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PREFACT

In December .I969 the former Hydrological Research Uni t, opBrating
under a fund established by the South. Afrjcan institut'ion o.f Civil
Eng'ineers, jssued its Report No. 4/69 DESIGN FL00D DETERMINA?I0N
fN SOUTH AERICA - A manual for guidanee in the applieation of hydno-
meteorological methods to hydraulie design. Th'is vJas f ol I owed i n
February .l971 by Report No. 1/71 AMENDMEN?s r0 DEsrcN FL00D MANUAL
HRU 4/69 a,nd 'incl uded a tentati ve f I ood peak formul a f or South
Africa.

Report No. 1 /72 i s a metri cated versi on of the Manual i ncorporati ng
the amendments conta'ined i n Report 1/71 as wel I as 'information that
has come to hand si nce the earl ier reports were wri tten. Several
i mpr:ovements have been i ntroduced and a few errors encountered i n

the exampl es have been corrected.

I am grateful to the Council for Scientific and industrjal Research
and the Council of the Univers'i ty of the Wi'uwatersrand for financjal
assistance to keep the Unit operating and greatly appreciative of
the conti nued co-operat'ion of the Department of tdater Af f a j rs and
the Heather Bureau.
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ure, or -a scheme (whi ch i s usual 1y a combi na-
of vari ous ki nds ) one must fi rst defi ne the
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PHILOSOPHY OF DTSIGN

iIi TRC}DUCTiON

l,lhereas determi nation of the width of a road bridge spanning a
river m'i ght be based on the results of traffic surveys, design of
the structural components woul d be based on cons'i derati ons of dead
loads, live'rloads of various kinds, and strengths of materials;
for important structures thought might be gi ven to possible co-
i nci dence of excessi ve I oads , fl awed materi al s and poor workman-
ship. By contrast, determination of the area of waterway needed
beneath a bridge over a river,0F fixing of the elevations of the
approaches, would ca'll for consideration of the levels to.,.which
the ri ver m'i ght ri se duri ng f I ood. Shoul d f I ow of vehi cul ar traf -
fic exceed the capacity of a bridge, some inconvenience might be
caused through the need for vehicles to queue. 0n the other hand,
flood flows reaching a bridge cannot in general be made to queue
and if the waterway allowed is'inadequate the grade separation
function will fail. Not only wi'l I the flow of traffic be likely
to be mixed with the fiow of water but the bridge may be carried
away.

De.sired assurednpsj; ggq'i nst failure
The greater the capacity of a structure to cope with flood flows
the rarer the event 1ike1y to cause failure of function but also,
'i n general, the higher the cost of construct'ion. It follows that
'i mp'l 'i cit in the definition of function should be the desired
assuredness aga'inst failure of function and this definition should
be re'lated to the requirements and responsibilities of the owner,
promoter or user. In formul ati ng a phi losophy of desi gn, there-
fore, guest'i ons not on'ly of economy but also of public safety must
be clarified.
The princip'l es apply equaily well to schemes such as development
of a water supp'ly f rom a f I uctuati ng resource. If demand exceeds
known lower I imits of source fluctuation, storage 'is needed. The
greater the volume of storage provided, the smaller the risk of
runn'ing short of water during drought, but the higher the cost of
the scheme and therefore the price of the product. Clearly, a

request for a scheme having the function of prov'iding a water
supply of X megalitres per day should be supplemented by an in-
di cati on as to the desi red degree of assurance before effi cient
design can proceed. Decision as to the volume of storage to be
prov'i ded can then be reached by wei ghi ng the costs of i ncrements
of storage agai nst the losses 1 ikeiy to be suffered through pos-
s ibl e shortfal I s i n supply. Here agai n, apart from the economi cs ,
lhere a)^i ses the questi on of pubf ic saf ety 'i nasmuch as a drast'i c
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In the design of structures or schemes to control water -
whether to provide a water supply, to conduct storm flows off a
roof or roadway or beneath a bri dge or to pass f I ood f 'lows over
a spiilway - the structural enginier is usuaily faced with the
question: how strong? while the hydraulic.engineer is concern-
ed w'i th the queSti on: how b'ig? Answers to both questi ons i n-
troduce aspects of safety or risk as well as of economics. The
endeavour in what folJows is to develop a rat.ional approach to
determinati on of the hydraul ic dimensions of structuies desi gned
to wi ths tand the effects of s torm or fl ood .

DEVELOPMINT OF DESIGN CRITERIA

It is important to appreciate at the outset that however large
and however strong a structure may be built there will always re-
main a finite risk - however remote - that it may fail through
d'i rect or i ndi rect natural cause, such as earthquake or meteori te
The ob jecti ve i n formu'l at'ing des'i gn cri teria is to endeavour to
estimate the probab'i I i ti es of occurrence of undes'i rabl e events
and the costs of damage consequent upon functi onal fai I ure of
structures of various categories, to compare such costs w'i th
those of minimizing the consequences and thereby to establish
reasonab'ly accbptab'le ri s ks .

Acceptance of the fact that, in sizing a structure, risks of
damage exist at every level of dec'ision'introduces questions of
negf i gence and of respons i b'i l i ty for meeti ng costs of damages
should they arise. These questions are'largely interdependent
and imp'ly that d'istinction must be drawn between risks that are
indemnifiab'le or insurable and those that are not. The distinc-
tion may emerge more c'l ear'ly f rom d jscussion of some examples.
Let us f i rs t exam'i ne s ome i mportant as pects of ri s k.

Fi gure I .'l i I I ustrates the i nter-rel ati onshi p of ri sk, recurrence
i nterva'l and des i gn I i fe. The recurrence i nterval , or return
period of an event of given magnitude or severity, we recall, is
the average i nterval between s uch events. The recurrence i nter-
va1 expressed in years, f0r instance, is the reciprocal of the
annual probability; :rthus an event hav'i ng an annual probability
of occurrence of 0,02 has a recurrence interva'l of 50 years.
This is not to imply that such event wij'l happen after every 50
years, nor even that there wiII necessari1y be one such event in
every 50 years, but rather that in a 1000 year period there will
very likely be ?A events of equal or greater severity. Some of
the events may be bunched together but taken over a very long
period, say .I000 years' the aoe?age .interval between events
ass'i gned a 0,02 annual probability will be 50 years.

Design life is not necessariiy the length of time a structure
w'i II last; it can be thought of rather as a loan repayment or
amortization period. Risk is the percentage chance that an un-
desi rabl e event wi I I occur wi thi n a gi ven period

The !.el ati onshi.ps F i g u re are deri ved from the equati on:
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i n wh'i ch is the probabi
interval T w'i I
years.

li
I

ty that an event having a recur!ence
occur at least once in the next N

The fo'l lowing'i s an easily-remembered approximat'ion of T, wh'i ch
is reasonab'ly accurate in the range T 5 l0 and U < 50% :

,.l00 r \l=,d(_1__r)
in which T is the recurrence interval of the event with wh'i ch is

associ ated a percentage ri s k U that such event .may
occur within a design period Td.

It may be seen, for instance, that there is a 10% risk that the
190-year event wilT occur within a 20-year design period; indeed,
the risk is as high as 64% that a T-year event will occur w'i thin
T years. In other words, if a structure is designed to withstand
events havi ng a recurrence 'i nterval equal to the amorti zati on
period, the chances are better than even (about 3 to 2) that it
wil I fa'i 1 in 'i ts function before 'i t has been paid for. It follows
that if risks are to be reduced to reasonable proportions the de-
s'i gn event shoul d have a recurrence i nterval consi derably 'longer
than the repayment period.

2.2. Types of rl_sk

The forego'i ng d'iscussion of risk brings out the distinction be-
tween the.aegree of risk to be accepted by a sing.1 e promoter in
respect of a singie structure and that by an authority responsible
for provision and maintenance of a large number of structures of
similar character. The point can be illustrated by considering
the po'licy of a highway authority responsible for some scores of
culverts, causeways, training walls, bridges and suchl'ike struc-
tures subject to the effects of storm and flood. Such an author-'ity might well decide to specify that m'i nor structures be design-
ed to withstand events having a 25-year return period and more
important structures a return period of , sdy, 50 years.

Al though i n such ci rcumstances the impl i ed risk of fai I ure of
any one structure"wi-thin its design 'l ife has been shown to be
fa'i r1y high, it miglf't be argued that, pr0vided the road network
extends into areas having a-wide variety or meteorolog'ic character-
i st'ics, the chances are that, on average over a I ong period, 4
per cent (i.e. 100 : 25) of the m'i nor structures and 2 per cent
(i.e. .l00.-.i 50) of the more important structures will fail eveny
year but that the funds saved by accepting these risks would far
outweigh the costs of making good the damages arising from the
rel atively few funct'ional fai I ures that are almost bound to -occur.It 'is emphasized that one is referring to funetional faiiure
not necessari ly structural col 1 aps e. Moreover, i ncl uded i n

damages wou'ld be cons'iderations of damage to the prestige of the
responsible authority. Aspects of pubiic safety are dealt with
presently.

gued that, unless substant'i ated by
analyses of reEresentatrve cases,
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rajor dar may. have been allowed a lump sum to take care of river
diversion during construction of river-section works. If h'is
coffer dam is to last, say, 2 years, and he builds it to divert;
s?y, the Z0-year flood, he would in fact (as shown by Figure l.l)
be accepting a l0% risk that the coffer dam would be overtopped
before i t had served 'i ts. f uncti on. Indeed, as i s shown by Fi gure
1.2, there is a s'i gnificant risk that the coffer dam might be
overtopped twice. if the costs of damagBS, de1ay, reinstatement
of p'l ant and, jf necessary, rebuilding of the coffer dam are high,
the contractor may be faced with a dilemma because it is un'l ike'ly
that full cover for a risk of this nature could be bought from an
i nsurance company.

