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1.

INTRODUCTION
Design flood estimation is a first and vital step in the

design process for a large range of civil engineering works.

Although

there has been great progress in the adoption of more rational procedures in the last 20 years, the methods used in practice are often
still rather arbitrary.

Only a small proportion of design is carried

out by hydrological specialists, and most design flood estimates are
made by relatively junior staff under the control of engineers whose
main experience is in other fields.

Thus, personnel engaged in design

flood estimation often have little knowledge of hydrological principles.

However, the adequacy and safety of the structures involved

depends directly on the design flood estimates, and overall, huge investments are involved.
Flood estimation is thus something of a "Cinderella" art in
the field of civil engineering design.

Most practical application

consists of use of handbook-type procedures, with little appreciation
of the underlying principles and philosophies.

The aim of this report

is to explore these underlying principles and philosophies, to encourage a more searching examination of the appropriateness and validity
of the methods used, and to suggest topics needing research and development.

All aspects of design flood estimation are considered, but

the main emphasis is on "normal" design practice for individual works
that range from small to fairly large in size and that account for the
major proportion of expenditure on hydraulic structures, rather than
on design of individual works of major importance.
It should be noted that this report concerns the design
aspects of flood estimation.

As discussed later, interest is expand-

ing in flood estimation and other fields of hydrology.

However, much

of this interest relates to mathematical modelling of the flood
process that is valuable in itself, but that is only vaguely related
to the design situation.

There is a need for increased interest in

the further understanding, development and application of procedures
for design flood estimation.

2.

IMPORTANCE OF DESIGN FLOOD ESTIMATION
Although design flood estimation is often carried out in a

rather perfunctory manner in practice, it is a primary and critical
step in the design of all hydraulic structures and works.

If the
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flood estimate is grossly incorrect, the benefits of subsequent
detailed hydraulic and structural design are largely nullified.

An

analogy can be drawn of the sophisticated structural design of a building using incorrect design loads.

Moreover, the position with design

floods is generally more critical than with loadings in normal structural design.

In the latter case, added safety can usually be provi-

ded at little extra cost as the materials constitute a relatively low
proportion of the overall cost of the structure, uncertainty in
possible extreme loadings is lower (except where dynamic loading from
forced vibrations is possible), and design loads are codified.

Rela-

tively large load factors can be economically incorporated in design
to cover uncertainties.

This is not generally so with design flood

loadings, where economic considerations necessitate the incorporation
of the larger uncertainties into the designs.
Structures and works that depend primarily on design flood
estimates for their sizing represent a huge economic investment.

It

is illuminating to consider the average annual investment in these
works for Australia.

Expenditure on rural roads in the financial year

1972/73 was $420 million (Ref. 8).

Drainage, culverts, causeways and

bridges generally account for 10% to 40% of road costs, depending on
the standard of the road and the climatological and topographical
conditions.

An average proportion of 15% would represent a mean

annual expenditure of approximately $65 million.

Annual costs of

urban stormwater drainage have been estimated at $50 million (Ref. 2).
These and other estimated expenditures as at 1973 are listed in Table
I.

The list is probably not exhaustive, and only approximate estima-

tes are possible for the items listed, as data are not available for
expenditure by the private sector, and comprehensive summaries of
costs are not published for expenditure on some items by public
authorities.

The estimated total annual expenditure of $190 million

represents a huge investment, and reflects the economic importance of
design flood estimation.
In view of the above considerations, it is surprising that
there has been so little practical recognition of the importance of
design flood estimation in the attitude of the engineering profession
in general, and so little attention paid to the development and application of better procedures in practice.

For the design of major

works, thorough investigations are generally carried out by specialists
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in engineering hydrology.

However, for the normal type of work en-

countered in general engineering practice, little time' is allowed for
the design flood estimate, and it is often carried out by draughtsmen
or other sub-professional staff.

The fee structure for consulting

engineers does not allow any more time to be spent on estimating the
flood loading than on the structural loading, which is generally taken
directly out of a code and is of a different nature to the former, as
discussed earlier.

For example, for a small culvert with a waterway

area of 5 m^ and costing with its approaches $8000, Ref. 7 allows a
7.5% fee ($600) for design and specification.

It is obvious that very

little time could be spent on flood estimation.

Insufficient recogni-

tion is also given to the needs of research and development.

Even if

0.1% of the total annual expenditure on flood-affected works was spent
on this item, an annual budget of $200,000 would result.

It is not

possible to accurately assess current national expenditure for research
and development on design flood estimation, but it is certainly only
a small fraction of this figure.
Several reasons can be suggested for the scant attention
that is generally paid to the importance of design flood estimation.
A major factor seems to be a deficiency in undergraduate courses leading to a lack of motivation regarding the development and application
of more thorough and logical approaches to flood estimation.

Sugges-

ted reasons are:
(i)

In many undergraduate courses, hydrology receives only

a few hours coverage in a hydraulics course.
little more than a few handbook approaches.

The subject matter is
Young engineers therefore

graduate with the idea that flood estimation (and hydrology in general)
is of little engineering importance.

This approach is a legacy from

previous years when little was known of hydrological principles, and
leans heavily on the English tradition dealing with a situation where
flooding is less severe.

However it is hardly realistic in the 1970's

in Australia.
(ii)

There has been an undue emphasis in undergraduate

courses on analysis as opposed to design and synthesis.

There is a

current general movement to remedy this deficiency, with the growing
awareness of engineering works as parts of wider developments, and of
environmental and ecological considerations.

Synthesis and design

are now specifically included in many courses, and subjects such as
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systems engineering have also been introduced to encourage a broad and
synthesis-oriented view.

However, design flood estimation as an aspect

of civil engineering synthesis and design has suffered in the past.
(iii)

There has been a tradition in the profession that

flood estimation is of relatively low importance and can largely be
dealt with by handbook-type procedures.

This probably stems from (i)

above.
(iv)

There has been a lack of availability of other than

handbook-type approaches.

The lack of rigorous and satisfying math-

ematical treatments of the complex processes in the catchment system
has led to lack of motivation in young engineers, who have been
trained to expect such mathematical treatment in other areas of
engineering, without fully appreciating the simplifying assumptions
underlying these mathematical treatments.
(v)

General lack of appreciation of many of the basic

issues underlying the design approach to flood estimation.
In view of the importance of design flood estimation as discussed previously, these attitudes are not justified under present
Australian conditions.

Measures to increase the motivation of gradu-

ating engineers, and of the profession generally, would be desirable.
A further difficulty that has tended to reduce the status
of design flood estimation has been lack of field data from which
better methods could be developed.

