.7) to

compute  a generalized skew in which G is from Eq. (3.6),
5

Gy is a map skew from Fig. 3.1, and the  weight is computed
r

using Eq. (3.12) where e = cy. The Var(Gy ) e 0.552 from
r

WRC Bulletin 17 (1976) and Var(F)(Gy ) is found using Eq.
5

(3.16).

5 .  Tung  and  Mays  Method  3: Compu te s  a gene ra l i zed  mean ,

i r ,  using Eq. (3.10), i.e.

r4
|)

= W? YS + (l—WV) Yr  ( 3 .35 )

where V5 is computed using Eq. (3.4), if is computed using Eq. (3.30), and W7

is computed using Eq. (3.12) or

Var(§r )
W" = “#7 ( 3 .36 )

Var (YS)  + Var (Yr )

The Var(\7r) is computed using Eqs. (3.33) and (3.34) and Var(3)(?s) is
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computed using the jackknife method Eqs. (3.13) and (3.14). A generalized

standard deviation gy  is computed using Eq. (3.10), i.e.

E '= w - s + (1 - wS ) ' s (3.37)

y Sy ,  Jackkni fe ys  y ,  Jackknl fe r

where Sy is computed using Eq. (3.5), Sy is computed using Eq. (3.31), and
s r

WS is computed using Eq. (3.12) or
y,Jackknife2

Var(S )
y r

W3 = (J) (338)y ,Jackkn i fe  Var (Sy ) + Var(Sy )
S r

The Var(Syr) is computed in the same manner as Var (7r) and Var(3)(SyS) is

computed using the jackknife method, Eqs. (3.l3) and (3.14).

A generalized skew éy  is computed using Eq. (3.10). The form of

which is Eq. (3.7) where Gy is computed using Eq. (3.6), Gy is computed
s r

using Eq. (3.32), and W is computed using Eq. (3.12) or
y,Jackl<nife

V Ga r (  y r )

W =
G . (3.39)

y , Jackkn1 fe  Va r ( J ) (G  ) + Var(G )

373 y r

The Var(Gy ) is 0.5082 associated with Eq. (3.32) as stated in Table 3.10 and
r

Varw)“;y ) is computed using the jackknife method, Eqs. (3.13) and (3.1%.
s
6 .  Tung and Mays Method B :  This method is ident ica l  to  the

Tung and Mays Method 3 except here the Var(B)(75),

Var(B)(Sy ), and the Var(B)(Gy) are computed using the
s s

bootstrap, Eq. (3.15).

The test procedure is:

1. Use the f i rst chronological NP = 10, observations of the total  N
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observations to  per form the f lood f requency analysis by  using the  six

different methods discussed above f o r  parameter es t imat ion.  The ana ly t ica l

method of curve fitting computes (estimates) flood magnitudes, 2T  , for
r

various return periods, Tr ’  for the methods of using sample statistics, WRC,

Tasker and Fisher, using

I i

2n(2 ) = f + ' S (3.40)Tr  s KTr  VS

where Vs  is the mean of the log-transformed Np  observations, Sy is the
5

standard deviation of the log-transformed Np observations and KT is the
r

frequency factor which is a function of the skewness and the probability of

exceedance, l / T r .  For the TM]  and TMB methods the frequency equation is

£n<ZT ) = Y + KT ' 5y (3.41)
r l"

where KT is a function of the return period and generalized skewness.
r
2. Calculate ERRl  for each method,

A

N e ( t )  ‘ ZTr ( t )  2 1/2
ERR]. = Ti: 2 -'~———§'-'——'— ( 3 .42 )

‘ t= l  Tr(t)

where N is total  number of observations at  the gaging station tested, ZT  (t) is
r

the N observed flood magnitudes with return period of Tr(t) = (N + l ) / t ,  and
21' (t) is the estimate of the flood magnitude wi th the same return periodr '
determined from the frequency Eq. (3.40) or (3.41) based upon the Np

observations and method used. The reason for choosing such a criterion as
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Eq. (3.42) is that i t  reveals the average value of the rat io to  which the actual

observations deviate from the predicted values.

3 .  Ca l cu la te  ERR2  fo r  each  me thod

1 [N
t

4 .  Repeat steps 1 and 2 using NP  = 20, then NP 2 40.

A _ a 1/2ZTr ( t )  Z INH 
(3 .43 )

II
M

Z

l

The above testing procedure is performed for each of the five

gaging stations tabulated and the values of the error criterion, ERR1 and

ERRZ, are determined for each method and different sample sizes. The

number of bootstrap samples generated for the TMB method is 500 for all

analyses in this study. The values o f  ERR1  f r om Eq.  (3.42) and ERR2 f r om

Eq. (3.43) for each gaging station using different sample sizes are listed in

Tables 3.12 to  3.16. This analysis considered the f i rst  Np data points of the

sample. Considering generalized parameter estimates for all three param-

eters resulted in decreasing values of ERRl .  This is true for all the cases,

except for station 8030500 wi th Np : 40 by TMB method. The reduction in

parameter uncertainty (smaller values of ERRl) was the most significant for

small sample sizes.

Based upon the results (values of ERR l and ERRZ) listed in Table

3.12 or 3.16, the TMJ and TMB methods gave consistently better results than

the other methods tested. This illustrates the importance of reducing the

parameter uncertainty through methods such as the TMJ and TMB presented

. upklhjfifl
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here in which considers uncerta int ies in the mean, standard deviat ion and

skewness, and weigh the importance between sample and regional infor-

mation.

In the tota l  of f i f teen cases, '1.e., f ive gaging stations and three

different samples used for each gaging station, the percentage of cases for

one method is be t te r  than the other  based on the error  c r i t e r i a ,  ERR l ,  Eq.

(3.42), and ERiZ, Eq. (3.13), are presented in Tables 3.17 and 3.18, respec—

tively. For example, when ERR1 is used, in only 38% of the cases the result

obtained by method of WRC has better performance over that of using only

sample statistics. Based on this study using f ive gaging stations in Texas, the

methods of TMJ and TMB have "superiority” over the other methods as far as

” t he  accuracy of estimation is concerned. Method of TMJ presents more

desirable results than method of TMB in this study, which is the same finding

as is in the previous experimental study of skew coefficient.

It is interesting to  note that, for stations 8033500 and 8096500, the

value of ERRl  for  NP = 40 is larger than for NP = 20 and about the same as

for Np : 10. This can be explained by examining the streamflow sequence of

these two stations keeping in mind that the observations are drawn chron—

ologically from the record. The annual maximum streamflow values observed

between the f i rst  twenty years and the f irst for ty  years are more or less on

the high f low region of the frequency curve determined by the tota l  record.

Then a f te r  the f i rs t  for ty  records, the f lows observed are most ly  on the low

flow region. This leads t o  the frequency curve having a better f i t  on the high

flow part for Np = 40 than for N P = 20 and the reverse situation on the

.m’fifl'v'l
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Table 3 .17  Percentage of Cases in Flood Flow Frequency
Analysis for One Method I s  Better Than the Other
Based on the Error Criteria ERRl

ERRl 3 Sample W.R.C. Tasker Fisher TMJ TMB

Sample 62 41 41 12 13

W.R.C. 38 25 25 o o
Tasker 59 75 56 12 7
Fisher 59 75 44 12 7
TMJ 88 100 88 88 ‘ 69
TMB 87 100 93 93 31 /

Table 3 .18  Percentage of Cases in Flood Flow Freqfiency
Analysis for One Method Is Better Than the Other
Based on the Error Criteria ERR2

ERR2

Sample

.R.C.

Tasker

Fisher

TMJ

TMB

1e W.R.C.

43

47

60

87

80

Tasker

41

53

55

93

93

Fisher

43
40
45

93

93

TMJ TMB

7 7

13 20

7 7

7 7

73

27
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intermediate and low flow parts. in other words, because of the criterion for

comparison used and the  rea l izat ion o f  h igh/ low f l ow  in the f low sequence,

the peculiar results happen for stations 8033500 and 8096500. However, the

main purpose of this study is t o  compare the capability of the different

methods in the i r  f l ow  pred ic t ion  based on the  same s i tuat ion,  f o r  instance,

same amount of‘ data available for analysis.

Tables 3.19 through 3.23 lists the variances of the sample statistics

and the variances of the regional estimates from the regression equations.

The variances of the sample statistics derived by the jackknife and bootstrap

methods are listed. The weights for each parameter estimates, WT” W5 and

WG are also listed for both the jackknife and bootstrap methods. As would

be yexpected, the variances of the sample statistics decreased wi th  an

increasing number of data, resulting in larger weights for larger sample sizes.

In other words, more weight is given to  the sample statistics for larger

sample sizes. The Var(\75) and Var (Sys) show l i t t le variation between using

t he  jackkni fe and bootstrap methods. However ,  the  Var(Ciy ) computed by
5

these two methods does show significant differences, resulting in WC

Y
vary ing s ign i f icant ly  between the two  methods.

In all cases examined, the  variance o f  regional mean, Var (7r ) ,  was

much larger than the variance of the sample mean, Var(75). For example,

considering station 8030500 Var(?r) is 0.2577 whereas the Var (Y5) = .0018

was computed using the jackknife wi th Np = 10. For the same station wi th
Np = 40, the VarWs) = .0066 was computed using the jackknite. The

“WWW , :
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weights W?- for this station ranged from 0.8604 to 0.9757. The variances of

the standard deviation showed somewhat differing results. Considering the

same station, Var(7r) : 0 .0 l83  whereas the Var(75) : 0.0356, 0.0092, and

0 .0028  for NP : 10, 20, and 40, respectively, were computed using the

jackknife. The regional variance, Var (Syr), is smaller than the Var(5ys) for

s l O  by a factor of approximately 2, whereas for NP220,  it is larger by a

factor of 2. “These results illustrate that the standard deviation is quite

sensitive to the sample size and the uncertainty involved in the standard

deviation is significant, especially for small sample sizes. This shows the

evidence that the estimate of standard deviation derived from regional

regression study is more reliable than that derived from the sample for small

sample size. Note that the W R C  method does not consider uncertainties

caused by the mean and standard deviation derived from the sample.

The variances of the skewness derived from sample data, Var(GS),

varied significantly between those computed by the jackknife and bootstrap

methods, resulting in significant differences between the weights, W G  . This

is illustrated further in Tables 3.19 through 3.23. The differences are )smaller

for larger sample sizes, as can be seen by examining Table 3.20. For N p  = 10,

W G  : 0.1775 computed by the jackknife as compared to W = 0.4822G
Y

computed by the bootstrap. For N P  : 40, W : 0 .7060  computed by theG
y

jackknife as compared to WC} : 0 .8507  computed by the bootstrap. Using
Y

the W R C  method W G  : O for N P  : 10 and N p  : 20, giving no weight to the
Y

skewness computed with the sample statistics. For N p  : 40, the weight, W G

Y
using the W RC method, Eq. (3.8) would be 0.2. The 0.2 is considerably too
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low as compared to the results provided in Tables 3.19 through 3.23 where the

weights would range from approximately 0.7 t o  0.94 depending upon the

variance of the sample skewness.

The above procedures to  derive a generalized parameter estimate

that min imizes the  parameter  uncer ta inty  can be  appl ied t o  various types o f

hydrologic frequency studies. It is obvious that the procedure of reducing

hydrological  parameter uncer ta in ty  can also be  in tegrated in to  the r i sk  or

reliability analysis of hydraulic structure such that the parameter estimates

in the loading distribution can be accurately defined so that the error in

defining the risk and reliabil ity is minimized.

3.3 HYDROLOGIC MODEL UNCERTAINTY

The hydrologic model uncertainty results from the assessment of a

representative model to  describe the random mechanism of the hydrologic

process based upon a l imited amount of data. In other words, the uncertainty

is associated with the choice of model based on an insufficient amount of

data. In order t o  perform the reliabil i ty computation the probability

distribution of ‘the loading has to  be determined. In reality, the probability

distribution of the loading is not knOWn so that the engineer has t o  resort t o

some statistical inferences based on the data collected. The determination

of the loading distribution of floods based on annual maximum series, for

example, is of  this type.

3.3.1 Rev iew o f  Mode l  Select ion Techniques

This section reviews the statistical methods that are commonly

applied in determining the "best” probability model that describes a random

«A.mmmmm



123

process.

Non-parametric goodness—of—fit techniques use a statistical hypoth—

esis test that is based on a statistic T for measuring the f i t  of an unknown

discrete or continuous distribution function to an empirical distribution

function. The hypothesis test for these methods can be stated as

_.., HO : f<z>=f*(z) or F<z>=F*(z) (3.4421)

Hl : H0 is  no t  t rue (3 .44b)

where f and F represent a probability density function and a cumulative

distribution function, respectively, and f *  and F*  are a specific probability

density func t ion  and cumulat ive d is t r ibut ion func t ion  under invest igat ion,

respect ive ly .  Because o f  l im i t ed  data,  a measuring s ta t is t ics ,  T ,  is required

to  fac i l i t a te  the  hypothesis tes t .  The hypothesis t ha t  the  data are f r om a

speci f ied d is t r ibut ion,  f * ,  is re jec ted i f

T > Ti.“ (3.45)
where T: a is the critical value for a significance level (l—a) of the type I

e r ro r .

Chi—square Goodness-of—Fit-—This method is often applied to  f i t  a

set of data to  a specified theoretical probability distribution. This test

makes a comparison between the actual number of observations and the

expected number of observations (expected according to  the distribution

under test) that fa i l  in the class intervals. The expected number of.

observations is calculated by multiplying the expected relative frequency by

t he  to ta l  number  of  observat ions .  The tes t  s ta t i s t i c  is de f ined  as
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k [N i  - E(Ni)]2
( 3 .46a )

i=1 E(Ni)

MT =
x2

k (N i  - N'P*i)2
= 2 ---—-—-———-——— (3.46b)

i l N-P*.1

where k is the  number o f  class i n t e rva l s ,  Ni  is t he  actual number o f

observations in in terva l  i ,  N is  the  tota l  number o f  observations, i .e . ,  N =

. EN?  P: is the relative frequency of interval i for probability density function

1_of f *  and E(N.1) is  the  expected number o f  observations in in te rva l  i .  The

distribution of s is a X2 distribution with k -p - l  degrees of freedom where

p is the number o f  parameters es t imated f rom the  data .  The hypothesis that

the data follow a specified distribution 15* is rejected if
2

TXZ  Z X l -O i ,  k -P - l  ( 3 .47 )

Whenever the  value o f  each expectat ion NP: ( i=1, . . . , k )  i s  no t  too

small the x2  distribution is a good approximation to the actual distribution of

s . Specifically, the approximation will be very good if  NP: 2 5 for i=1, . .

. k ,  and the approximation should still be satisfactory i f  NP: 2 1.5 for i=1, .

. . , k (DeGroot, 1975). The improvement of using X2 test can be made by

using unequal length of class interval t o  satisfy the above cri teria.

The following non—parametric statistical goodness—of-fit techniques

use the cr i ter ia which are measures of the discrepancy, which is termed

distance function, between F*(z), the estimator of the distribution F(z) under

HO and the empirical distribution function, F n (z )  which estimates the

d is t r ibu t ion  under  H0 o r  H1 .
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The Kolmogorov-Smirnov Test--Strictly speaking, the statistics that

are functions of the vert ical distance between Fn(z) and F*(z) are considered

to be Kolmogorov—type statistics. Statistics which are functions of the

vert ical distance between two empirical distribution functions are the

Smirnov—type (Conover, 1971). In this method the procedure of grouping of

data as X2 as Eq. (3.46) is not necessary. A statistic (distance function) is

defined as 3

t = max | Fn(z)-F*(z)| (3.48)
In other words, TKS is the maximum difference between the empirical

distribution function Fn(z) and the hypothesized distribution F*(z). The

cr i t ica l  values for the Kolmogorov—Smirnov test statistic, Eq. (3.48) of

various sample size and significance level are tabulated in most statistical

books. Therefore,  fo r  the  chosen signi f icance leve l ,  the  hypothesis is

rejected for the observed value of TKS is greater than or equal t o  the cr i t ical

tabulated value of the Kolmogorov—Smirnov statistic.

For the Kolmogorov-Smirnov test, F*(z) is a completely specified

cumulative distribution function. That is no parameters for the distribution

must be estimated from the data. Lilliefors (l967) and Crutcher (1975) point

out that when a parameter must be estimated to  specify F*(z), the Kolmo-

gorov-Smirnov test is convervative with respect to  Type I error. That is i f

the cr i t ica l  value is exceeded by the test statistic obtained from the observed

values, the hypothesis is rejected with considerable confidence. In this

situation other tables must be used in order t o  obtain a valid conclusion.

Lilliefors (1967, 1969, 1973) has applied Monte-Carlo techniques to define the

Arman
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cr i t ica l  values of Kolmogorov-Smirnov tes t  s ta t i s t ics  for  t he  normal, the

exponential,  and the  gamma and ex t r eme  value distributions when parameters

of these  distributions must be es t imated .

The Cramer—von Mises Goodness~of~Fit Test-~This method is only

good for  simple hypothesis tes t ing.  Unlike Kolmogorov-Smirnov tes t ,  the

Cramer—von Mises tes t  not only considers t he  largest  difference,  but also

considers N differences between the  two curves.  The Cramer-von Mises tes t

s ta t is t ic  is

N .
TCVM = Ti}? + .53 [F*(zi) ‘ $12 (3.49)

1= l

where N is to ta l  number of observations. Intuitively the  Cramer-von Mises

tes t  s ta t i s t i c  makes more complete  use of the  da ta  and therefore  should be

more e f fec t ive  than the  Kolmogorov—Smirnov t e s t  s ta t i s t ic ;  however, this

cannot be proven (Conover, 1971).

‘ The choice of model using the  above non—parametric goodness—of—fit

techniques can  be made  by comparing the  test  s ta t i s t i c  tha t  derived using

different  candidate models. For example,  if X2 goodness-of-fit method is

used ,  t he  tes t  s t a t i s t i c ,  TX2 i s  computed  based  on  sample  da ta  and  var ious

probability distribution models, f *  or  13*, investigated.  Then, the model

choice is made by selecting the  model for which t he  likelihood of the

observed value of TXZ is largest .

Beside the  non-parametric s tat is t ical  goodness—of—fit techniques,

another intuit ive approach is to  select  the model based on the  value of

likelihood of the  observed sample data under each model investigated.  For a



k as
sample of size N the sample likelihood given if (z) is

L = f‘k . f“): o . ' . . 7’:<_z_> (21> (22> f (ZN)

N IX

= H f (21.) (3.50)
i=1 *

provided that 21, 22, . . . , Z N  are independent and identically distributed.

For a set ofzcandidate probability distribution models for which the param-

eters have to be estimated, the model chosen by using this criterion would be

the model with the maximum value of sample likelihood among all the models

considered. The model chosen has the maximum posterior probability of

being the true model when the prior distribution for the true model is

uniform.

3.3.2 Philosophv of Proposed Method

in regard to model choice, Wood et al. (1974) raise an important

point: ”Most hydrologic processes are so complex that no model yet devised

may be the true model or that no hydrologic events follow one particular

model. Consequently, it could be reasonably expected that a combination of

models wouldjbetter ’explain' the hydrologic process than does a single

model." Many hydrologists discourage the use of the previously described

nonparametric goodness-of-fit techniques for- testing hydrologic frequency

distributions because of the importance of the tails of the hydrologic

frequency distributions and the insensitivity of these statistical tests on the

tails of the distributions. Furthermore, the power of these nonparametric
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tests, i.e. the probability of rejecting the false hypothesis, is not high. This is

true especially for small sample which is the case for most hydrologic data.

In the previous sections generalized parameter estimates are de-

fined that reduce parameter uncertainty by weighting the regional and

sample parameter estimates based on their respective variances of the

estimates. These generalized parameter estimates are then utilized to

compute the value of likelihood based on the sample collected which is used

as the basis for model selection or define to a composite model.

The Bayesian technique enables the computation of the posterior

probability of the distribution models investigated for a given prior prob-

ability of the model, the data observations, and the model parameters to

develop a composite model. Here, the generalized parameter estimates are

used without considering their corresponding variance and the posterior

probability of a model can be computed by using Bayes' theorem as

L(£i@:, m.) ‘ P’(m.) 'a ) = 1 l (3.51)
E “ . xM M a l a :  mi) P (mi)

E L I E
l

in which P"(m1) is the posterior probability for model mi, P'(mi) is the prior

probability for model mi, L(_z_[§,mi) is the likelihood function for model m.l

with parameters _§_ and obsevations g, and M is the set of candidate models

(normal, log-normal, Gumbel, Pearson HI, log-Pearson ill, etc.) investigated.

The use of the Bayesian theorem enables the incorporation of prior knowledge
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about the probability distribution, which may be based on experiences or

other physical evidences, then updated with the data collected.

The value of the posterior probability is a measure of the likelihood

for a model being the ”true" one among all the models considered based on

the data collected and prior knowledge. This approach enables the derivation

of a composite probability distribution for the loading from different models

’ considered and weighted by their associated posterior probability as

= H . 3 . "2f1, m (fo') 2: P (mi) f2,m'(2') ( a )
c me M 1

1.

where f2 m ( ) is the composite probability distribution of the loading,
’ c

f2 m (  ) is the probability distribution of the loading for model mi. There-, .
i

fore, if a composite probability distribution of loading is used in the

reliability models, such as Eq. (2.13) for the static case and Eq. (2.43) for

dynamic case, a composite reliability model for the static case can be

expressed as

‘ on r v 1 v
= ' f 52, d £  (1RC 5‘0 fr(r) [ $ 0  1’ Inc( ) J 1:

0° 1'

= X P "  ( “ 1 . )  j‘ E (r1) [ J f n  (Zudfily ] dry ( 3 .53 )

V 1 Q r )0, m i

1m . € -1
a

and a composite reliability model for the time—dependent case can be

expressed as
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S f (r')e_)‘t[l — F2) mc(r')]drv
r

RCCt) O

z P"(mi) 5 fr(r')e—>\t[l-F2,mi(f)]d1’ (3.54)
m SM 'vi

The use o f  the wcompos i t e  hydrologic  model  in t he  s ta t i c  and t ime-dependent

re l i ab i l i ty  models reduces hydro log ic  mode l  uncer ta in ty .



CHAPTER 4

RISK AND RELIABILITY MODELS FOR FLOOD LEVEE DESIGN

4.1 INTRODUCTION

In thg design of flood levee systems many design variables must be

considered. One of the most important variables is the height of the levee

which is used as the principal measure of flood protection against over-

topping. Also involved are soil properties which are important in preventing

structura l  fa i lu re .  The protect ion of fered by  a levee system is ex t remely

important from an economical viewpoint in that i f  the protection cannot be

evaluated properly, the expected damage that may occur could be under—

est imated.  In other  words, cer ta in  economic t radeof fs  ex is t  between the

object ives of t he  levee system re l iab i l i ty  and economic benef i ts .  Because o f

the many design variables and their associated uncertainties, the risk of

failure is di f f icul t  to  analyze. This chapter presents a procedure to  define

the risk and rel iabil i ty of overtopping for a flood levee system and system—

at ical ly  accounts fo r  the  hydrologic and hydraul ic uncerta int ies.

The failure of levee systems can be divided into four common modes

(Bogardi and Zoltan, 1968): (I) overtOpping due to elevation of flood waters

exceeding that of the levee, (2) structural failure of the levee resulting from

water saturation and loss of soil stability, (3) structural failure resulting

131
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from boils and hydraulic soil failure, and (4) wave action causing scour which

reduces the levee s t rength .  These failure modes can be considered as two

major groups: (1) overtopping and (2) structural failure. Because the

probabilities of structural failure of levees have not been defined t o  the

extent of those related to  hydrologic failure i t  is rather meaningless to

attempt to  define risk and reliabil i ty models that would consider both

overtopping and structural failure. Wood (l977) has attempted to  develop

flood levee reliabil i ty models that can consider both structural failure and

overtopping; however,  there are many shortcomings o f  th is work .  These

include: ( i )  the form of probability functions to  model flood events which

considered an exponential exceedance model, (2) no considerations given to

hydrologic parameter  and mode l  uncerta int ies,  (3) hydraul ic  uncerta int ies

which are encountered in defining flood water elevations and conveyance

capacities ignored, and (4) simplified probability of structural failure models

(uniform and quadratic distributions) considered without any justification,

etc.

Because of the lack of information available t o  define probabilities

of structural failure of levees, the work presented in this chapter deals

entirely with levee failure due to overtopping. The evaluation of risk and

reliability of water resource projects such as flood levee systems using

conventional approaches fails to provide adequate scientific and explicit

means t o  define the uncertainties and associated risks involved. Conven-

tional procedures consider only the hydrologic randomness of loading (i.e.,

flood flows) imposed on the structure and treats the capacity of the structure

.4».m
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as deterministic.

In Chapter 2 static and time-dependent risk and reliability models

are developed for culvert design. The models are extended to include the

hydrologic parameter and model uncertainties in Chapter 3. This chapter

applies the methodologies described in previous chapters to treat various

types of uncertainties for flood levee systems to define overall risks of

overtopping. The static and time—dependent risk and reliability models for a

levee system are determined using data for an area in southeastern Texas

near Victoria, on the Guadalupe River. A U.S. Geological Survey gaging

station is located on the Guadalupe River near Victoria for which seventy—

five years of data are available. The annual maximum flood series for this

gaging station are tabulated in Table 1.1.1

4.2 ANALYSIS OF  HYDRAULIC UNCERTAINTIES

The main concern to a water resource engineer is the capacity of

the structure that can sustain a certain level of design load, or flood. In the

determination of. the capacity of the structure several design variables are

involved which can be considered as random variables with some associated

variation. These design variables could be statistically dependent or inde-

pendent of each other. First-order analysis which has been described in

Chapter 2 is a method of providing an estimate of the uncertainty in a

deterministic model involving variables with uncertainty.. Through a first-

order analysis the mean and variance of the capacity of a flood levee system

can be derived, provided that the statistical properties of the underlying
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Table 4 .1  Annual Maximum Series fo r  Guadalupe River near Vic to r i a ,Tex .