Fi gure 1 .2 i I I ustrates the ri sks associ ated w'i th mul ti p'le occur-
rences within a spec'i fied period. For instance, following the
guideline, one may note that if a des'i gn jife or repayment period
of l0 years is chosen and the structure'is des'igned to handle the
20-year event the probability is about 0,6 that it will not..be
surcharged wi thi n the f irst l0 years , about 0,4 that 'i t wi I I be
surcharged at least once,0,09 that it will be surcharged at
leas,t tw'ice and about 0,0.I that it will be surcharged three or
more ti mes wi th i n the des i gn I i fe.

Beari ng i n mi nd that al I the underlyi ng pri nc'i pl es can be extend-
ed to the process of reaching the "how big" decis'ion'in a w'ide
variety of circumstances, Iet us illustrate by exampies the two
mai n approaches.

I
I

.l.3.

.l.3..I
SPREAD RISK

Provision of one of many similar services by-an authority

Suppose a highway authority is responsible for the construction
of.a bridge across a river of wh'i ch the peak flood characteris-
tics are as indicated by Figure 1.3(a). The estimated annual
costs associated with provi sion of waterway beneath the bridge
ri se wi th 'i ncreased waterway capaci ty as shown by curve A i n
Figure"I.3(b). The total costs associated with a single function-
aI fai I ure of the bridge, i . e. repai r of damage, rei nstatement of
servi ces , I osses through de'lays and i nconveni ence of hav'i ng to
bypass traffic, etc., are assessed at Rl00 000. It is desired to
determine the optimum capacity of waterway beneath t,he bridge.

I
I
I
I

It shoul d be appreci ated that, because of samp'l 'i ng errors and
certainties as to the form of distribution that best fits the
flood extremes, the data should be looked upon as 1y'i ng withi
confjdence band. It goes without saying that the 'l onger the
cord the narrower will be the range of uncertainty. Table l.
illustrates not only the manner in which confidence improves
1 engtheni ng record but al so the i nordi nate breadth of the ban
extrapol ated val ues. As the exampl e i s purely i I I ustrati ve,
lim'i ts have merely been sketched in on the d'iagram and do not
ccnform to the Table I .1 I imi ts.
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FIGURE I.3

HYDRO - ECONOMIC ANALYSIS OF A
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Length of record
(years )

Estimated recurrence i nterval (years )

50
.I00

s00

Confidence limits of above estimates (years)

25

I 00

t? ??a

25 - ]00
l5 - 400

40 - 250

I 6 Z20A

60 - .I500

Table Theoreti ca I 68% confidence limits

For each waterway capacity there is a corresponding cost of
bridge as well as a corresponding frequency of occurrence of the
fl ood that wi'l I j ust be accommodated at that waterway capaci ty.
Each exceedance of that capacity will cause damag€s, the costs
of which will usual 1y vary with the degree of exceedance but,
again merely to simplify illustration, these have been assessed
at a c vent.

Averaged over a 1 ong peri od, the annual costs associ ated wi th
functional failure will be the cost per failure multiplied by th
annual probabi'l ity of the event that causes that failure. The
total annual cost of the bridge (curve C) will be the cost of
ori gi na1 construction (curve A) p1 us the costs assoc'iated wi th
failure (curve B). To construct curve B, therefore,'one would
plot at each of a number of selected points on the abscissa the
product of (in this case) RI00 000 and the probab'if ity corres-
ponding to the same abscissa on Figure 1.3(a). For each d.ischarge
there are of course three vaiues of the damages cost (associated
with the actual curve and the upper and lower jimits of confidence)
and when curves A and B are summed there will also be three curves
C to be drawn through the poin.ts representing the total cost.
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Curves C dis
the diagram,
m3/s and the

play minima; the I
would,be that of a
total cost of this

ikely choice of s

waterway capabl e
scheme would be

ize, dS shown by
of handling .I700

R25 000 per annum.

To be noted is the fact that the effect of uncertainty in the
hydrological data is to cali for adoption of a design waterway
capac'i ty somewhat 1 arger, and therefore more costly, than mi ght
have been the case had the flood frequency djstribut'i on been de-
fined by a narrow band. I.n other words, inadequacy of hydrologi-
cal data tends to compel over-des i gn

As can be seen from the diagram adoption of the hydro-economic
optimum design flood of .I700 m'/s entails acceptance of a risk
that the bridge will be inundated at an average return period of
about 1 3 years (see i ntersect'i on of I 700 wi th dashed I ower enve-
iope line in Figure .l.3(a)). Although the risk assoc'i ated with
the most'economic choice may be consjdered to be fa'i r1y great,
the savi ngs to be eff ected where 'l arge numbers of simi I ar struct-
ures are to be provided would no doubt be highly sign'ifjcant.
Cl ear'ly, the I ocati on of the mi ni mum depends reavi'ly upon the
cosi of ::r'il3ees resultin,: frern €xceaa::':e ai.,aterwa.v caDacirl,.
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3.?. Discussion of the spread risk

.lt 'i s apprec'i ated that, even 'i f the necessary hydro,logic data
were readi 1y avai I abl e, 'i t m'i ght not be practi cabl e f or an
au-"ncrity to cause analyses on the 'l 'i nes of the f-oregoing ex-
am:les to be performed for all structures for which it is re-
sDons'i bl e - f rom the roof gutter or street drai n at one end of
'-h e s pectrum to the i mportant bri dge or ma j or spi'l lway at the
c*,her. I t i s contended, neverthel ess , that the hydro-econom'i c
lrjnciples illustrated in the example provide a valuable guide
io i udgment i n the f ormul ation of desi.gn recurrence 'i nterval
criieria
The important point to note is that provided the costs associat-
ed with functional failure can be spread over a long period, or
over a I arge number of hydraul i c structures , the opii mum desi gn
recurrence 'i nterval i s dependent primari ly on the shapes of the
ri si ng (construction cost) curve, the fai:l ing (damages cost)
curve and the frequency distribution curve of undesirable events,
as well as on the accuracy with which the data for these curves
can be compiled. C'l ear1y, the recurrence interval of design
flood discharge is dictated by a combination of at least four
factors. The question of public safety is another issue sti'l 1 to
be discussed. It is th.erefore manifestly unsound merely to adopt
bI anket recurrence i nterval cri teri a for whol e cl asses of struc-
ture wi thout gi vi ng at I east cursory cons i derati on to. each of
these factors

For instance, if, it is the adopted practice in a city.engineerls
department to design street drainage on the basis of the'10-year
rainfall intensity, would'it be wise to retain such cri terion
for the design of storm sewers in the vicinity of, sdy, a museum
or library where flooding of the basement might 'lead to irrepar-
able damage to priceless relics? Similarly, although roof drain-
age in a particular area might as a rule be. designed.to cope with
the 5-year precipitation intensity, one would be wel'l advised to
adopt"probab'le maximum precip'itation values in designing the roof
drainage of an impprtant art ga'l 1ery.

oad it is usually preferable to
n the manner indicated. Cases
spread demand a slightly dif-

4. ISOLATED RISK

Cases where the risk cannot be spread
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Suppos e an organ'i sat'i on has contracted to con
i n a ri ver of whi ch the fI ood peak characteri
those depi cted i n Figure 1 .3(a) but wi th the
tens of thousands instead of thousands of m'/
determine the optimum diversion capacity of t
other temporary works for control 1 i ng the ri v
ti on of the foundati ons and ri ver secti ons of
the commi tments associ ated wi th various I evel
poses of illustrat'ion let it be assumed that
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Rather than guess at the design I
seek the hydro-economic optimum i
where the risk cannot readily be
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removal and re'i nstatement of ri ver works p'l ant, dewateri ng,
clearing Up, de1ay, etc., total Rl00 000 for each funct'ional
fai I ure.

The est'i mated annual costs
heights at wh'i ch various fl
are as dep'i cted by curVe A

of construction of the coffer dam to
ood discharge rates can be handled
in F'i gure .I.4.
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From Figure 1.2 one may read off the probabif ity of exceedance
of an event of g'i ven recurrence i nterval wi thi n a servi ce I i f e
of 5 years as well as that of exceedance once on more, twice or
more, thiee times or more, etc. By subtracting contiguous prob-
abilit'ies, except the f irst two, (or by direct statist'i cal pro-
cedures) one can establish the probabilities associated with zero,
one, two, etc. failures. For the 10-year event, for instance, the
vaJues are as in Table 1.?:

Probability table for l0-year eventTabl e

No. of failures
-associated w'i th

l0-year event

Probab'i lity of
exceedance i n

next 5 years
No. of

f a'i I ures

AnnuaI
probabjlity

of
exceedance

0

I or more

? or .more

3 oi' moi'e

4 or more

0,59
0,4.I

0 ,09
0, ol5
0,00.I

0

I

?