This has applied particularly to

relatively small rural catchments and to urban catchments, the two
categories for which the great bulk of design flood estimation is
carried out.

This problem is now receiving a little more recognition,

although it is probable that a much larger programme of data collection could be economically justified.

3.
3.1

DESIGN FREQUENCY AND SAFETY
Meaning of Design Frequency
The first step in estimating a design flood is selection of

the design frequency.

Although this involves a decision that is fund-

amental to the intention of the designer and to the criteria for satisfactory performance and safety of the structure, selection is usually
made on an arbitrary basis using handbook-type values.

The designer

generally has only vague ideas regarding the implications of the
choice on the safety, social impact, expected performance, and econom-
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ics of the works being designed.

In view of the fundamental nature

of the selection of design frequency, there is a need for clarification of the issues involved and for research and development to provide better guidelines for the engineering profession in an area which
has wide-ranging implications with regard to public investment and
safety.

The ensuing discussion relates primarily to design on a

frequency basis and not to estimates of extreme discharges by the
"Probable Maximum Flood" approach.
Design of works to pass or safely contain a flood of a given
frequency iB5)lies that a failure will result with the occurrence of a
larger flood.

However, failure in this sense does not necessarily

mean that the structure will be destroyed or even damaged, but that it
fails to perform the service for which it was designed.

In this sense,

"failure" may be somewhat misleading, and a term such as "surcharge"
may be more appropriate.

The effects and damages resulting from sur-

charge by a flood larger than the design flood are a fundamental
consideration.
It must be recognised that all hydraulic works sized by a
flood estimate are designed on a risk basis.

There is always a finite,

and often quite large probability that the structure will be surcharged
either in any given year or during its economic life.
or works is "safe".

No structure

Although often not recognised, this really applies

to all civil engineering works.

It applies more critically to

structures required to pass a design flood, as the risks are usually
greater as a result of the high costs of increasing safety.

Even

with major dams, the concept of complete safety is unrealistic and
misleading.

The design intention is therefore that surcharging or

failures liill occur, but that the resulting damages are both socially
acceptable and cost less than constructing works for larger design
floods and lower risks.
Two cases should be distinguished in considering an appropriate design frequency and the resulting risk that can be accepted.
If an authority is responsible for a large number of structures, such
as road or railway bridges and culverts, the risk can be spread over
all of the structures and a high design frequency or risk can be
accepted for any given structure.

The intention then is that with

relatively frequent failure, the total cost of repairs to damages
over all of the structures is less than the extra cost of constructing
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all of the structures to a higher design standard.

If the design

frequency is once in 10 years and the authority owns 1000 structures,
the expected failures in any year would be 100, but the average cost
of repairing these would be less than the annual costs of constructing
the 1000 structures to a higher standard.
an authority owns a single structure.
damage costs cannot be spread.
quency.

The second case is where

The risk is isolated, and

This case demands a lower design fre-

For example, if a structure has an economic life of 50 years

and is designed for a flood with a frequency of 100 years, the probability of one failure in the life of the structure is 31%, of two
failures is 8%, and of more than two failures is 1%.

It is difficult

for an authority to carry risks of this magnitude and a lower frequency
or some form of insurance is required.
As indicated above, design of most minor and medium-sized
structures on a frequency or risk basis should result in the frequent
failure or surcharging of these structures.

Most minor bridges and

culverts, farm dam spillways and urban drainage systems have been
designed for floods with return periods in the range of 2 to 50 years,
with 10 years being an approximate average.

With tens of thousands

of these structures in Australia, several thousand should be surcharged
every year, although for a given region, many years may pass with very
few if any failures, as frequencies refer to long-term averages or
probabilities.

If, on the average, these large numbers of failures

do not occur, the design procedures in use are not accomplishing their
objectives, and structures are being overdesigned relative to selected
design frequencies.

No data are generally available on the performance

and numbers of failures of structures designed to pass floods, and
research on this topic is highly desirable to assess current design
procedures in view of the investment involved.

However, it seems

that the expected large numbers of failures do not occur, although a
small proportion of structures probably fail often.

The large major-

ity are surcharged very rarely, if at all, indicating that most
design is probably conservative relative to recommended and accepted
design frequencies.
With the present state of knowledge and with design methods
in current use, it is inevitable that some structures will not perform
in accordance with their design expectations.

In this regard, lack of

accuracy in both design data and design methods demands that lower

design frequencies be used as a basis for design than would otherwise
be the case.

As in all situations where quality control is lacking,

the greater uncertainties involved require a higher design criterion
to be adopted so that the proportion of structures that perform in an
unsatisfactory manner is reduced to an acceptable level.

However, the

result is that most of the structures perform well above the required
standard and are surcharged rarely if ever, as noted above.

The

overall effect is that the average structure is overdesigned and large
over-expenditure is involved.

This is a cogent reason for investment

in development of better design methods and design data.
Spectacular failures, often involving loss of life such as
the Woden Valley (A.C.T.) flood of January 1971, are sometimes cited
as evidence that present design is not sufficiently conservative.
However, the return period of such floods is probably very high,
possibly of the order of thousands of years.

When it is considered

that there are hundreds of thousands of small catchments in Australia,
it is highly probable that a 10,000 year flood will occur on at least
one of them in a given year.

The probability of it occurring on a

given catchment is infinitesimal.

It therefore seems unreasonable to

pay great attention to such floods in developing a basis for design,
although as noted below in Section 3.2, consideration should always
be given to the effects of surcharging.
The design frequencies in "Australian Rainfall and Run-off"
(Ref. 28) are widely accepted, but this could result from the design
procedures in that publication giving conservative values.

It may be

that the real meaning of their acceptability is that their use with
these design procedures leads to satisfactory results in the practical
experience of the users.

However, if conservatism is required, it

seems preferable to select a lower frequency as a design decision, and
to use better design methods and data to derive a flood of the required
frequency.

In this way, the designer would have a more definite idea

of the conservatism of his design.
Generalised design frequencies such as those in Ref. 28
should ideally only be used as guides and not as blanket figures.
The acceptable risk in a given instance depends on:
(i)
(ii)
(iii)

whether spread or isolated risk is involved;
values of incremental costs at various design levels;
values of incremental damages at various design levels;
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(iv)

the likely form of the frequency distribution of
floods;

(v)

and

accuracy of the data and of the design method.

Consideration of these factors can provide the designer with a means
of modifying handbook-type design frequencies to give a more realistic
value in any given situation.
A further relevant point in the selection of design frequencies is the expectation of the public.