Year Peak  Dischargg (cfs) Year Peak Discharge ( c f s )  Yea: Peak Discharge (cfs)

.2
1903 11 ,000  1928  79 ,000  1953  3 ,560

1904 10 ,560  1929 4 ,980  1954 4 ,950
1905  4 ,140  1930  4 ,920  1 1955  1 ,730

1906 10 ,560  1931  13 ,700  i 1956 25,300
1907 12 ,440  1932 5 ,790  1957 i 58 ,300
1908 4 ,040  1933 11 ,460  1958 § 10 ,100

1909 7 ,010 1934 38 ,300  1959 E 23,700

1910  3 ,300  1935  179 ,000  ' 1960  ' 55 ,800

1911 7 ,880  1936 17 ,200  1961  10 ,300

1912  10 ,350  1937  25 ,400  1 1962  4 ,100

1913 25,400 1938 4,940 ' 1963 3,720
1914  14 ,690  1939  55 ,900  1964  15 ,000

1915  6 ,320  1940  58 ,000  1965  9 ,790

1916 3 ,300  1941 36,000 1966 70,000

1917 6 ,660  1942 7 ,710  1967 44 ,300

1918 13 ,900  1943 12 ,300  1968 15 ,200

1919 15 ,990  1944 22 ,000 1969 9 ,190

1920  8 ,530  1945  17 ,900  1970  9 ,740

1921  13 ,510  1946  46 ,000  1971  58 ,500

1922  7 ,200  1947  6 ,970  1972  33 ,100

1923 12 ,270  1948 20,600 1973 25,200

1924  1 ,050  1949  13 ,300  1974  30 ,200

1925  17 ,160  1950  12 ,300  1975  14 ,100

1926  1 ,490  1951  28 ,400  1976  34 ,500

1927  5 ,040  1952  11 ,600  1977  12 .700

.MW
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design variables involved are known. The specification of the uncertain

feature of the variables can be expressed in terms of the mean, or mode,

tolerance, and a distribution.

The cross—sectional configuration of streams and rivers, in general,

are highly irregular as shown in Fig. 4.1. For computational purposes, the

cross section is simplified as shown in Fig. 4.2. The simplified cross section

in which the -l=evee of a given size is constructed has idealized assumptions

about the geometry for the purposes of model development, i.e. (l) the

height of embankment on both sides of channel is the same, as well as along

the reach considered; (2) the channel cross sectional geometry and location

of the levee are symmetrical to the center line of the channel; (3) the

traverse slope of the flood plain is small, i.e., COST=T, and (4) the width of

encroachment of the levee, We, along the channel reach is constant. In

addition to the geometry, assumptions are made about the hydraulic char—

acteristics of the channel reach (e.g. roughness and slope are made), i.e. the

surface roughness of both sides of flood plain has the same characteristics.

With those assumptions and idealizations for the sake of simplicity the total

levee capacity 'can be expressed using Manning’s equation (Chow, 1959)  as

__i_A 5/31, -2/3 + 2 5/3 —2/3 S 1/2
Q C  = l ' 4 9 A m  NC c c NbAbh t f ( 4 ' 1 )

where A m  is used to take into account the error of using Manning's equation

to describe the unsteady, non-uniform flow; N c and N b  are surface roughness

for the channel, and flood plain, respectively; Sf is the friction slope which is

_ flak»!

74'
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Figure4.l Cross—sectional Configuration of Rivers
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A = B'Y
C

P = B + 2D
C

= ~zH2 + lot—mam: —B)Abh 2 4 e

w - B
t - H/l+22 + ‘ e

2Vl-1'2

sf = 50 + 3b

D — A /B

Figure 4.2 Idealization of River Cross-section
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equal t o  the sum of the  channel  bottom slope S0 and flood plain slope along

the  channel Sb  under the idealizations of t he  levee layout mentioned, and AC,

PC, Abh’  t a re  de f ined  in F igu re  4.2. The s imp l i f i ca t i ons  a r e  no t  neces sa ry

to  the model development but  are  done here  for  explanation purposes.

In the analysis of uncertainty for the levee capaci ty ,  the height of

t he  l evee  and3 the  wid th  of encroachment ,  which  are  des ign  pa rame te r s ,  a r e

considered t o  have insignificant uncertainties so tha t  their  uncertainty can  be

ignored a s  compared to  the  rest  of t he  variables involved in Eq. (4.1). in

order t o  define risk and reliability the  probability density function must be

evaluated which requires the  parameters ,  mean and standard deviation of t he

resis tance.  A f i r s t  order  analysis of uncertainties of Eq. (4.1) is used t o

es t ima te  the  mean  and coef f ic ien t  of var ia t ion  fo r  Qc '

The mean of t he  levee capaci ty  can  be expressed a s

_. — l . 49 2 . 98  l /  2

C m 1? Ac PC + N A'bh t Sf  < )
c b

The coeff icient  of variation of the  levee capaci ty is

2 2. 2 2 25  2 4 2l ln = n + — n + .2 [n + ——n + — n J
t Am 4 8f  W NC 9 Ac 9 Pc

4 2“ Q 25 2 4 2
qsz N + “' $2 + n (4.3)b 9 Abh 7; t
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where

w =1+2  E15- fl5 /3< : ‘ 5>Z /3

r: A 13 (4-4)h c bh

and

_ 2 ‘1'4» — —-—q,_ 1 (4.5)

The parameters AC, PC, Ab ,  Pb,  and Sf ,  a re  re lated to  channel t op

width B; width of encroachment of levee We; traverse slope on the flood

plain;lslope of flood plain along the channel 5b and channel bottom slope, 50.

Each of these is considered as a random variable with the exception of the

width of encroachment, We’  and levee height, H .  Their uncertainty is

considered small enough that i t  can be ignored as compared to  the other

variables using an idealized cross section. The functional relationships for

Ac, PC, Ab, Pb, and Sf, are expressed in Fig. 4.2.

The random nature of Afb ’  B, t ,  So ’  and Sb ’  requires use of the f i rst

order analysis to determine the mean and coefficient of variation of AC, Pc ’

Abh ’  t ,  and Sf .  The mean and coef f ic ient  o f  var ia t ion of these variables

are expressed as:

f o rA  ,c

X = B Y (4.6)

A B Y ( 4 .7 )
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fo r  PC ,

f) = 213 + E
C

2 = -2 2 -2  2 ~ 2Q (4D 9D + B QB )/PC
C

fo r  Abh ’

- (2322  ( f  — B + H) We-  BAbh 2 2

fo r  t ,

— 2 (We—E.)2 = H 1~+ z + ———-———
bh  2 /1  __ ¥2

- 2 —L+ W -E
QZP = (4......) 923  + " ( I  < e 792  §2

bh 2 /1  — 22 (1  - T)3  2 T bh

and  fo r  S f ,

Sf  = so  + Sb

: 2  = ‘ 2 2 ' 2 “ 243f  (SO Q S + SbQ S ) /S f
o b

in  which

(4.8)

(4 .9 )

( 4 .13 )

(4 .  14 )

(4.15)
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e (4 .16 )

92  = [(EE QB>2  + (we-B >zra QT)2 + (5 9D)%]/§2 (4.17)

D = fb/B (4 .18 )

92 = 92 + 92  ( 4 .19 )D Afb B

The probability distribution of the  random variable, levee  capaci ty ,

is assumed to  be log-normal. The underlying random variables on which the

mean and coefficient  of variation of levee capaci ty a re  based are channel

c ros s  s ec t i ona l  a r ea  w i th  fu l l  bank  f l ow  Afband top  w id th  of channe l  B,  SO, Sb ,

and T. Simple distributions (uniform and triangular) are used to  describe the

nature  of variation of t he  variables, (Fig. 4.3). By considering minimum and

maximum va lues  of  each va r i ab le ,  w and Wu,  i t  is  poss ible  t o  use these
2,

distributions (Fig. #3 )  to  compute the coefficient of variation of each
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Mean Coefficient of Variation

— w1
3=o.5(w + w )  r = o s 7 8 ”  ~

2. ‘ :1 .1 + w
L1 1.

_ w. — 5:2
w .—. 0.3(w + w )  '2 = 0 . ;03  “‘

L u v w m
(J L

w - w,
7 = o 3 3 3 ( w + 7 w )  ‘ =0?o7 “  “J ' ‘L ‘ u 37- " 29: + .r

u 1.

‘ wu - w,
w = 0.333(4wa + wu) RV = 0 .107  w J. 2w

U a

1 ' " )_ l _ \ 1 1 l ’ ./_
w = 7 ( w + w + w ;  . ; = ~ - — - ' \ ' w + w w + w w ‘ )J 1. u c w 2 6t; L u  u c 3 :,

Statistics of Five Simple Distributions
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variable. The lower and upper bounds of tolerance used for each variable and

their associated mean and coefficient of variation are tabulated in Table 4.2.

For a given width of encroachment and levee height the mean and coefficient

of variation of the variables D, AC, PC, Abh’ and 5f in Eq. (4.1), and

corresponding levee capacity QC are tabulated in Table 4.3. Since the

resistance is assumed to be log—normally distributed Eq . ,  (2.44),  and the mean

Eq. (4.2) ar-td the coefficient of variation Eq. (4.3) of the resistance

characterize the shape of the distribution.

4.3 ANALYSIS OF HYDROLOGIC UNCERTAINTIES

Hydrologic uncertainties as described can be classified into three

types: (1) the inherent uncertainty, (2) the model uncertainty, and (3) the

parameter uncertainty. In traditional practice the parameter and model

uncertainties are ignored. In this chapter the procedure used to determine

the generalized values of the parameters (mean, standard deviation, and

skewness of the loading distribution described in Chapter 3 is applied. The

weights are defined as a function of the variance of both the sample

parameter estimates and the regionalized parameter estimates, Eq. (3.12),

such that the variance of the generalized parameter is minimized.

For the study area the values of the physiographic and meteorlogic

characteristics for the regression equations are tabulated in Table 4.4. The

regional parameter estimates, i.e. the mean (Zr)’ standard deviation (SZ ),
r

and skewness (Gz ), of the annual maximum series and also the mean (Yr)’

r
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Table 4.4 Physiographic and Meteorologic Characteristics

for Guadalupe River near Victoria, TX.

l
lContributing drainage area (Ad)

l
l

Main channel slope ( S i )

Percentage of surface storage (St)

I
I

Total main channel length (L)
l
l

lO—yr, 24—hr rainfall intensity (I)

Mean annual number of thunderstorm days (Nt) =

Ratio of runoff to precipitation during the month
when the annual maximum peak discharge occurred(Rt)=

5198 sq. miles

5.23 feet per mile

1.03

351 miles

6.14 inches

41

0 .32
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standard deviation (SY  ), and skewness (GY ), of the log—transformed values

of the annual maximuxEn series, derived byr using Eq. (3.27), (3.28), (3.29),

(3.30), (3.31), and (3.32), respectively are tabulated for the study area in Table

4.5. The above mentioned parameters estimated from the sample data using

Eqs. (3.1)—(3.6)‘“are also given in Table 4.5. The variances of the regional

parameter  estimates and the  variances of the sample parameter  est imates

derived from using the jackknife method as well as the bootstrap method are

presented in Table 4.5. Once the sample and regional parameter estimates

and their variances are computed, the weighting factor and the generalized

parameter estimate can be derived using Eqs. (3.12) and (3.10), respectively.

Table 4.5 lists the generalized parameter estimates for the streamflows and

also for the log-transformed streamflows. In real i ty, the probability model

describing the  random mechanism o f  the hydrologic f lood f low sequence is

not known. Using the generalized parameter estimates the procedure of

selecting a composite model described in Chapter 3.3 can be applied. The

probabi l i ty  models considered fo r  the loading include the  norma l ,  log-normal ,

Gumbel,  Pearson type III, and log-Pearson type  111. Table 4.6 l is ts  the

posterior probability of the f ive loading probability distributions in which the

parameter estimates derived from different method, using Eq. (3.51), with

equal prior probability, i.e., 0.2, for each model considered. No attempt is

made to examine what ef fect  different prior probabilities have on the

resulting posterior probability of the model.
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4.4 DEVELOPMENT OF STATIC AND TIME-DEPENDENT RISK-

SAFETY FACTOR CURVES

Once the probability distributions for the loading and resistance are

described and the parameters for each are estimated the static and t ime-

dependent risk-safety factor curves for levees are developed. The probability

models considered for the loading include the normal, log-normal, Gumbel,

Pearson III, and log-Pearson III. The procedure to  establish the  r isk-safety

factor relationships for the levee system are as follows:

1. Select the design flood, Qd(Tr) depending on the loading

distribution model adopted. If the generalized mean, standard deviation and

skewness are computed by the TMJ method and the loading is normally or

Pearson type III distributed, then the frequency equation is

Qd(T r )  = 21786 + 24931 KTr (4.20)

where KTr  is frequency factor. If the loading is log-normal or log-Pearson

type III distributed, then the frequency equation is

5Ln(Qd(Tr)) = 9.653 + 0.933 KT (4.21)

If the loading is a Gumbel  d is t r ibut ion,  t he  frequency equation is

- Qd(Tr) = — 19439 int—in- ( l  -T_1)] + 10566 (4.22)
2.  Vary the wid th  o f  encroachment of 1the levee, We.

3. Vary the height of the levee, H .

4.  Compute the mean, Qc ’  and coe f f i c ien t  of  var ia t ion ,  9Q , of  the
c

levee capacity using Eqs. (4.2) and (4.3), respectively.
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5 .  Check whether QC fo r  a spec i f i ed  encroachment wid th  and  levee

height is greater than Qd(Tr ) '  If not, then go to  step (2) or (3) t o  change the

dimension of the  levee s t ructure  and layout.  Otherwise,  go t o  the  next  s t ep .

6 .  Compu te  t he  r e l i ab i l i t y  o r  r i sk  associa ted  w i th  a g iven  d imens ion

of the  l evee .  Fo r  s ta t ic  case  t he  r e l i ab i l i t y  is compu ted  using Eq .  (2 .13)  fo r

the  t ime-dependent  caSe use Eq. (2.61). Also compute  the character is t ic

safety factor, fising Eq. (2.49).

7. Repeat steps (2) through (6) until the entire range of variables

has  been examined.

Figures 4.4 through 4.8 a re  the  s ta t ic  risk-safety factor  curves using

the Victoria da ta  for  the different  loading distributions. Figures 4.9 through

4.13 present  the risk-safety factor  curves for  the t ime-dependent risk model

for  different  loading distributions with a design return period of 100 years .

The v jackkn i f e  method was used to  compute the  variance of the sample

sta t is t ics .  Figures 4.14 through 4.18 and 4.19 through 4.23 a re  r isk-safety

fac tor  curves develOped with design return periods of 200 years and 500

yea r s ,  respec t ive ly ,  f o r  d i f fe ren t  s e rv i ce  l i f es  fo r  each  load ing  d i s t r ibu t ion  of

t he  t ime-dependent model. The shape of the  risk-safety factor curves vary

significantly, depending upon the  loading probability model used.

Because the  model describing the true random mechanism of the

flood event  is no t  known, t he  choice of one part icular  probability model can

give a significantly different  answer from tha t  of another .  Hence,  a

composite  risk-safety factor curve can be  developed which results  from

weighting each of the  different  loading distributions considered by the  model

. Mkwl
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posterior probability provided by Eq. (3.51). The weight for the model where

the parameters are estimated by TMJ method has been shown in Table 4.6. In

this case, the composite reliabil i ty model for the static case, Eq. (3.53), can

be expressed as

00 r
RC = 0.498 )0 fQC’LN(r)[ SO d,LN(£)dZ]dr

no r
+ 0.502 50 fQ-C’LN( r ) [ , )0  d,LP(2)dz]dr (4.23)

The composite reliabil i ty model for the time—dependent case, Eq. (3.54), can

be expressed as

Rc(t) = “98 )0 fQC,LN(r)‘ eXPi‘ltEl ' FQd,m(r)]}dr

+ 0.502. S0 fQC,LN(r)--exp{-it[1~ FQd,LP(r)J}dr
(4.24)

Eqs. (4.23) and (4.24) can be used in step (6) to generate the composite risk—

safety factor curves for static and time-dependent models, respectively.

Figures 4.24, 4.25, 4.26, and 4.27 are the composite risk‘safety factor curves

for static and time—dependent cases with design return periods of mo ,  200,

and 500 years, respectively.

,mm
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4.5 DISCUSSION

Considering only the inherent hydrologic uncertainty the  annual

probability of failure,  i .e . ,  t he  annual risk of overtopping is equal t o  the

reciprocal of the  return period upon which the  design capacity is based, that

is, provided tha t  the safety factor  is unity. For example, the  re turn  periods

considered in « the  levee problem are 100, 200, and 500 years  and the

correspondingzannual inherent hydrologic risks of overtopping ( l /Tr )  a r e  0.01,

0 .005 ,  and 0 .002 ,  r e spec t ive ly .  Fo r  a levee capac i ty  using a des ign  f low fo r  a

re turn period of 100 years  and safety factor  on one  (5C = QT ), the  overall

stat ic risk of overtopping from Figs. 4A to #.8, ranges f rom 0.0110 for  t he

log-normal loading model t o  0.0215 for the  normal model.  As compared with

t he  inheren t  hydro log ic  r isk of 1/‘1'r = 0 .01  i t  is shown tha t  the  r isk of

overtopping can be  underest imated from 10% to  50%, depending upon the

loading distribution model used by ignoring other  uncertainties and not

reducing (minimizing) parameter uncertainty. The ratio of annual overall risk

of overtopping of the  levee to  the annual inherent hydrologic risk (for SF = l ,

i .e. ,  5c  : QTr‘) for  different  design return periods and various loading

probability models are  tabulated in Table 4.7. The shape of risk-safety factor

curves  i s  ve ry  sens i t ive  t o  the p robab i l i ty  mode l  of loading used .  The cho ice

of probability model of loading should be carefully made and a composite

model considered.

Considering only the  inherent hydrologic uncertainty underest imates

the risk of overtopping as  compared to  considering the overall risk. Conse—

quently, the  corresponding economic losses could be significantly under
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Table 4.7
Comparison of Overall Risk and Inherent Hydrologic Risk

R/(l/Tr)

100 yr 200 yr 500 yr

Normal 2.15 3 .00  3.15

Log—Normal 1.10 1.16 1.10

Gumbel 1.50 1.40 1.60

Peareon III 1.15 1.24 1.15

Log—Pearson III 2.00 2.60 3.50
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estimated by not considering an overall uncertainty.  If the  issue of reliability

of a p ro j ec t  is  of pa ramoun t  impor t ance ,  such a s  t he  case  tha t  t he  l evee

project is t o  protect  an urban a rea ,  t he  concept  of analyzing overall

uncertainty should be  adopted in the  design process because any ignorance of

existing uncertainty may lead to serious disaster in the  region.

Furthermore,  in the example given the resulting risk-safety factor

curves by usigg a particular loading probability differ  significantly f rom that

of using t he  o thers .  This shows the  evidence that  the  result of risk—reliability

analysis is extremely sensitive to  the  loading probability model used. The

effect  of choosing a loading probability model on the project decision making

and i ts  associated economic impacts  and consequences a re  understandable.

An example of illustrating the ef fec t  of model selection on the  levee design

decision making based on i ts  economic consequence was given by Bogardi e t

al. (1977). Under this situation, a composite loading probability model, as

developed in Section 3.3.2, is suggested as  a good a l ternat ive  because i t  takes

i n to  accoun t  mode l  unce r t a in ty .  In case of ana lyz ing  the  risk—safety fac tor

relationship for  the levee capacity in Guadalupe River the  resulting curves

using composi te  model lie within the range of those curves obtained with the

component models.

Chapter  6 presents an example illustrating the  e f fec t  of risk issue

considered and the significance of the  choice of model on the optimal levee

design.



CHAPTER 5

OPTIMAL RISK-BASED DESIGN OF LEVEE SYSTEM

5.1 PROBLEM STATEMENT

The problem under consideration is the determination of an optimal

design (minimum cost) flood levee system. The main purpose for construction

of a levee system is to protect land from being flooded. The capacity of a

levee system is an important measure of degree of protection. Usually the

capacity is expressed in terms of a design flood with an associated return

period. The basic information for designing a levee system requires both

hydrologic as well as hydraulic studies. The hydrologic aspect involves the

studying of rainfall-runoff processes and flood f low frequency analysis which

provides the magnitude of the design flood flow used as the basis for

designing the levee capacity. The hydraulic study involves the investigations

o f  t he  hydraul ic  propert ies,  such as surface roughness, slope, geometry ,  e t c . ,

of the channel and the flood plain. These hydraulic properties are input

parameters to t he  hydraul ic model  fo r  determining the  levee capaci ty  . The

design parameter include the levee height and the width of encroachment.

The optimization model to solve the problem must select the levee layout

(widths of encroachment) and the levee height simultaneously because of

their interrelation in determining the capacity.

The principal task in this phase of the study is t o  incorporate the

methodologies of analyzing the uncertainties involved in both the hydrologic

180
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aspect and the hydraulic aspect into the framework of an optimization model.

Prior t o  discussing the optimization models a brief description of the levee

configuration is given.

Levees are earthen embankments placed at varying distances from a

river bank to  serve as art i f ic ial  banks during floods when water spills over the

nature banks. The main function of the levees is to protect the major flood

plain, in whicl‘f’ human activities such as agriculture, industry, and business,

e tc . ,  are most  l i ke l y  to  take place. The use o f  levees f o r  f lood cont ro l  is

extensive throughout the world and is one of the oldest engineering applica-

tions in history. As early as 4,000 years ago, Kun, Father of Yu, the

legendary leader of the Hsia Dynasty in China, used levees t o  confine the

flood water of the Yellow River. His efforts failed due to the tremendous

amount of sediment content in the Yellow River and lead t o  his death by the

Emperor.

The standard section suggested by the United Nations for use in Asia

and the Far East have side slopes of 2(H):l(V) to #(H): l(V) on the river side

and 3(H): l(V) to 50-1): l(V) on the land side. The standard section

recommended by the Mississippi River commission has side slopes of 3(H): l(V)

on each side and the standard section of the Upper Yazoo Distr ict  uses slopes

of 3(H):l(V) on the riverside and ll(l-l): l(V) on the land side, respectively.

In the process of developing an optimization model several assump-

tions and constraints that are either the inputs or are built into the model are

made and discussed in the  next  sect ion.
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5.2 ASSUMPTIONS AND CONSTRAINTS

Several assumptions for the  geometry and layout of the levee based

on the foregoing descriptions and hydraulic variables of flow a re  made.

These assumptions are as  follows:

1. With the  predetermined side slopes and crown width of the

levees ,  F igu re  5 . l ,  the vo lumet r i c  con ten t  of l evees  is  a f unc t ion  of the  he igh t

on ly .  Consequently, t he  construct ion cost  of levees  is  a s sumed  to  be  a

function of the height.  The cost  for construction of other  accessories such a s

in te r io r  d i tches ,  ga tes ,  pumping  f ac i l i t i e s ,  e t c . ,  will  no t  be  cons idered  [ i n

developing the  cos t  function for t he  levee construction.  The unit construc—

tion cost per  length of levees varies with location; however, i t  is assumed

tha t  t he  spatial  variation of unit construction cos t  within an economic

dis t r ic t  is small .

2 .  In addition t o  the  levee construction cost ,  the  unit land

purchasing cost  is assumed to  be  constant  within the  subreach considered.

3 .  Within a subreach in which the  levee is to  be  constructed the

river is assumed to  be  s traight  without meandering.

4 .  For the sake of simplicity only, the levees are  assumed to  be

loca ted  symmet r ica l  t o  the center  line of the  s t r a igh tened  channe l ,  based  on

t he  assumption (3), with equal height a t  any point in a specific reach

investigated.

5 .  Hydraulic variables such as the  roughness, surface slope of the

flood plain along the channel on both sides of t he  river have the  same

cha rac t e r i s t i c s .



w h e r e

Z

A = ~fl—[ZB + h(z + z ) ]
LV 18 c l r

VLV = 97.78ALV

BC = crown width, in feet

h = levee height, in feet

2 2  = side slope on the land face

Zr = side slope o n  the river face

F = free boa rd ,  in feet

ALV= levee cross sectional area, in sq, yard

VLV= volume of embankment per mile, in cu.yd./mile

Figure 5.1 Configuration of Levee Section
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6. The magnitude of flood used as the basis for designing the levee

capacity is obtained from a hydrologic study. No hydraulic routing tech—

niques wi l l  be applied to route the flood hydrograph through the levee system.

An idealized triangular hydrograph wi th predetermined t ime base wi l l  be

used. The flow condition during flood is taken to  be subcritical. No

backwater effect wil l  be considered.

7. The capacity of the levee system within the reach considered is

computed using Manning's equation. The levee capacity of a specific cross

section with known levee layout and hydraulic variables, Manning's equation,

expressed as Eq. (4.1), can be applied. It is understood, theoretically, that

the energy slope, Si, is equal to  the slope of the longitudinal water surface

profi le and to  the slope of the channel bottom. if the variation of velocity in

a natural stream is not significant the application of Manning’s equation is

va l id .  On the o ther  hand, if the var ia t ion o f  veloci ty  along the channel is

appreciable from one end of the reach to the other, due t o  the irregularity of

the channel section, the energy slope wi l l  be taken as the difference of total

head at  the two ends of the reach divided by the length of the reach. Since

the tota l  head includes the velocity head, which is unknown, a solution by

successive iteration is necessary for determining the capacity of the levee

with different heights and width of encroachment a t  both ends of the reach.

The area—slope method (Chow, 1959) is adopted as the means to  compute the

levee capacity within the reach considered. Detailed descriptions of the

method and derivations of the mean and coefficient of variation of the levee

capaci ty  f o r  a given reach,  using f i rs t -o rder  analysis o f  uncerta int ies a re
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i l lus t ra ted  in Appendix  C .  The  energy coefficient app l i ed  to  the  veloci ty

head a t  both ends of t he  reach is assumed to  be unity.

Several constraints  commonly used in the design of levees a re

incorporated in the  optimization model. These constraints  a r e  e i ther  t he

design cr i ter ia  adopted in pract ice  or some physical constraints  on the  layout

of the  levee system a t  particular locations. The constraints  considered a r e :

1. Maximum width of the  flood plain which can be  used for  the  levee

project ,  is a physical constraint  tha t  defines the feasible s tate  space within

which the optimization model investigates.

2 .  The  capacity of the levee must satisfy cer ta in  design c r i te r ia .