?

0,59
o,32
0,075
o,ol4

Similar values can be computed for events of various other re-
currence i nterval s. For the case 'i n poi nt these are as I i sted
in Table 1.3 :

Tabl e Probability of multiple occurrences of a range of

No. of
f a'i 1ures

Total
c0st of
f ai I ures

Discharge that structure can handle (m'/s)

B 500 I 4 000 le 00c | ?2 5oo
*

26 500

Recurrence interval of above discharge
(years )

tr
J t0 z0 T- 30 50

0

I

?

{

Rl00 000

R200 000
rr:rf, :::*

Annual probab'i lity of exceedance

0,33
0,39
0 ,2A
i 

= 
c7

o,5g I 0,77 | o,g5
ll0,3? | o,2a I o,t3s

0,075 I 0,025 i o,ol3,:,
C,C'i:. '3,C1: ',I ,0C:

0 , go 
I

0 ,09 
I0,00e 
I
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These res ul ts are pl otted on Fi gure I .4 as the f ami'ly of curves
B and correspond'ing ordinates of curves A and B have been summed
to yield the f am'i 1y of total cost curves C shown i n the upper
part of Figure .I.4.

The results of such an analysis
the contractor not only in decid
adopted but also in formulating
ever insurance cover he can buy
feels he can risk.

would be of great assistance t,o
ing the d'i version capacity to be
h'is tender in relat'ion to what-
or whatever int,ernal resources he

4.? Discussion of the 'i solated ri sk

As wi I I be noted, the I ocus of min'i mum total costs ri ses rapi dly
to the right w'i th increase of djversion capac'i ty and correspond-
ing decrease of risk. Thus, although the optimum design capacity
'i ncreases slow1y with decreas'ing risk, the financ'i a1 provis'ion
needed rises sharply. It is clear from Figure .I.4 that by con-
struct'ing the coffer dam to cope with say 15 000 m'/s the con-
tractor cannot escape a 4% rjsk of being committed to expenditure
of R400 000,'i nstead of mereiy the Rl60 000 wh'ich construction of
the coffer dam for l5 000 mt/s is estimated to cost. Indeed the
risk of having to pay out R540 000 on river d'iversion before the
job is througI is as high as 0,5 per cent.

That he must e'i ther i ncl ude such amounts i n hi s tender or buy
appropri ate i nsurance cover, for wh'i ch the premi ums are i i kely
to be hi gh, 'is the reason why i t i s of ten the practi ce f or a pro-
moter, pdrticu'larly when representing a State or other substantial
organisation, to carry his own'insurance but to specify the type
and capacity of diversion works and to throw the onus of risk on
to the contractor only should he propcse to depart from such spec'i-
f i cati on.

RISK TO HUMAN LIFT

Although aspects of human safety are dealt wi th under this separ-
ate headi ng, the apprsach 'i n formul ati ng desi gn cri teri a for ci r-
cumstances in which failure may lead to loss of life is not
essentia'l 1y different from the two approaches a1 ready discussed.
There is mere'ly an o.bligation to adopt the point of view that loss
of human life attributable to hydraul'i c failure wi'l I give ri se to
semi -i nfi ni te damages costs Referring to Figure 1.3, anG beari ng
in mind that mult'ipiication of a sem'i -infinite amount by a value
cl ose to zero w j I I yield a resul t that 'is cl ose to zero, one
ci early mus t endeavour to es tabl i s h the magn'i tude of that fl ood
whi ch has a negl i g'ib1e probabi I i ty of occurrence the so-caJled
probable maximum flood. (PMF). in other r.rords, one must ident'ify
the flood-handling capacity associated w'i th the point on the ris-
ing curve A at which there is pract'ica11y no additionai cost
attri butab I e to damages .

hi.gh'ly important for the engineer to recognise his respons'i-
'in circumstances where hydraulic failure may result in loss
and it is equally important to d'i st'i nguish between hydrau-

lures that are traceable to inadequacies of strength as
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are such that human I ife is not thereby endangered. Street drain-
dgc, low-level causeways and such-like structures are examples.

Res pons i b'i I'i ty f o_r_l os of I i f e

The quest'ion of negligence is well illustrated by the content of
-,he;udgment handed down by Mr. Justice Caney some years ago in
finding against a provinc'i al administrat'ion in a case in which a

Dassenger was killed when a car p'lunged into a washaway in the
approach embankment of a h'i ghway bri dge. Basi ng hi s judgment on
ihat given by Lord Chelmsford in the hearing of an appeal to the
Privy Council in the case of a disastrous bridge failure in Canada,
rne learned judge sa'id: "He who designs and constructs a bridge
and its approaches has a duty to the public to do so in such manner
that they wil I be capable of resisting al I the v'iolence of water
which may be expected to occur, though perhaps rarely, in the
local'i ty in question".
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The defendant in the case
away of the sa'i d road was
precedented rain which fel
in the catchment of the ..
Shifting of the respons'i bi
shoulders of the Almighty
and the plea was rejected.

'i n question had pleaded "that the ruash-
caused by an Act of God, namely un-
I in the vic'i n'i ty of the sa'i d bridge and
... r'iver on the n'ight'in questi0n".
lity for a hydraulic failure to the
was clearly not acceptable to ihe Court

Taken out of context, however, the 'learned judge's remarks cou'ld
lead to considerabl€ fruitless expenditure of public funds. It
is the engineer's duty to reach his design decisibns.on the basis
of reasoned argumerits in the light of ail the relevant facts and
to provide the public - and the iudiciary - with adequate phenomeno-
logica'l explanations to ensure that, in the interests of the country
case I aw on flood damage may be satisfactori 1y founded.

As implied in section 1.2, it 'is practically i.mpossible to avo'id
all risks of failure of an engineering structure. The philosophy
of design that emerges, however, is that of allowing the circum-
stances ( i ncl udi ng the questi on of avoi di ng negl i gence ) to deter-
mine the magnitude', capaeitg or etrength of the structure or ser-
vice to be provided - and therefore its cost - rather than to
design according to.a predetevmined frequeney of oeeurrence of
undesirab'l e events that wil I impai r or destroy the intended
function of the structure or servi ce.

We proceed to discuss the design tools that have been developed
to enable the eng'ineer to estimate flood discharges of various
recurrence i nterval s .anywhere i n South Afri ca.
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DISIGN TOOLS

.i'iTRCDUCTION

-:ere ar e two ma'i n approaches to desi gn f I ood determi nation;
:.i:ce depends upon the circumstances, e.g. the accuracy desjred
ar.: :ne'l 'i mitations jnherent in the basic data. The first approach
's s--a',ist'i cal - an ordering and transpos'ition of past experi ence.
lre second is deterministic - an attempt to determine result from
cause. Deterministic methods are founded on the statist'ics of the
.ausative events rather than on a ranking of the experiences that
.c:r]t

lhe tools that have been developed to aid the designer are shaped
ac.ord'ing to'either the one or the other approach. Neither
approach, however, can avoi d the use of stati sti cs; i n other
words, to greater or lesser degree both require man'ipulation of
the resul ts of observati on or measurement of natural phenomena.

The tool s based on the stati sti cal approach are di scussed fi rst;
-uhey are to be f ound 'in Appendi ces A and B. Di scussi on then pro-
ceeds to deterministic approaches, the tools for wh'ich are to be
found in Appendices.C, D, E, F and G. Capital Recovery Factors
are listed for ready reference in Appendix H.

?.1

2,?

I
I
t
I

EXPERIENCE ENVELOPES (STATISTICAL)

Appendi x A compri sei a set of peak fl ood experi ence di agrams
(Figures Al - A3) on which the h'i ghest peak discharges to be
found in the records, w'i thin each of the regional subdiv'isions
del i neated on an i nset map accompanyi ng each di agram, have been
p1 oiied agai nst catchment area. Pl otted poi nts can be i denti fi ed
b,v tne annotated code numbers which refer to the main drainage
regions also demarcated on the inset map.

invelope curves have been drawn in on the diagrams to fac'i litate'interpolation among identified experienced peaks. Creager en-
velopes have been employed because Creager ratings of flood dis-
charges have become fami I i ar among engi neers. No parti cul ar
sign'ificance should be attached, however, to the formula; 'i t
mereiy provides an acceptab'le shape to the envelope curve over _

the area range shown.