While design with a high

frequency of occurrence might be acceptable from the engineering and
economic viewpoints, frequent failures may not be tolerated by the
public.

In a situation of this type, the decision-maker should be

aware of the cost of providing a more conservative design.

3.2

Design for the Reduction of the Effects of Surcharging
Although design is carried out for the selected frequency,

it is obviously desirable that surcharge during larger floods of lower
frequency be considered with a view to minimizing the effects of the
water not carried in the structure.

Also the works should be viewed

in the context of the environment and not in isolation.

With careful

consideration, the structural arrangement of many works can be designed
to reduce the damaging effects of any surcharge.

In some cases this

may allow the use of a higher design frequency with consequent
economies.

Some examples are:(i)

fail-safe designs, where surcharge results in
planned partial failure, thereby increasing the
capacity of the structure to pass higher flows.
Block dams and emergency spillways on dams with
restricted main spillways are examples;

(ii)

long, flat causeway sections at culverts, which are
structurally safe and where any overflow is at low
depths and velocities;

(iii)

situations in urban drainage where excess flow at
one inlet can be handled by a downstream inlet with
a smaller catchment subarea;

(iv)

and

use of floodways in open-space areas.

9.

3.3

Non-Structural Alternatives and Complementary Measures to
Engineering Works
A variety of largely non-structural measures provide another

means of handling the effects of floods.

These measures may be used

to complement engineering works so that design may be based on a
smaller design flood of higher frequency, or they may be used as an
alternative to the construction of engineering works.

Non-structural

measures have been utilised to only a limited extent in Australia,
but considerable interest has been shown in them in the U.S. in the
last decade.
The non-structural measures include:
(i)

flood warning and forecasting systems with possible
evacuation;

(ii)
(iii)

permanent and temporary warning signs;
zoning regulations for land inundated by large floods
of low frequency, with works designed on the basis
of smaller floods, and restrictions to encroachment
by structures, fences or other obstacles on the
waterway areas for the excess flows.

Mown waterways

can be used for parks, recreation areas and other
open-space uses;
(iv)
(v)

flood insurance schemes;

and

improvement of natural temporary storage with possible
incorporation in recreation areas.

With these measures and those in Section 3.2, design is
carried out with major attention paid to the water that is not carried
in the structural works.

In addition to economic benefits, use of

these measures may also lead to social and environmental benefits.
In the past, engineers have not been known for their utilisation of
non-structural measures, but provision for the effects of design
floods is an area where greater consideration of their use is demanded
by present-day attitudes in the community.
Legal aspects may constitute a problem in the use of some
measures, particularly flood-plain zoning of privately-owned and developed land.

Problems of this nature in the U.S. have been discussed

by Liebman (Ref. 34).

10.
3.4

Use of Economic Analysis to Provide Guidelines
Ideally, the optimum frequency for design of works should be

based on economic analysis, together with consideration of relevant
socio-political and legal factors.

It is not possible to undertake'

ecoiiomc anai>-si5 for every snail structure that is to be built.
However, representative analyses of selected cases would be a very
desirable field of research to provide more adequate guidelines for
the selection of design frequencies than are available at present.
This could indicate those factors that are of critical importance and
those that have low sensitivity, and it may be possible to develop
regional relationships that would be valuable for design.
Difficulties that would be encountered in economic analysis
of small structures are fairly obvious.

Variations of the discount

rate and the effects of inflation would introduce uncertainties, but
analysis would show the effects of variations of these factors on
design decisions.

Economic effects of flood discharges greater than

the design flood could be difficult to assess.

Damages would have to

be assessed at the structure, and both upstream and downstream of it.
Structural damages are relatively easy to assess, but much greater
difficulties are associated with intangible damages.

These include

loss of services, provision of alternative services, losses to third
parties, decrease of attractiveness to development, and risk to human
life.

The last factor is discussed in more detail in Section 3.5.
Despite these difficulties, economic analysis to determine

optimum design flood frequencies is possible.

Gould (Ref. 26),

Midgley (Ref. 35) and the University of the Witwatersrand (Ref. 44)
have described analyses of road bridges and culverts, and an A.S.C.E.
Task Committee (Ref. 5) has discussed in considerable detail the
analysis required for dam spillways.

Ref. 44 indicates that analysis

is practicable even for small culverts.
Definitive answers regarding design frequencies may not be
possible as a result of intangibles and uncertainties.

However, a co-

ordinated programme of economic analysis of representative structures
could provide guidelines that would lead to improved design practice
in the fundamental step of selection of appropriate frequencies, and
could indicate the real costs of incorrect decisions.

11.
3.5

Risk to Human Life
This is a very important but nebulous problem in design on

a risk basis and in selection of a design frequency.

However, it is

a problem that the designer must answer and that cannot really be
escaped.

An answer is implicit in every design decision, even if no

explicit consideration is taken.

Simple answers do not seem possible,

but there is a need for the profession to face the problem in a direct
manner to develop logical and considered guides to selection of design
frequency.
Several possible types of approaches have been advocated to
the problem:(i) Assigning a monetary value to life.
Although this is fraught with obvious difficulties and
raises many emotional issues, the approach attempts to be open, honest
and straightforward.

The rationale of this approach is summed up in

the following extract from a recent report of the American Society of
Civil Engineers Task Committee on the Réévaluation of the Adequacy of
Spillways of Existing Dams (Ref. 5):"The engineer has been too reticent to place an economic
value on human life or suffering.

This of course, is

understandable; however, in order to make meaningful
decisions such an evaluation is unavoidable.

The alter-

native, in effect, places an infinite value on human life,
which is unrealistic.
inexhaustible

The resources of the Nation are not
This difference in cost, when con-

sidered as a national resource, might save more lives or
prevent more suffering if spent on some other activity
such as highway or industrial safety or medical research.
The Committee believes that the engineering profession
should delay no longer the use of monetary human values
in the economics of spillway design.

The courts have

shown that human values are finite, not infinite."
Table II lists published examples of monetary values placed on human
life.

Two means that have been suggested for assigning values to

human life are the present worth of the interrupted stream of earnings
plus medical expenses, and compensation figures.

However, it should

be noted that some of the values listed in Table II result not from a
conscious decision of what a life is worth, but from an assessment of
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the costs authorities have been willing to incur in order to make a
particular enterprise "safe".

The large range of listed figures

reflects the difficulties in assigning monetary values to human life,
(ii)

Rejection of conscious speculation on the value
of life

This viewpoint, taken by many of the discussions of Ref. 5,
is really the opposite of (i).

It asserts that accepting risk to

reduce the cost of a structure is discredited by modem attitudes to
ethics and public welfare.