The cr i te r ia  provide the  guidelines t o  select  t he  design flood such that  the

levee capacity must equal o r  exceed that  value. The cr i ter ia  used depends on

the object which needs t o  be protected by the levees.  Design-flood cr i te r ia

fo r  the levees are  usually incorporated considering local flood control

faci l i t ies  such a s  r e se rvo i r s  sy s t em,  if t he re  is  any ,  t o  de t e rmine  t he  r e tu rn

period of floods. The selection of design flood of specific re turn  period for

the rural  a reas  varies with location.  For instance, Missouri River agricultural

l evees  were  designed based on the  100 year  f lood ;  levees  in Por t land ,  Oregon ,

have grades height t o  protect  against t he  50 year flood; and a system of #0

levee units on the Wabash River in Illinois and Indiana authorized in 1946

would protec t  t he  rural a reas  and substantial developments against  15 year

floods. (Davis and Sorensen, 1969).

Design—flood cr i te r ia  for  urban-protection projects involving high

levees require high performance standards,  in view of the potential  hazards
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to life and severe property damages associated with levee overtopping. The

standard project flood is sometimes used in order to assure project safety

during extraordinary floods. Basically, under this context, the mathematical

expression for the constraint is

Q c s e s i g n  (.5 9 l)

where QC is the levee capacity determined by the area-slope method using

Manning's equation, and Q d e s i g n  is the magnitude of the design flood based on

hydrologic studies. The capacity of the levee, Q c ’  is the function of the

width of encroachment, height of levee and other hydraulic variables

involved. For an idealized cross section, Fig. 4.2, the functional relationships

between QC using Manning's equation and design variables at given section

are given in Eq. (Zhl).

Other constraints such as the foundation condition which might have

the limitation on the maximum height of the levees or embankments will not

be considered in the optimization model.

3. ln'the practice of designing a levee system, an extra height,

called the freeboard, is added to the design height. The purpose of the

freeboard is to provide as a safety measure to prevent the embankment being

overtopped due to the effect of surface water waves produced by the wind.
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5.3 OPTIMIZATION TECHNIQUES

This section briefly reviews the optimization techniques commonly

applied in water resource engineering.

5.3.1 Linear Programming

Linear programming has been applied quite extensively as an optimi—

zation model in water resources engineering. The general linear program—

ming (LP) model is stated in the form of a linear objective function to be

optimized (maximized or minimized) subject to certain restrictions. The

restrictions or constraints are expressed as a set of linear equations. Linear

programming provides a method of comparing all possible solutions that

satisfy the constraints and obtaining the solution(s) that optimize the

objective function. All linear programming problems can be expressed in

standard form as

Min g _)§._ (5.2)

subject to a set of linear constraints

I
I
>

I>
<

H to (5 - 3)

and

x29 (5.4)

in which 9 is a K—dimensionai row vector; i is a J x K matrix; E is a ‘

K-dimensional column vector; and g is a J-dimensional column vector.

5.3.2 Dynamic Programming

Dynamic programming is a powerful tool for optimizing many types
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of water resource systems, especially those involving staging and scheduling.

It is a mathematical technique which is useful for solving sequential decision

problems fo r  which a sequence of  in ter re la ted decisions, ca l led a po l i cy ,  must

be made. Although there exists no standard mathematical formulation for

dynamic programming,  i t  is an approach—oriented technique, w i t h  the  actua l

equations developed to f i t  the particular application. Many examples of i ts

application tozwater resource problems are contained in Yeh and Asfur (1971)

and Chow and Meredith 0969).

The basic components tha t  character ize water  resource systems

iwh i ch  have counterpartsin the dynantkzprogranuhing appflcation are:

l .  The problem must be divisible into what are called stages. A

stage represents a point in t ime (operational) or space (allocation) depending

on the  physical  system.

2. Each stage of the problenn ntust have a fhute nurnber of state

var iables, iNhere the  s ta te  var iable describes the  concflt ion of  the  systent a t

that stage. The state variable is discretized into several states which define

the  possible condit ions.

3. The effect of a decbion at  each stage of the probleni b to

t ransfornt t he  cur ren t  s ta te  of the  sys ten i i n t o  a s ta te  associated “Nth the

next stage. Associated with the decisions are benefits or costs referred to  as

returns which define the effectiveness of that set of decisions.

4. For a given stage and state of the system, the optimal sequence

of decisions must be independent of the decisions made in the previous

stages.
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Dynamic programming is characterized by a recursive equation.

The recursive equation is a part ial  objective function which expresses the

benefit or cost for each combination of states for a given stage in terms of

the possible decisions that can be made during that stage and the given states

of the system in the next stage that result from making these decisions. The

par t ia l  object ive fo r  stage n ,  fn(Sn’i) where i = l , . . . , l  is def ined as fo l lows in

the backwardaalgorithm case:

min
or -_ _imam) = max {rnwmpsmg o fn_1(sn_]ji)}i_1,2, . . . , I, n - 1,2, . . .,NS

dn , i

( 5 .5 )

where f n—1(Sn -1 , i )  is known, and r n (dn , i ’  5m)  is the return function depending

on the current state and decision made. The interpretation of the operator

"0" specifies how rn and f n - l  are combined to obtain fn.  For most water

resource problems this operator is normally a summation; however, i t  can be

a product or a max-min problem. By applying the recursive equation at  each

stage in sequence, beginning wi th stage 1 and terminating at  stage N5’ the

overal l  ob ject ive may be  found by  solving a sequence of re la ted problems

starting at  the last stage and processing backwards in t ime to  the initial

stage.
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5.3.3 Nonlinear Programming

Geometr ic  programming (GP) (Beightler and Phillips, 1977) is a

relatively new technique, developed for solving algebraic nonlinear program—

, ming problems subject to linear and/or nonlinear constraints. The technique

applies arithmetic—geometric mean inequality relationship to  transform a

mathematic programming problem having nonlinear inequality constraints

into an equivalent problem formulation wi th only linear inequalities. Two

basic types of problem formulation are posynomial GP and signomial GP. The

generalized geometric programming formulation can be expressed as follows.

Def ine  M+ l  general ized polynomials f 0 ,  f 1 ,  ..., fM  by

Tm K amtk  _
fme‘i): E amt  Cmt  II Xk  ,m=0 , l , 2 , . . . ,M  ( 55 )

11:1 k= l

Cmt>  O,m:0 , l , . . . , lV i ; t = l , . . . , Tm (5 .7 )

xkz  O ,k= l , . . . ,K  (5 .8)

where amt : 1'. l and is called a signum function. The primal program is

Min 150(5) (5'9)

subject t o

fm® s cm , m=1,  . . . , M (5.10)

and
Xk>  O,k :1 ,a¢ . ,K  (5 ‘ 11 )

.mlsgm
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where cm  :11. A geometr ic  programming is called posynomial i f  the values

of cmt's and om's are all +l, otherwise the problem is called signomial.

Generally, instead of solving the primal program, a dual program, in which

the constra ints a re  t ransformed t o  be linear inequal i t ies ra ther  than non—

l inear ,  is solved.

Other... constrained nonlinear programming methods using gradient

search techniques such as the reduced gradient method, etc., are useful tools

for solving nonlinear problems.

5.3.4 Select ion o f  Opt im iza t ion  Technique

Most optimization problem formulations in water resource engi-

neering are highly nonlinear. The representation of nonlinearity of the

problem formulation used in the constraints, e.g. Eq. (5.1), limit the appli—

cation of most constrained nonlinear optimization methods except DP.

Hence, the basic optimization technique adopted in this study to  formulate

the  model  for  simultaneous determinat ion o f  the  op t ima l  levee system layout

and design is dynamic programming (DP). The f lexibi l i ty of DP to  handle

various fo rms o f  cost funct ions,  design constraints,  e tc .  is o f  ex t reme

importance. In‘addition the model described here must have the f lexibi l i ty of

DP in order to incorporate risk models.

5.4 DYNAMIC PROGRAMMING TECHNIQUE

As a prelude t o  the following discussion on the dynamic program—

ming technique applied to  levee systems, it is desirable t o  define the terms:
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object ive funct ion ,  stage, s ta te ,  dec i s ion ,  and t r ans i t i on  funct ion  and to

indicate their  analogous counterpar ts  in the  levee sys tem.

5.4.1 Objective Function

The objective of employing the  DP optimization model for t he  levee

design is t o  obtain the  optimal system design which minimizes the  total  cos t .

The components involved in the  t e rm "total  cos t "  depend on the  risk issue

considered inzwthe design procedure. Basically, t he  cos t  component is

a t t r ibuted  to  the  installation cost which consists of the levee construction

cos t  and the  land purchasing cos t .  The construction cost  of levees can be

expressed as

Z C v Ln  (5 .12 )l , n :  LV. LV,n'

where 21  is the  construction cos t  in dollars of levee reach n, C-LV is unit,n

cost  of levee cons t ruc t ion  in do l la rs  pe r  cub ic  ya rd ,  VLV,n’  is t he  vo lume  of

embankment  per mile for reach n defined in Fig. 5.1, and Ln is t he  length of

reach n in miles considered. If the heights of levee at two ends of the  reach

n are  different ,  an  average value is used t o  compute  the  volume of

embankmen t ,  VLV,n  and i t s  associated cons t ruc t ion  cost  fo r  t he  r each .

The cost of land purchasing based on the assumption (3) is expressed

as

(5.13)2,n= LND,n‘ LND,n
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where 22m 15 the land purchasmg cost for reach n, CLND,  n 15 the unit cost of

land in dollars per  acre ,  and ALND n is the area o f  land encroached by  the
,

levee in acres. For a simplified channel cross section as shown in Fig. 4.2 and

described by assumption (4) the functional form for ALND n can be expressed
?

as

ll5’ ALND,n  = { (Wn-Bn )  + ZEBC + hn (Z  +Zr ) ]} '  Ln  (5 .  14 )

where w n and hn are the average width of encroachment and the average

levee he ight ,  respect ively,  i n  is the average top  width of the channel, f o r

reach n ,  Bc ’  22 , and z r  a re  def ined in F i g .  5 .1 .
1

Hence the  tota l  instal lat ion cost fo r  the  levee in reach n, rnis

' =
n Z l , n  + ZZ ,n  ( 5 ' 15 )

If the project does not consider any risk issue the objective function for this

case will be

min T IC  = 2 r l  ( 5 .16a )nn=l

where TIC is t he  to ta l  ins ta l la t ion cost ,  and N3 is the to ta l  number of reaches

considered, or
N
S .

min ATIC = 2 ré‘CRF (5 .16b)
n l
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where ATIC is the annual total installation cost, and CRF is the capital

recovery factor which brings the present worth of the installation cost to an

annual basis.

Recently, the risk-based design has been drawing more and more

attention in the field of water resource engineering. The risk-based design

incorporates the risk and associated expected damages into the design

procedure. Current practice of risk—based water resource engineering design

considers only the  hydrologic risk due to the randomness of the hydrologic

process. In addition to the installation cost described above, the annual

expected damage is taken into account in the objective function. The

mathematical representation of the annual expected damage cost considering

only the hydrologic risk can be expressed as

Em): IS: D(Qd,Q:)~ f21(Qd)-d (5,17)
where E(D) is the annual expected damage cost associated with the specified

Corresponding structure capacity, Q; damage—discharge relationship,

D(Qd,Q:), and the governing probability distribution of the loading (flood)

fz(Qd)‘ The schematic diagram for computing the annual expected damage

cost is shown in Fig. 5.2. The objective function, considering the hydrologic

risk only, is to minimize the annual expected total damage cost which can be

written as

min ATEC

I
I

M

r
-
1

'1 n- CRF + E(D)n] (5.1s)
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where ATEC is annual total expected cost which is the sum of the total

annual installation costs and annual expected damage cost. The incorporation

of annual expected damage cost into the objective function enables the

evaluation of trade—off between installation cost and damage cost.

The evaluation of annual expected damage cost considering only

hydrologic risky does not take into account the uncertainty feature of the

capacity ‘of the levee. The capacity of the levee in such circumstances is

taken to be deterministic without error. Very often the negligence of

hydraulic uncertainty might lead to an underestimate of the risk and,

consequently, the annual expected damage. Consideration of incorporating

both the hydrologic and hydraulic uncertainty to evaluate the annual ex—

pected damage cost is considered. By going through an analysis of uncer—

tainty for the levee capacity, such as first order analysis, the statistical

properties of the levee capacity can be derived. Using the probability density

function for the levee capacity, fr(Qc)’ the annual expected damage cost is

expressed as

on Q d  i -

ECD) = JOUO D < Q c ’ Q d ) ' f r ( Q c > . d Q c  I f Z < Q d ) I d  ( 5 ‘ 19 )

where the damage function D(QC,Qd), is a function of the levee capacity as

, imam,
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well as  the  loading. The annual expected damage cos t ,  Eq. (5.19) can be  used

in the Eq. (5.18) which considers the overall risk.

5.4.2 System Components

In addition to  the objective function discussed in the previous

section other system components in t he  dynamic programming technique

applied for the  levee design a re  described in the  following subsections.

5.4.2.1 Staggs

Due to the  significant meandering of many rivers, variation in land

values, variation in topography and maximum land on the  flood plain available

fo r  levee p ro jec t s ,  e t c . ,  the  to ta l  l evee  sys t em is d iv ided  in to  reaches  o r

s t ages .  If the l and  cos t  in one  reach  i s  more  expensive  than the  o the r ,  i t  is

more likely to use a levee with narrower encroachment and higher embank-

ment  in the  reach (stage) with high land cos t  a s  opposed to  use wider

encroachment  and lower embankment in the  other  reach that  all meet  cer tain

design cr i te r ia  with less cos t  associated.  Within each reach or s tage the

variation of the factors involved in the  planning or  optimization model a re

considered t o  be  small .  Also, the  division of an  en t i re  levee system into

stages within which the  river is considered to be  s t ra ight  so that  the  validity

of  app ly ing  the  uniform—flow equation is more  jus t i f i ed .  The  t o t a l  number  of

in which t he  system is divided is the  to ta l  number of s tages considered for

the DP optimization .
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To illustrate this concept a schematic diagram of river reach is

shown i n  F ig .  5.3. The channel in which the  levee pro ject  is considered is

subdivided into NS reaches, or stages as shown in Fig. 5.3a and the

simplification is shown in Fig. 5.3b. The two most upstream dividing lines (1

and 2) represent stage 1. The succeeding stages proceed downstream (toward

t he  d i rec t ion of  f low) ,  each def ined by adjacent upstream and downstream

dividing l ines, n and n+1, f o r  n= l ,  2, . . . ,  Ns ’  where Ns  is the t o ta l  number of

reaches, i.e. fiages, in the system. A stage n is analogous to the levees that

connect the upstream dividing line n and the downstream dividing line n+1.

5.4.2.2 States

The state space i n  the levee problem is two  dimensional. One s ta te

variable is the width of encroachment and the other is the height of the

levee. The input state matrix at each stage n+1 of the system is represented

by a set encroachment widths and a set of levee heights at  the downstream

side of stage n. The notation for the input state matrix at dividing line n is

—S—n‘ For each possible levee layout and design considered at stage n, the input

, and,i:l,2,...,NW’n
is the number of possible

states are defined as the set encroachment widths,{wn i }, .

levee heightsflhI1 , where l. \1,j},}:l,2,...,NH,n W,n
widths of encroachment at stage n and N is the number of possible leveeH,n

heights considered in the s ta te  space a t  upstream end o f  stage n .  in ma t r i x

form the state space in any stage n can be represented as

(5.20)

The output states are the set of encorachment widths and levee
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(a) Real Situation

Di vidin line N

(b) Idealization

Figure 5.3 Channel Reach Configuration and Levee Layout
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heights at the downstream end of each possible levee layout of an arbitrary

stage n, i.e., on the dividing line n+1. The notation for the output state

matrix is in which has the similar form of matrix representation to the input

s ta tes  as

A.
: h

én { (Wn9m’  n ’n '  NW,n+ l  X NHyn+ l  ( 5 . 2 1 )

where m : l ,  2,  . . . , NW,n+ l ’  n '  = l ,  2,  . . . , NH,n+ l '  The output  s tate space

of each stage depends on the input state space, the decision made in the

decision space, and their functional relationship is called the transition or

transformation function. The schematic diagram of two dimensional state

space is shown as Fig. 5.4.

5.4.2.3 Decisions

The independent decision variables at each stage are the changes in

encroachment width and the levee height from the upstream end to  the

downstream end of the stage for possible connection of levee design. The

increment, herein, may be positive or negative. The decision space at  stage

n,  Q“, consists of the two decision variables which can be expressed as

t o rn=1 ;2  " "ND - {(dw ,dH >} ’ 5
"n n ’ k  n i l  KXL  k= l . 2 , . . . ,K  (5 -22 )

l : l , 2 , . . . , L

where K and L are  respect ively the  number o f  possible increments f o r  the

.4”.a
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encroachment width and of the levee height considered, respectively.  The

increment of encroachment width is defined as the  difference of t he

upstream levee encroachment width (input s ta te)  and the  downstream levee

encroachment width (output state). The increment of levee height can be

defined in the same manner.

5.l+.2.l+ Transition Function

The fi’ansition function transforms the  input s ta tes  a t  a given s tage

with specified decision variables t o  the  output s ta tes .  For an arbi t rary s tage

n the  transition function can be  expressed as

Enzsnopn, n=1,2,...,NS (5 .23 )

in which "0" is an opera tor .  For t he  levee problem the  transition function can

be  wr i t t en  as

in  ={(  Wn,m ’ hn ,n '  ) }

W H41(m hm.) + (dn’k ,dn’1)}- (5 .24)

in which  i=1,  2 ,  . . . ,  NW,n’  j : 1 ,2 ,  . . . ,  NH,n’  k = 1 ,2 ,  . . . ,  K,  i = l , 2 ,  . . . ,  L,  m=1 ,

2, ..., N , and n' = 1,2, ..., NH,n+ l ’

The relationship between input s ta te ,  output  s ta te ,  and decision

w ,n+ l

variable for the  encroachment width of levees is i l lustrated in Fig. 5.5

showing the possible connection between upstream (input) and downstream

(output) s t a t e s .  Each dash line corresponds t o  an e lement  decision in the

decis ion space .  By ut i l iz ing the  t rans i t ion funct ion the  state  va r i ab les ,  i . e . ,

.wesw
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the width of encroachment and levee height on both ends of the stage can be

derived which enable the computation of the capacity of the levee by the

area—slope method using the uniform-flow equation, Manning’s formula.

Therefore,  the t ransi t ion funct ion and problem constraints,  such as capac i ty

o f  the  levee system must be  greater than a cer ta in  design f lood,  can be  used

jointly t o  define the feasible state space at each stage of the problem.

5 .4 .3  DP Ozptimization Procedure

The nature of the problem results in a highly nonlinear objective

function and constraints such that a dynamic programming approach is

adopted. Basical ly,  two  types of  system layout ,  i . e .  ser ia l  and non-serial

(branching) types, are especial ly suitable f o r  applying dynamic programming

procedures. Mays and Yen (1975) developed an optimization model for a

branched storm sewer system using dynamic programming and discrete

differential dynamic programming. For the type of problem considered

herein the levee design is a serial dynamic programming optimization;

however, the technique for nonserial or branching levees where two streams

meet  can be applied.

A serial levee system consists of segments of levees connected in

series as shown in Fig. 5.3. The manner in which the stages are linked is

given by  the  incidence iden t i t y ,  which is t he  relat ionship t ha t  the output  f r om

each stage forms the  input  t o  the nex t  succeeding stage. The downstream

encroachment width and level height of stage n+1 are expressed in vector

fo rm as

52,, (5.25)
or m ore explicitly
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{(w ”N )} 5 26
W,n+ l  N X N ( ' )

— I

x NH,n+ l  ’ n,n  W,n+1 H ,n+ ln+ia’hn+1g

For the general stage n of an Ns-stage system the stage transition

function is given by Eq. (5.23), and the return at stage n for the decisions —D-n’

the increments of encroachment width and the levee height from an initial

state §n is rn :... (én’ Q“). The explic1t functional representations of rn  can be

writ ten as 3 =

r = r '  oCRF (3.27a)n n
in which no risk consideration is given, or

_ ! .rn  - r n CRF + E(D)n (5.27b)

in which the annual expected damage, E(D)n, is brought into consideration.

The evaluation of E(D) depends on the issue of risk considered, i.e.,

hydrologic r i sk  only  or  overa l l  r isk  (both hydrologic and hydraul ic  r isk) .  F rom

Eqs (5.23) and (5.24) the upstream or input states at stage n + l are a

function of. the input states and decision variables at  stage n, and the return

at  stage n is a function of the state and decision variables at  stage n. The

system cost ,  o r  re turn ,  is the sum of the individual stage costs ( return) ,  i.e.,

s
RN 2 Z r

n : l
In the dynamic programming optimization procedure the most

n .

important concept is Bellman’s "principle of optimality," i.e., an optimal

policy has the property that whatever the initial state and decision are, the

remaining decisions must constitute an optimal policy wi th regard to  the

state resulting from the first decision (Nemhauser, 1966). The mathematical
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functional form of the principle of optimality is the recursive equation that

represent the stage-by-stage optimization of dynamic programming which

can be expressed as

in (-S-n) = Bi“ {rn(§n,gn> + in_1<§n_l>} n=l, . . . , NS (5.28)
where i n  (§n) represents the minimum cost of the system through stage n and

f0 (éo) = O.

The 3dynamic programming computations start from the most up-

stream end (stage 1) of the levee system and proceed downstream stage by

stage. The maximum and minimum allowable encroachment widths and

allowable levee heights on the upstream end and their increments of changes

for each input state are required. The feasible output state space for the

stage can be generated using the transition function and physical constraints

in the stage. The incidence identity states that the feasible output state

space of stage i is the feasible input state space for stage 2. By doing this

recursively through all the stages the feasible state space for each stage in

the system can be defined. Once the feasible state space for each stage is

defined the optimization procedure starts from stage i and proceeds succes-

sively in the downstream direction through stage Ns' For a particular

downstream (output) state, (Cvnfm , Ean'M-g-n of stage n in the system the

capacity of the levee is computed for each possible upstream (input) state

(wn i’hn j ) e  
én with which it is connected. The cost (return) associated for

9 )

stage n, rn, is computed for the capacity of possible connections of the

0 ~ 0, hm nn') to all the upstream
, 9

current downstream state considered, (CVn

states which satisfy the design flow criteria, Eq (5.1). This stage cost rn(_5_n,
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O hOn m nn') ’  is added to the
’ ,

Q“) associated with the downstream state, (w

minimum cost f n—l (§n - l )  associated wi th the upstream state wi th which i t  is

connected. This total cost rn(§n, _D_n) + f (S l )  is compared to determine
n—l -n -

whether i t  is less than the previously computed minimum cost of getting to

state (wnorhhnon ' )  at stage n. If i t  is, this total  cost will replace the previous
, , .

minimum costafor s ta te  (wnc:n , hnon ' )  as a basis f o r  fu r the r  comparison. This
9 ’

procedure is repeated unt i l  all the possible input states are evaluated for the

output state. After the minimum total  cost for each output state in stage n

is computed, the computation is then continued downstream to  stage n+1 in

the same manner and repeated until the last stage N5 is evaluated.

When the computat ional  procedures are completed fo r  the last  stage

of the system the to ta l  cost associated with each output state in the last

stage is the minimum total cost of the system for that particular f inal state.

A search for the optimal layout and design of the levee system is performed

among the final output states. Then, a trace back through the stored

encroachment widths and levee heights, and levee capaci ty  f o r  each of the

upstream stages. A f low chart showing the steps in DP approach is given in

Fig. 5.6.

5.4.4 L imi ta t ions of DP  Approach

The dynamic programming approach as described can be adaptable

for analyzing multi—stage multi-branch processes such as levee system.

However, when DP is applied in a discrete fashion to  a state space that is

continuous, there exist diff icult ies in determining the optimal solution

”was.-
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_ . _ _ . ) { E r y s t a g e n = l , 2 ,  . . . , N i
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Figure 5:6 Flow Chart of DP Approach for Serial Levee Systems
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without  a considerable increase in discretization of the state space, i.e.,

increase in the number of states of each state variable.

When DP is applied to large systems (numerous stages and states)

there are difficulties in obtaining an accurate optimal solution without a

considerable increase in computer time due to the number of possible values

(states) of the state variable. The savings realized by D P  as compared with

direct enumetion increase exponentially as the number of stages increases.

However, the comparison of the efficiency of D P  with direct enumeration

does not give a complete picture. The optimization by D P  can indeed be

computational, time consuming and expensive, especially with the evaluation

of damage functions.

Consequently, one tempts to investigate other techniques that could

possibly reduce the computer time. Several techniques based upon DP have

been developed including successive approximation, state increment dynamic

programming, and discrete differential dynamic programming (DDDP). The

DDDP technique has been successful in analyzing water resources systems,

substantially reducing the high—speed computer time and storage require-

ments (Heidari et al., 1971) and is adOpted in this study for the design of

levee systems. The procedure of DDDP is applied as an alternative and

described in the following section.

5.5 DISCRETE DIFFERENTIAL DYNAMIC PROGRAMMING (DDDP)

APROACH

The discrete differential dynamic programming approach has proven
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to  be  a very  ef fec t ive  method in the  analysis of various types  of wa te r

resources systems (Chow et  al., 1975). This method is able to  overcome the

chief l imitations of dynamic programming (DP) which include the  number of

s ta te  variables and/or  the  level of discretization of the state space.  In the

study of branched storm sewer system design using DP and DDDP, i t  was

shown that  the  use of DDDP t o  obtain an optimal solution is very effect ive  in

decreasing co‘F’nputation t ime  over that  of DP fo r  about the same  level of

accuracy of the optimal results (Mays and Yen, 1975). This is mostly because

of the level of. discretization of the  s ta te  space required in DP to  obtain

equivalent results  using DDDP.

DDDP is defined by Heidari (1970) and Heidari e t  al. (1971) as an

"i terat ive technique in which the  recursive equation of dynamic programming

is used to  search for  an improved t ra jectory among the discrete s ta tes  in the

neighborhood of a t r ia l  t rajectory."  This optimization procedure is solved

through i terat ions of t r ia l  s ta tes  and decision to  find the  optimal return

(minimum cost)  for  a system subject t o  the constraints  such that  t r ia l  s ta tes

and decisions should be  within the respective admissible domain of the s ta te

and decision spaces governed by the physical constraints  of the  problem.