The diagrams serve as a useful rough guide to general flood ex-
perience in a region of interest. Since, of the two dozen or
more iarameters'that are known to affect flood runoff, only catch-
ment area and general geographi cal I ocati on have been taken i nto
account, the diagrams can offer little more than a preliminary
est'imate of the possible range of extremes at a problem point,
wi th practi ca1 1y no cl ue as to frequency of occurrence (or return
peri oci) . Neverthel ess , the practi cal engi neer ri ght'ly draws com-
f ori f rom a knowl edge of what has a'l ready been experi enced i n a

region of interest and will not lightly adopt, for a major struc-
ture, a des'i gn f I ood I ower than that gi ven by the upper envel ope
of locally experienced peak discharges Reference to uses of the

I

experi ence envel ope di agram 'is made i n Exampi es 4.2, 4.4 and 5.2
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FL00p PtA[_PR0BABI L iTY piAGRAM (STAT-t STi CAL )

Appendix B contains the results of
corded peak discharges. Details of
paper FLooC studt es Ln Sout,k AfrLca
atscherges (Trans . S . Afr. ins tn. cj v.
P'i tman and D.C. Midgley and the res
Again the c0untry has been subdivjd
and nurnbered on the map, Figure Bl .

rence interval, local ity, catchment
plotted co-ax'ial1y on F'i gure 82.

probability analyses of I^e-
the analyses are g'i ven in
: FrequencA analAsLs of pe

Ingrs., Aug. .I967 
) by t^l .V.

ults only aI^e reproduced here.
ed into regions, delineated

The four variables: recur-
area and peak discharge, are

LlrI

EK

From Figure B? the designer can quickly read off the peak dis-
charges associated w'i th a range of recurrence intervals at a
problem sjte and may choose to employ these jn a hydro-economic
analysis, as outlined 'i n Chapter l, for dec'i ding the optimum
hydraulic capac'ity of his structure. References to uses of the
fl ood peak probabi 1 i ty di agram appear i n several of the exampl es
- in particular Example 4.3 which illustrates also a hydro-
economic ana'lysis. |.lhere rel'iable long recor.Cs are available the
frequency analys'i s may be performed as iIIust"ated in Example 4.4

2.4 DTTERMINISTIC APPROACHES

Here the endeavouris to determine the result (the flood discharge)
from the cause (the storm precipitation and wetness state of the
catchment). In this approach, statistical methods are employed
to analyse observations of storm rainfall and the deterministic
techniques enter on'ly when'i t is desired to convert input (design
storm hyetograph ) to output (desi gn fl ood hydrograph ). The out-
put from a given input is controlled by the hydrolog'ical equatjon:

0utput = Input Change of storage

It'i s important to apprec'iate at the outset, however, that in a

hydrological system there are many outputs and many storages and
the parti cul ar output of i nterest 'i n the present context, namely,
the flood dischaFg€, depends upon the states of the storages with-
in the system and their lag and attenuation effects on the various
components of output. Since not only the input but ajso the stor-
age states of the system are stochasti c 'i n character, i t f ol lows
that an i nput of gi ven 'i nci dence f requency, oI recurrence i nterva'l ,

wi I I not necess ari'ly produce an output of the same recurrence i n-
terval. In other words, the output associated with a des'i gn re-
currence i nterval may resul t from a combi nat'i on of i nput and
storage state circumstances having a wide range of indjvidual
f requenc'i es of i nc'idence. if input to and stcrage state wi th'i n

a catchment were uncorrelated - as indeed is generally the case
the probability of occurrence of an output would be the product
of the probabi I i ti es of occurrence of the part'i cul ar i nput to
and the particular storage state of the system at the time of
the event under consideration. It follows that the return period
associated with a flood resulting from a fall of rain of critj-
cal durat'i on and associated w'i th say a l0-year return period,
occurring when the catchment was charged to an extent that loss
rate was that assoc'i ated wi th say the i 0-year recurrence i nter-
va1, would be about .I00 years (viz. the prodi:;t of the annual
probabil'it:::':nvertec io :ecur*enc: :nts-r, I ).
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--- : s Js ual i n the determ'i ni st'i c approach to start wi th an esti --a:: of the input having a recurrence 'i nterval equal to that of
:.e ::sign output and to endeavour to convert this to a net in-
:-: .J a:rlyi ng an adjustment (or loss) appropriate to an average
"a:'e. inan an extreme catchment storage state. Th'i s 'i s more
=eas::le'uhan endeavouring to combine input and loss in such a

-i:' :riai the net input will have a recurrence interval identical--" --ra'" desired of the output. 0nce net input of desired recur--er^:e interval has been determined, conversion to output can be
a::3n:lished by unit hydrograph or other technique.

S:n:e, for a given recurrence interval, average jntensity of pre-
c'i:iiation decreases with durat'ion, it js of cardjnal 'importance
ic apprec'i ate that the appropriate input is djctated by the criti-
cal carchment response tirne. It is for this reason, among others,
tnat a distinct'ion is drawn between h'i gh-intens'i ty small-area
s:orms - generai'ly associated with convect'ional thunderstorm or
cloudburst activity - and long-duratjon'l arge-area storms. Large-
area storms, in turn, are subdiv'i ded into medium-area and wjde-
spread storms. Attention is d'i rected first to the input - the
causative storm.

DESIGN STORM DIAGRAMS (INPUT)

Analyses of South African storm data are descrjbed'in the Hydro-
1og'i ca'l Research Unit's Report No. 1/69 and only the main results
are reproduced here, i n Appendi ces C and D.

2.5.1. Small-area storms: Point rainfall diagram 
,

Fi gure Cl i s a map on whi ch South Af ri ca has been 
:subdi vi ded 'i ri-

to reg'i ons of wi nter, summer, and yeqr-round rai nf al I . Fi gure
C2 is a co-axial diagram from which can be abstracted, for any
p'l ace in South Africa, for duratjons from 1/4 hour to 24 hours,
the depth of poi nt rai nf al I I i ke'ly to be equal I ed or exceeded i n
return periods up to .l00 years. Use of the depth, durat'i on,
frequency d'iagram is illustrated in severai of, the worked ex-
amples particularly Examples 3.2 and 4.5

Attempts to deve'lop a means of maximizing point rainfal I a'l ong
the lines described for large-area storms 'i n Report.No. 1/69
proved fruitless- an.d, accordingly, to aid the designer to deter-
mine probable maximum point rainfall, an experience diagram is
offered in Figure C4. Intended merely as a rough gu'i de, the
di agram compri ses a seri es of envel opes embraci ng the hi ghest
point-precip'itations of various durations recorded in various
parts of South Afri ca , al ong wi th comparati ve envel opes of
world records. Regions to which the enve'l opes on Figure C4 re-
f er are del i neated on a map, F'i gure C3. Use. of the poi nt ra'in-
fal:l envelopes is illustrated in Examples 3.3 and 4.2.

Small-area storms Time and space d'i stribution diagrams

t
I

To help the designer
design storms coveri
and C6 are offered.
of intense rainfall.
ed 'i n Ixample 4.5.

to compile hyetographs
ng areas up t,o 800 km2 i
These suggest t'i me and
Design of a small-area

and isohyetal maps of
n extent, Figures C5
areal distributions
storm is demonstrat-
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Medium-area storms Dep-th-a re a - durati cn di ag!'arTt s

hlhere the area covered by a des i gn storm exceeds 800 km2 but 'i s
less than about 5000 km', Figure C7 prov'ides an est'imate of the
depth-area-duration relationship (depth expressed as a proportion
of po'i nt rai nf al I f or the rel evant recurrence i nterva'l ) . Fi gure
C8 suggests time d'i stri butions of storms jn this intermed'i ate
range. Gu'i dance as to storm shape shoul d be sought among the
d'i agrams f or l arge-area storms , discussion of whi ch f ol I ows now.
Desi gn of medi um-area storms i s demonstrated i n Exampl es 4.? and
4.4

Large-area storms5.4 Depth -area-dura ti o n-f requency d i agrarn

Dete!"m'inistic appIoaches to Ces
s'i gn storm data such as given i
requ'i red for the conversjon of
be found 'i n Appendices E, F and

South Africa has been subdivided, as shown on Figure Dl, into 29
regions and sub-regions for each of whjch'is presented a co-axial
diagram (Figures DZ to D28), inter-relating depth, area, duration
and frequency. The sheet for each region shows also a plot of
probable maximum precipitation (PMP) as a funct'i on of area and
durati on. At the bottom I eft-hand corner of each di agram 'i s a
map show'i'ng the i sohyetal pattern of the most severe storn: ex-
perienced 'i n the region. Example 5.2 'i I lustrates the desi gn of
a I arge-area storm. By fol I owi ng the procedures demonstrated the
designer can synthes'ize a storm of any duration, d[y extent, any-
where i n South Afri ca , and for any recurrence 'i nterval from 5
years upwards (i.c. up to PMP).
of input to output.

The next step is the conversion

DrsrGN FL00D DTAGRAMS (0UTPUT)

ign flood est'i mation rely on de-
n Appendices C and D. information
storm dat,a to design flooC are to

G.