Sir Hugh Ennor (Ref. 24) has recently

brought to the attention of the Australian engineering profession the
in^lications of modem dissatisfaction with accepting technical and
economic criteria in issues affecting the quality and sanctity of
life.

Proponents of this viewpoint also contend that risk to a small

group should not be accepted for the economic benefit of a third party.
It follows that design should be based on the most extreme conditions
reasonably possible.

While this might be satisfactory for design of

large dams, it does not seem to be a reasonable approach for smaller
works.
(iii)

Multilevel evaluation

In this approach, the appropriate design frequency is considered relative to a sequence of criteria, but each subsequent assessment is only allowed to decrease, and not increase the frequency
adopted from the previous one.

For example, Kuiper (Ref. 31) suggests

that design frequency should first be selected as an engineering decision to give an acceptable risk of failure of the structure.

This

should be followed by an economic assessment, with the design frequency
reduced if necessary on this basis.

Finally, the desirability of

again reducing the frequency should be examined from the social viewpoint having regard to danger to life.

Kuiper suggests this should be

done by social scientists and the formally elected or appointed
representatives of the people, and not by engineers.

For those making

the decisions, the costs of reducing the risk would be available from
the economic analysis.
(iv)

Use of utility theory and Bayesian decision analysis

This is really an attempt to formalise the approach in (iii).
Utility or preference functions would have to be developed for death
and incapacitating injury, and these would be used in Bayesian
decision analysis to indicate optimum policies under the uncertainties

involved.

In effect, monetary values would be weighted by preferences.

This approach seems to have potential as a means of explicit consideration of the value of life.

However, derivation of utility functions

is difficult in practice, and the general approach is still in the
developmental stage in terms of practical application.
Overall, assessment of risk to life is a difficult probler.,
and none of the suggested approaches offers a simple solution.

In

view of its basic importance, particularly with present-day attitudes,
it is an area that requires considerable research to provide guidelines
for more soundly-based design decisions that will be acceptable to
the community.

3.6

Legal Responsibilities
These constitute a further important, but difficult aspect

of selection of design frequencies.

In general, accepted profession-

al practice seems to have been regarded by the courts as fulfilling
legal responsibilities.

In Australia, "Australian Rainfall and Run-

off" (Ref. 28) has been taken to represent the accepted practice of
the profession.

However, to avoid liability, accepted practice must

be applied by a competent designer with all due care, skill and diligence.

Not only must the designed structure conform with the designer's

intentions, but it must also fulfil the function that could be reasonably expected by the public.

A designer may also be liable if a

structure increases a natural hazard, such as inundation resulting
from flooding, particularly if no public warnings are given or displayed.
There are few legal precedents regarding the designer's
liability for works required to handle floods.

In the case of the

Woden Valley flood of January 1971, the Coroner (Ref. 9) found that no
liability should be assigned to the designing authority since accepted
practice embodied in Ref. 28 had been followed and specific consideration had been given to the special problems of flood effects associated with this design.

On the other hand, Ref. 44 cites a coroner's

finding of liability of the designer for a South African failure,
based on the precedent of a Privy Council ruling that no risk could be
knowingly accepted regarding danger to human life.

In a more general

legal precedent (Ref. 45), the court ruled that a designer is not
generally liable if a person is injured as a result of attempting to
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use a structure which is performing its normally expected function.
However if a structure collapses and a person is injured, the designer
may be liable.

The difficulty facing the designer of flood-prone

structures is to determine what constitutes the "normally expected
function".

Definitive interpretations can only be given by the courts,

and insufficient precedents are currently available.

Legal opinion

has indicated that the public would possibly be successful in many
more cases against the designer than are presently brought before the
courts.

It would be desirable to investigate further the legal

responsibilities of the designer and to obtain specialised legal
opinions as a guide to design practice.
One aspect that has been made clear by the courts is the
responsibility to provide warning signs on any structure that is liable
to surcharging.

This practice is only followed to a limited extent

at present.
3.7

Need for Further Investigation
The preceding discussion has indicated that although selection

of a design frequency is a fundamental and complex aspect of the design
process, particularly as flood design is explicitly carried out on a
risk basis, current practice is largely arbitrary.

Several aspects

have been discussed where issues require clarification and where
further research and investigation would be highly desirable.

The

results of this research would provide guidelines that should lead to
more logical and responsible practice in the selection of design
frequencies.
4.

DESIGN FLOODS VERSUS FLOODS RESULTING FROM ACTUAL STORMS
In practice, two quite different types of flood estimation

problems are encountered.

Much confusion has resulted from lack of

recognition of the fundamental differences involved, and clarification
would aid the assessment of the appropriateness and validity of flood
estimation procedures.

The first type of problem is the estimation of

a design flood of a given frequency, and the second is the estimation
or synthesis of an actual flood resulting from a particular rainfall.
A design flood is really a statistical estimate.

It is

based on some form of statistical analysis of flood or rainfall data,
and a frequency or return period is imputed to the design flood
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estimate.

If a design rainfall is used in the estimation of the flood,

it is not intended to suggest that if a rainfall of that amount occurred at a given time, the estimated flood would result.

Occurrence of

the rainfall when the catchment was wet might result in a very large
flood of magnitude greater than the design flood estimate, while
occurrence of the rainfall when the catchment was dry might result in
relatively little, or even no, runoff.

For the design situation of

estimating a flood of a selected frequency, the antecedent conditions
are not known, nor are they of interest.

In fact, a design rainfall

of selected frequency can be considered as a device that is used as an
aid in estimating a design flood of the same frequency.
The approach to estimating an actual flood from a particular
rainfall is quite different in concept.

Cases where such estimates

are required are in real-time flood forecasting, operational forecasts
for dam releases, and the estimation of missing flow records.

In these

cases the approach is deterministic in nature and all causes and
effects require consideration.

The actual antecedent catchment con-

ditions prevailing at the time of occurrence of the rain are very important and must be allowed for in estimation of the resulting flood.
No real information is given regarding the frequency of the estimated
flood, and flood frequency studies cannot be used in the estimation.
Although the differences in these two types of flood estimation problems are often not recognised explicitly, they
important practical consequences.

have two

The first is that a particular

procedure may be good or satisfactory for one case, but may be quite
unsuitable for the other.

For example, the Rational Method using the

statistical approach can be a satisfactory procedure for estimating
design floods for small rural catchments, but is not satisfactory for
estimating the flood resulting from a given rainfall (Ref. 25).