In DDDP the f i rs t  s tep  is to assume a t r ia l  sequence of admissible

decisions 9“ called the t r ia l  policy, and the  s ta te  space of each stage is

computed accordingly. This sequence of s ta tes  within the admissible s t a t e

space for  different  stages is called the t r ia l  t ra jectory and can be  designated
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as Tn  f o r  n= l , 2 ,  ..., Ns ’  An  a l ternat ive procedure which in i t i a l ly  determines a

sequence of states within the admissible state space for each stage to  form

an initial t r ia l  trajectory and the t r ia l  policy (decision) for this trajectory can

be computed accordingly. In the levee system design, for example, a t  any

stage n the in i t ia l  t r ia l  trajectory connecting the upstream state (the width

n, j )  é

, the

of encroachment and height of levee) on the dividing line n,  ( w hn , i ’

>6 é. = .5..._S_n, and output state on the dwiding line n+1 ’ (wn ,m ’hn ,n '
1

t r ia l  policy, (e/k , d5; ) & Q“, for this t r ia l  trajectory can be derived by

using the t ransi t ion funct ion Eq.  (5.24). Note tha t  the capaci ty o f  t he  levee

associated w i t h  the  i n i t i a l  t r i a l  t ra jec to ry  does no t  necessarily sat is fy the

design f low cr i te r ia  because th is in i t ia l  t r ia l  t ra jec tory  is only used as a basis

to  def ine the initial s tate space.

Several different encroachment widths and levee heights in the

neighborhood of a t r ia l  trajectory can be introduced to  form a two—

dimensional band called a "corridor" around the t r ia l  trajectory. A config-

uration of corridor and t r ia l  trajectory is given in Fig. 5.7. The traditional

dynamic programming approach is applied to the states within the system of

corridors using the recursive relationship of dynamic programming to  search

for the optimal (least cost) trajectory to  define the levee system which

satisfies the constraints, i.e. design cr i ter ia. The least cost trajectory is then

adopted as the improved trajectory to  form a new corridor. A corridor

indicates the range of possible connection between input states and output
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states at  a stage. This process of corridor formation,  optimization with

respect t o  the states in the corridor and trace back to  obtain an improved

t r ia l  t ra jectory  fo r  the en t i re  system is ca l led an " i te ra t ion  o f  DDDP."

The corridor a t  stage n defined by the upstream states on the

dividing line n and the downstream states on the dividing line n+1 is

determined using the t r ia l  trajectory a t  stage n. An increment,A , of

distance between neighboring (adjacent) encroachment widths, A W’ and levee

heights, A H’  a t  both ends o f  a stage can be  used t o  fo rm a cor r idor  for  the

stage. For example, i f  a set of f ive encroachment widths or states (also

referred t o  as lat t ice points) and three levee heights are used for the

upstream end of stage n, the t r ia l  state space would be

r

( w -2A , h -A  -2  ‘ \, 1  W n ,3  H > (W ,1  AW ’ hn ,3 )  (Wn ,1  2AW ’ hn ,J+AH>

w . -  A h . -  - ‘< n31  W , 11 ,3  AH ) ( a i  AW ’ hna j )  (Wns i  Aw , hn9 j+AH)

S = ( w . , h . -—n n ,1  n,3 AH ) (Wn , i  , hn , j )  (Wn , i  , hn , j +AH)

W . +  A h . ‘A  .+  a( n ,1  W ’ n ,J  H > (Wh ,1  AW hn , j )  (Wn , i+  AW ’ hn,j+AH)

( W . +2  a h . ‘A  .+n ,1  AW n ,J  H ) (Wu 1 2AW ’ hn , j )  (Wn , i+2AW ’ hn , j +AH)

I

(5.29)

where (w . ,  hn 1 n j) is the upstream state associated with t r ia l  trajectory Tn  a t
9 9
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s t age  n.

It is apparent that the corridor must fal l  within the admissible

domain of the state space. The upper bound for the encroachment width is

t he  max imum width of. land avai lable,  and the  lower bound is the channel

width. The least cost trajectory, defining the system through optimization of

the t r ia l  corridor, is subsequently adopted as the new trajectory to establish

the improved corridor for the next iteration. This procedure is repeated to

some iteration—i unt i l  there is very l i t t le  or no improvement of the objective

function and cost associated with the optimal system is i i .  If there is no

improvement using the corridor size then the corridor size can be reduced.

and AThe increments of the  s ta te  variables A H are  reduced by  sameW

fraction and then used to set up a new corridor in which the lat t ice points in

the state space are closer together. This smaller corridor is formed around

t he  least cost t ra jectory  obtained f r om the  last i tera t ion.  The i te ra t ions

cont inue reducing AW and AH throughout the system accordingly un t i l  a

specified minimum increment or corridor size is reached.

The criterion used to  determine when the magnitude of AW and AH

should be reduced is based on the relative change of the minimum cost of the

last (i-th) i teration, i.e.,

[ / f  < s (5.30)l f " f  i-l- r1 1-1

When the rat io is. equal t o  or smaller than a specified value r the state

space increments AW and AH are  reduced to  one-half  o r  any other  desired

.MW



215

fraction of their previous value and then the i terat ions are resumed. A f low

chart of DDDP approach for serial levee systems is il lustrated in Fig. 5.8.

The factors governing the-performance of the DDDP technique are

the initial t r ia l  trajectory, the number of latt ice points used in the corridor,

the  size o f  the  state space increments of  each state variable, the  ra te  of

reduct ion of the s tate space, and the  c r i te r ion ,  e r ,  f o r  reducing AW and AH '

Two of the fnain issues concerned in the optimization technique are the

accuracy of the results and the efficiency of the algorithm. Apparently, the

choice of the initial t r ia l  trajectory close to the optimal trajectory will

natura l ly  reduce the number of i terat ions and computer  t ime  required t o

arrive at  or near the optimal. Although, in reality, choosing the in i t ia l  f inal

t ra jec tory  close t o  the  opt imal  t ra jectory may  be  impossible; there fore ,

knowledge of the problem background and engineering judgment can often be

helpful. If the number of lat t ice points in the corridor is large the reduction

in number of lat t ice points is expected to  provide improvement in computer

t ime  and memory  requirements.  However,  th is  improvement  diminishes as

the number of lat t ice points is reduced beyond a certain amount.

The choice of increment size for each iteration is an important

factor in the rate of convergence of the solution. The choice of initial t r ia l

t ra jectory  and increment  size a re  somewhat in ter re la ted.  The ra te  o f

reduction of increment size also has effect on the rate of convergence of the

solution. A fast reduction rate of A or AH provides a fast convergence intoW

the near optimal region, but the convergence becomes very slow within the

.:-uus.\.mm
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: Read  d a t a  ;

i

Define initial trajectory
for first iteration

a Form corridor from trial
trajectory, Eq. (5 .29 ) ,  with

initially assigned AW and A H

V?

Optimize by dynamic programming
for states within corridor,

Figure 5.6

Trace optimum levee system
trajectory within corridor satisfying
initial and final states, §1 and §N .

s

Y e s  Red uce  t h e  s i z e  o f

Aw and AH

N o  If

AW and/or A H

l = i + l i s  l e s s  than

desired acc urac

Set optimum trajectory from
previous iterations as trial

trajectory for next iteration

Figure 5.8 Flow Chart o f  DDDP Approach for

Serial Levee Systems
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region. Moreover, too rapid a reduction rate of the increment size may miss

the optimal region. The effect of e r  on the solution procedure is two—fold,

i.e., accuracy and computer  t ime .  The smaller the value o f  a r  provides a

more accurate solution but the number of iterations required tends t o

increase. The value of e r  for a problem usually depends on the level of

accuracy desired. Nevertheless, i t  should be noted here that the problem is

highly  nonlinear in nature,  t he  DDDP solut ion may  converge to  a local

minimum rather than a global minimum. However, in view of the uncer—

tainties involved in the input data, from engineering viewpoint a local

Optimum often is nearly as useful in practice as the global optimal (Mays and

Yen, 1975).

No a t temp t  is made in this chapter to  study the sensi t iv i ty  o f  above

governing factors on the DDDP procedure in levee design. An excellent

presentation of this aspect on the storm sewer system design is given by Mays

and Yen  (1975).
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CHAPTER 6

RISK CONSIDERATIONS A ND ECONOMIC IMPLICATIONS

6.1 INTRODUCTION

The DP and DDDP models for optimal levee design are illustrated

using data for the Guadalupe River near Victoria, Texas. This example is

given more specifically for the purpose of examining different design

philosophies (risk considerations), their associated optimal (least cost)

designs, and the resulting economic consequences. The different design

philosophies examined include:

1. Design without considering any risk with objective function

Eq. (5.16)

2. Considering inherent hydrologic risk only with objective

function Eq. (5.18) and the annual expected damage

cost,E(D),computed using Eq.(5.l7), and

3. Considering overall risk with objective function Eq. (5.18)

and the annual expected damage cost, E(D),computed using

Eq. (5.19).

As illustrated in the Chapter 4, the choice of probability model for the

loading has a significant effect on the value of the resulting risk associated

with a particular design. The effects of the least cost levee design and

economic consequences resulting from different loading probability models

218
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are also examined. The parameters in the loading probability model in this

chapter are estimated by the weighting procedure presented in section 3.2,

which uses the jackknife method to compute the variances of the sample

parameter est imates and regression analysis t o  compute the variances o f  the

regional parameter.

6.2 EXAMPLE

The por t ion o f  r i ver  considered f o r  the levee pro jec t  in this example

is  div ided into th ree  reaches, i .e. ,  there  are  a to ta l  of th ree stages, NS = 3,

involved in the DP and DDDP optimization models. The maximum width of

land available for the project in each reach is 3000 feet on each side of the

flood plain. No maximum height of levee is considered in the optimization

model. The levee for each reach must be built such that the levee capacity

satisfies the design criterion of a lOO-year f low. Three feet of freeboard for

the levee is  requi red.

In this study, the shape of the levees have a slope of 3(hor.):l(vert.)

on the river side and a #(hor.):l(vert.) on the land side. The crown width of

all levees is 6 fee t .  Hence,  t he  vo lumetr ic  content  of levees is a funct ion of

levee height  only  and can be expressed in cubic yards per m i l e  as
VLV = 1173.3 hn + 6344 hnz (6.1)

where hn = ( hum + hd ,n ) / 2 ’  hu ,n  is the levee height at the upstream end of

stage n,  and h d,n is the levee height at the downstream end. The cost of

levee construction is largely due to  the cost of soil compaction. For

simplification the cost of installing other accessories is not considered. The
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unit cost of soil compaction for common road construction is $0.86 per Cubic

yard a t  1973 prices (Basco and Rahman, i973) and is used in the optimization

model t o  compute the cost of levee construction of given height, hn, in a

reach n of length Ln (in miles)

2 = 2(o.1009 h + 588.6 h 2) ' L (6.2)
n n n n

1 ,

The length of levee on one side of the channel, Ln, (in miles) and the unit cost

of land CLNDfn ($/acre) for each reach it is tabulated in Table 6.1. With the

above information the cost of levee construction Eq. (6.2), and the land

purchasing cost Eqs. (5.13) and (5.14) can be easily computed for each

reach n .  The total installation cost is converted to  an annual basis for a 100-

year period, using an interest rate of 8%. A hypothetical relationship

between the volume of water, the flood stage, and the associated flood

damage costs are tabulated in Table 6.2. Based on the historical flood records

for the study area the t ime base for flood hydrographs is assumed to  be 500

hours. For simplification, a triangular flood hydrograph with a t ime base of

500 hours is used in the computations of flood damage associated with the

volume of water that exceeds the levee capacity.

This optimization model considers no flood routing procedure for the

levee system. Thus for an assumed triangular flood hydrograph of known

peak discharge w i t h  cer ta in  probabi l i ty  o f  exceedance and t ime  base, the

volume of water that spills over the levee of specified capacity can be easily

determined as shown in Fig. 6.1. Using either Eq. (5.17) or Eq. (5.19), this

information can be integrated to evaluate the annual expected damage cost

that is associated with levee capacity design.
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Tab le  6 .1

Uncer ta in  Cha rac te r i s t i c s  of  Hydrau l i c  Var i ab les ,  Leng th ,  and  Un i t  Land
Cost of Each Channel Reach in Levee Design

Channe l  Var iab le  Nomina1 {To le rance  Dis t r i bu t ion  Mode
Reach  va iue 1 .710. (4 .3 )

0 m 1.0000 ‘ .2000 a 0.0000
em)  230.0000 15.0000 '3 0.0000

3 SC .0005 .0002 c 0.0000 =
NC .0500 .0100 e .0520

1 A(sq.£t) 3800.0000 700.0000 d 0.0000
-_ .0017 .0010 '9 0.0000

5b .0015 .0003 a 0.0000
Nb .0750 .0150 e .0700

L(mile) .7580

CLND($/'ac) 3000.0

.1 m 1.0000 .3000 a 0.0000
5051) 235.0000 20.0000 0 0.0000

SC .0005 .0001 c 0.0000
NC .0500 .0100 e .0520

2 A(sq.f.t) 3000,0000 300.0000 d 0.0000
1 .0015 .0003 1: 0.0000

5.0 .0004 .0001 a 0.0000
Nb .0300 .0200 e .0750

L(mile) .6630

CLND($/ac) 2000.0000

7‘ m 1.0000 .1000 a 0.0000
00:) 225.0000 250000 0 0.0000

SC .0025 .0005 b 0.0000
NC .0500 .0100 d 0.0000

3 q .  ft) 3800.0000 100.0000 0' 0.0000
7. .0040 .0010 b 0.0000

5b .0003 .0002 a 0.0000
Nb .0300 .0200 e 0.0750

L(mile) 0.563

CLND($/ac) 1500.0000
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Table 6.2

Hypothet ica l  Relationship Between the Volume of. Water,

the Flood Stage, and the Flood Damage Cost

Volume-(AF) Damage (S) Flood Stage (ft)

0.000 0.000 43.000

290.000 5000.000 45.000

1250.000 20000.000 46.000

2360.000 100000.000 47.000

12390.000 400000.000 48.000

19360.000 600000.000 49.000

23500.000 1000000.000 50.000
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In order to evaluate the overall risk associated with a particular

levee capacity for reach n, an analysis of hydraulic uncertainty is required.

The basic variables with uncertainty involved in the hydraulic calculation of

levee capacity mentioned in the previous chapter and their corresponding

nominal values, tolerance, and types of distribution (Fig. 4.3) are listed in

Table 6.1. The, derivations of the mean and coefficient of variation of levee

capacity with: specified encroachment widths and levee heights at both ends r

of the reach are given in Appendix B. The levee capacity is determined using

the area—slope method (Chow, 1959).

6.3 EFFECT OF  DESIGN PHILOSOPHY

Three design philosophies, i.e., no risk, IRISK = 0; hydrologic risk

only, IRISK = 1; and overall risk, iRiSK : 2, are considered. The size of the

state space used in the DP are 3(W) x 3(H), 5 x 5, and 10 x 10 and the _'

corresponding state space increments are 2000 ft. in width and 7 ft. in height;

1000 ft. and 4 ft.; and 400 ft. and 2 ft., respectively. For example,

considering the first reach, the states for a state space of size 3(W) x 3(H) in

the D P  are

(2230,7) (2230,1#) (2230,21)

{(w1,i,hl’j)} 3,9 = (4230,?) (4230,14) (4230,21)‘ (6.3)
(6230,7) (6230,1‘4) (6230,21)

In the BBB? approach the state space used is 3(W) x 3(H) with initial states

the same as that in the DP  approach, shown as Eq. (6.3). The reduction rate

of state increments for encroachment width as well as levee height is 0.5.

The criterion in Eq. (5.30) used to determine when the increment of state
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should be reduced, 8 r  i s  0.01. The max imum number of t imes  the  cor r idor

size is to  be reduced is 5.

Table 6.3 tabulates the computer t ime in seconds required for

executing the 3-stage DP problem in this application using different sizes of

the state space and various risk considerations in the design for the case

when the flood loading distribution is log-Pearson type III. The computer

system used=is a CDC Dual Cyber 170/750 system a t  The Univers i ty  o f  Texas

at  Austin. The computer t ime required to  solve the problem is not linear

wi th respect to  the size of the. state space. This is further illustrated by

plotting the computer time required versus the state space (Fig. 6.2) for

different design philosophies. This shows that the required computer t ime

increases approximately exponentially wi th respect t o  the increase in the

number of states. A state space of 10 x 10 for IRISK : 2 was not considered

because of the large suspected computer t ime requirement. The results in

Table 6.3 il lustrate that the DDDP procedure results in a tremendous savings

in computer t ime. On the other hand the computer t ime required t o  solve the

Table 6 .3  Computer T ime ( i n  Seconds) Required t o  Execute
the 3—Stage DP Problem wi th  D i f fe ren t  Sizes o f  State
Space and Various R isk  Cons idera t ions  Using Log-Pearson
III Loading Dis t r ibut ion

Timgetmd DP DP DP DDDP
IRISK 3x3 5x5 lOXlO 3x3

0.614 2.442 33.876 2.858
1 1.017 5.227 70.985 8.103

6.882 45 .586 81.953

.mw
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problem increases with complexity of the damage function. For example

using the DDDP the computation times were 2.856 sec. for IRISK = 0; 8.103

sec. f o r  IRISK = l ;  and 81.453 sec. fo r  IRISK = 2. This is because of the

difference in damage functions integrated.

The minimum to ta l  annual expected cost and i ts  components, annual

installation cost and annual expected damage cost, for various risk considera-

tions are listed in Table 6.1% and the corresponding optimal layout and design

are listed in Table 6.5. By examining Table 6.4 the to ta l  annual expected

cost associated with the optimal design derived by the DDDP ($128,230) is

less than t ha t  der ived by  the DP  ($132,247) w i t h  10 x 10 s tates.  F rom Table

6.3 the DDDP required only 8.103 seconds of computation t ime as compared

to  70.985 seconds for the DP. Furthermore, the f inal Optimal result of levee

design is more accurately computed by the DDDP approach. These evidences

show the desirability of the DDDP approach over the DP is not only the

computer t ime saving but also the accuracy and the improvement in the

results. For no risk consideration in the optimization (IRISK = 0), the trade-

off between the installation cost and the flood damage cost is not considered.

The optimal levee system in this case is expected to  have a capacity that just

satisfies the design criterion. For instance, when the flood loading is“log—

Pearson type III distributed, the flow magnitude for a return period of 100

years is 119,398 cfs in which the parameters in the loading model are

estimated using jackknife method jointly with regression analysis. The safety

factors for the optimal levee design using DDDP for the reaches are 1.008,
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1.003, and 1.005. If damage costs are included, the optimal design changes

considerably.

The safety factors associated with the optimal design, resulting

from different design philosophies and different state space in the DP and the

DDDP, previously described for the log—Pearson type III as loading distribu—

tion, are tabulated in Table 6.6. The annual expected damage costs

associated wifh the given optimal design for the other risk options considered

are  tabulated in Table 6.7. For  example, the opt imal  design obtained by  using

DDDP without risk consideration, i.e., no damage cost is brought into the

trade-off in determining the design, is an annual expected damage cost of

$844,870, computed by Eq. (5.17) considering hydrologic risk only; while using

Eq.  (5.19) f o r  the  case where an  overa l l  r isk is  considered,’ t he  annual

expected damage cost is $1,028,322. By comparing the results presented in

Tables 6.4 and 6.7 the annual expected damage cost associated with the

op t ima l  design, which is obtained under no r isk consideration, ranges f r om 3.5

t o  10 times as large as the annual installation cost when the hydrologic risk is

considered. The annual expected damage cost computed by considering the

overall risk is even larger than that of considering only the hydrologic risk.

Based on hydrologic risk only, the annual expected damage cost is signifi-

cantly underestimated as compared to  the case when overall risk is consid-

ered. Table 6.7 provides strong evidence that the economic consequences of

flood hazards are grossly underestimated i f  no risk or hydrologic risk only is

considered. The procedures of considering an overall risk in the design are

recommended. Figure 6.3 shows the optimal layout and design of the 'levee

may»
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Figure 6.3 Optimal Levee Design Using DDDP Technidue for Log—Pearson
Type III Loading Distribution with Different Design Philosophies
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system under different  design philosophies when the flood loading distribution

is log—Pearson type III. If no flood damage cos t  is brought into consideration

in the  design process the  resulting design of the  levee is significantly

different  from those if the  flood damage cos t  is considered.

6.4 EFFECT OF LOADING DISTRIBUTION

The above results a re  based on using the log—Pearson III distribution

as the  loading probability model.  This section examines the  e f fec t  of

different  loading distributions on the  optimal cos t  and levee design. The

optimal solution and associated levee design by applying DDDP using d i f fe r -

ent loading probability models for various risk options (0, I ,  and 2) a re

presented in Tables 6.8 and 6.9 respectively. The least  cost  solution and i ts

associated optimal levee design a re  affected significantly not  only by the  risk

consideration used but also by the loading probability model chosen. For the

case when the overall risk is considered, the  least  cost  solutions range from a

value of $84,466 a year for the normal loading model to  $182,986 a year for

the log-normal loading model.  This is mainly because the  magnitudes of t he

lOO-year flow adopted as the basis for  levee design a re  so significantly

different ,  ranging from 79,783 cfs  for the  normal case  t o  136,418 cfs  for t he

log-normal case.  The optimal design of the  levee system, i .e. ,  width of

encroachment  and height of levee,  for various loading probability models

considering overall risk a re  plotted in Figs. 6.4a and b.

A composite model is also considered in the  optimization model.
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The procedure of developing a composite model is described in section 3.3. In

this example, the composite probability model is developed as Eq. (4.23) or

(4.2 4). This composite model is used to  evaluate the annual expected damage

cost, EC(D) in the DP optimization model as follows:

1. hydrologic r isk  only ,

EC(D) = 0.498IQ: D(Qd,Q§)'f£,LN(Qd)‘d
a

+ 0.5ozf”* D(Qd,Q:) fQc (6 .4 )2,LP(Qd)'d
2.  overal l  r isk  case,

Q. co d _ . . .ECQD) = 0.498 IO[IO D(QC,Qd) f r , LN (Qc )  dQC] f £ , LN(Qd)  d
as Q_ d , . . .+ 0.502 JO[f0  D(QC,Qd) fr ,LN(Qc) dQC] fg’LP(Qd) d (6.5)

Composite probability model serves as a good alternative model for

the cases when the random mechanism of flood loading is not ful ly under-

stood; and the result of. probabilistic analysis is sensitive to the model being

chosen because the composite model takes into account the model uncer-

t a in ty .



CHAPTER 7

SUMMARY AND CONCLUSION

7.1 SUMMARY

In thezwdesign and operation of water resources engineering projects

the re  exist  many uncer ta int ies re la t ing  t o  t he  hydro logic ,  hydrau l ic ,  s t ruc -

tural, and economic aspects. This study is a theoretical e f fo r t  to develop

procedures which systematically analyze the uncertainties involved in both

the hydrologic and hydraulic aspects so that the risk and the reliabil ity of the

hydraulic structure can be evaluated. Both static and time-dependent

reliabil i ty models are developed. Static reliabil ity models consider single

application of loading while t ime dependent models consider the repeated

application of loading. in order to define the statistical preperties of the

flood loading and the structure capacity, the analyses of both hydrologic

uncer ta in ty  and hydraul ic  uncer ta inty  are per formed.

F i rs t -order  analysis o f  uncer ta in ty  is especial ly suitable f o r  anal~

yz ing the  hydraul ic uncer ta in ty  in which the  capaci ty of a hydraul ic  s t ructure

is expressed as the function of several variables wi th uncertainty. Two types

of  hydrau l ic  s t ructure,  box cu lver ts  and levees, are considered in th is repor t ;

however,  the  methodologies a re  appl icable t o  other  types o f  hydraul ic

structures. The first-order analysis is applied to  Manning's equation to

239
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estimate the mean and variance (or coefficient of variation) of the hydraulic

structure capacity.

For  the  hydrologic parameter uncer ta in ty ,  a new methodology is

proposed to  minimize the variance of the parameter (mean, standard devi-

ation, and skewness) using a weighting procedure which combines a sample

parameter estimate and a regional parameter estimate to  determine the

"best" parameter estimate for the hydrologic loading model. The weight

between the sample parameter estimates and the regional parameter esti-

mates depends on the respective variances. The variance of the sample

parameter  es t imate  can be  computed by  two  nonparametr ic  s ta t is t ica l

techniques, i.e., the jackknife method and the bootstrap method while the

variance of the regional parameter estimate can be derived from regression

equations. An experimental study is performed to  examine the proposed

method of estimating the skew coefficient in the log-Pearson type III

distribution as opposed to other methods developed. The study shows that the

proposed method does the best job in estimating the skewness both in the

aspects of stability and accuracy of the estimate. Because the methodology

i s  general  enough t o  be  appl ied t o  any parameter  es t imate  o f  hydrologic

sequences, i t  is fu r ther  extended to  m in im ize  t he  variances o f  t he  es t imate

of the mean and the standard deviation.

A study applied the proposed methodology to f ive gaging stations in

t he  s ta te  of  Texas f o r  f lood f l ow  frequency analysis w i t h  several other

approaches, including the currently practiced Water Resources Council's

method. The results show that the proposed method is superior, in most
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cases, to  the other methods tested, indicating that the proposed method

provides a better means for estimating the statistical parameters of hydro—

logic sequences.

The method adOpted t o  t r ea t  the hydrologic model  uncer ta in ty  is t o

develop a composite hydrologic model by applying a Bayes theorem which

depends on the prior probability of the model, sample observations, and

parameters inT/olved in the model. Because the true value of parameters are

never known, the "be-st" parameter estimates derived by the above described

weighting procedure are used. The composite hydrologic model can be used

to  derive the composite reliabil i ty model for both static and time-dependent

cases.

An example of applying the above-described methodologies to

analyze the hydraulic as well as hydrologic uncertainties is given to  develop

the risk and reliabil i ty model for a levee system design near Victoria, Texas.

A series of risk-safety factor curves for the static as well  as for the time—

dependent rel iabil i ty models using various types of loading distributions,

normal, lognormal, Gumbel, Pearson III, log-Pearson III and the composite

model, are presented. This example demonstrates a systematic and scien—

tific-based procedure which is more meaningful to  evaluate the risk-safety

factor relationship.

As the f inal phase of this study, the methods developed to analyze

the hydraulic and hydrologic uncertainties are incorporated into an optimi—

zation framework. Dynamic programming (DP) and discrete differential

dynamic programming (DDDP) are employed to obtain the optimal design of
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the  levee  system. An example  application is u sed  t o  demons t r a t e  t he

methodology. The economic consequences of using different  design philos—

ophies, i .e. ,  ( l )  considering no risk, (2) considering inherent hydrologic risk,

and (3) considering overall risk, are  examined. The effect of the choice of

hydrologic model used in determining the  optimal solution is also examined.