As a'lready emphas'ized, .perhaps the most 'important step in deter-
mi n'i ng output f rom 'i nput i s that of esti mati ng the cri ti cal re-
sponse time of the catchment. As i s cl ear f rom the prec'i pi ta-
ti on di agrams , al though f or a g'iven recurrence 'i nterval depth of
rainfall increases with durat'ion, average'i ntensity decreases.
Since evaporation, infijtration and other outputs, or Losses in
relation to flood output from a drainage system,, are strongly
influenced by rainfall intensity or rate of input, and consequent
1y by duration of given total input, it follows that the flood
output assoc'iated with a given recurrence interval wil I largely
depend upon the relat'ionship between duration of s'ignificant in-
put and cri ti cal response ti me of the catchment.

The process of conversion of input to output can be likened to
the passing of a train of waves through the system. The storage
components in the system have an attenuating effect on each of
the waves forming the train. A solitary wave w'i ll be attenuated
by storag.e in the system, but the iarger the wave the more qu'ick-
1y 'it will traverse the system and, in any event, the wave will
travel faster than the flow medium. If the wave is susta'i ned by
other waves joining it in'its path through the system the travel
time of the train will be even shorter than that of the solitary
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durati on of
storage of
a train of
marked'l y th
equi val ent

prec'i pitation) in rel at'i on to the characteristic
the system ( i .e. the 1 ag, or response time ) . Thus ,'l arge waves bri ef 1y sustai ned may be attenuated more
an a trai n of smal ler waves sustai ned for a peri od
to the system s tordge, or I ag ti me.

,I

ln a small catchment the likelihood that the wave train will be
sustained from all parts of the catchment is high; in other
words, 'i t is possible for a storm cloud to shed rajn more or less
eveniy over the whole basin at once. In a larger system, on the
o'"ner hand, as is shown by the depth-area-duration curves, there
is iikely to be, for given duration and recurrence intervai, a
falling-off in depth of rain with'increase of area outwards from
the storm centre or away from the storm front.

2.6.1. Smail-area design flood procedures : Rational method

For catchments up to about l5 km2 in area the convent'ional method
of determining the peak d'ischarge, Q, is by use of the so-cal led
Rational Formula : Q = CIA in which

s peak d'ischarge 'in m3ls
s a d'i mensionless catchment coefficient
s point rainfall intefsity'i n m/s
s catchment area in m2.

A flood discharge hav'i ng a recurrence interval of T years may re-
sult f rom- any of an 'i nfinite number of combinatio'ns of storni in-
tens i ty , s torm durati on and condi ti on of catchment at the ti me
of the storm. In estimating the design flood peak discharge
as soci ated wi th a recurrence 'i nterva'l of T years by the Rati onal
Method, employing the T-year rainfall f ntensity appropriate to a

duration of storm c'l osely related to the catchment response time,
one woul d presumably be ob'l i ged to choose a val ue of the co-
ef f i c'i ent C such as to bri ng the desi red probabi f ity of output
rate and the joint probability of input rate and loss rate to the
same value. In a paper pub'lished in the November 1967 Proceed-
i ngs of 'uhe Ameri can Soci ety of Ci vi I Engi neers , Hydraul i cs Di vi -
sion, Schaake, Geyer and Knapp reproduce several composite'log-
probabi 1i ty p'l ots of rai nf al I 'i ntensi ty compared wi th peak run-
off rate. The intercepts between the rainfall and runoff dis-
tri buti ons , be'i ng pl otted to i ogari thm'i c scal e, rBpresent the
peak output/tnput ratio wh,'i ch 'is of course the C value in the
Rational Formula. Constancy of C value would be manifested by
parai 1e1 pl ots ; the f act that the p'l ots converge impi i es an
i ncreas e of C wi th I engtheni ng return peri od. 0ver the range of
recurrence intervals within which the method'i s normally employ-
cd, however, the 'impiicit assumption jn adopting constant average
values for C, nameiy that the frequency of occurrence of the com-
outed Cesign neai< -uncrf -aie is the s.rTre es ':he frequenc-v of
- r = ^ -- : - : 1 
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It is thus evident that, for a given effective input, both the
area of catchment and the time parameter (response t'ime or basin
lag) are important in determining the maximum flood.response of
given return period. It is for this reason that storms have been
subdivided on the basis of both area and'duration and for the
same reason desi gn f I oods are deal t wi th separately for sma'l 1 ,
i ntermed'i ate and l arge catchments.
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Design values of C are listed in Table El. !^lhen attempting to
estimate flood peaks of long recurrence interva'1, it would
clearly be wise to adopt C values at the h'i gher end rather than
at the average of the ranges suggested.

Apart from assigning to the design input the same recurrence in-
terval as that of the desired design output, the input rate, IT,
must also be sblected as that having a duration closely associit-
ed with the catchment response time. hlhen the Rat'ionai Formula
was fi rst developed the response time suggested was the so-cal led
concentrati on ti me, vi z. the ti me taken for the whol e catchment
to contribute to discharge at the problem po'int.. It was suggest-
ed in former times that t-his would be the t'ime taken,for input
at the .most remote part of the drai nage system to reach the ex'i t,
and that this time period could be computed from an open-channel
f low formula (e.9. that of Mann'i ng). It was subsequently
apprec'i ated , however, that the respons e ti me 'i s i n f act anal ogous
to a wave travql time, which is'i nvariably shorter than the
travel ' ti me of -the f I ow med'i um.

Vari ous empi ri ca'l formul as for determi nati on of catchment re-
sponse t'ime have been offered. Most of these g'ive strong em-
phasis to the general slope of the catchment. Perhaps the most
wide'ly used is one suggested by th'e U.S. Bureau of Reclamation;
when converted to metric system it reads :-

2.6

i nf i I trat'ion, evapotranspi rati on, antecedent
attenuati on ef f ects of natural storage w'i thi n

al I l umped i n the empi ri ca1 coef f i c'i ent, C.

It is emphasized that the Rat'i onal Method, li
t'i c methods, is not aimed at endeavouri ng to
catchment response to a specific storm event
ing an est'i mate of that peak discharge which
turn period specified by the Cesign.

conditions, and
the catchment are

ke all deternrinis-
reproduce the peak
but rather at mak-
has an average re-

from records of storm in-
n hydrolcgy textbooks, ds

p] eparaijon af synthet'i c
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,C = iTi

i n whi ch Tc i s the- concentrat'ion ti me (h )L i s the 1 ength of the 1 onges t watercourse ( km)
and S is the dimensionless s1ope.

In Figure El a.nomogram is provided to assist the designer to
estimate catchment response time. Appropri ate po'i nt rai nfal I
i nputs can be determi ned f rom the di agrams i n Append'ix C. The
Rat'ional Method i s demonstrated 'i n Exampl e 3.2.

2.6.2. Intermediate-area design flood procedures :

For determi nati on of des'i gn output from catchments between- I 5 km2
and about 5000 km2 in area the un'itgraph approach is recommended.
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data were 'l acking or poor. Appendix F contains the main results
cf -,his work, detai'l s of which are described jn the Hydrolog'ical
?,esearch Uni t's Report No. 3/69 : Synthetie lJniigraohs f or South
|. jr'-ca.

i: ec.cuLd be noted that with the introduetion of metric units
J.€ centi.metre has been adopted in some tertbooks to repLace the
.r.. ffissoeiated uith the eLassie Ameriean unitgraph-, rn this
:,',.nrmt has been found eonuenient, hot)eDer, to adopt the
=c=ropriate Sf unit of ane millimetre. ff is fully appreeiated
=..t rh.e unit hgdrograph assumption of Linearitg is meant to be
cppizea onLy to significantly Large dt)reet runoff euents; in
cicpting the one milLinetre unit for South Afri,ean unitgraphs u)e
by r.c means impLy that usabLe unitgraphs ean be deriued from re-
'.e=:-,;eLA insignifieant direet runoff euents.

Un'i igraphs of conveni ent uni t durat'i on u,ere constructed f or about
one hundred South African catchments, in respect of each of which
basin 1ag, TL, (defined as the time iapse between centres of area
of input hyetograph and resulting output hydrograph) was derived.
A l'ist of the catchments studied appears in Table Ff in which
the deri ved standard un'i tgraphs are tabul ated i n compact form.
These resul ts woul d be of- assi stance to the desi gner seeki ng to
compi'l e a design flood hydrograph for a s'i te at or near-any one
of rhe I i sted streamgaugi ng stati ons.