On

the other hand, storm rainfall-runoff correlations using additional
parameters such as antecedent rainfall and season of occurrence are
suitable for use in estimating the flood runoff from actual storms,
but are not really satisfactory for the design case as the antecedent
rainfall and season of occurrence applicable to the design storm are
not generally known.
The second important practical consequence of the differences
between the two types of problems is their effect on the manner in
which values of the constants or parameters in procedures are derived
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from recorded data on gauged catchments, and on the manner in which
those values are applied.

For example, if the runoff coefficient in

the Rational Method was to be applied to estimate floods resulting
from actual rainfalls, values would have to be derived from analysis
of individual floods.

However, for the design case this approach is

not really valid, as the runoff coefficient is used to estimate the
flood of a given frequency from a rainfall of the same frequency.
Runoff coefficients should thus be derived as the ratio of values taken
from frequency curves of peak discharge and rainfall intensity, as
discussed in more detail in Ref. 25.

5.

COMPARISON OF FLOOD FREQUENCY AND DESIGN RAINFALL APPROACHES
A major issue of contention relating to the approach to be

adopted in the practical estimation of design floods is the relative
merits of frequency studies of observed floods and procedures utilising
a design rainfall.

Although this issue has generated much controversy

in the past, the most constructive approach seems to be to view the
methods as complementary rather than strictly competitive.
The great advantage of the flood frequency approach is that
it allows a direct estimate of the flood peak discharge of a given
probability.

Discharge, the variable of specific interest to the

designer, is considered directly, without introduction of uncertainties involved in estimates of other design values.
Difficulties in flood frequency studies arise from two major
sources.

The first is that the true form of the frequency distribu-

tion is not known, and it is not possible for it to be determined.
The nature of flood data does not conform to the theoretical requirements of any frequency distribution, and historical records are much
too short to afford any definitive empirical evidence.

This problem

is compounded by the fact that the flood data for most stations can
be fitted with satisfactory accuracy by several types of distributions over most of the range of observed data.

Goodness of fit tests

generally show no significant differences in.the fit of the data to
the different distributions.

However, the tails of the distributions

are dissimilar, and these are the probability regions of interest to
the designer.

Differences of estimates from different distributions

led to the adoption of the log-Pearson Type III distribution as a
standard for the U.S. (Refs. 12 and 43).

Conway (Ref. 17) also found
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this distribution to give the best fit on 23 coastal N.S.W. streams.
The problems associated with the selection of the appropriate type of frequency distribution are illustrated in Fig. 1, where
frequency curves are fitted to 28 years of annual flood data for the
Styx River at Jeogla (National No. 206001).

Curves are shown for the

log-normal, extreme value (Gumbel) and log-Pearson Type III distributions, and are plotted on log-normal probability paper as a matter of
convenience only and not because of any inherent superiority of this
distribution.

Over most of the range of the plotted data, there is

little to choose between the fit of the three curves, although the
extreme value curve lies on the opposite side of the plotted data to
the other two curves.

However, the tails of the three fitted distri-

butions are quite dissimilar, and Table III illustrates the differences in flood discharges of various low frequencies estimated from
the three distributions.
Sampling errors provide the second major source of difficulty in flood frequency studies.

This relates to estimating the

best or "correct" values of the population parameters once the type
of distribution is selected, and is an entirely separate problem to
the selection of the distribution.

The magnitude of sampling errors

is illustrated by the numerical sampling experiments reported by
Benson in the Appendix to Ref. 23.

A population of 1000 values fitt-

ing a selected frequency distribution and corresponding to 1000 years
of annual flood values was randomly divided into samples of various
lengths.

Fig. 2 reproduces the resulting frequency curves of the

100 ten-year samples and the 20 fifty-year samples.

Even with a

length of record of'50 years, these results show that large errors
are possible and the frequency curve of recorded floods may be quite
different from the true curve of the population.
gives similar results of sampling experiments.
Table III also illustrate

Alexander (Ref. 3)
Lines 3 and 4 of

the effects of sampling errors.

How to

handle "outliers", or extreme data points lying well above the
apparent line of best fit for the remainder of the data, is another
practical problem relating to sampling.

The numerical experiments

referred to above indicate that wide deviations from linear plots on
frequency graphs often occur in samples drawn from populations that
do correspond with the particular probability paper.

Confidence

intervals can be constructed to indicate the uncertainties resulting
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from sampling errors.

However, many methods for deriving these are

available, giving widely different results.

While the construction

of confidence intervals serves some purpose in indicating that uncertainty is involved in the estiiaate of a flood discharge, they
pre vide little practical help tc the desigiter, ubo generally recuire<
a single answer.

It is possible they could be used in a sensiriMty

analysis of the economics of a structure for which the flood estimate
is required, but studies of this type are not incorporated in present
design practice.
A further problem results from lack of homogeneity of catchment conditions over the period of record, so that the flood data do
not really come from the one statistical population.

It is accentu-

ated with long records where the sampling problem is less severe.
The approach to flood estimation utilising design rainfall
has several advantages.

The various factors affecting flood runoff

are considered in a more explicit manner, and the differences of individual catchments can be better allowed for than with flood frequency
studies.

This also leads to more logical and confident estimation for

ungauged catchments.

Shorter discharge records can provide the required

design data, which is an important practical advantage.

A few

recorded floods are sufficient to provide data on unit hydrographs
and loss rates, for example.

This also reduces the problem of lack

of homogeneity of catchment conditions, and changes can be allowed
for more readily.

The complete hydrograph can be estimated by some

methods using this approach, notably the unit hydrograph method.
It is important to recognise that frequency analysis is still
involved in most flood estimation using design rainfall, as these
latter values are obtained from intensity-frequency-duration studies.
All of the points relating to flood frequency studies therefore
apply, at least to some extent, to the analysis of recorded rainfall
data on which the design relationships are based.

However, rainfall

frequency studies have several advantages over flood frequency studies.
Longer records and more gauges are available-, especially for daily
rainfalls.

Even with the longer records, the assumption of a homogen-

eous population is satisfactory as a result of the relative stability
of the climate.

Extreme rainfall values are more easily defined from

physical considerations.

Rainfall depends on less factors than

runoff, and is thus much more amenable to generalised regional analysis.
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as it does not vary as greatly from one catchment to the next.
Smoothed regional relationships also reduce the effects of sampling
errors in individual records.
This smoothing applies to some extent to the design relationships in the original "Australian Rainfall and Run-off" (Ref. 28),
and more definitely to the revised relations in Refs. 4 and 11.
However, this reduction of sampling errors may not apply to at least
short-durâtion rainfalls in the replacement for "Australian Rainfall
and Run-off" to be published in 1975.