7.2 CON€LUSIONS

Based  on  the  t heo re t i ca l  s t ud i e s ,  mode l  deve lopmen t ,  and  mode l

application presented in this  repor t  the following general  conclusions can be

s t a t ed :

1 .  Probabilistic procedures provide a consistent basis for  t he

sys t ema t i c  a s sessment  and analys is  of  uncer ta in t i e s .

2.  All uncertaint ies  can be assessed in two  parts ,  i .e. ,  a s

variables due t o  inherent randomness and as  er rors  of

theoret ical  o r  empirical equations.

3 .  The evaluation of risk and reliability through probabilistic

measures can be  subjected t o  logical operation by way of

t he  mathemat ica l  t heo ry  of p robab i l i t y .

4.  The probabilistic procedures can be  incorporated into opt i -

mal design procedures.

A formal  approach to the  analysis of t he  performance of a hydraulic

structures  has  been provided resulting in the following conclusions:

, (mm
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For prescribed probability distributions for the resistance

and loading, the probability of failure (or risk) can be

expressed as a function of only the mean values and

uncertainties of the loading and resistance, thus the problem

of risk evaluation involves essentially the assessment of

uncertainties, in addition to the prediction of the mean

values of the design variables.

A composite risk can be computed as opposed to just the

hydrologic risk considered in the conventional return period

design methods which tend to underestimate the potential

risk.

From the standpoint of risk—based design, it is most conven—

ient and practically desirable to describe the loading and

resistance in terms of mean values and associated uncer—

tainties.

The approach of computing the risk and reliability can be

extended quite easily to compute expected damage costs

and thereby incorporated into optimal risk—based design

procedures.

In order to accurately evaluate risk, reliability, and ex-

pected damage costs associated with the design a better

assessment of uncertainty components (or variables) be-

comes important. In the analysis of hydraulic uncertainty

the first—order analysis is applicable to derive the statistical
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properties of the capacity of hydraulic structures which are

functions of many hydraulic variables with uncertainty.

Several conclusions can be made concerning evaluation of the

hydrologic uncertainty.

1. A generalized skew coefficient can improve the accuracy of

__ determining the frequency factors provided the accuracy of

a the skew coefficient is evaluated and is taken into account

in a weighting procedure.

The proposed weighting procedure to compute the gener-

alized hydrologic parameter provides a theoretical basis and

minimizes the variance (uncertainty) of generalized param—

eter estimates which considers the variances resulting from

both sample parameter estimates and regional parameter

estimates.

Consideration should be given to the uncertainty involved in

estimating the parameters, mean, standard deviation, and

skewness in order to increase the capability of prediction in

flood frequency analysis.

The methodology proposed for reducing hydrologic param-

eter uncertainty was found to be superior to the W R C

method and others presented. The proposed methodology

has a more sound theoretical basis as opposed to the WRC

method. This method can be applied to other types of
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hydrologic frequency analysis and is applicable for any type

of distribution.

The r isk evaluation is extremely sensitive to the hydrologic

loading probability model employed; hence, the loading

model used bears important consequence and significant

. effect on the optimal design. Composite hydrologic proba-

bility models are suggested which are a better alternative

because the hydrologic model uncertainty is minimized.

It has been demonstrated in the levee design that the

Optimal result differs significantly for different design phil-

osophies adopted. The expected damage costs associated

with the resulting levee design is underestimated unless the

overall uncertainties are considered.

7.3 SUGGESTIONS FOR FURTHER STUDY

Further extensions of this research effort could include:

1. The risk evaluation procedure can be modified to integrate

the variation of generalized parameter estimates which are

associated with minimum variance. Under this situation the

knowledge of probability distribution function for the

weighted parameter estimates is required and the mathe-

matical representation of risk or reliability becomes rather

complicated in which multi-dimensional integration is inev-

itable.

cw»
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The assumption used on sample parameter est imates and

regional parameter estimates in determining the weight is

t ha t  bo th  est imates are unbias. The unbias est imate o f

sample parameters can be  der ived v ia  a r igorous mathe—

matical statistical analysis while for the regional parameter

est imates by  regression analysis the M assumption im—

posed is tha t  the  f o rm  o f  regression model  is co r rec t  which,

in fact ,  is an uncertainty. This makes the derived weighting

factor more restrictive to apply. However, this restriction

can be released by allowing one of the parameter estimates

t o  be biased. Under this c i rcumstance,  an empi r i ca l  Bayes

procedure can be used.

Hydrologic or hydraulic routing technique could be incorpo—

rated into the optimal design procedure t o  properly account

for the t ime lag and attenuation effect of a design flood

wave progressing through the levee system. The kinematic

wave or the Muskingum models are two routing techniques

t ha t  can possibly be  used in the opt imiza t ion  model .  Such

techniques require design in f low hydrographs and, conse—

quent ly ,  a more  sophist icated hydrologic analysis must be

used.

In the computation of expected flood damage the index

variables commonly  used are  e i ther  the f lood peak or the

_. amfln
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flood volume. The analysis of multivariate relationships

between the flood peak and the flood volume (or the t ime-

base of flood hydrographs) can be pursued so that a more

realistic model for estimating the expected flood damage

can be formulated.

The evaluation of the risk of structure safety in water

resources engineering projects can be extended by consid-

ering the failure mechanisms of the hydraulic structure

induced by water such as hydraulic pressure exerted on the

structure, reduction of strength due to  the erosion and

saturation, loss of foundation instability caused by seepage

and piping, etc i

Economic feasib i l i ty  is always an impor tan t  fac to r  in deter

mining whether water resources engineering projects should

be undertaken or not.  In most economic studies in the water

resource f ield either one of the two measures for the

feas ib i l i t y  of  the p ro jec t ,  i .e . ,  ne t  bene f i t  and benef i t -cost

ra t i o ,  are based on the assumption that  t he  input  est imates

used t o  calculate benefits and costs are the ”best" or the

"most  l ike ly"  t o  occur .  This procedure may  very l ikely

produce a significantly biased picture of the future without

considering the uncertainty associated with the input vari—

ables in the economic analysis. A probabilistic approach

should be used to  take in to  account t he  uncer ta in ty  of  t he
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economic aspect so that a probabilistic statement can be

made about the  feas ib i l i ty  measure used.

7.4 FINAL COMMENTS

The theoretical concepts of risk and reliabil ity analyses have been

avai lable f o r  some t ime ;  however,  the in t roduct ion of  these concepts i n t o

water  resources and hydraul ic s t ruc ture  design is only in i t s  in fancy.  A major

concern of this report has been t o  recognize and il lustrate that these

concepts can be of significance in water resources design. The imple—

mentation of these concepts into the practice of engineering is inevitable,

but wi l l  take place on a rather slow t ime scale. in any case, the real and

significant roles of probability in hydraulic structure design lie in i ts logical

f ramework f o r  uncer ta inty  analysis and t he  quant i ta t i ve  basis f o r  r isk and

safety assessment. The r isk which is a consequence o f  uncer ta in ty  is

measured by  the  probabi l i ty  of  fa i lu re .  For  th is  reason, i t  is impor tan t  t ha t

the concept of failure probability be accepted even i f  only as a relative

measure of safety  and per formance.

Un l i ke  many theore t i ca l  concepts, the  p rac t i ca l  implementat ion o f

reliabil i ty theory requires the introduction of certain approximation and

assumptions. However ,  despite cer ta in  shortcomings when very smal l  prob—

abi l i t ies a re  involved and the re luctance t o  accept the possibi l i ty of  fa i lu re ,

there are significant advantages provided by the probabilistic basis for

hydraul ic s t ruc ture  design. These have been previously out l ined.

_ MM”
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The use of statistical and probability models cannot circumvent the.

difficulties in hydraulic design resulting from the many uncertainties. in the

past these uncertainties have been treated subjectively thr0ugh the exercise

of engineeirng judgment which may be in the form of multiplicative or

additive factors. Alternatively, such judgments can be expressed in the form

of ”judgmental” probabilities. This serves to express the uncertainties in

terms of subjective probabilities which are unfamiliar and, in general,

confusing to engineers at this time. Nevertheless, such judgmental prob—

abilities may be a suitable alternative to the conventional form of expressing

engineering judgment.



LIST OF REFERENCES

Ang, A .  S-H,  "Extended Reliability Basis of  St ructura l  Design  Under Uncer -
tainties," Proceedings, SAE/AlAA/ASME 9th Reliability and Maintain-
abii ity Conference, Detroit ,  July 20-23, Annuals of Reliaiblity, Vol. 9,
pp. 642-6419, 1970.

Anscombe, FJ .  and J.W. Tukey, "The Examination and Analysis of Residuals,
Technometr ics,  Vol. 5 ,  pp.  141—160, 1963.

Basco, D .R .  and K .M .A .  Rahman, "A l ternat ive  Solutions to Water Resource
Development- -A Case Study," TR-55,  Texas Water Resources Ins t i tu te ,
Texas A‘ZSc M University, May 1974.

Beard, L.R.,  "Statistical Methods in Hydrology,” U.S. Army Engineer Distr ict ,
Sacramento, California, January 1961.

Benson, M .A . ,  "Factors  Af fect ing the  Occurrence o f  Floods in the South-
west," U.S. Geological Survey, Water Supply Paper, l580-D, pp. D1-
D72, 1964.

Bernier, 3., "Les Methodes Beyesieness en Hydrologie Statistique", Procee-
dings, l s t  In ternat iona l  Hydrology Symposium, Vol.  1, Colorado State
University, Fort  Collins, Colorado, pp. 459—470, 1967.

Bobee, B., ”The log-Pearson Type 3 Distribution and Its Application in
Hydro logy, ”  Water Resources Research, Vol .  II, No .  5, pp. 681-689,
1975. ’

Bodo, B . ,  and T .E .  Unny,  "Mode l  Uncer ta in ty  in F lood Frequency Analysis and
Frequency-Based Design, Water Resources Research, Vol. 12, No. 6, pp.
1109-1117, 1976.

Bogardi,  1., L .  Duckste in,  and E .  Castano, "Ef fec t  o f  Stochastic Model  Choice
on Hydraul ic  Design," Stochastic Processes in Water Resources En-
gineering, Ed .  by L .  Got tschalk ,  G .  L indh,  and L .  de Mase, Water
Resources Publ icat ions,  Fort  Collins, Colorado, 1977.

Bogardi,  I .  and E .  Szidarovsky, "Induced Safety A lgor i thm fo r  Hydrologic
Design Under Uncer ta in ty , "  Water Resources Research, Vol. 10, No .  2 ,
pp. 155—161, 1974.

Bogardi,  1., and M .  Zo l tan,  "Determinat ion o f  Degree of  Pro tec t ion  O f fe red
by  Flood Levees and the  Economic Improvement Thereof , "  Depar tment
fo r  Flood Cont ro l  and River  Train ing,  Nat iona l  Water Au thor i t y ,
Budapest, Hungary,  1968.

250



«m

251

Box, G.E.P. and D.R. Cox, "An Analysis of Transformation," Journal of the
Royal Statistical Soc ie ty ,  Series B, No. 2, 196% pp. 211-252.

Castano, E., L. Duckstein, and l. Bogardi, ”Choice of Distribution Functions
for Hydrologic Design," Water Resources Research, Vol. 14, No. 4, pp.
643—652, August, 1978 .

Chow, V.T., Open Channel Hydraulics, McGraw-Hill Book Co., New York,
1959.

Chow, V.T., ed.', Handbook of Applied Hydrology, McGraw—Hill Book Co., New
York, 19264.

Chow, V.T., and D.D. Meredith, "Water Resources Systems Analysis, Part IV.
Review of Programming Techniques," Civil Engineering Studies, Hy-
draulic Engineering Series, No. 22, University of Illinois at Urbana-
Champaign, Illinois, July 1969 .

Chow, V.T., D.R. Maidment, and G.W. Tauxe, "Computer Time and Memory
Requirements for D P  and D D D P  in Water Resources Systems Analysis,"
Water Resources Research, Vol. 11, No. 5, pp. 621—628, October 1975 .

Conover, W.J., Practical Nonparametric Statistics, John Wiley 5: Sons, Inc.,
1971 .

Conover, W.Cl., "Introduction to Bayesian Methods Using the Thomas—Fiering
Model," Water Resources Research, Vol. 7, No. 2, pp. 406-409, 1971 .

Cook, R.D., "Detection of Influential Observation in Linear Regression,"
Technometrics, Vol. 19, No. 1, pp. 15—18, Feb. 1977.

Cornell, C.A., ”First-Order Analysis of Model and Parameter Uncertainty,"
Proceedings, International Symposium on Uncertainties on Hydrologic
and Water Resources Systems, Vol. 3, pp. 1245—1274, Tucson, Arizona,
1972.

Crutcher, H.L., "A Note on the Possible Misuse of Kolmogorov—Smirnov
Test," Journal of Applied Meteorology, Vol. 14, pp. 1600—1603, 1975 .

Daniel, C. and F.S. Wood, Fitting Equations to Data, Wiley lnterscience, 1971.

Davis, D.R., C.C. Kiesiel, and L. Duckstein, "Bayesian Decision Theory
Applied to Design in Hydrology," Water Resources Research, Vol. 8,
No. 1, pp. 33—41, 1972 .

Davis, C.V., and K.E. Sorenson, Handbook of Applied Hydraulics, McGraw—
Hill Book Company, 1969.



252

DeGroo t ,  M.H. ,  Probability and S ta t i s t i c s ,  Addison Wesley  Publ i sh ing  Com—
pany, 1975.

Draper ,  N.R. ,  and  H .  Smi th ,  Appl ied  Regre s s ion  Analys i s ,  John  Wiley and
Sons ,  Inc . ,  N .Y . ,  1966.

Ef ron ,  B . ,  ”Boots t rap  Me thods :  Another  Look at  t he  J ackkn i f e , "  Technica l
Repor t  No .  32 ,  Division of B ios t a t i s t i c s ,  S t an fo rd  Un ive r s i t y ,  S t an fo rd ,
California,  July,  1977.

Efron, 13., "Computers and the Theory of Stat is t ics :  Thinking the  Unthink-
ab le , "  Technical  Repor t  No .  39 ,  Division of Bios ta t i s t i c s ,  S t an fo rd
University, Stanford,  California, June,  1978.

Fisher, R.A., "The Moments of the  Distribution for Normal Samples of
Measures of Departure from Normality," Proc.  Royal Society London,
(A), Vol. 130, pp. 16-28, 1931.

Gumbel, 13.3., "The Calculated Risk in Flood Control,” Applied Science
Research,  The Hague, Vol. 5A, pp. 272-280, 1955.

Haan ,  C .T . ,  S t a t i s t i c a l  Me thods  in Hydro logy ,  The  Iowa  S ta t e  Un ive r s i t y
Press ,  1977.

Hardison, C.H.,  "Generalized Skew Coefficients of Annual Floods in t he
United S ta tes  and Their Application," Water Resources Research,  Vol.
10, No. 4, pp. 745—752, April 1974.

Heidari, M., "A Differential  Dynamic Programming Approach to  Water
Resources Systems,” Ph.D. thesis, Department  of Civil Engineering,
University of Illinois a t  Urbana-Champaign, Urbana, Illinois, 1970.

Heida r i ,  M. ,  V.T.  Chow,  P .V .  Koko tov ic ,  and  DD.  Mered i th ,  "D i sc re t e
Differential  Dynamic Programming Approach to  Water Resources
Systems Optimization," Water Resources Research,  7(2), pp. 273-282,
1971.

Hogben ,  D . ,  S .T .  Peavy ,  and R .N .  Varne r ,  OMNITAB II, Use r ' s  Refe rence
Manual, NBS Technical Note 552, U.S. Department  of Commerce,  1971.

Kapur ,  K .C .  and 1..R. Lamberson ,  Rel iab i l i ty  in Eggineering Des ign ,  John
Wiley and Sons, Inc., New York, 1977.

Kiesiel, C.C. ,  "Stochastic Hydraulics in Relation to  Hydrology and Decision
Theory," Stochastic Hydraulics, l s t  International Symposium on Sto-
chast ic  Hydrau l ics ,  pp .  710-728, 1971.



253

Ki t e ,  G .W. ,  Frequency and  Risk  Analysis in Hydro logy ,  Wa te r  Resou rces
Pub l i ca t i ons ,  Fo r t  Col l ins ,  Co lo rado ,  1977.

Li l l i e fo r s ,  H.W.,  "On t he  Ko lmogorov-Smi rov  Tes t  fo r  Norma l i t y  w i th  Mean
and  Variance Unknown,"  Jou rna l  of Amer i can  S t a t i s t i c a l  Assoc i a t i on ,
Vol. 62 ,  pp .  399 -402 ,  1967.

Li l l i e fo rs ,  H.W.,  "On t he  Ko lmogorov-Smi rov  Tes t  fo r  t he  Exponen t i a l  Distri—
but ion  wi th  Mean  Unknown,"  Jou rna l  of Amer i can  S t a t i s t i c a l  Assoc i -
a t i on ,  Vol. 64 ,  pp .  387-389 ,  1969.

Li l l i e fo r s ,  H.W.,  ”The  Kolmogorov—Smirnov and  Othe r  D i s t ance  Tes t  fo r  t he
GammazDis t r i bu t ion  and  fo r  t he  Extreme—Value D i s t r i bu t ion  When
Paramete r s  Must be Estimated,"  George Washington University, Sup-
por t ed  in pa r t  by  U.S.  Depa r tmen t  of Commerce  Con t r ac t  1 -35214 .

McCuen ,  R .H . ,  "Map  Skew,"  Jou rna l  of t he  Wate r  Resou rces  P lann ing  and
Managemen t  Divis ion,  ASCE,  Vol. 105 ,  WRZ, pp .  269—278, Sep tember ,
1979.

Mallows, C.L., "Choosing Variables in a Linear Regression: A Graphical Aid,"
Paper presented a t  t he  Central  Regional. Meeting of t he  Inst i tute of
Mathema t i ca l  S t a t i s t i c s ,  Manha t t an ,  Kansas ,  May  7—9, 1961+.

Mata l a s ,  N .C .  and  Benson ,  M.A. ,  "No te  on  t he  S t anda rd  E r ro r  of t he
Coe f f i c i en t  of Skewness , "  Wa te r  Resou rces  Resea rch ,  Vol.  4 ,  No .  1 ,
1968.

Mata l a s ,  N .C . ,  J .R .  Wall is ,  "Reg iona l  Skew in Sea rch  of a Pa ren t , "  Wa te r
Resources  Resea rch ,  Vol. 11 ,  No .  6 ,  pp .  815—826, 1975.

Mays ,  L.W.,  "Op t ima l  Des ign  of Cu lve r t s  Under  Unce r t a in t i e s , ”  Jou rna l  of  t he
Hydrau l i c s  Divis ion,  ASCE,  Vol. 105 ,  No.  5 ,  May  1979.

Mays, L.W., "Optimal Risk Based Design of Water Resource Projects ,"
Proceedings, international Symposium on Risk and Reliability in Water
Resources ,  Un ive r s i t y  of Wa te r loo ,  Wa te r loo ,  On ta r io ,  Canada ,  June
1978.

Mays ,  L.W.,  and  BC.  Yen ,  "Op t ima l  Cos t  Design of Branched  Sewer  Sys -
t ems , "  Wa te r  Resou rces  Resea rch ,  Vol. 11 ,  No.  1, pp .  37—47, Feb rua ry
1975.

Mil le r ,  R .G . ,  "The  Jackkn i f e—A Rev iew,”  B iome t r ika ,  Vol. 6 ,  No .  1 ,  pp .  1-17 ,
1974 .

Nemhause r ,  G .L . ,  i n t roduc t ion  to  Dynamic  P rog ramming ,  John  Wiley and
Sons ,  l nc . ,  1966 .

”may W'w



l(
%

254

Tang, W.H.,  L .W.  Mays, and H .G .  Wenzel, "Discounted Flood Risks in Leas t -
Cost Design of Storm Sewer Networks, Proceedings, Second Inter-
nat iona l  IAHR Symposium on Stochastic Hydraul ics,  Lund,  Sweden,
August 1976.

Tang, W.H.,  L .W.  Mays, and B .C .  Yen,  "Opt ima l  Risk-Based Design of Storm
Sewer Networks , "  Journal  of  the  Environmental  Engineering Div is ion,
ASCE, Vol. 101, No. EE3, pp. 381—398, June 1975.

Tang, W.H. and B.C. Yen, "Hydrologic and Hydraulic Design Under Uncer-
ta in t ies ,  «Proceed ings ,  In ternat ional  Symposium on Uncer ta in t ies  in
Hydrologic and Water Resources Systems, Vol. 2 ,  pp .  868-882, Tucson,
Arizona,=l972.

Tasker, F .D . ,  "F lood Frequency Analysis w i th  a General ized Skew Coef -
f ic ient," Water Resources Research Vol. 14, No. 2, pp. 373—376, Apri l ,
1978.

U.S. Water Resources Council, Hydrology Committee, "A  Uniform Technique
f o r  Determin ing  F lood F low Frequencies," Bu l le t in  15, Washington,
D.C., 1967.

U.S. Water Resources Council, Hydrology Committee, "Guidelines for Deter-
mining Flood Flow Frequency," Bulletin 17, Washington, D.C., 1976.

Vicens, (3.3., I .  Rodriguez—lturbe, and J .C .  Schaake, J r . ,  "A  Bayesian F rame-
work for the Use of Regional Information in Hydrology," Water R -
esources Research, Vol. 11, No. 3, pp. 405—414, 1975.

Wallis, 3 .R. ,  N .C .  Matalas,  and IR .  Slack, "Just  a Moment ! , "  Water Re -
sources Research, Vol .  10, No .  2 ,  pp.  211-219, August 1974.

Wat t ,  W.E., and K .C .  Wilson, "A l lowance fo r  Risk and Uncer ta in ty  in t he
Optimal Design of Hydraulic Structures," Proceedings, international
Symposium on Risk and Rel iab i l i ty  in Water Resources, Un ivers i ty  o f
Water loo,  Water loo,  Ontar io,  Canada, June 1978.

Wood, E .F . ,  and i .  Rodriguez—Iturbe, "Bayesian Inference and Decision Making
for Extreme Hydrologic Events," Water Resources Research, Vol. 11,
No. 4, pp. 533-5412, 1975a.

Wood, E.F., and I. Ridriguez—Iturbe, "A  Bayesian Approach to  Analysing
Uncer ta in ty  Among Flood Frequency Models? Water Resources R -
esearch, Vol. II, No. 6, pp. 839-843, 1975b.

Wood, E.F., "An Analysis of Flood Levee Reliabil ity," Water Resources
Research, Vol. 13, No. 3, pp. 665—671, 1977.



Yeh,

Yen,

Yen,

Yen,

255

W.W-G, and H .  Asiur, "An Annotated Bibliography on the Design of
Water REsources Systems," Contr ibut ion No .  134,  Water REsources
Center ,  Univers i ty  o f  Ca l i fo rn ia ,  Los Angeles, March  1971 .

B.C., "Risks in Hydrologic Design of Engineering Projects," Journal of
t he  Hydraul ics Div is ion,  ASCE, Vol .  96,  No .  HY l ,  pp.  223—252, January
1970.

B.C., "Safety Factor in Hydrologic and Hydraulic Engineering Design,”
Proceedings, International Symposium on Risk and Reliability in Water
Resources, Univers i ty  o f  Waterloos, Water loo, Ontar io ,  Canada, June
1978.

BC.  and A.H-S Ang, "Risk Analysis in Design of Hydraulic Projects,"
Stochastic Hydraul ics,  l s t  In ternat ional  Symposium on Stochastic Hy -
draulics, pp. 694-709, 1971.

Yevjevish, V., "Risk and Uncertainty in Design of Hydraulic Structures,"
Stochastic Processes in Water Resources Engineering, Ed. by L .  Gotts-
chalk ,  G .  L indh,  and L .  deMare, Water Resources Publ icat ions, For t
Collins, Colorado, 1977.

Young, G .K . ,  Ch i ld rey ,  M .R . ,  and Tren t ,  R.E. ,  "Opt imal  Design of Highway
Drainage Culver ts , "  Journal o f  the  Hydraul ics Div is ion,  ASCE, Vol .
100, No .  HY7 ,  pp.  971-993 ,  July 1974 .

Zelenhasiz, E . ,  "Theoret ica l  Probabi l i ty  Distr ibut ions fo r  F lood Peaks,"
Hydro logy Paper No .  142 ,  Colorado State Univers i ty ,  Fo r t  Collins,
Colorado, November 1970.

Mama».