It is se'l dom, however, that a problem site lies at or close to a

river gauge and therefore unitgraph synthesis is necessary. As
a f i rst step i n the preparat j on of synthet'i c un'itgraphs the stand-
arC uni tgraphs I i sted 'i n Tabl e F1 were converted, by computer-
aideC S-hydrograph techn'ique,to one-hour unitgraphs and then
renciered dimensionless by expressing the time absc'issae 'i n terms
of basi n I ag T1 and the d'i scharge ordi nates j n terms of the peak
ci scharge, Qp, of the one-hour unitgraph

liex',, the study catchments were regiona11y grouped wi th the a'id
ci maps dep'i cting surface features, such as relief, sojls, rain-
f all, and vegetal cover or veld type, 1ike1y to inf luence catch-
meni storage and therefore I ag; the boundari es of zones of
s'i m'i I ar physiographic characteri stics were delineated as shown
on t,he map F.igure F1.

was then necessary to select a physiographic index repreienta-
ve of runof f de1ay. The cl ass'i cal catchment i ndex associ ated

tn lag, vtz. +, adopted by the U.S. Corps of Engineers, was
l/5
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computed for each of the catchments listed in Table Fl

I n the catchment i ndex,
L 'i s the l ength of the l ongest watercourse, km

Lc js the distance from the mouth of the catchment to a- poi nt on the ma j n watercourse oppos'i te the centre of
area of the catchment, km

S i s the dimens'ionl ess average channe'l s1ope.

r,"i ih i n each of the zones demarca ted on ii g ure
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fit lines were drawn. It was found, as shown in the composite
p1ot, Figure F2, that the results could be reasonably well BX-
pressed by a fami iy of equati ons of the form:

Ftt-l11 wg
LL

.LLc.,,0 r36{-}'r/f,,

Values of the coefficient Ct varied from 0,99 in Zone'l (the
coastal trop'ica1 forest region) to 0,13 in Zone 9 (the tall-grass
sourvel d ) . The zones depi cted on Fi gure Fl are descri bed i n
Tabl e FZ i n whi ch are 'l i sted the correspond'ing val ues of Ct.

For each zone, the appropri ate di mensi onl ess one-hour un'i tgraphs
were generalized and these appear in Figures F3 to Fl2. Full
I'i nes represent the mos t densely grouped hydrographs and the
dashed envel opes 'i ndi cate the degree of general'i zati on. The co-
ordinates of these general'ized dimensionless one-hour unitgraphs
are listed for convenience in Table F.3.

As w'i I I be noted, to di mens i onal i ze these one-hour uni tgraphs the
ordinates must be multiplied by Qo and the abscissae by T;. The
denomi nator TL can be eval uated f Fom equat'i on 2.2 or Fi gure FZ
and the denominator, Qo, can be evaluated with the aid of equation
2.4 and the value of K; reflected on the appropriate diagram in
the series Figures F3 - F12, derived in the fo1'low'i ng way:

From a catchment of area A km', the volume of runoff represent-
ed by a one-hour un'i tgr:aph is A,?778A cumec-hour (because I mm

depth on I km1 = 0,?778 cumec-hour) but this volume 'i s also re-
presented by the area subtended by the un'i tgraph, v:z.J *Ot*l .

Assign to th'is dimensionless i ntegral the symbol Y and dimension-
alize it by multip'ly'i ng by Qp.Tl; then equate the two vojumes to
yi e'l d:

Y.QpTL = 0,?778A ....... 2.3

whence

in which

For the convenience of the designer, values of K, have been
measured from the dimensionless unitgraphs and imprinted on
the re'l evant diagrams in the series F'i gures F3 - F12. They
are also listed in Table F4.

?.4
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hJith T1 anci Q.,-evaluated in this way
uni tgraph cantbe dinrensional i zed .

the co-ordinates of the

The catchment index can be computed from meas
a suitable rel ief map and the corresponding I

urements taken from
ag can be read from
of the one-hour uniFi gure F? Given the lag, TL, the abscissae

d i me n s 'i o n a I i z ed .graph can be

Unitgraphs for excess rains of duration'longer than one hour can
be compi 1 ed by conventi onal methods of superposi ti on. Construc-
tion of synthetic unitgraphs is illustrated in Examp'l es 4.5 and
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Pr ogress in establishing infiltration 'indices for South African
3a:snments has been hampered by lack of data. Unless reasonable
a I I o\{ance can be made f or the di f f erence between total s torm 'i n-
;ri and net effective rain employment of determinist'ic methods of
'lood hydrograph synthesization cannot be attempted. It was
:r'e.:fore imperative to provide the designer w'i th at least a crude
rasi s for estimat'i ng Losses (or basin recharge). In other words,
navi ng compi 1 ed a desi gn storm hyetograph how must the desi gner
moCify this to establish the volume of precipitation that becomes
i'i rec'i runoff before he takes the final step of converting this
excess rain wjth the aid of a un'i tgraph to a flood hydrograph?

Two approaches r+ere followed: (a) the fitt'i ng of an experience
envelope to a mass of points representing ratibs of output to in-
put p'1 otted against relevant catchment area and (b) the compila-
ti on of a f ami 1y of reg'iona1 curves of I oss as a f rinc+.i on of
tota'l storm input derived from the combined results of design
s:orm and unitgraph stud'ies. The experience envelope provides a

basis for estimating minimum Loss (to be deducted from PMP when
seeki ng to construct a probabl e maximum fl ood hydrograph ) whi 1e
'uhe i nput/l oss funition provides an estimate of aDe?age Loss (to
be subtracted from the design tota'l storm input of given recur-
rence'i nterval to yie'ld probable flood runoff of s'im'i lar re-
currence 'i nterval )

l'linimum losses

In Figure Gl ratios of runoff to total storm rainfall have been
p1 otted agai nst areas of the relevant catchments for a fa'i nly
repres enta-t'i ve number of extreme events. As may be noted, f rom
catchments up to about 500 km2 runoffs representi ng practi ca1 1y
l00i of the input have been experienced but as catchment area
'i ncreases flood-prod'ucing efficiency decl.ines. For exampie, from
a 250 000 km2 catchment the chances become slender that more than
about h al f the preci pi tat'i on wi I I reach the mouth of the catch-
ment 'i n the form of f Iood f 1ow. As the data that have been
gathered so far for the compilation of Figure Gl are rather meagrE
it is suggested that the outer envelope shown be adopted for de-
sign purposes.

Aoerage losses

Derived by a method to be described 'i n deta'i I
tion, the set of regional curves in Figure Gz
bas j s f or estimating, for a tota'l des'i gn storm
currence i nterval , the depth of preci pi tati on
ed to yi e1d the des'i gn net ef fect j ve rai n.

in a later publica-
is offered as a

input of given re-
that must be deduct-

The curves were derived as follows: For each of the
l'i sted in Table F'l ,-flood peaks corresponding to 5-,
50- and 1 00-year recurrence i nterval s were estimated
El ei'a i?. Tre:e r,7ll-._i ,^?F3 t::n =):-::S:: :j *a:'

catchments
l0- , 20-,
f rom Fi gures
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woul d be numeri cai'ly equi val ent to the correspondi ng ruri
n mn: associ ated wi th the sel ected recurrence i nterval s.
i npu'is appropri ate to the cr j ti cal uni t periods f or each
selected recurrence intervals were then determined from

agrams i n Append'i ces C and D. The d'i f f erences between th
and the I atter val ues woul d be measures of average I osse

ated wi th events of gi ven recurrence i nterval s

e
S

For each catchment, losses were plotted against corresponding in-
puts. I t was found that as i nput i ncreas es wi th 1 engtheni ng re-
currence intervai, loss also 'i ncreases but at gradua'l 1y decreas-
'i ng rate, with the tendency towards an asymptotic loss value.

The resulting 96 curves were grouped under three reasonab'ly
dist'inct zones delineated according to veld type. Average curves
were drawn representative,of, these three zones, viz.:
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part'i el l"v
: j ne **or'have

,oa ,- - ,-, l-.L CI-

Scl ercphyl
rai nf al I

Ka roo ,
and

Coastal tropi ca'l
t a I I g ra s s v e I d

lous bush in the w'i nter- and
areas

false Karoo, grassland'i nterior
highveld sourveld

forest, mountain sourvel

year-round
Curve A (1ow)

pl ateau
Curve B (medium)

(high).and bushveld
d,
Curve C

For each of the three regions, the depth of rain to be deducted
from a design total storm of given recurrence interval to yie'ld
the net rain that will constitute the volume of flood of similar
recurrence interva:l can be estimated from Figure G2.

It i s emphas i zed that the curves provi de mere'ly a rough gui de
which must be tempered with engineering judgment. It'is import-
ant to note, too, that dolomitic exposures must be treated as
anomal ous. In Eeneral , losses i n dolomite regions are much
hi gher than gi ven by curve C.

Use of the loss diagrams is illustrated in Examples 4.?,4.5 and
5 .2.

?.6.3. Large-area desj gn fl ood procedures : Routi ng methods

It is unwise to endeavour to derive or synthesize single unit-
graphs for catchments 1 arger than about 5000 km2. A1 though the
des'ign storm should be synthesized for the problem catchment as
a whole, the catchment should then be subdivided into convenient
sub-catchments , none exceedi ng 5000 km2 i n area, and separate
un i tgraphs synthes i zed for each.

Appl i cati on of the appropri ate parts of the effecti ve des i gn
storm to these un'itgraphs yields a flood hydrograph at the mouth
of each sub-catchment. These separate fl ood hydrographs must then
be lag-routed in correct queuing order to the problem site.
Examp1e.5.2 illustrates the complete procedure for compiling a

desi gn fl ood hydrograph for a 1 arge catchment.