If frequency relationships

derived from relatively short records of individual pluviographs are
applied to the region around each gauge without spatial smoothing of
variations, the full effects of sampling errors will apply to the
design relationships.
Two major criticisms apply to the design rainfall approach.
The first is that these procedures involve a series of steps, each
requiring design estimates that are subject to error.

Although these

errors are individually smaller than those involved in flood frequency
analysis, their combined effect in the derived flood discharge may be
of the same order of magnitude.

The second problem is that the

approach requires the estimation of a flood of a selected frequency
from a design rainfall of the same or some related frequency.

Some

procedure must be adopted for considering the effects of the other
causative factors in the flood runoff process on the transformation
of rainfall frequency to flood frequency.

This problem is discussed

in more detail in Section 6.
For flood estimation on small to medium sized catchments,
regional methods have been developed based on both the flood frequency
and design rainfall approaches.

In general, the design rainfall

approach is more promising, as the variations in factors affecting
flood runoff can be allowed for more directly, and the form of the
design relationships is more logical.
The concensus of opinion is that the design rainfall approach
to the estimation of design floods has a wider range of valid application than the flood frequency approach.
by no means unanimous.

However, this opinion is

Where long streamflow records are available,

flood frequency studies are better.

Even then, it is sometimes

suggested that estimates would only be reliable for return periods
less than about one fifth the period of record.

In view of the
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uncertainties involved in all methods of flood estimation, use of
flood frequency analysis seems justified in practice for return
periods iq) to the period of record.

The widely-held opinion is that

extrapolation to longer return periods is undesirable.
It seems desirable that the two approaches to flood estimation should be regarded as complementary and not in competition.
Refs. 21, 22 and 25 give examples of combined use of the approaches,
or the use of one to check results of relationships based on the
other.

It is not possible, nor desirable, to give unqualified

support to one approach, and further development of both is to be
encouraged.
6.

RELATIONSHIP OF FLOOD FREQUENCY TO RAINFALL FREQUENGT
In the approach to design flood estimation utilising design

rainfall, a fundamental problem is establishing the true frequency of
the derived flood.

The intention is that a flood of the selected

design frequency is derived from a rainfall of the same frequency.
However, each part of the particular design model that is used tends
to introduce some joint probability, and the true probability of the
derived flood is obscure.
Three approaches have been suggested for estimating the
design flood of selected frequency from rainfall.

The simplest approach,

and only really practical approach at this time, is to attempt to
transform a rainfall of a selected frequency into a flood of the same
frequency.

Minimisation of the effects of the joint probabilities

introduced by the various components of the design model is required.
This should be accomplished if median or average values are selected
of all parameters other than rainfall.

The probability of occurrence

of a value above the median is the same as that for a value below thè'
median.

The authors have developed procedures for utilising median

or average values or patterns of various components of the loss-rate
unitgraph method (Refs. 19, 20, 37 and 40), and a complete design
procedure using this approach has been derived by Cordery and Webb
(Ref. 22).
It is often suggested that the "worst" values of the various
parameters should be used with the selected design rainfall, such as
a high runoff coefficient, the lowest derived loss rate or the highest
unitgraph peak.

The intention is to derive a conservative, or high
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flood.

This results in a flood of a lower probability than the design

rainfall, but the actual probability of the flood is obscure.

It

seems preferable that if a more conservative design is required, this
should be accomplished by initial selection of a lower design probability, and then to attempt to transform a design rainfall of this
probability to a flood of the saice probability.

This is a more direct

and open procedure.
The second approach for defining the frequency of a flood
derived from rainfall was proposed by Nash (Ref. 36) and developed by
Reran and Sutcliffe (Ref. 14).

The approach attempts to find the

probability of a flood peak as the sum of the probabilities of all the
rainfalls and corresponding catchment conditions that could cause the
flood peak.

Beran (Ref. 13) has proposed a type of simulation to cal-

culate the flood frequency curve from the rainfall intensity-frequencyduration curve, by taking a large sample of combinations of rainfall
intensity, duration and pattern and of an index of catchment wetness.
Values are drawn from frequency distributions of each parameter, and
a frequency curve is constructed using floods synthesised from each
sampled combination.

For a given region, this approach would require

considerable developmental work and a large amount of data preparation
and computation.

It is possible that the approach may not be valid

as a result of lack of independence of the variables in a given region.
The third and most ambitious approach is to use a mathematical model of the rainfall-rimoff process to synthesise long discharge
records from the catchment.

A flood frequency study of these long

records would yield design peak discharges.

However, long records of

rainfall intensity, or synthesised records would be required.

Further

problems result from uncertainty regarding the accuracy of any given
model, especially for the extreme flood events of interest.

There

are also doubts regarding the evaluation of the parameters of these
models (Ref. 29).

The U.S. Geological Survey (Ref. 33) has been

carrying out a programme of this type on a large number of small to
medium-sized catchments in an attempt to develop regional flood
frequency relationships.
The last two approaches outlined above are not really of
practical use under Australian conditions at present, and are still
in the research stage.

The first approach using median values of

the design parameters appears to be the best practical procedure
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available at present.
7. FUTURE DEVELOPMENT OF DESIGN PROCEDURES
7.1

Relation of Current Research to Design Practice
The last 10 to 20 years have seen great progress in the

adoption in Australian design practice of more logical methods of
flood estimation in place of empirical formulae and procedures.
However, the basic methods in use today were in general available 20
years ago.

In this period, there has been a great upsurge in hydro-

logical research in Australia and other countries, but development of
design procedures has lagged, although a considerable amount of
Australian design data for existing methods has been derived.
A major reason for this lag has been that much of the research
has not been oriented towards the design situation.

Undoubtedly the

greatest factor influencing research has been the advent of the computer, with its ability to handle complex mathematical modelling of
processes and large amounts of data. The emphasis with flood studies
has been placed on modelling of deterministic behaviour, with much
research on topics such as continuous modelling of the entire rainfallrunoff process, and synthesis and reproduction of observed hydrographs
including nonlinear effects.

From the design viewpoint, this research

is not to be discouraged, as it is hopefully increasing our understanding of flood processes and will eventually lead to better practical methods.

However, it must be recognised that the results of this

research are of very little practical use to the designer at present,
and are not likely to be in the near future.
A further problem limiting the practical usefulness of
current research is that our ability to model assumed behaviour of
processes has far outstripped available data on actual behaviour.

It

is much easier to carry out research with a computer on assumed or
theoretical behaviour than to engage in practical research in the
field.

Computer research also often gives the impression of greater

status. The data available for analysis are generally only for rainfall, streamflow and approximate évapotranspiration.