APPENDIX A

REGRESSION ANALYSIS FOR REGIONAL STREAMFLOW

CHARACTERISTICS IN THE CENTRAL AND  EAST PART OF  TEXAS

A.l INTRODUCTION

In this appendix regression analysis is applied to define the regional

streamflow characteristics and their variances. Hydrologic data for the ~

Southwestern part of the United States (Fig. 3.8) is used. This region

comprises most of Texas and New Mexico, and small parts of Louisiana and

Colorado. Benson (1964) applied regression analysis for this region to relate

the flood magnitudes of specified return periods to meteorological and

physiographical characteristics. The region was divided into two subregions

based on the mechanism as to how the floods are generated. Based on

Benson's study the floods in the northwestern corner of the region are

produced by snowmelt and in the remaining portion of the region the floods

are caused by local thunderstorms or widespread tropical storms. Benson

related the flood magnitudes for each of the two subregions to a different

set of meteorological and physiographic characteristics. The regression

equations are for the subregion in which the floods are produced by the rain

storms. Gaging stations having a minimum of 30 years of streamflow records

were selected. The locations of the gaging stations used are shown in Fig. 3.8

and are listed in Table A.1.
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Table A. l  List of  Streamflow Gaging Stations in Southwestern

United States Used fo r  Regression Study

STA.  an .  LnCATlnh  Mn;  QECDQO
auysmgm RAYGU n53 CANNES NEAR FUNICE, LA,  39
Aniafiafl  RAYUU NEZPIQUE MEAP BASILE; LA,  39
nwg3nuw CALCASIEH WIVEP NEAP GLENMDRA. LA;  3“

Rm13§nfi ,CALCASIEU QIVER NEAR DREPLIN, LA,  a1
sfisugwfi WHISKY CHITTO CREEK NEAR OBERLIN, 38
8315$nfi a RUNDICK CQEEK NEAR any  CREEK. LA. 31 ’
i bdém RECKNITH CREEK NEAR nEnu Ic ,  LA .  32
Raigfififi LAKE ax  CREEK NEAQ QUITMAN, TEX. an
8819539 RIG SANDY CQEEK NEAR BIG SANDY, TEX; 39
Ragfimwfi SARIME RIVER NEAR GLADEwATER, TEX.  ua
asgasfiW SAHIME RIVER AT LQGANSPQRT, LA .  5a
aggnsafl  SABINE RIVFQ NEAP QuL IFF ,  TEX.  55
nfi32ggfi MECHFS RTVEP NEAR MECHES. TEX. 39
““325é? HECHES QIVER NEAR ALTO, TEX, 3s
Raggagfi  MECHES QTVEP NEAR D IRQLL:  TEX.  “5
AVA-535% ~22 :q  wrven NEAR MCKLAND. TEX. 758W3JSMM MUD CRFEK NEAR JAEKsDNVILLE, TEX; 39
Au37aga ANGELINA PIVER NEAP LUFKIN, TEX, Ag
awuignm MECHES RIVER AT EVAnALE. TEX ,  61
”Pu l imfi  V ILLAGE CREEK NEAR KGUNTZEo TEX.  “2
Rwunmwfi R IG  SAMOV CREEK NEAR BRIDGEPORT. TEX .  01

snu7sw¢ CLEAR Fopx  TRINITY 9 AT FDRT WORTH Tax ;  55
aau80w9 WEST FOPK TRINITY 9 AT FORT WDRTH TEX. 57
aw$7m¢a TRINITY RIVEW AT DALLAS. TEx; 73
memes  FAST mm: TRINITY DIVER m2 ROCKWALL. rev :  3m
awa3swa RICHLAND CREEK NFAR RICHLAND, TEX.  39
Nausea. CHAMREQS CREEK NEAR CORSICAMA: TEX; an...
Bgfififififi TRINTTY DIVEP NEAR QAKWQOD, TEX, 55
adbbsnm TPINTTY QIVER AT ROMAYOR. TEX .  SA
Rmhgflfifi WEST FORK SAN JACINTD R “P  CONDOS, “5
swaasmw SPRING CREEK NEAR SpRING.  TEX.  38
Rahgfiwfl  CYPRESS CREEK NEAR wESTF IELD.  TEX.  35
nw7nawfi  EAST FK SAN JACLMTH RIVER MR CLEVELAN"  TEX.  37
Rw7m56fi CANEV CREEK NEAR SPLENDDRA. TEX, 3a
amVusefi  WHITEDAK BAYDU AT HDUSTQN, TEX .  as

gfi7gwn® RRAYS RAYQU AT HnUSTGN.  TEX ,  a3
amaasafi DOUBLE NT FQRK ERAZnS R NR ASPERMOMT; “9
awflgsem qzns  RIVER AT SEVMUUQ, TEx; 47
aaauwfiw CLEAR FORK BQAZUS DIVER AT NuGENT,  SM
“$89fififi BRAZDS RIVER NEAR PALQ PINTO: TEx; 5g
gnolsfim PALUXY RIVER AT GLFN ROSE; TEX. 31
aao3swm ANUILLA CREEK NEAR AQUILLA, TEX 33
RflQSQwV MOQTH QUSQUE RIVFR NEAR CL IFTON.  TEX .  47

anqbgmm RQAZOS RIVER AT WACQ; TEX, 7S
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T a b l e  A. l  — continued

Sta. No.  Location No.  Record

“ 4995 “ “  LEDM PIVEQ NEAR HASSE, TEX ,  39
Ric/2515‘}?! LEHM a im /E f f ;  MEN?  BELTF ‘N ;  TEX ,  33

R1mqwmm LAMPASAS vgp  AT ynumnsp i '  TEXL  U8

8151 ‘SHKE'5  SAN GAH§TEL  R IVEp  AT  GEUQGETQWN'  TEX .  “ 1

a1m55afl  L ITTLE  QTVEP AT (AMFRDM,  TEX,  5a

“119““? VEGUA CQFEK NEfifi  SOMERVILLE: Tax; 53
8115453175 ”  MAVASUTA R IVER NF’AR E 'ASTERLY.  TEX ;  d7

fi l l uflwfi  RRAZQE QTVEQ AT PICHMUNQ’ TEX ,  39

“1255a? CfiLnQAnn PIVEH AT BALLTNGER, 75x ;  53
R1979”);1 ELM CPEEK AT BALLIMGFR, 75x .  43
BIPBGWAR SOUTH CDNCHC] R'IvER AT CHRISTDVAL,  TFY .  £31.:

“1255*” ~“InDLE CONCHD PIVEP NEAR TANKERSLY. TVV. 31
a131wmm SFQIMG CREEK NEAP TANKERSLV. TEX ,  3m 3
913 .55 ‘09  3 MDQTH CUNCHU R IVER AT  STEQL ING C ITY ,  TEX ;  3b

913 “ ” ” “  “09TH CHNCHD RIVER MP £ARLSBAD. TEX. 51
ntsoamw COMCHD QIVER NEAR SAN ANGELO: Tax; 53
ni3o5@@ CUNCHU QIVER AT PAINTRQCK’ Tfix ;  an
8 ‘38 " ” ”  “GLDQAQW ”IVER AT WINCHELL. Tax, 3g
fi l uuswm SAN SARA RIVER AT MENARD.  Tax. 57aluSmwm anv  CREEK AT BQADY: TEX.  um
h iubflflz  SAN SARA R IVER AT SAN SARA.  TEX,  39

31079 ‘39 ‘  CULOQADO R IVER NEAR SAN SABA,  TEX ’  £32

n1ua5wa ”O”TH LL‘NU FIVE? NEAR JUNCTION. TEX. 51alfimawfi  LLANO 31VEQ MEAD JUNcTIoM, TEX, 5%
Rsfi lfiwm LLANn Q IVEp  AT LLAMn,  TEX .  35

RI535MM PEDEPNALES RIVEQ MFA” JDHHSQN C ITY ,  T i x .  31
8155mn¢ CULORAOD RIVER AT AUSTIN, TEX. 75
BIbSSWfi LAVACA RIVER AT HALLETTSVILLE, TEX; 39
Rib /49%. “  LAVACJ-‘x Q IVED NEE?  EDNA,  TEX.  35

a lbaa  MAVIHAD RIVER NEAR QANADO, TEX. 35
R167Mflfi  GUADALUPF P IVEP AT CQMFQQT’  TEX ,  51

“1555”” GUADALflgfi 9 AB CUMAL R AT NEW BRAUNFELS TEX. a5
“1713@” RLANCU RIVER AT WIMRFRLEYa TEX. S1
817899 .41W SAN MAQCDS R IVER AT  LUL ING)  TEX .  38

“173””? ”L”” CREEK NEAR LULING. TEX. 41m.
817 “5 “ ”  GUADALHPE ”IVEp AT VICTORIA, TEX} an
“ 1795174"2 '  MEDINA R IVER NEAP P IPE  CREEK;  TEX .  35

RIRSGBH CIROLU CREEK AT SELMA. TEX, 3w
R1Rbflwfi CIROLU an NR FALLS CITY TEX, a3

“1855”“ 5A“  ANTDNIO RIVER AT GQLIAD. TEX. db3159 ‘3 “  ”ISSTUN QIVER AT REFUGID 15x; 35
s1cwmwfi  MHECES RIVER AT LAGuMA. TEX .  53
Bloammm MuECES QIVEH BELOW UVALDE, TEX .  38
31939 .75 ) “  MUECFS Q IVFQ HEAD ASHERTUN;  TEX .  38

“1° “ “ ” “  HUECES QIVFR AT curuLLA. TEX; A9
quswfi  MUECES RIVER NEAp T ILDEN.  TEX, 37
a lofinwm FRIQ  RIVER AT CUNCAN, TEX ,  51
8198MB? SARINAL QIVER N552 SABINAL, TEX, 33
8aw583m FRIO QIvFR NEAR nggny ,  TEX, 59
Rafi ' f ’flflm FRID  9 ] : n  AT CALL IHAM)  TEX,  38

“3 “ “ “ ” “  ATASCDSA RIVER AT wHITserT. TEX. 42
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The basin and meteorological characteristics used as independent

va r i ab les  a re  as f o l l ows :

l .  Ad: contributing drainage area, in square miles;

2. 5%: main channel slope (85 to 10 percent point), in feet

per m i l e ;

3. { St :  Percentage of area in lakes and ponds, increased by

2 1 percent ;

4. L :  t o ta l  length  o f  ma in  channel, i n  mi les ;

5 .  I: lO—yr., 24—hr. ra in fa l l  in tens i ty ,  i n  inches;

6 .  Mt :  Mean annual number o f  thunderstorm days;

7. Rt :  rat io of runoff to  precipitation during months when

annual peak discharge occur.

The above seven variables were adopted from Benson (1964) and the respec-

t ive values of these variables for each gaging station are tabulated in Table

A2 .

The appl icat ion o f  regression analysis t o  t he  regional s t reamf low

character is t ics serves two  purposes. One is t o  es t imate  the  value of

streamflow characteristics on a regional basis. The other is to determine the

variance of corresponding regional estimates. The principles of linear

regression analysis such as tes t ing the  va l id i ty  of  the model ,  analysis o f

residuals, detec t ion o f  in f luence points,  select ion o f  "best"  model ,  e t c . ,

discussed in Chapter 3 were used. The regional streamflow characteristics

computed are  Zr ’  5 GZ , which are the  mean, standard deviat ion,  and
r

Z ir
skewness ,  r espec t i ve l y ,  o f  the  s t r eam f l ow  o f  o r i g i na l  sca le  and  Y , 5 , G

r y r  r
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representing the mean, standard deviation, and skewness of log—transformed

streamflows, respectively. The corresponding value of the above six stream—

flow characteristics for the gaging stations are listed in Table A.3. The

computer package OMNITAB developed by Hogben, e t  al. (1971) was used

because of i ts f lexibi l i ty for computing statistics such as the studentized

residual,  moment  a rm ,  Cook's distance, e t c . ,  which o ther  packages do no t

provide. The following subsections provide a brief. description of the

regression analysis performed t o  determine the mean and variance of the

statistical parameters.

A.2 REGRESSION EQUATION FOR MEAN OF STREAMFLOWS

Regression ”equa t ions  for the mean and the variance of the mean of

the streamflows (Zr) as a function of the independent variables were

developed. The f i rs t  attempt was made relating 7r with the seven hydro-

log ica l  variables (A  d ’  S t ’  S t ’  L ,  I, Nt ’  and Rt )  in l inear f o rm  as

Zr=BO+B lA  d+  825 +835t +B l l -  L+

B561MB+87Rt+  51 (A . l )

where the 8's are the regression parameters t o  be determined and 81 is the

random er ro r .

The estimators of the 6's, [3 , and their associated t-statistics, r252),

and c; are listed in Table AA .  The normality assumption can be justified

since the probability plot shown in Fig. A . l  is approximately linear. The plot

of the standardized residual, i.e., e l  i / 3 , vs .  the predicted dependent vari—
,
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Table A.3 Screamflow Characteristics for Each Gaging  Station
in Southwestern United States Used for Regres s ion

Study
\3113.23.10. 2:: $21. 62" Y r  3’” Gyr
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Table A.3  — continued

Sta. No. 2 s G Y s G
r Zr  Zr  1: y r  y r
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able, 2r showed an uneven distribution in the data (Fig. A.2) where e l  i is the
,

estimate of the residual, El for the i - th data. The right most point has the

largest Cook‘s distance which is several times larger in magnitude than the

rest of the points. This indicates that this data point has a significant

influence on the regression result.

The scatter plots, shown in Fig. A.3 are typical for the residual (e1)

vs. Ad, St ’  and L .  Fig. AA,  which is a plot of residual (e1) vs. main channel

slope (5 2)’ shows that the scatter is more or less uniformly distributed over

the range of data as desired. Other scatter plots for the residual (e l )  vs. I ,

N t ’  and Rt ’  showed that  the variance o f  residuals decreases as the value of

the independent variable increases. The scatter plot for e1 vs. N t shown in

Fig. A.5 is typical for  this case. This dependence of scatter on the level of

variables indicates that the assumption of constant variance is not satisfied.

A second attempt modified Eq. (A . l )  to  the multiplicative form as

80 B l  E‘2 83 54 B5 86 87 62
L I eN R2 t t t (A ' z )

The logarithmic transformation of the above equation is linear so an 01.5

analysis was applied. The regression parameters estimated are shown in

Table AA .  The square of the correlation coefficient r2 and the adjusted

cor re la t ion  coef f ic ient  72,  are higher than those fo r  the  previous model ,  (Eq .

A. l ) .  The standard error of estimates, 3 , for models, Eqs. (A . l )  and (A.2) are

not comparable because of the different model form. The probability plot of

standardized residuals in Fig. A.6, indicates that the normality assumption

.r-ammmrw
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for dispersion of 22 or 2.1112!) for given independent variables is satisfied.

Hence, the distribution function of 7r is log-normal. The mean and the
.. *-

variance of Zr  for a given independent variable 35 can be calculated using the

following equations:

Eér l  5*) = exp.(M' +82/2) (A.3)

.. —- * 2 — * 82: Var (Zrlgg )= E (Zrlg )‘(e —l) (AA)

where Bill 5?) is the mean of Er for an independent variable given 5*, M' is

the mean of lid?!) for a given )_<_*’ 82 is the variance of mi) provided by

the regression equation and Var(-Z_rl 93*) is the variance of Zr '  For the second

model (Eq. A.2), the variance of Z for the E is no longer constant. The

scatter plot of standardized residual, vs. the predicted value of 6377:), has an

approximate uniform spread as shown in Fig. A.7. This indicates that the

assumption of constant variance of 5211(2) is satisfied. The scatter plot of e2

vs. Ian (A d) shown in Fig. A.8 is acceptable. Scatter plots for 52.n(L), 52.n(I),

5Ln(Nt),and 52.n(Rt) are similar to  Fig. A.8. However, the scatter plot for

£n(52), Fig. A.9, clearly shows the existence of a wedged shape of spreading,

indicating that the variance of 32.n(7r) with respect to 52.n(52’) is not constant.

Since i t  has been shown in Fig. All that the residual plot of e1 vs. SQ

presents a fair ly uniform spreading, the model was then modified t o

mgr) = 80  + 81  52.n(Ad)+ 8251+  53 5Ln(5t) + 34 2n(L)

+ 35 ll.n(I)+ 56 Zn(Nt)+ s7 5Ln(Rt) + £3 (A.5)

The result of the 01.5 analysis for this third attempt is shown in Table A4 .
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As can be seen the values of r2, ? 2 ,  and 8 have been improved. This

evidence shows that the model of Eq. (A.5) is "superior" to Eq. (A2). Based

on the principle of parsimony the independent variables having l i t t le contri-

bution were then deleted from the model.

In a fourth attempt the independent variables I and N t were deleted,

because their t-statistics indicate that they are not statistically significant.

The deletion of I and N t results in decreasing a value of r2  and an increasing

value of r—z. All the residual plots, except e3 vs. 2n(St), present desirable

features. The scatter plot of e3 vs. £n(St), shown in Fig. A.lO, indicates that

the variance decreases as 2n($t) increases. This situation can part ly be

explained as follows. The uneven positioned data with most of the points

clustering on the lef t  side indicates that a large proportion of the river basins

have l i t t le  surface storage, which is typ ica l  in semi-ar id  regions. For" t he  run '

associated wi th  regression model ,  Eq.  (A5)  there  is  very  l i t t le  var iat ion in

the Cook's distance for all the data points for the 95 gaging stations, implying

there exists no point that has large influence on the parameter estimation.

Mallows Cp value corresponding to  each model is plotted in Fig. A.lLThe

regression model for the fourth attempt relates the mean of streamflows (—Zr)

and the hydrologic variables are given as:

mar) = 6.442 + 0.634 £n(Ad) + 0.064 SQ - 0.730 2,n(5t)
—0.259 Jana.) + 0.400 2n(Rt) (A.6)

The mean and variance of 2r can be computed using Eqs. (A.3) and (A.l+). The

procedure used was f i rst  to  determine the "correct" form of the model by
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examining the validity of assumptions, then choose the ”best" subset of

independent variables in the model.

A.3 REGRESSION EQUATION FOR STANDARD DEVIATION OF

STREAMFLOWS

Regression equations for the mean and variance of the standard

deviat ion of  s’geamflows (SZ ) as a func t ion  of  the hydrologic variables a re

now considered. The f i rst  rmode l  considered to  relate SZ to  the seven

hydrological  variables had the same form as Eq .  (A . l ) .  The 6L5 est imators ,

the t—statistics, r2, 7' 2 and 8 , are listed in Table A.5. The normality plot and

scatter plot of residual vs. predicted dependent variable, SZ , i l lustrated that

the assumptions of normality and constant variance are r v i o l a ted .  Other

scatter plots of e1 vs. the independent variables showed that the data are

either unevenly positioned or had a wedged—shaped dispersion. Based on these

scatter p lo ts  for  the  dependent and independent variables, a t ransformat ion

of variables to the form of Eq. (A.2) was considered. The results of the OLS

analysis for this model are listed in Table A.5 on run 2. Obviously, this model

of multiplicative form showed significant improvement over the f i rst  additive

model because the value of r2 for the second is 0.5573 as compared t o  0.288

fo r  the f i rs t  model. Fur thermore,  the probabi l i ty  p lot  o f  th is  regression

model showed that the normality assumption holds. Scatter plots of the

residual e2 vs. the independent variables (except for 52,) showed the desired

feature of t he  data behavior ,  i .e . ,  the  residual i s  un i fo rmly  spread over the

range of the independent variables. The scatter plot of the residual vs.

~MM~N
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£57) showed a wedge—shaped plot that indicated that the variance of the
r

dependent variable depends on the value of £n(5 ) .  The plot of residual vs.Zr
5Ln(S£) gave the same indication. Thus, the assumption of constant variance

is violated. Modifying the model to the form of Eq. (A5) corrects the wedge

shape. The results of the 01.5 analysis for runs 3 and 4 are listed in Table

A5 .

Eachzof the  f i r s t  four  runs showed improvement ;  however,  there s t i l l

existed the dependence of variance on the value of £n(SZ ) for the third
r

model. This suggests that the log—transformation of 52 is not adequate
r

because the shape o f  dispersion shows some outward curvature  in t he  wedge

expansion. The Box—Cox t ransformat ion (Box and Cox,  l964)  is then applied

t o  stabilize the variance of the dependent variable 52  . The transformed
r

model is given as:

l
——— = 80+- B l l ln(Ad)+ 8252  + 83 £n (5 t )+  84 l ln (L )+  85  £n(l)
5 Z r + 86  £n(Nt) + 87  £n(Rt) + 54 (A .7 )

Results o f  the  OLS analysis f o r  th is  model  (run 5) a re  l is ted i n  Table A5 .  The

plot of residual e4 vs. ( l /SZ ) showed an improvement, but was not satis-

factory. Further modification of l /SZ t o  l/(SZ + 2500) caused the

expansion of spreading on the l e f t  and supprression of spreading on the right of

+ 2500).the scatter plot of the residual (e ) vs. the dependent variable l /(S4 Zr
Runs 6, 7, and 8 used a model of the form of Eq. (A.7) except that l /SZ was

r
replaced by l/(SZ + 2500). The model showed its "superiority" to  other

r
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models previously proposed by having a larger value of r2 and a smaller value

of  (A? . Run 8 dropped the two independent variables, I and N t because of the i r

l i t t le  contribution to  the model. It was found that station 813350 had the

largest value of Cook's distance which was twice the value as the second

largest. By examining the data, they showed that the value of $2 a t  station

813550 was considerably smaller as compared with those stations with similar

magnitudes of hydrological variables. The data for station 813350 were then

dropped out of the data set and 01.5 was applied. The t-statistics of

regressors I and Nt  were less than unity, therefore were deleted from the

model. The regression model and estimates corresponding t o  run 9 were

proposed as a desired model for predicting 52 for  given independent

variables. The probability plot showed that the rassumpt ion  of normality

holds. The model (run 9) found to be the most representative is

l
- 4  _5  ‘ 6

52  + 2500  = 2 -16  X10  ‘ 4 '16  X10  £n<Ad)  " 3 .90  X 10  SQ, + 5 .99

r

x 10'5 mist) + 3.2!” 10'5 MIG.) _ 1.14 x 10'5 £n(Rt) (A.8)
Let  S'Z = l ,

r s '+'2"5'oo
22'

I

It is justified that 52 for given 33* is normally distributed with mean given by
r

Eq. (A.8) and standard deviation <3: 2.28 x 10~5 given in Table A.5. The
‘ *

mean of 52  for given 35 can be expressed as
r

' S '  -k A

r 2 o 1
E<S t xk )  = ————————A————'—' e ‘dSZ  { IA -9 )

Zr  _ wax/27 s ;  o r
r
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and the variance can be expressed as

7': _ 2 7* 2 9‘Var(SZ 33) — E(SZ lg) — E (82 l2s> (A.lO)
r r r

where
82' - a 3

‘30(1 — 25003' )2 ‘3: r ——~ 2k z 2 3
3 (82  lE )  = -—-__________A' )2: a e ' d szY  (Pu l l )

r 2 moi/i; o (82  ) r
i:

Al l  REGRESSION EQUATION FOR SKEW OF STREAMFLOWS

Regression equations f o r  the  mean and variance of  the  skew of  the

streamflows (GZ ) as a function of the hydrologic variables are now consi—

dered. The firstr run was made for the regression relation among GZ and

seven hydrological variables considering the form of Eq. (A. l ) .  The results of

t he  OLS are  shown in Table A .6 .  I t  is  observed tha t  t he  coe f f i c ien t  of.

determinat ion r2  is so smal l  t ha t  the adjusted value o f  F 2 is less than zero.

Most  of t he  t -s ta t i s t i cs  of. the  independent variables a re  less than un i t y

indicating their minor statistical significance. The probability plot of the

residual of the regression model indicates the existence of skewness in the

dis t r ibut ion of  residual which impl ies tha t  the norma l i t y  assumption does no t

hold. The plot of the residual e l  vs. GZ showed a certain degree of

expansion o f  scat ter  as the  value o f  GZ  inrcreases. Most scat ter  p lo ts  of

residual e l  vs. independent variables suchras Ad,  St ’  L ,  and 52’, turned out  t o

be less desirable, which showed the uneven position of data points and

dependence o f  spreading on the  leve l  o f  the  independent variables. Fewer
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scat ter  p lots of  residual against independent var iable,  such as Rt ’  I and Nt ’

however,  showed the desirable fea ture ,  i .e . ,  un i form spreading o f  residuals.

The model was modified to  the form of Eq. (A2) .  Comparing the

value of r2 an improvement was made which was also apparent because of the

linearity of the probability plot and the residual plot of the predicted

dependent variable 2n(G ) .  Runs 3 and 4 in Table A.6 have the same formZr
as Eq. (A2 )  but some of the less important independent variables were

deleted. Some of the residual plots for the independent variables, e.g.

5m(Ad) and 2n(L), showed the wedged-shaped dispersion. Other plots such

as e2 vs. zn(St) were more or less satisfactory. I t  is interesting to  note that

by examining the normality plots and other residual plots i t  is found that

there is an isolated point having the largest negative residual value. The

isolated point is associated with gaging station 81l400 which has the largest

drainage area and channel length. Cook's distance for the station 811400

data is 0.359, which is 5 times larger than the second largest, 0.074. This

implies that the point has great influence on the parameter estimation.

Using the same model (Eq. A l ) ,  the information for station 811400

is deleted and the parameters of the regression equation are reestimated and

l i s ted  as run 5 in Table A.6.  Runs 6,  7 ,  8 ,  and 9 were all based on the  results

obtained by run 5. Runs 6 and 7 were made by deleting three independent

variables, i.e., St, Nt ’  and Rt ’  and keeping the regression constant 8 O in the

regression model. Runs 8 and 9 deleted two independent variables, St ’  R t  as

well as the regression constant. The final results of deleting the two

var iab les a re  l i s ted  in Tab le  A .6  fo r  runs 7 and 9 .  I t  can  be seen that  t he

”M18“
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value of r2 for run 9 is as twice as that of for run 7. The resulting residual

plots with respect to A d  and L associated with runs 5 through run 9 are shown

more desirable than those of in runs 2 through 4, Therefore, the model

suggested is

2n(G 0.197 Zn(A + O.l58 £n(52) - 0.254 2n(L) +d )

0.905 trim-0.358 2n(Nt) (A.12)

z ) :r

The mean and variance of G for given hydrological variables can beZr
computed by Eqs. (A3 )  and (AA) respectively.

A 5  REGRESSION EQUATION FOR MEAN OF LOG—TRANSFORMED

STREAMFLOWS

Regression equations for the mean and variance of the mean of log—

transformed streamflows (7r) as a function of the hydrological variables is

now considered. The same procedures presented for previous three stream—

flow Characteristics are used. ‘7} is first regressed on the seven hydrological

variables in the form of Eq. (A.l), and the results of the O L S  analysis are

presented as run 1 in Table A]. It is interesting to point out that the

regression coefficient corresponding to the drainage area is negative, which

means the larger the contributing area the smaller the mean streamflow

magnitude. This contradicts the results observed by hydrologists for years,

and is physically unexplainable. Regardless of this fact, the regression model

is less desirable because the scatter plots of residual against V r ’  and

independent variables such as A do not provide evidence of satisfying thed

News >.
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assumptions of OLS. However ,  some of the plots such as probability plot and

residual vs. slope, Sit , are acceptable.

The model was modified to have the form of Eq. (A2 )  and the

results of regression analysis are presented in Table A.7 as run 2. This model

is an improvement over the first because of the larger value of r2, since the

value of o is not comparable on the two models. However ,  by examining its

probability plat the validity of normality assumption is justified. The

variance of Yr for the regression model associated with run 2 can be

calculated by Eq. (All), and the range for all 95 data points is between 0.2820

and 0.3690. This provides evidence that the second model is preferred to the

previous regression model with Var 071.129 : 0.536. The plot of residual vs.

trial—r) indicates that assumption of constant variance is satisfied. Other

residual plots for the drainage area, in (Ad) in the present regression model,

while the residual plots for tn(52) was less desirable because of its wedged

dispersion.