?"6.4. Fl ood hydrograph synthesizat'i on by lag-and-route
rF(a.'a-. 1;t^cI(
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FI.OCD DISCHARGES FROM SMALL ARiAS

ar ].,-;,i]UCTION

The design flood determinations with which the civil engineer is
perhaps most frequent'ly concerned are those associated with small
catchments - from a few square metres at one end of the scale to
about l5 km2 at the other.
-_,':::ai small-catchment prob'lems are :

a ) s'i zi ng of gutters and downpi pes f or the dra'i nage of
i mportant or extensi ve roof s , oF f or the dra'inage of
el evated motorways or other such structures

c ) s i'zi ng of gutters and storm water sewers f or street
drai nage

c) stormwater drainage
and garci ens

of airports, sportsfields, parks

d) design of outfall drains, highway and railway culverts,
and the cross-drainage of canals (by super-passage or
cu'l vert)

sizing of waterways beneath bridges

design of agricultural terraces and grassed

s i zi ng of the spi I tways of smal I -catchment

determination of freeboard al lowance
spillways (e.9. slimes dams and poll
reservoi rs )

I
I
I

e)

f)

s)

h)

spi I lways

dams

for dams without
ution-retention

I
i ) provi s'i on of techni cal i nf ormati on f or the settl i ng

of insurance claims or for the handling of 'lega1 issues
ari sing from storm or flood damage.

In handl ing. problems in which the catchment or drainage area 'is
smaller than about l5 km2 one is obliged to employ deterministic
as opposed to purely stati sti cal methods. The resul ts of fre-
quency analyses of peak di scharges (Fi gure BZ) shoul d not be
extrapo'l ated to smal I areas and, al though the experi ence enve'lope
di agrams (Appendi x A) show peak di scharge vai ues for catchments
down to I kmz in area, the range of enveloped values becomes
extremely wide as catchment area decreases. Moreover, it is
difficult, to assign recurrence intervals to the Creager ratings.
Experi ence envel opes therefore offer I i ttl e more th an a rough
gu'i de.

Ration-
=, 

*-;ri,i
";'ii;1.*.a

-'n*.,rv

I
t
I
I
I

As explained in Chapter 2 the endeavourin determin'i stic
i s to determi ne output f rom a know'ledge of i nput coupl ed
understanding of the input-output convers'i on process.

For small areas the conventional method 'i s to employ the
;i ::-lru : : e>rr l =: :r:c 1'" se::i tir 2 "4.1. ine nee,j :ro:, i:
:? -::::*-:a v.'':.: ::,.:'"i 3'iL"'-itt.t-lrn a-: ::cim tnEui.. .F'
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rainfall is assumed to be evenlY di
ment and an areal reduct'i on factor
local data one may refer to F'i gure
eci results of analyses of aut0graph
South Africa.

siributed over the whole catch-
is applied. in the absence of
C? whjch depicts the general'i z-
ic rainfall reiords throughout

To operate the co-axial diagram, Figure C2, one must first estab-
I'i sh the I ocal mean annual preci p'itati on (MAP ) by ref e rence to
l,.leather Bureau pubf ications, e.g. tlB29, Climate of South Afniea,
Part 9" Aoerage Monbhlg Rainfall, L960, orisohyetal maps'in the
serjes South A.friea L:L 500 000 Code AB/HI, or preferably the
South Afriea L:250 000 Rainfall Map. lllith knowledge of the local
MAP and the general locality of the problem catchment (i.e.
whether in the summer, winter or year-round rainfall zone - see
Figure Cl) one may read from the diagram the depths of precip'ita-
tion associated with the given duration (from 1/4 hour to 24
hours ) and speci f ied recurrence 'i nterval (f rom 2 yr to 100 yr).

if probabie maximum precipitation (PMP) is of interest one turns
to Figure C4 which depicts envelopes to experienced extreme pre-
ci pi tati ons 'i n various parts of the country.

In the open'i ng chapter,
that, fundamentally, des
mined by considerat'i ons
The first worked example

design philos0phy, it was sqggested
n recurrence interval should be deter-
design l'i fe, acceptable ri sk and cost.

s illustrative of this procedure.

I
t
I
I
I
I
I
I
I
I
I
t
t
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s
of
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EXAMPLE S IZING A CULVERT BY HYDRO-ECONOMIC OPTIMIZATiON

At the s'i te marked X on the accompany'i ng
ondary road is to traverse the valley ji
high embankment. It 'i s pr0posed to pass
embankment 'i n a corrugated pi pe cul vert.
should the culvert be designed?

map, Figure 3"l i a sec-
ne by way of a relatively
the stream through the
For what d'i scharge

To simplify iilustration of the ma'in principies the following
assumpti ons have been made :

a)

b)

d)

c) The embankment wi'll fail 'i f the design capacity of the
culvert is exceeded and it is est'imated that the cost' of damages resulting from faiiure would amount to R5 000
pius the cost of supplying and re-laying new pipes which
would presumably be destroyed if washed out

From hydraulic cal cul ati
of the stream bed at X,
allowances for inlet and
thai the diameier of cul
*.r : -: ,l- .' !1'- : :l- l, 3

A'l ternati ve'l ocati ons and el evati ons of the roadway and
ways of handiing storm flow in the stream have been re-
jected on other than hydro-economi c grounds

The length of the culvert is fixed at 50 m and the costs
of iniet and outlet structures, which would not be
material'ly'influenced by changes jn capacity, are estimat-
ed at R500 per pi pe i n the cul vert.

ons based on the measured gradient
the length of the culvert and the
outlet losses, it is estimated

./hve*: (D m) reCUired to pass a d'i s-
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Di a

m

Cost
rand/m

Cosi of ei^ection (lA/")
rand/m

0veral I cost
rand/m

2,45
?,6?
2,76
? rg2

3,08

7 B ,6
86 ,7
93,7

l0l ,6
I 0g ,5

7 rg

Br7

9 ,4
10,?
.I0,9

86 ,5
95,4

I03,I
lll,B
12A,4

e) Costs of corrusated pipe are

Procedure

i) De'l 'i neate catchment bcundary {fjgure
area: l0,l kmz or l0 100 000 m2

r)

i) Measure length of longest watercout^Se: 4

i) Dete_rm'i ne difference in elevation between
let of main watercourse (at problem si.te)

'i

ii

From F'igul^e 3.1 'it can
Johannesburg at a point
cation or rainfall map)

that s'i te is
from hJeai,her

nf al I season

and measure

,6 km

source and out,-
: 5750 - 5?25 =

south of
Bureau pubi i -
: 750 mm

: Summer

n Table 3..I

ng four 3,08 m

the 50-year

I
I
I
I
I
I
I
I

525 ft = .160 
m

Establ'i sh time of concentration from nomogram (F'igure E.'l ):
A,7 h, say 3/4 h

iv)

v)

vi i )

vi i i )

i x)

x)

be seen
where (

MAP
Rai

v'i ) From F'i gure C.? read of f , f or recurrence 'intervai s 5, 10,
?0,50 and .l00 yr, 3/4-hour precip'i tation values for a
pl ace i n the s ummer ra'i nf al I regi on where MAP i s 750 mm.
Enter res ul ts 'i n Tabl e 3. I where other data for hydro-
economi c analys'i s are gathered

From study of catchment condi ti ons , select appropri ate
runoff coefficient C from Table E.l: f, = 0,3

Adopting 20 years as design life and 8% interest and re-
demption rate, read from Appendi x H that annual repayment
is amount borrowed mujtiplied by a cap'ital recovery fac-
tor of 0, I 0l 85

I
I

Perform hydro-economic analys'i s as shown i

0ptimum design is seen to be that compris'i
dia. pipes and that these will safely pass
flood, viz. l0l ,0 m3/s.

I
t
I
I

r
I
I

3.4
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Table 3.1 : Hydro-eccnom'i c analysis

EXAMPLE FREEBOARD FOR A DAM t^liTHOUT SPILLt^lAY

I
I
I

It is frequent'l y
ihat a dam will
age is at all ti
inflow and/or di

desirable,
not spill -
mes adequate
reci prec'i pi

and sometimes
in other words
to cope with

tati on.

essent'i al , to ensure
, that surcharge stor-
shock loading by runoff

Recurrence 'i nterval - years

5 10 2A 50
.I00

t;

3/4 h prec'i p. depth
(mm)

Intensity - mm/h
intens'i ty 16-6m/sec

a = CIA m3/s

No./dia. of p'i pes
reqd. (eqn. 3..I)

Construction costs

15. Cost of p'i pes incl.
1 l ayi ng
Ii6. Cost of inlet and
Ij outlet works
7. Total
8. Annual cost =

total x 0,.I0.I85

Repair costs
9. Cost of repairs to em-

bankment plus dol.ln-
stream compensation
and cleaning up

.I0. Cost of new pipes
('inc'1. relaying and
inlet and outlet
works ) ,

I I . Total
1?, Annual repa'i r cost =

Total repa'i r cost +

recurrence 'i nterval
of f ai I ure

Total annual costs
(sum of items B and
12)

50

67
lg,6
56 ,4

3/?,76

1 5 500

1 500

17 000

I 730

5 000

17 000

2? 000

4 400

6 130

63

84
?3 ,4
70,0

3/2,92

(co

I 6

I

I

l8

800

500

3 00

86 0

5 000

I B 300

23 3 00

2 330

1904

75

I 00
27,8
g4 ,3

4/2,92

ts i n

22 400

? 000

24 400

r

Z 4BO

5 000

24 400

29 400

47A

950

I

3

90

l?0
33 ,4

I 0l ,0

4 / 3, 08

andf)'

24 100

z 000

26 1 00

2 660

5 000

?6 100

3l 100

6?A

(m'i n. )

105

140
38,9

117,9

5/Z,g?