The streamflow,

and to a lesser extent rainfall, represent averaged or "lumped" values
for the catchment.

No real information is available on the actual

processes operating on a catchment, or on their variations in space
and time.

With the available data, it has often not been possible to
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assess the comparative performance of different models or to determine
that there is a unique relation between values of the model parameters
or constants and physical characteristics of catchments, a requirement
of any procedure to be used for design.

Refs. 29 and 15 are examples

of Australian studies indicating ambiguous parameter values of continuous rainfall-runoff models and a nonlinear hydrograph synthesis model
respectively.

7.2

Present Needs for Development of Design Methods
Despite the lack of orientation of much current research

towards the needs of the designer, some recent work has the potential
for short-term development that could greatly improve the design situation within a few years.
For important projects on medium to large rural catchments
without streamflow data, it would be of benefit to extend synthetic
unit hydrograph procedures similar to that of Cordery (Ref. 18) to
other areas of Australia.

Unit hydrographs have now been derived on

many gauged catchments, and these would provide much of the required
data.

A more ambitious approach would be to apply and test the non-

linear runoff routing procedure developed by Laurenson (Ref. 32).
Normal projects on medium and small rural catchments often
entail routine design flood estimation by non-specialist engineers.
Relatively simple and quick design procedures are required.

Synthetic

unit hydrographs may be useful here, but further development of this
approach in design hydrograph procedures offers great promise (Ref.
21).

These procedures seek to apply known hydrological principles in

as logical a manner as possible, and the results are precalculated or
systematized in such a way that the method is not much more difficult
to apply than the Rational Method or an empirical formula.

A method

of this type has been developed for eastern N.S.W. by Cordery and
Webb (Ref. 22).

It would be of great practical benefit to extend

this method or a similar approach to other regions of Australia.
Regional flood frequency procedures similar to that of Cameron (Ref.
16) for eastern Queensland and Amhem Land could provide an alternative approach.
For small rural catchments, there is still a need for the
Rational Method or some variation in design practice.

As discussed

earlier, there is a huge overall investment in small structures on
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these catchments.

The statistical approach to the Rational Method

described by French, Pilgrim and Laurenson (Ref. 25) offers the advantages of a procedure with design values based on observed flood data
in the region of interest, and of being derived in a manner that
corresponds with the way in which the design procedure is applied in
practice.

Estimation of time of concentration constitutes a practical

difficulty.

Derivation of design data for the statistical approach

is needed for other parts of Australia.
Urban drainage also involves a huge investment, as discussed
in Section 2.

Almost all design in Australia is based on the Rational

Method (Ref. 2).

This is also the case in the U.S. (Refs. 2 and 6),

despite considerable development of urban drainage models.

Unfortun-

ately, lack of observed data from gauged urban catchments makes the
development of significant improvements in design methods almost
impossible in the next few years.

Derivation of runoff coefficients

by the statistical approach to the Rational Method would be desirable
for the few catchments that are gauged.

Further development of the

Road Research Laboratory Method for Australian conditions could also
be helpful in the design of larger catchments, as this is the only
routing model specifically oriented to the design situation.

However,

the greatest need at present for the improvement of urban drainage
design is the instrumentation of more catchments, both in developed
urban regions and in areas undergoing urbanisation.

7.3

Variations of Design Criteria in Differing Climatological Regions
Almost all Australian design data for flood estimation have

been derived in humid and sub-humid regions in the temperate and subtropical zones.

Studies have been concentrated in a strip about 200

km wide from Townsville to Adelaide and in the south west corner of
Western Australia.

With some local exceptions, very little is known

about other regions and climatological regimes.

For these regions,

the designer has to use methods or data developed for humid regions,
and to adapt these data by judgement.

Although the intensity of

development is much lower, many roads and dams are being constructed
in these regions covering most of Australia, and large economic
investments are involved.

Not only may design data be different for

these regions, but the design approach may also be different.

For

example, submersible crossings of streams may be incorporated in road
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design on a much wider scale.

There is an urgent need for collec-

tion of hydrological data in regions outside the sub-humid coastal
strip, and for derivation of design data and investigation of the
design approach.
At least three types of regions have inadequate data.
These are:(i)

Arid and semi-arid regions covering most of Australia

Very little hydrological data are available, except for
stations on the lower reaches of the major drainage systems.

Parts

of these regions, such as the western slopes of the Great Dividing
Range, are areas of fairly intensive rural development.

Although

little is known about the hydrological characteristics of these
regions, it is certain that they are radically different from those of
more humid regions.

For example, in a survey of stream channels at

Fowlers Gap 110 km north of Broken Hill, the authors (reported in
Ref. 10) found bank-full capacities about half those of streams with
similar catchment areas in the coastal strip near Sydney. As rainfall intensities at Fowlers Gap are about half those of corresponding
durations and frequencies at Sydney, it seems that runoff coefficients
at the two locations would be of similar magnitude.

This does not

conform with the rapid decrease in values from the coast to the
tablelands found in Ref. 25, and runoff coefficients must increase in
some unknown fashion towards the arid zone.

Initial loss values also

seem to be much lower, and maximum values of the order of 20 mm may
apply to areas in far western N.S.W. in contrast to values of the
order of 125 mm on the coast (Ref. 38). There is an urgent need for
the collection of data and the development of a design approach for
arid regions.
(ii)

Coastal regions of tropical Australia

Cyclones produce the critical floods for design and little
design information is again available.

Procedures developed for

other parts of Australia are probably not appropriate.
(iii)

Wet tropical areas of Papua New Guinea

Australian engineers will probably continue to have interests
and responsibilities in this country, for which flood estimation
procedures have been discussed by Pilgrim (Ref. 39).

Wide unstable

braided channels and widespread use of tertiary roads and submersible
crossings require different types of criteria and data to those
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adopted in Australia.

Floods occur much more frequently but without

the extremes of discharges, and consequently, duration and frequency
of submergence are of much greater importance in the design of submersible crossings than for similar crossings in Australia.

7.4

Organisation of Needed Developmental Work
Current research and developmental work on design flood pro-

cedures is being carried out in a piecemeal fashion with little funding.

As noted above, most hydrological research is not oriented to

the design situation for the relatively small works that account for
the great bulk of expenditure.

The current revision of "Australian

Rainfall and Run-off" will be very useful, but will primarily gather
methods and data presently available.
For real progress to be. made in the development of better
design methods and data, it would be necessary for one or more groups
of engineers to be assigned to the task over a period of five or more
years.

A group of this nature could be attached to an existing

organisation or institution with hydrological expertise.