The modification of the model to the form of Eq. (A5) can

eliminate this problem and the results are presented as run 3 in Table A.7.

Although the residual plot of rainfall intensity I, with L deleted, shows the

trend of decreasing variance as 1 increases, 1 is deleted from the model

because it is of lesser importance, (listed as run 4 in Table A7). Runs 5 and 6

are made with the same model using 94 data points because the one provided

by station 819500 has a significantly larger value of Cook‘s distance than the

others. The plots appear to show their desired feature and the model

proposed is
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inh‘rr) = 1.424 + 0.064 2n<Ad) + 0.0083 52 - 0.064 2n($t)

+0.091 £n(Nt)+0.057 £n(Rt) (A.13)

A.6 REGRESSION EQUATION FOR STANDARD DEViATION OF LOG-

TRANSFORMED STREAMFLOWS

Regression equations for the mean and variance of the standard
2

deviation of log-transformed streamflows (SY ) as a function of the hydro-

logical variables is now considered. First ,  a mrodel in the form of Eq. (A . l )  is

tested with the parameters, r2  andS , listed in Table A.8. The probability

plot showed the existence of skewness, and the scatter plot of e1 vs. SYr

indicated the dependence of dispersion on SY . The assumptions of  normality

distribution and constant variance in OLS dornot hold. Plots of residual vs.

the independent variables such as the area, A d’ and the rainfal l  intensity, I,

showed an uneven positioned data. A certain degree of dependence of

spreading of residual on the level of the independent variable was typical.

However ,  the  model  was improved as fa r  as the  va l id i ty  o f  the

assumptions being satisfied are concerned, by modifying the model t o  have

the form of Eq. (A2). Run 2 in Table A.8 presents the results of the OLS.

Run 3 is based on the same regression model as run 2 except that the deletion

of station 819500 is made because of extraordinarily large values of Cook's

distance for the data. This value of Cook's distance is three times as large as

that of the second largest one because of i ts high value of studentized

residual. The data show that the value of SY of this station is very large as
r
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compared with the value of SY for other basins having similar values of the
r

hydrological variables. This leads to  a substantial under-estimation of SY
r

for station 819500 by the regression model. The results of deleting the

station changes the value of the estimated parameters 81  by 60%, and 87 by

36%. Run l} deletes the independent variable 2n(52’) because of i t s  small

contribution. __The model finally proposed for relating SY t o  hydrological

variables is a r

m (SY ) = 3.20 + 0.178 2n(Ad) - 0.263 2:1(St) - 0.1114

JLn(L)r+ 0.411 £n(l) —0.89l,L £n(Nt) - 0.065 £n(Rt) (A.14)

Other than the higher value of r2 the multiplicative form is

preferred over the additive one because of the range of the standard errors.

The standard errors for each station in run 2 ranged from 0.2962 to  0.1020,

using Eq. (A.2).

A.7 REGRESSION EQUATIONS FOR SKEW OF LOG-TRANSFORMED

STREAMFLOWS

Regression equations for the mean and variance of the skew of the

Y ) as a function of the hydrological variables
1'

is now considered. First ,  a model of the form of Eq. (A . l )  was used and

log-transformed streamflows (G

parameters are estimated by 01.5, presented as run 1 in Table A.9. The

normality assumption of the residual can be justified because the probability

plot is close to a straight line. The residual plot of G showed the uniformY r
variation over the range of GY which indicates the assumption of constant

I'
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variance is satisfied. The residual plot of drainage area, Ad, showing the

data points clustering on the left hand side of the graph, suggested the log—

transformation of corresponding independent variable might produce desir-

able arrangement of the data points. The residual plot of N t  showed the

satisfactory feature. The residual plot with respect to the predicted

dependent variable presented the pattern as desired while some others do not.

The model is modified to have the following form:

GY=BO 2
1‘

64 £n(L) + 352n(1)+ 56 Zn(Nt) + 87 £n(Rt) + as (A.15)

+ 81 2n(Ad)+ B £n(5l)+ 83 2n(5t)+

The estimated parameters, r2, and 3, for the model of Eq. (A.l5) are listed

as run 2 in Table A.9. Some improvement is observable in run 2 and run 3 in

which the deletion of unimportant variables, L and R t  is made. For run 2 and

3 the probability plot indicates the normality assumption hold and the scatter

plots such as e5 vs. C and e5 vs 2n(Ad>were even more desirable than that
Y

of the previous regression model formulation. The value of Cook's distance

associated with station 801200 significantly larger than that of any other

station. Run 4 was made without the station 801200 data. It is noted that

the deletion of 801200 reduces the value of £33 in run 1+ by factor 22 to that

of in run 2 when 801200 is included. This indicates that station 801200 is

highly influential in determining the value of 83, which implies that there is

an inadequacy in the form of corresponding variable S t '  Careful examination

of the residual plot of 1n(St) showed the presence of curvature in the plot.

This led to including the term (5Ln(St))2 in the model as

_ «mm»:
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GYr  = 80  + 81  tn(Ad) + B 2 £n(52l) + 83 l n (S t )  + 84$ 32.n(5t))2 + 85 SLn(l)

+ 86% (N t )  + 87 2n(Rt) + e 6 (A-lfi)

Notice that  84  in run 5 and 6 is no longer the  regression coeff ic ient  for

channel  l eng th ,  L ,  which  was  found not  t o  be  s ta t i s t ica l ly  d i f f e ren t  f rom ze ro

and therefore discarded. The model of Eq. (A.l6) is substantially bet ter  than

the two  previous models which can  be justified easily by comparing results  of
Z

the  runs in Table A.9. In the residual plot of GY there  is a single isolated

point on the right end of the graph.  The value of EOOk'S distance associated

is not  of any larger than others implying that  the  parameters  es t imated will

no t  be  sensitive t o  the presence of t he  data point in OLS analysis. Moreover,

the presence of curvature in the residual plot of 2n(St) for the previous

r eg re s s ion  mode l ,  Eq .  (A.15)  van i shes .  The  f i na l  r eg re s s ion  equa t ion  sug—

gested for  Gy is
I‘

G -3.601 + 0.102 EMA

ll

2
d)-2.56# 2n(5t)+4.201( 52.n(StD

+ 0.724 52:1(Nt) (A17)
Y r

The mean of GY for  given independent variable can be obtained from Eq.
r

(A.l7) and corresponding variance is 0.5080.

mama-s



APPENDIX B

FIRST-ORDER ANALYSIS TO DETERMINE THE MEAN AND COEFFICIENT

OF VARIATION OF THE LEVEE CAPACITY BY THE AREA—SLOPE METHOD

5.1  AREA-SLOPE METHOD

The determination of t he  capacity of a channel reach or levee

system using Manning's equation requires knowledge of t he  surface roughness,

flow cross-sectional geometry ,  and the  energy slope. It is understood tha t

Manning's equation assumes the  uniform flow condition where the  energy

slope, Sf, is equal t o  the  slope of the  longitudinal water—surface profile and

also to  the  channel bottom slope, 50.  However, because of t he  irregular

channel condition and varying levee encroachment widths on both ends of t he

reach,  the velocity may vary appreciably within the reach .  Hence,  the

channel bottom slope, So’  is not used as  an approximation for the  energy

s lope ,  S f .  Unde r  such c i rcumstances  t he  capac i ty  of t he  l evee  sys tem wi th

different  encroachment widths on both ends of the  reach can be  determined

by  the  area—slope me thod .

The area-slope method is an i te ra t ive  procedure tha t  can be

described as  follows (Chow, 1959):

i .  From the known values of flow cross-sectional geometry  and

surface roughness, t he  conveyance KU and K (1’ respectively, of t he  Upstream

and downstream sections of the  reach are computed using

297
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= 1.49 5/3 -2/3 2.98 5/3 —2/3Ku NC Ac ,u  Pc ,u  + Nb Ab ,u  Pb ,u  (B ' l )

_ 1.49 5/3 -2/3 2.98 5/3 -2/3K ._ __..__ __d NC Ac ,d  Pc ,d  + Nb Ab ,d  Pb ,d  03 ' ”

3

where N is the surface roughness; A is the flow cross-sectional area; P is the

wetted perimeter; subscripts c and 13 represent the channel section and flood

plain section, respectively; and subscripts u and d represent the upstream and

downstream ends of the reach, respectively.

2. The average conveyance K of the reach as the geometric

mean of KU and Kd  is computed using

K=VKU‘Kd  (B.3)

3. Assuming zero veloci ty  head, the  energy slope, S f ,  is equal

to  the fal l ,  F ,  of water surface elevation in the reach divided by the length of

t he  reach,  L ,  or

5 = E. (3 .4 )
f Lin which

.. __ B .5F - (hu  hd )+SbL+SoL  ( )

where hu and h d are the levee heights on the upstream and downstream end

of the reach, respectively; and 5b and 50 are the longitudinal slopes of the

flood plain and channel bottom, respectively.

ll. The levee capacity, Qc ’  is computed using the following

MMM/I



299

equation

Q

where. )‘m is the model correction factor defined in Chapter 2. Equation
c:- AmI<‘/Sf (13-6)

(13.6) is the first approximation of the levee capacity with the energy slope

defined by Eqs. (3.4) and (8.5).

5. ‘ Assuming the levee capacity equal to the first approx-

imation, the ielocity heads at the upstream and downstream end, aUVfl/Zg

and odVEj/Zg are computed. The energy slope is
hf

S f :  _._ (3.7)

L
where V 2  V2

dh = F + k ( a — 9 - - a — — — )  (B-8)
f u 2  d

a 2g

and hf is the total energy loss; k is a factor; au and a d  are the energy

coefficients for the upstream and downstream section; and Vu and V d are the

mean velocities at the upstream and downstream end of the reach. When the

reach is expanding (VU > Vd), k = 0.5 and for a contracting reach (Vu < Vd), k

= 1.0. The values of the energy coefficients depend on the geometry of the

channel and flow condition. Experimental data indicate that the energy

coefficient varies from 1.03 to 1.36 for fairly straight prismatic channels.

However, for simplification, the energy coefficients are taken to be unity

without error. The corresponding levee capacity is then computed by Eq.

(B.6) using the revised energy slope obtained by Eq. (B.8). This gives the

”~31v
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second approximation of the  levee capacity.

6 .  Steps 4) and 5) a re  repeated for  the  successive approx—

ima t ions  un t i l  t he  assumed  and  compu ted  levee capac i t i es  a r e  app rox ima te ly

equaL

B.2 APPLlCATION OF FIRST-ORDER ANALYSIS OF UNCERTAINTY

TO U—lE AREA-SLOPE METHOD

First-order analysis of uncertainty,  described in Chapter  2, is used

t o  de t e rmine  the  mean  and  coe f f i c i en t  of va r i a t ion  of t he  l evee  capac i ty

computed by the area-slope method. Equation (5.6) indicates that the

var iables  wi th  uncer ta in ty  are  the  conveyance ,  K ,  ene rgy  s lope ,  S f ,  and  l m’

which are  functions of o ther  random variables such as surface roughness, flow

cross-sectional a r ea ,  wet ted per imeter ,  and longitudinal slope of flood plain

as  well a s  t he  channel bot tom.  Because the  computation of levee capaci ty

using the  area-slope method is an i tera t ive  procedure, iirst—order analysis of

uncertainty is applied when the  final convergence of the result  is reached.

The derivation of the mean and coefficient  of variation of the  levee capacity

is given in the  following paragraphs.

The mean  of t he  l evee  capac i ty ,  QC, and the  coe f f i c i en t  of va r i -

ation, 9Q , based on Eq. (8.6) can be expressed as
c

QC — m K Sf (B .9 )

and

9Q : (22 +9 ,  +“422V2  (3.10)
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Because the  conveyance K and the  energy slope Sf  used above are funct ions

o f  o ther  variables w i t h  uncer ta in ty ,  f i rs t -o rder  analysis i s  used t o  es t imate

their statistical properties. For the conveyance,K, and mean, E ,  and

coe f f i c ien t  o f  var ia t ion,  9K ,  based on Eq.  (3.3), a re
_. - _.  . -— yz
K - (KU Kd) (3.11)

and a

9K  = £621: + 9.2 y; (13.12)
u Kd

where Ru and 52K can be estimated by first—order analysis, based on Eq.
u

(3.1), as

K = 1.4:) 135 /3  5 -2 /3  + 2.98 5—5/3  5 -2 /3  (13.13)u N c ,u  c ,u  fi- b,u  b ,u

and C b

_ 1 25 4 1 25 4r22 ———[r22+—~—92 +———92 ]+——~—~[r22+ 2 2K , 5 “—52 + ~52 .u 42 NC 9 Ac,u  9 Pc ,u  <92 Nb 9 Ab,u 9 Pb,u

(B . l 4 )

r t —whe e he  values of Ac ,u ’  {ZAC U, Pc ,u ’

7

9P  , ‘11 and <3) for a given levee cross
c,u

section, Fig. 4.2, are defined, respectively, in Eqs. (4.6), (4.7), (4.12), and

(4.13).

In order to  compute Sf and 05f based on Eq. (13.8) the values of the

mean veloc i ty  a t  both ends of the reach are  required.  The average ve loc i ty

at the upstream end of the reach can be computed as

_ B.15Vu  ‘ Qc/Au  ( )
where Au  is the  to ta l  cross sect ional  area of f l ow  encroached by  the  levee a t

. mm
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the upstream end; or

Au  : Ac ,u  + 2Ab ,u  (B .16 )

The mean o f  Vu ’  Vu ’  and t he  coefficient o f  variation QV can be expressed
u

respect ively,  as

Vu : QC/AU (B . l 7 )

and

2 2 ’23 Q =<o + n YVu  QC Au  (13.18)

where

Au  : Ac ,u  + Ab,u 03.19)

and

— 2 2 t“ 2 2 ’/2 ‘_ Q ’232A _<AC,U A + 4AM : A > /AU (3.20)
2 C c ,u  _ b,u/

Le t t i ng  UU : Vu ’  then the  mean o f  Uu ’  Uu ’  and i t s  coe f f i c i en t  o f

var ia t ion,  9U , can be  expressed as
u * w2

UU _ VL1 (13.21)

and ,

Qu =2 QVU (3 .22 )
The mathematical expressions, Eqs. (5.13) through (3.22) are iden-

tical ly applicable to  compute the mean of the conveyance and average

velocity and their corresponding coefficients of variation at  the downstream

end o f  the  reach, except tha t  t he  subscript u is replaced by the subscript d.

The mean and coe f f i c ien t  o f  var ia t ion o f  the energy slope through a

first-order analysis of Eqs. (3.5) and (3.8) can be expressed as
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hU. - hd  k ‘ “ ( 23 )' = " ' + U — U B.
Sf  So  + Sb  + L ZgL ( u d )

and

n = €292 + § 522 + k >2fi2§22 + 1‘ \ zfiznz  r5 /§  (13.24)
s f  8 so b 313 2gL ,  u Uu 2gL )  d Ud f

It is noted that  f r om Eq. (8.9) t he  mean of  the levee capaci ty ,  (3C, is

a function of S-f and 3'2 is a function of as from Eq. (8.10); while fromQc_ f _
Eqs. 03.15) through (B.2LL) Sf and as are expressed in terms of QC and 9Q

f c
through the average velocity V2 or U .  Substituting Sf, defined in Eq. (3.23),

into Eq. (3.9) the mean levee capacity is expressed as

a=x rs+§+hu_hd+k (fi  ‘ *1c m o b L s u Ud )  (13.25)

or

h —h a2 a2
—2=—2 —2-  —' u d k C _ C ]QC AmK so+sb+  L + ZgL ( A2 32>  (B.26)

u d

Solving Eq. (8.26) for QC results in
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s +§ + Ah 1/2
(3 = X K O E L (3.27)
C m 11%s 1 1' tail? ‘ 7:5“)

where A h = t - h d .

The coefficient of variation of the levee capacity 9Q can be
c

solved in the same manner by substituting 9 5  , defined in Eq. 03.24), into Eq.
f

(B.iO)as

2 - 2  2 + 1  2 2 2 2 +u)2 29Q oA +91<+T§%(§HQO+§bQSH+w 9Uu+mdou> _ (13.28)
c m d

where

kw =__.P_u_ .m =_1_‘fli_
u ZgL ’ d ZgL

or

$22 = $22 +92+ [fir—(5292 +3292 +4w2§22 +4“)a d)
OQ C  Am f b S b  Au d A

92

Q C+—z———_ (in: mg) 03-29)
S
f

Then solving Eq. (3.29) for 82 Q , the coefficient of variation of the levee
c



capacity is

[92

:‘
2

X
m

2+§2K+ l__Z§%_-

m-
b

_2  2 —2 2 2 2(50930” as +4mu9Au+4w

l 2—2—§f (mu  + m

b

2d)

292
d. Ad)1

305
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APPENDIX C

VARIOUS STATIC RELIABILITY MODELS

In order to evaluate the risk and reliability OI" the design the

probability density function of the loading and the resistance are required. In

this report the probability density function for the resistance (capacity of the

hydraulic structures) is assumed to be log-normal, Eq. (2.15). The loading

probability distribution models used in water resources engineering are

normal, log—normal, Gumbel, Pearson type III, and log—Pearson type III

distributions. The mathematical representation of the static reliability

model with log-normal resistance and various types of loading distributions,

except Gumbel described in Section 2.3, are described as follows.

C.l Normally Distributed Loading and Log-normally Distributed Resis-

tance

in this case the normal probability density function (PDF) for

loading is

t
—
h

(53") = l . exp{:—]§' <fl> 2] ((3.1)
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and the cumulative density function (GDP) is

z’ _ 11F20“ )  =J2~—L- -exp [—%<————£~>Z ]d£ '  (C-Z)

where “ i  and <52 are the mean and standard deviation of the loading.

Since the PDo f  the resistance is log-normal, Eq. (2.15) the reliabil ity model

can be expressed exp l i c i t l y  as

on 7 LI
R =J ‘  l ———'exp[—-]3< RI1 r - finr ) 2 ] ,

O m 1 '10a  2 02m“

I l 31

rim 1 -eXp [ -%<—2—¥->2 ] -d£ '  d r '  (C-3)
ff? 02  02

(3.2 Log-normal ly  D is t r ibu ted Loading and Log-normal ly  D is t r ibu ted

Res i s tance

The PDF of the loading has the same functional form as resistance,

1— u 7

£205 = ,1 -exp{—% <———-—-—-———-—9“n’Q ml > ‘ ]  (0.4)
f2? 5% 0 Ohm

M12,

and i t s  CDF  is

1 U‘W w ____..1 my; (Mm WM, «3.5)
f2? 2 05ml  \ 2112

where umzand omgare the mean and standard deviation of log-trans-

formed loading. The reliabil i ty model can be expressed as
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on ' _  2
R = ~————j;-——-exp[ _l < in r tnr > J.

V21T 2 02m:i

r 0
int

dr' (C .6 )
I

r' 1 l in i — “int 2 cm,
I Tr—T‘“ exp ‘5 “ oO TY 2’ 02/1152] Q1112]

In this case the computat ion of reliability can be simplified by

defining q =fi”/5L. Based on the definition of reliability, Eq. (l.l), the

reliability can be expressed as

R = P r  ( > 1 ) (C.7a)

R = Pr ( znr — 2mg > O ) (C.7b)

R = P r  ( in q > O ) (C .7c )

Since r and Rare log—normally distributed, then lnq is normally distributed

)and variance( 02 + 2 ). Hence, thewith mean( u - gm Giant
Qnr p i n k

reliability can be expressed as

R = 5  a ¢(q'>~dq' = 1 — <Ma) (0.8)

u2m: _ u fl n i

Where a = — *------—-----~ , and ¢( ) and ©( ) are, respectively, the
V02 + 02

inr infl

PDF nad GDP for the standard normal variate q'.



309

C.3. Pearson Type 111 Distributed Loading and Log-normally Distributed

Resistance

The probability density function for the Pearson type III distribution

is

“1 £'- B3 52‘1 2' - 83Em: ( l .expi-.___]2 §;F(82) 81 81

where 81’ 82 and 83 are parameters which can be estimated by the method of

moments as

82 = (Z/Yg) (c.10)

81 = 02//§; (c.11)

G
52.

83 = 1-12 - 1/? (c.12)

where “it cs2 and Y5; are the mean, standard deviation, and skew coefficient

of loading. The C DF  is

2' B B ‘1 2' BF (Q) = J'1 ____J;___.<____:__§_> 2 . exp[  _<___:__§__)}12' (c.13)

By letting s=(2_g3)/Bl,the Pearson type III distribution becomes a one

parameter Gamma distribution. The CDF of the one parameter gamma

distribution is called the incomplete gamma function.
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The static reliability of the hydraulic structure under these loading

and resistance conditions is expressed as

I r v .  l < Q’ I -  83  >62 . . 1  6 P (2." 83>  d2"~ . .  -——-———-— . x — -——-—_0: a lmz )  51 81

CA.  Log-Pearson Type III D is t r ibu ted Loading and Log—normally D i s t r -

d r '  (C . l 4 )

i bu ted Res i s tance

The probability density function for the log-Pearson type III is

2 B B - l '
y l 211'). ,Q, "' 3 2 Y Bf (£ )=  < > . _____..._£n2‘3 (315

2 Bl-£'-F(82) B l  exp l :  < 81 fl ( . )

where 61, 82 and 63 are the parameters which can be determined by Eq.

. O .11 . d d(C l  ), (C ) (C  12) except that 111, 
02 ’  an yzare replace by uzn l ’  

02M,

and 1(a , respectively.

The corresponding static reliabil i ty can be expressed as

on 1 v - “
R =J '  —————-—————-—-——1 -exp - §(________2nZ: 2n r>Z }FZ ( r ' ) - d r '  (C~16)

O m r ' ozn r  lnr

where F l ( r ' )  is the CDF of log-Pearson type III distribution,
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_ 81 _ 2n 2’- 83 B2 1.3Xp _ &E_&L:_2_>]dg.
B3'g"1"(62) 81 31

(c.17)



APPENDIX D

USER'S MANUAL FOR COMPUTER PROGRAM "RECULVT"

The ma in  function of this program, RECULVT,  is to  generate the

risk—safety factor  relat ionships fo r  highway cu lver ts .  Two  types o f  cu lver ts ,

i.e., circular :and  box, are considered. Options for treating hydrologic

parameter uncertainty and various loading distributions commonly used in

hydrological analysis are included. In addition to the hydrologic uncertainty,

the variables wi th uncertainty in computing the capacity of the culvert are

the wid th  and depth o f  box cu lver ts ,  the d iameter  of c i rcu la r  cu lver ts ,  length

o f  t he  bar re l ,  longi tudinal  slope o f  the  cu lver t ,  surface roughness, and

maximum permissible head water elevation. The regression equations for the

regional parameter estimates are valid only for the state of Texas.

In this computer program the f ield length of all input variable is 8,

i.e., f ie ld  1 is columns 1—8, f ie ld 2 is columns 9-16 and so on .  The

arrangement and descriptions of the input cards are given as follows.

Card Number Variables

A ID ,  XID
B XA,  XSL,  XST, XL ,  X I ,  XNN,  XR
C MODEL,  METHOD, ITYPE,  LDIST, NSIZE, MBOOT
D XLENH,  XLNTOL ,  XLDIST, CLN
E BSLOPE, BSLPTOL, BSLDIST, CBS
F AN,  ANTOL,  ANDIST, CAN
G HDWTR,  HDWTOL,  HDWDIST, CHD
H DIATOL ,  DIADIST, CDIA
l WIDTOL, WIDIST, CWD
J DEPTOL,  DPDIST, CDP
K COVM, XLAM
L ‘  QFLOWU),  QFLOW(2), . . . QFLOW(NSIZE)
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PRIOPN, PRIOPLN, PIORPET, PRIOPP, PRIOPLP
NPROB, TRETU), TRET(2), . . . , TRET(NPROB)
NLIFE, SLIFEU), SLIFE(2), . . . , SLIFE(NLIFE)

The A card gives the gaging station identification for the stream-

f l ow  da ta .

F ie ld  Va r i ab le

1 ID
3

2 XID

Value Description

+ Streamflow gaging station num-
ber

+ Alphabetical characters for the
location of gaging station (max-
imum 50 characters)

The B card contains physiographic and meteorologic characteristics

of the drainage basin associated wi th the gaging station.

F ie ld  Var iab le

l XA

2 XSL

3 XST

4 XL

5 X1

6 XNN

7 XR

Value Description

+ Contributing drainage area, in
sq. mi les

+ Main channel slope (85 to 10
percent points), in feet per mile

+ Percentage of surface storage
area, increased by 1 percent.

+ Total length of main channel, in
miles. a

+ 10-year, 24—hour ra in fa l l  in ten-
s i t y ,  in inches.

+ Mean annua l  number  of  thun-
der-s torm days.

+ Ratio of runoff to  precipitation
during months when annual
peak discharges occur in in/in.

The C card is the job option card specifying various options provided

in the program .
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Field Variable Value Description

1 MODEL 1 Static reliability model
2 Time-dependent reliability

model

2 METHOD Method used to compute the
parameter estimates in the
hydrologic loading probability
model;

0 Sample statistics only
Weighting procedure using
jackknife and regression anal-
ysis

2 Weighting procedure using
bootstrap and regression anal—
ysis

,
—

3 ITYPE Type of culvert considered;
0 ~ Circular culvert

Box culvertp
.
.
.

4 LDIST Loading probability distribution
of flood sequences;
Normal distribution
Log-normal distribution
Gumbel distribution
Pearson type III distribution
Log-Pearson type III distribu—
tion
Composite distribution of above
five individual distributions

\J
'I

-P
W

N
P

‘
O\

5 NSIZE + Number of streamfiow records

6 MBOOT + Number of bootstrap samples
to be generated (required only
when METHOD = 2).

The D card contains the nominal value, tolerance, type of simple

distribution (Fig. 14.3) and the mode for the length of culvert barrel, L.
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field Variable _V_alug Description

1 XLENH + The nominal value of L

2 XLNTOL + Tolerance of L

3 XLDIST Type of distribution for  L;

l Rectangular distribution, Fig.
4.3a

2 Symmetric  triangular distribu- -
3 t ion,  Fig.4.3b

3 Triangular distribution with
mode a t  Wu’  Fig. 4.3c.

4 Triangular distribution with
mode a t  wz ,  Fig. 4.3d.

5 Triangular distribution with
mode we,  Fig. 4.3e.

4 CLN + Mode of t he  distribution of
L (required only when XLDIST
: 5 ;  otherwise,  0)

Cards  E, F and G have the same input form as D ca rd .  The E card

contains the  nominal value (BSLOPE), to lerance (BSLPTOL), type of. distribu-

tion (BSLDIST), Fig. 4.3, and mode (CBS) for the longitudinal slope of the

culvert  barrel. The F ca rd  contains the  nominal value (AN), tolerance (ANTOL), » .

type  of simple distribution (ANDIST), Fig. 4.3, and mode (CAN) for  the  sur—

face roughness of the culver t ,  n,  in Eq. (2.8). The G card  contains the nomi-

nal value (HDWTR), tolerance (HDWTOL), type of simple distribution (HDWDIST),

Fig. 4.3, and mode (CHD) for  the permissible head water  elevation,  Yu in

eq. (2.42).

The  G ca rd  con ta in s  t he  t o l e r ance ,  t ype  of d i s t r i bu t ion ,  F ig .  4 .3 ,

and mode for the culvert diameter (required when ITYFE = 0). Nominal
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value of diameter is set in the program, ranging f rom one foot to  three feet

while the number of barrels ranges from one t o  seven.

F ie ld  Variable Value Descr ipt ion

1 D IATOL + Tolerance of cu lver t  d iameter

2 DIADIST + Type of distribution used (inte-
ger-valued)

3 CDIA  + Mode o f  cu l ve r t  d iameter .

The next two cards, I and J, are required when ITYPE = 1. The

1 card  contains the  to lerance,  type o f  d is t r ibut ion,  F ig .  4 .3 ,  and mode fo r

t he  w id th  o f  cu lve r t  ba r re l .

Field Variable Value Description

1 WIDTOL + Tolerance of culvert width

2 WIDIST + Type of distribution (integer-
valued).

3 CWID + Mode of culvert width

The 3 card contains the tolerance (DEPTOL), type of distribution

(DPDIST) Fig. 4.3, and mode (CDP) for the depth of culvert barrel. It has

the same form of input as I card.

The K card contains the coefficient of variation and mean of the

hydraul ic  model  cor rec t ion fac to r ,  Am

Fie ld  Variable Value Descr ipt ion

1 COVM + Coeff ic ient  of  var ia t ion  o f  Am

2 XLAM + Mean of Am'
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The L cards input the stream flow record.

Field Variable 1/3155; Description

1 QFLOWU) + Flow magnitude of l s t  record

; QFLQWQ) :- Flow magnitude of 2nd record

16 QFbOWUO) + Flow magnitude of 10th record.

Each card contains ten f low records. Continue using additional cards unt i l

total  length of record, NSIZE, are read.

The M card contains the prior probability for the flood loading distri-

bution (required only when LDIST:6).

Field Variable Value Description

i PRIOPN + Prior probability for normal
distribution

2 PRIOPLN + Prior probability for lognormal
distribution

3 PRIOPET + Prior Probability for Gumbel
distribution

4 PRIOPP + Prior probability for Pearson
III d is t r ibu t ion

5 PRIOPLP + Prior probability for log—Pear—
son III distribution

The N card contains the design return periods to  be considered

in developing the risk-safety factor curves. It is required for considering

both the static case and the time—dependent case.

anemia»;-
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Field Variable Value Description

NPROB + Number of design return per—
iods t o  be considered.

TRETU) + Design return period 1

TRET(2) + Design return period 7

Maximum number of design return periods considered is seven in each run.

The last  card ,  0 card ,  is required only when t ime-dependent r isk

model  is  desired, i .e . ,  MODEL : 2 .

F ie ld

1

Var iab le  Va lue  Desc r ig t i on

NLIFE + Number  of  se rv i ce  l i f e  of  s t r uc -
tu re  cons ide red .

SLIFEU) + Service l i fe  i

SLIFE(7) ; Service life 7.
Max imum va lue  o f  NLIFE is  seven in each  run .

.rmmmb,»
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APPENDIX F

USER'S MANUAL FOR COMPUTER PROGRAM "RELEVEE"

The main function of this program is to  generate the risk and safety

factor relationship for flood levees. The assumptions and hydraulic model

used to compute the levee capacity are described in detail in chapter 4.

The variables :vvith uncertainty in computing the levee capacity are identified

in chapter 4. Note that the regression equations used in the program are

only valid for the State of Texas, which are derived in Eqs. (3.27) through

(3.32). Basical ly the  sequence of input  cards fo l low very much  the  same

as those of previous program, Appendix C .  The f ield length of all input vari-

ables is also 8. The arrangement and descriptions of the input cards are

presented as follows.

935d Number Variables

ID, XID
XA, XSL, XST, XL, x1, XNN, XR
MODEL, METHOD, LDIST, NSIZE, MBOOT
ZSLOPE
XLAM, XLAMTOL, LAMDIST, CXLAM
WDCH, WDCHTOL, WDCHDST, CWDCH
SCI-l, SCHTOL, SCHDIST, CSCH
NCH, NCHTOL, NCHDIST, CNCH
ACH, ACHTOL, ACHDIST, CACH
ANG, ANGTOL, ANGDIST, CANG
SBK, SBKTOL, SBKDIST, CSBK
NBK, NBKTOL, NBKDIST, CNBK
QFLowm,  QFLOW(2), . . . , QFLOW(NSIZE)
PRIOPN, PRIOPLN, PRIOPET, PRIOPP,
PRIOPLP
NPROB, TRET(1), . . . , TRET(NPROB)
NLIFE, SLIFEU), . . . , SLIFE(NLIFE)m

o
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Field

1

2-7

4

Variable

ID

XID

The  A card  is f o r  s ta t ion  i den t i f i ca t i on .

Va lue

339

Lem
Streamflow gaging station
number

Alphabet ic  character  f o r  the
location of gaging station (maxi—
mum 50 characters)

B card contains physiographic and meteorologic characteristics

for the drainage basin associated with the gaging station investigated.

Field

1

Var iab le

XA

XSL

XST

XL

XI

XNN

XR

in the program .

Value

+

Descr ip t ion

Contributing drainage area,
in sq. miles.

Main channel slope (85 to 10
percent  points) in f ee t  per
mile.

Percentage of surface storage
area, increased by 1 percent.

Total length of main channel,
in miles.

10—year, 24-hour ra in fa l l  i n ten -
sity, in inches.

Mean annual number of thunder-
s torm days

Ratio of runoff t o  precipitation
during months when annual
peak discharges occur in in/in.

The C card is the job option card specifying various options provided
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Field Variable Value Description

1 MODEL 1 Static reliability model
2 Time-dependent reliability

model

2 METHOD Method used to compute the
parameter estimates in hydro—
logic loading probability model;

0 Sample statistics only
Weighting procedure using
jackknife and regression anal-
ysis,

2 Weighting procedure using
bootstrap and regression anal-
ysis

g.
..

h

3 LDIST Loading probability distribution
of flood magnitudes;
Normal distribution,
Log-normal distribution,
Gumbel distribution,
Pearson type III distribution,
Log-Pearson type III distribu—
tion, and

6 Composite distribution of above
five individual distribution

\
l
l
-
P
U
J
N
F
‘

4 NSIZE + Number of streamflow records

5 MBOOT + Number of bootstrap samples
to be generated (required only
when METHOD=2)

The D card contains only one variable, ZSLOPE, the side slope of

the levee embankment on the river face.

Field Variable Value Description

I ZSLOPE + Side slope of the levee embank-
ment on the river side, ft/ft.

The E card contains the nominal value, tolerance, type of distribu-

tion (Fig. 4.3) and mode of hydraulic model correction factor, Am, in Eq.

(4.1).
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Field Variable Value Description

i XLAM + ‘ The nominal value of Am

2 XLAMTOL + Tolerance of . Am.

3 LAMDIST Type of distribution for A .
l Rectangular distribution, fig

#.3a,

2 Symmetric triangular distribu-
tion, Fig. 4.31»,

3 Triangular distribution with
mode a t  WU, Fig. 4.3C,

4 Triangular distribution with
mode a t  wz, Fig. 4.3d,

5 Triangular distribution with
mode at  wC, Fig. 4.36.

it CXLAM + Mode of Am (required only

when LAMDIST = 5 ;  otherwise,

0)

The F card contains the nominal value, tolerance, type of distribu-

t ion (Fig. l LB)  and mode for the top width of the channel.

field Variable Egg Description

l WDCH + Nominal value of channel top
wid th

2 WDCHTOL + Tolerance of channel top width

3 WDCHDST + Type of distribution of channel
top width (integer-valued)

4 CWDCH + Mode of channel top width

The G card  contains the nominal value, to lerance,  type of d is t r ibu-

tion (Fig. 4.3) and mode for the longitudinal channel bottom slope, SO.
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Fie ld

I

Variable

SCH

SC HTOL

SCHDIST

CSCH

Va lue Desc r ip t i on

Nomina l  value of So

Tolerance of 50

Type of distribution of So (inte-
ger-valued)

Mode  of  So

The F1 card contains the nominal value, tolerance, type of distribu-

tion (Fig. 4.3) and mode for Manning's roughness of the channel, NC.

Fie ld

1

Var iab le

NCH

NCHTOL

NCH  DIST

CNCH

Value

+

+

+

+

Desc r ip t i on

Nomina l  value of NC ( rea l -
valued)

Tolerance of NC (real-valued)

Type of distribution of Nc

Mode  of N c

The I card  contains the  nomina l  value, to lerance,  type of d i s t r ibu-

tion (Fig. #3)  and mode for fu l l  bank flow cross sectional a r ea ,  Afi).

Field

1

W
M

Var i ab l e

ACH

ACHTOL

ACHDIST

CACH

Value

+

4.

Desc r ip t i on

Nomina l  va lue  of  Afb

To le rance  of  A lb

Distribution of A (interger-f bvalued)

Mode  of  Ab f

The 3 card  contains  the nomina l  value, to lerance,  type of d i s t r ibu -

tion (Fig. lL3)  and mode for the traverse slope of the flood plain, T .

mmmmmmm
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Ei_e_l_d Variable Egg Description

1 ANG + Nominal value of t

2 ANGTOL + Tolerance of T

3 ANGDIST + Distribution of t (integer-val-
ued)

ll CANG + Mode of t

The card contains the nominal value, tolerance, type of. distribu—

tion (Fig. 4.3) and mode for the longitudinal slope of flood plain, Sb '

field Variable M Description

1 SBK + Nominal value of Sb

2 SBKTOL + Tolerance of Sb

3 SBKDIST + Distribution of 5b (integer-
valued)

li CSBK + Mode of Sb

The L card  contains the  nominal  value, to lerance,  type o f  d is t r ibu-

tion (Fig. lL3) and mode of the Manning's roughness in the flood plain, Nb '

513g Variable Blue Description

1 NBK + Nominal value of Nb

2 NBKTOL + ,  Tolerance of Nb

3 NBKDIST + Distribution of Nb (integer-
valued)

4 CNBK + Mode of Nb

The M cards input the stream flow record.
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Fie ld  Var iab le  Value Descr ip t ion

i QFLOWU) + Flow magnitude of l s t  record

2 QFLOW(2) + Flow magnitude of 2nd record

10 QFEOWUO) + Flow magnitude of 10th record

Each card contains ten f low records. Continue using additional cards until

total  length of record, NSIZE, are read.

The N card contains the prior probability for the flood loading distri-

bution (required only when LDIST = 6).

Field Variable Value Description

1 PRIOPN + Prior probability for normal
distribution

2 PRIOPLN + Prior probability for lognormal
distribution

3 PRIOPET + Prior probability for Gumbel
distribution

1:- PRIOPP + ' Prior probability for Pearson
III d i s t r i bu t ion

5 PRIOPLP + Prior probability for log—Pear—
son IH distribution

The 0 card contains the design return periods to  be considered

in developing the risk-safety factor curves. It is required for considering

both static case and time—dependent case.
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Field Variable Value Description

i NPROB + Number of design return peri—
ods t o  be considered

2 TRETU) + Design return period 1

8 TRJETU) + Design return period 7

Maximum number of design return periods considered is seven in each run.

The last card, P card, is required only when time-dependent risk

model is desired, i.e., MODEL=2.

F ie ld  Var iab le  Va lue  Desc r ip t i on

1 NLIFE + Number  o f  se rv i ce  l i f e  o f  struc—
tu re  cons ide red

2 SLIFEU)  + Service l i fe  l

s SLIFEU) + Service life 7 '
Max imum va lue  o f  NLIFE i s  seven  in each  run .
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APPENDIX E

USER'S MANUAL FOR COMPUTER PROGRAM "LEVOPT"

The main function of computer program "LEVOPT" is for the

optimal risk-based design of levee system. The program uses DP and DDDP

techniques toacompute optimal levee heights and encroachment widths for a

levee system. The basic assumptions and constraints in this model are

described in Chapter 5. The objective function is t o  minimize the to ta l  cost

that depends on the different design philosophies adopted. The options for

tak ing into account t he  analysis o f .  hydraul ic  uncer ta inty  and hydrologic

uncertainty, assessment of rel iabil i ty based on the static case or the t ime-

dependent case, using method of jackknife or bootstrap for reducing hydro-

logic parameters uncertainty, and defining the composite hydrologic loading

model are provided. The basic theories of those options are described in the

t ex t .

Subroutines REGION,  XMNR,  XSDR,  and XSKR are used to  compute

the regional  mean, standard deviat ion,  and skewness and the i r  respect ive

variance corresponding to  the regression equations developed in Chapter 3 for

the Southwestern U.S .  If o ther  areas a re  studied, users have to  subst i tute

these subroutines and supply their own regression equations. In computing

the cost of a project the land purchasing cost and construction cost are

considered deterministic. The basic variables wi th uncertainty in computing

the  levee capaci ty  a re  ident i f ied in Chapter 4.  In the computer  program the

362
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field length of all input variables is 8, field 1 is columns 1-8, field 2 is

co lumns  9-16 ,  f i e ld  3 is  co lumns  l7-2i4, e t c .

The arrangement  of data  cards  are described as follows.

Card Number  Var iab les
ID, XID
XA,  XSL, XST, XL, X1, NXX,  XR
MODEL,  METHOD, IRISK, NSEGMNT, LDIST,
NSIZE, MBOOT, IOPT
ZSLPRVR, ZSLPLND, WDCRWN, FREBORD, -
UCLEVE
XLAMU), XLAMTOLG), LAMDISTU), CXLAM(1);1=1,
. .  . , NSEGMNT
WDCHG), WDCHTOLU), WDCHDSTG), CWDCHU);
1: l ,  . . . , NSEGMNT
SCH-1(1), SCHTOLH), SCHDISTU), CSCI—KI):
1:1,  . . . , NSEGMNT
NCHG), NCHTOLU), NCHDISTQ), CNCHU):
1:1 ,  . . . , NSEGMNT
ACH(1), ACHTOLU), ACHDISTU), CACHG):
1:1,  . . i , NSEGMNT

ANGU), ANGTOLG), ANGDISTU), CACHU):
1:1 , .  . . , NSEGMNT
SBK(1), SBKTOLU), SBKDISTG), CSBKU):
1:1;  . . . , NSEGMNT
NBKu), NBKTOLU), NBKDISTU), CNBKU);
1:1 ,  . . . , NSEGMNT
UCLND(I), XLENG); 1:1,  . . . , NSEGMNT
QFLOWU), QFLOW(2), . . . , QFLOW(NSIZE)
TRET, SLIFE, RATEIN'I', TBASE, NPOIT
VOLUMU), DAMAGU), HD(1); 1:1 ,  . . . ,
NPOIT "
NWID, NHGT, l'l'MAX, NKAT, IPRINT
DELWD, DELI-11', EPS, SHRINKF
PRIOPN, PRIOPLN, PRIOPET, PRIOPP,
PRIOPLP

IO
m

W
U

O
W

>

h

M
L1

”W
U

/O
”0

0
2

$
1'

“ 
W

The  A ca rd  i s  fo r  s ta t ion  iden t i f i ca t i on .

Field Variable Value Descrigtion

1 113 + Stream gaging stat ion number

2-6 XID Alphabetical characters  for
the  location of gaging sta-
tion
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The B card contains the physiographic and meteorologic char-

acteristics of the river basin where the stream gaging station is located. A 8

card is no t  required i f  t he  variable METHOD=O in the C card.

F ie ld  Variable Value Descr ipt ion

i {(1% + Contributing drainage area in
" sq.miles

2 XSL + Main channel slope (85 to 10
percent point), in feet per mile.

3 XST + Percentage of surface storage
area, increased by 1 percent

1+ XL + Total length of main channel in
mi les

5 X i  + 10—year, 24-hour ra in fa l l  inten—
sity, in inches.

6 XNN + Mean  annua l  number  o f  t hun -
derstorm day

7 XR + Rat i o  o f  runof f  t o  prec ip i ta t ion
during months when annual
peak discharges occur, in in/in.

The C card is the job option card specifying various options in the

program.

F ie ld  Variable Value Descr ipt ion

1 MODEL 1 Stat ic  re l i ab i l i t y  model ;
2 Time—dependent reliabil ity

model

2 METHOD Method used to compute the
parameter estimates in hydro—
logic loading probability model

0 Sample statistics only;
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IRISK

NSEGMENT
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N SIZE
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Weighting procedure using jack—
knife method and regression
analysis;

Weighting procedure using
bootstrap method and regres—
sion analysis.

Risk issue considered in optimi-
zation

No r i sk ;
Hydrologic r isk  on ly ;
Include both hydrologic and
hydraulic uncertainty.

Number o f  levee reaches con—
sidered in optimization

Loading probability distribution
of flood magnitudes

Norma l  d is t r ibut ion;
Log—normal distribution;
Gumbel d is t r ibut ion;
Pearson type III distribution;
Log-Pearson type III distribu—
t i on ;
Composite distribution of above
f ive individual distributions.

Number of streamflow records

Number of bootstrap samples to
be generated (required only
when METHOD=2).

Option for optimization tech—
nique used

DP technique;
DDDP technique

D cards  conta in  in fo rmat ion  about  the  levee .



366

Field Variable Value Description

1 ZSLPRVR + Side slope of that levee on the
river face, in ft/ft

2 ZSLPLND + Side slope of the levee on the
land face, in ft/ft.

3 WDCRWN + Crown width of the levee, in
feet

ll FREBORD + Freeboard of the levee, in feet

5 U C L E V E  + Construction cost of the levee,
in S/cu. yard of compaction.

The E cards contain the nominal value, tolerance (1- something),

types of distribution (simple distribution presented in Fig. 4.3, and the mode

for the correction factor of the hydraulic model, Am, for each reach i, i=1, .

. , NSEGWT. There are a total of NSEGMNT E cards that follow the D

cards.

Field Variable Value Description

1 XLAMG) +g Fominal value of A m  for reach

2 XLAMTOLU) + Tolerance of km for each i.

3 LAMDISTU) Types of distribution for Am

for reach I

l Rectangular distribution, Fig.
4.33

2 Symmetric triangular distribu—
tion, Fig. 4.3b

3 Triangular distribution with
mode at WU, Fig. 4.3c

4 Triangular distribution with
mode at w2 Fig, 4.3d
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5 Triangular distribution with
mode Wc’  Fig. 4.3e

4 CXLAMG) Mode  of the  d i s t r ibu t ion  of Am

for reach I (required only when
LAMDIST(I)=5; o the rwi se ,  0 )

+

The F cards  provide the  nominal value, tolerance,  type of distribu-

t i on ,  F ig .  4 .3 ,  and  mode of channe l  t 0p  wid th ,  B ,  fo r  each  reach  I, I= l ,  . . . ,

NSEGMNT. ,-
Field Variable yilue Description

I WDCHU) + Nominal value of B for reach I

2 WDCHTOLU) + Tolerance of B for reach I

3 WDCHDSTO) + Type of simple distribution of B
for reach I (integer-valued)

ll CWDHG) + Mode of B for reach I

These are a total  of NSEGMNT F cards that  follow the  E cards .

The G ca rds  provide the  nomina l  va lue ,  to l e rance ,  type of d i s t r ibu-

tion (Fig. l+ .3 )  and mean of longitudinal channel bottom slope, So’  for  each

reach 1, 1:1, . . . , NSEGMNT.

119E Variable blue Description

l SCH(I) + Nominal value of So for reach I

2 SCHTOLU) + Tolerance of S0 for reach I

3 SCHDISTG) + Type of distribution of S0 for
reach I (integer-valued,

Ll CSCHU) + Mode of So for reach I

There are a t o t a l  o f  NSEGMNT G ca rds  t ha t  f o l l ow  the  F ca rds .
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The H cards give the  nominal value, to lerance,  type of  d i s t r i bu t ion ,

F ig .  1&3 ,  and and mode o f  channel surface roughness, Nc ’  f o r  each reach I ,

1:1,.,,,NSEGM1\IT.

F ie ld  Va r i ab le  Va lue  Desc r i p t i on

I NCHU) + Nomina l  value o f  Nc  f o r  reach I
(real—valued)

2 NCHTOLU) + Tolerance o f  Nc  f o r  reach I
2' (real-valued)

3 NCHDISTH) + Type o f  d is t r ibut ion o f  co r
r each  I

4 CNCHU) + Mode of  NC fo r  reach 1 ( real -
valued)

There are a t o ta l  o f  NSEGMNT H cards tha t  fo l low the  (3 cards.

The I cards provide the  nominal  value, to lerance,  type of  distribu—

t ion ,  F ig .  4.3, and mode of  the  fu l l  bank f l ow  cross sect ional  area o f  channel,

Afb ’  f o r  each reach I, 121, . . . , NSEGMNT.

F ie ld  Va r i ab le  Va lue  Desc r i p t i on

I ACHU) + Nomina l  value o f  Afb  f o r  reach
I .

2 ACHTOLG) + Tolerance of  A lb  f o r  reach I .

3 ACHDISTU) + Type of distribution of A b for
reach I (integer-valued).

1+ CAGE-1(1) + Mode of Af for reach I.
There are a t o ta l  o f  NSEGMNT I cards that  fo l low H Card-’5.

The 3 cards provide the  nominal  value, to lerance,  type of  distri—

but ion (F ig .  4.3), and mode o f  transverse f lood p la in slope, t , f o r  each reach

1, 1:1, . . . , NSEGMNT.

film-4am 9
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Field Variable Value Description

I ANGG) + Nominal value of T for reach I.

2 ANGTOLG) + Tolerance of 1: for reach I.

3 ANGDISTG) + Type of distribution of ’L‘ for
reach I (integer-valued)

4 CANG(I) + Mode of T for reach I.

There a re  a total of NSEGMNT 3 cards  that follow the I cards .

The K cards  provide the nominal value, tolerance,  type of distribu—

tion (Fig. 4.3), and mode of the  longitudinal flood plain slope, Sb, for  each

r each  1, 1 :1 ,  . . . , NSEGMNT.

Field Variable 221.1? Description

I SBKU) + Nominal value of S1) for  reach I

2 ° SBKTOUI) + Tolerance of Sb  for reach I.

3 SBKDISTG) + Type of. distribution of Sb  for
reach I (integer-valued)

4 CSBK(I) + Mode of S for reach I.
b

There a re  a t o t a l  of NSEGMNT K cards  that  fo l low the  3 ca rds .

The L cards  provide  the  nomina l  va lue ,  to le rance ,  type  of d i s t r ibu-

tion (Fig. 4.3), and mode of Manning's roughness for the flood plain, Nb’  for

each reach I, l z l ,  . . . , NSEGMNT.

Fie ld  Var iab le  Va lue  Desc r ip t i on

i NBK(I) + Nomina l  va lue  of Nb fo r  r each  I
(real—valued)

2 NBKTOLG) + Tolerance  of  Nb  fo r  reach  I
(real—valued)

3 NBKDISTU) + Type of distribution of Nb for
reach  I
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4 CNBKU) + Mode of Nb for reach I.

There are a total  of NSEGMNT L cards that follow the K cards.

The M cards provide the unit land purchasing cost, CLND’  in $/acre,

and length  o f  channel reach, L ,  in fee t ,  f o r  each reach 1, 1:1, . . . ,

NSEGMNT.

Field Variable Value Description

i QFLsOVl/(l) + Flow magnitude of first record

2 QFLOW(2) + Flow magnitude of 2nd record

10 QFLOWUO) + Flow magnitude of 10th record.

Each M card contains ten flow records. Continue using additional cards unt i l

total  length of record, NSIZE, are read.

The 0 cards have f ive variables.

Field Variable Value Description

i TRET + Design return period of flood
f l ow ,  in years

2 SLIFE + Service l i fe of the levee

3 RATEINT + Interest rate, in percent

4 TEASE + Time base of flood hydrograph,
in hours

5 NPOIT + Number of points describing the
damage—discharge relationship.
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The P cards describe the damage—flood volume-stage relationship.

was
VOLUM

DAM AG

HD

Value

+

+

+

Descr ip t ion

Volume o f  wa te r ,  in acre—feet

Flood damage cost, in dollars

Stage height,  in feet.

There are  a to ta l  of  NPOIT P cards that  fo l low the  0 cards.

The T2 cards and R cards provide in format ion  f o r  the state space,

etc. for DP and/or DDDP techniques. The Q cards have f ive variables.

Field

1

Field

Variable

NWID

NHGT

ITM AX

NKAT

IPRINT

Value

+

2

We
Number of lat t ice points for
the encroachment width in
state space

Number of lat t ice points for
levee height in state space

Max imum number  o f  i te ra t ions
in DDDP

Maximum number o f  t imes  the
size of the state space is being
reduced

Printing control for DDDP only

Pr in t  f ina l  resu l t

P r i n t  resul t  f o r  an in terat ion
only when the objective func-
tion is improved

Pr in t  every i terat ion

The R card consists of four variables.

Var iab le

DELWD

Value

+

Descr ip t ion

Inc remen ta l  enc roachmen t
width in state space
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2 DELHT + Incremental levee height in
state  space

3 EP5  + Cr i t e r ion  fo r  s t a te  space  reduc—
tion

4 SHRINKF + Shrinking fac tor  for  s t a te
space, (0 < SHRINKF <1)

The final  card (5 card) is required if a composite probability model

i s  de s i r ed .
3 a

Field Variable Value Description

1 PRIOPN + Prior probability for  normal
distribution

2 PRIOPLN + Prior probability for  log normal
distribution

3 PRIOPET + Prior probability for  Gumbel
distribution

4 PRIOPP + Prior probability for  Pearson HI
distribution

5 PRIOPLP + Prior probability for  log-Pear-
son III dis t r ibut ion
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