The fields

of needed research discussed in this report and summarised in Section
8 would provide more than sufficient work for such a group.

Four

engineers with supporting staff would entail an annual budget of
up to $150,000 which is less than 0.1% of the total annual expenditure
on flood-designed works in Australia, as estimated in Section 2.

In

view of the importance of the design procedures, this would represent
a very modest investment from the national viewpoint.
A further advantage of a group designated to the development
of design flood procedures would be as a means of gathering and
storing information from regions with inadequate data.

Many engineers

working in the regions discussed in Section 7.3 acquire considerable
experience regarding local conditions.

At present, this experience

is either largely lost when the engineer moves to another location or
retires, or the benefit of it is not available to others in similar
situations.

A group constituted to develop flood estimation methods

could fulfil a valuable role in systematically gathering this local
experience.
Overall, it is considered that the constitution of one or
more groups is vital to the development and dissemination of better
design flood procedures for the whole of Australia, and to provide a
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better basis for the huge investment involved.
8.

CONCLUSIONS
Design flood estimation is a first and vital step in the

design of a large range of civil engineering works.

It is estimated

that at 1973, the annual expenditure in Australia on structures and
works that are sized by design flood estimates is of the order of $190
million.

Despite the magnitude of this investment, design flood

estimation has largely been carried out in a rather arbitrary fashion,
and little real attention has been paid to its importance in practice
by the profession.

Many of the underlying principles and philosophies

are only vaguely appreciated by those involved.

This problem is

accentuated by the fact that the design associated with the bulk of
the total expenditure is carried out by engineers who are not specialists in hydrology.
The principles and philosophies underlying the approaches
to design flood estimation have been examined in this paper.

Areas

requiring clarification and research have been identified and dis- •
cussed.

It is concluded that in view of the huge investment involved,

not only in money but also in social values and human lives, this
research and development is urgently needed.

Investment of even 0.1%

of the overall expenditure would make an appreciable contribution to
the attainment of this objective.
Specific areas requiring research and development are:(i)

Economic analysis of representative projects should
be carried out to provide better guidelines for
selection of design frequencies,

(ii)

Methods for consideration of danger to life, environmental factors and utilisation of complementary nonstructural measures should be developed for use in
conjunction with (i).

(iii)

There is a need to educate the profession regarding
the importance and underlying philosophies of design
flood estimation.

Inclusion of engineering hydrology

as a subject in its own right and of a designoriented viewpoint in undergraduate courses would be
important steps in this regard,
(iv)

Postgraduate refresher courses would be of help to
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practising engineers in appreciating the points under
(iii) and in becoming familiar with rtodem developments in design flood estimation,
(v) Further high-quality flood data from small rural
catchments and urban catchments are required,
(vi) There is a need for development of more logical, but
relatively simple, methods of design flood estimation, and the extension of available methods and
design data to other regions.

Although there is con-

siderable current activity in hydrological research,
very little of this is oriented towards design flood
estimation.

Methods that would be suitable for

development include synthetic unitgraphs and nonlinear models for large catchments, design hydrograph
procedures and regional flood frequency studies for
medium to small catchments, and the statistical interpretation of the Rational Method for small catchments.
Urban drainage design also requires improvement, but
is hampered by lack of data,
(vii) Design approaches and data are required for arid and
semi-arid regions, tropical coastal areas of northern
Australia, and wet tropical regions,
(viii) One or more groups of engineers should be constituted
to develop and disseminate improved design flood procedures for the whole of Australia.

At least five

years would be required for this work.

The topics

listed above should be included in the research programme .
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TABLE I. ESTIMATED AVERAGE ANNUAL EXPENDITURE ON WORKS
SIZED BY DESIGN FLOOD ESTIMATES. AUSTRALIA - 1973.
Class of Works

Estd average annual
expenditure
- $ million

Rural roads - waterway crossings

65

Urban drainage

50

Farm dams

15

Dams and weirs for water supply
schemes for country towns

15

Major dams

30

Flood mitigation and stream
improvement works
Railways - waterway crossings
Total

5
10
190

TABLE II.

MONETARY VALUE OF HUMAN LIFE

Reference
No.

Date

Country

Basis of figure

Abraham and Thedié

1

1957

France

Costs of level
crossings

Average person

ASCE Task Force on Dam
Spillway Réévaluation

5.

1973

U.S.A.

Illustrative
only

Average person
- death
- disabling injury

Accident costs

Male

Source

Institute of Traffic
Engineers

27

Kenward

30

New Civil Engr.
11 Jan. 1973

41

1964

1972

U.S.A.

U.K.

Industrial
safety costs

Type of person

Value of Life - $A
(No allowance for
inflation)
$45,000

$220,000
$300,000

- age 15
15-54
55

$36,000
$75,000
$15,000

Female - age 15
15-54
55

$25,000
$45,000
$12,000

Tower-block flat
dweller

$35 million

Employee in nuclear
power station

$18 million

Pharmaceutical
industry labourer

$18 million

Farm worker

$20,000

TABLE II.

Source

Sagan

MONETARY VALUE OF HUMAN LIFE cont.

Reference
No.

Date

Country

Basis of figure

42

1972

U.S.A.

Estimate on
economic
basis

Fronum

From 42

1960

U.S.A.

Air crash victim's potential personal
and community
earnings

Carlson

From 42

1963

U.S.A.

Air Force expenditure on
ejection
seats

Dublin, Lotka, and
Spiegalman

From 42

1946

U.S.A.

Future worth of
victim and
dependents

Workmen's Compensation
Laws

From 42

1970

U.S.A.

Compensation
laws

Type of person

Average worker

Value of Life - $A
(No allowance for
inflation)
$450,000

$500,000

Air crew

$4-14 million

$80,000

Employees

$30,000 max.

TABLE III. FLOODS OF VARIOUS LOW FREQUENCIES
ESTIMATED BY DIFFERENT FREQUENCY DISTRIBUTIONS.
STYX R. AT JEOGLA (NO. 206001)
Estimated flood (m^s-l)

Frequency
Distribution

Period
of Record

Years

Log normal

1939 - 66

Extreme value
(Gumbel)

100 yr

1000 yr

10000 yr

28

2,400

6,200

13,300

1939 - 66

28

940

1,330

1,700

Log Pearson
Type III

1939 - 66

28

1,500

3,000

5,000

Log Pearson
Type III

1919 - 66

48

1,400

4,100

10,400
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FIG.l: F I T O F F R E Q U E N C Y D I S T R I B U T I O N S TO 28 Y E A R S OF
FLOOD DATA FOR S T Y X R I V E R AT J E O G L A .
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