28 000

) E nn.- JL'L/

30 500

003 I

5 000

30 500

35 s00

350

3 450

3.3

I

i
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3.6

Problems in this category range from the design of a raingaugc,
at one end of the spectrum, to the fixing of the height of a dam
to reta'i n, Sdy, a po'i sonous effluent at the other.

The exampl e chosen to 'i l l ustrate thi s ki nd of probl em i s that of
determi ni ng the f reeboard to be provi ded f or a ta'i 1i ngs dam at a

mi ne about 
- 30 km east of Pretorj a. The dam retai ns s I i mes whi ch ,

if allowed to escape to the natural watercourse, would cause
severe damage to ri pari an property. The catchment of the stream
in which tha dam is Iocated measureS 7,l km'and'is gently roif ing
tali-grass veld with some copses of exotic and indigenous.trees.

Steps must be taken at all stages of construction to ensure that
freeboard i s adequate but the exampl e i I I ustrates the cal cul ation
for a particular stage when slimes are presumed to have risen to
an elevation of 32 m above bed and maxjmum rate at wh'ich clear
water can be abstracted f rom the sl i mes f or rec'i rcui at'ion or saf e

disposal e'l sewhere is 22 Ml/day.

The depth-area-capacity relationship of the bas'in behind the dam
'is gi ven i n Fi gure' 3.2.

Procedrre

i) Since overflow of the dam cinnot in.any circumstances be
permitted it is necessary to est'imate probable maximum
f1 ood vol umes ( as oppos ed to di s cha rges ) . Th e catchment
is seen to lie in Region 3 (see Figure C.3). From Figure
C.4 estimates of PMP may be made for durations varying from
about I minute to'l yeai. Preliminary investigations show-
€d, however, the cri ti cal peri od woul d not extend over more
than one wet season and storms of very short duration would
not be cri ti cal . Accordi nglY, PMP val ues on'ly 'in the range
of duration from I - 90 days have been abstracted from
Fi gure C.4 and these are I i sted i n Tabj e 3.2.

I
I
t
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I

i i ) Inf I ot^t

a)

is made up of two components :-
the vol ume of direct prec'i pitation on the water/
sl imes surface

. and

the volume of runoff from the remainder of the
catchment.

b)

Component (a) is s'imp1y the depth of storm prec'ipitation
mul ti p1 i ed by the water surface area at the stage con-
s i dered. To eval uate component (b ) 'i nf i I trati on Loss mus t
be estimated. For this example, runoff records of several
rivers drain'ing highveld catchments were examined. Maximum
monthly runoffs, expressed as equi val ent depths over the
catchments, were compared wi th the correspondi ng causat'i ve
ra'i nf al'l i nputs. The hi ghest percentage of runof f was
found to be 55% for the catchments tested. A runoff eo-
ef ficient of 60% , or 0 ,6 , was adopted. (Th'is coef f i ci ent
is not to be confused w'i th the coeffic'ient C in the Ration-
al Fcrmul a r-.or^ w'i th the '7-osses depi cted 'in F'i gures Gl and
G: *r,': :h a:i :-<sOc'i aieC w'i :r:e:ii-,..',i,a:jonS Cf nEalt d'lS-
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1. FLOOD DISCHARGES FROM INTERMEDiATE-SIZED CATCHMENTS

s000 km1)(10

I

:}i :R:D!:;ION

:- --::--:r'; ra: as irequently encountered as those f rom smal I catch-
-i---s, :n--eriec'raie-area des'i gn flood problems usually assume in-

1.--::<-.-'-/ :r3t-,?: imoortance as catchment area'increases. S'ince
:--i- -esi:isi:ines asiociated w'ith catchments in this category
--'. .=--?i s::r:er ihan one day it follows that, because of the
:: a::: ar c sccr d i s'":^'ib ut'i on of preci pi tat'ion- i ntens i ty obs erva-
:':is :r S:u--n A,irjca, input data for determination of design
--,:::s fr:i:::n',ermediate-sized areas are unfortunately not yet
"i.,-:e'ielcped. Th'i s is distressing because, numerically speak-
'.3, --ne orit< of the i mportant desi !n f lood problems are en-
:3un:ered in this category. It emphasizes the need-'for further
:esearch based on an 'i mproved network of autographi c ra'i nf al I and
runoff measurements, coupled perhaps wi th weather radar and
'-el emetry

lne jntermediate-sized catchment category embraces the range in
wnich normaily the unitgraph methods can be direct'ly app'l ied.
Tne lower limit of ihe category defines roughly the upper lim'it
of appf ication of the Rational Method. In the determinist'i c
approach, esti mati on pf des i gn storm i nput requi res , as expl a'i ned
i n Chapter 2, a d'isti ncti on to be drawn between smal l -area storms
(up to 800 k*') and medium-area storms (800 - 5000 km'). The
intermediate-sized catchment category of des'i gn flood determina-
tion embraces both these storm size d'istinct'ions.

The mai n probl ems i n the 'i ntermedi ate-area category are concern-
ed with flood hydrology for bridge, spillway and cana'l izat'ion
designs and for water-despatch'ing (reservoir regulation).
I I I us trati ve exampl es fol I ow.

EXAMPLE SIZiNG OF A MAJOR SPILLhIAY

I
I

fl ood
(s ome s torm

hydrographs
data and

available)

in the desi gn of a ma jor spi 1'lway it is good practi ce to make
pai nstaki ng' efforts to est'i mate the probabl e maximum fl ood (PMF).
The PMF may be looked upon as a flood event having a probab'i lity
of occurrence very cl ose to zero. I^lhether one woul d be ob1 i ged
lo design a particular spillway to cope safely with such an event
depends upon circumstances discussed earl'ier under phiLosophy of
cesign.

In this example it is des'ired to estimate the PMF of the Buffalo
river at La'i ng dam near East London. The catchment (shown in
iigure 4..I) is 900 km2 in extent.

Procedure

South Af ri ca are shown on Fi gure F.2. Dep'i cted
^ I ic a. -'i ni',:itud'i -:al :-:f{l: c: the na:r \'a-3--:
v'ti' :i'.i,€ ayi] 3ge slcps, .:: :,as .b:en .'av;l

Basin lag

-

ano vegeta
rel at'i onsh
l^egions cf

-1'ltv-..
L::"

',v--aa-€

I
I

i) 'i s determined from the physical characteristics
I cover of the catchment (see Fi gure F.l ). The
i ps between Lag and catehment inder for vari ous

4, .]
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I
u
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Catchinent 'i ndex

= length of ma'i n watercourse (km)
= distance from catchment outlet tc centre 0f

area (km)
= average s'l ope (m/m).

Catchment index =
48 x 26 = l5 800

From Fi gure F.l j t may be seen that the catchment I i es .in

zone B. Interpo]at'i on i n Fi gure F.2 f or zone 8 gi ves an
estimated bas'i n lag of 6 hours.

HyQrograph analysis

Stage recorder charts for four severe fl oods at Lai ng dam
are ava'i lable. l.lith the aid of the stage-capac'i ty and
spil lway rating curves storage changes and sp'i11ages were
converted to i nfl ow rates averaged over fi ni te inirements
of time. From the i nflow hydrographs deri ved by the fore-
go'i ng reverse routi ng procedure , together wi th bbservati onsof the relevant causative storms, unitgraphs of l, 3, 6-, 9
and 12 hours' duration respective'ly were c-onstructed. Itwill be noted that the durations selected cover a range of
one-sixth to twice the estimated basin lag.

Design storms

Buffalo catchment is seen to lie w'i thin storm region 3
Figure C,3). Probable maximun point rainfal ls were0ff Fi gure c.4 and areal reducti on factors from Fi gure

(Had the prob'lem catchment been smal I er than 800 [*r,re C.5 woul d have been used i n preference ) .

v) Desi.gn flo-od

vJhel e L
I

S

ii)

iii)

In relative'l y small catchments it
extreme condi,tions i nfil trat'icn wi
negligible rates (see F'i gure G.l).
peaks associated with each of the
is performed in Table 4..I.

may be assumed that under
ll have dimin'i shed to

Calculation of flood
sel ected storm durations

The critical
'i ia^.,r'^a )rr/t

Table 4..I

sicrm dur^ation for
* l- = :. \'. ,-: - ; f 

-! 
C - : , -l n: i, !:'v l, v L ' r- L 'u r' I v 1l; v ..'. , iiiL .;

Stcrrn
Cura-
ti cn

(hours)

Uni t-
g)^aph
peak

m3/s)

Probab I

maxi mum
poi nt

rai nf al
(mm )

e

I

Reduc-
tion

factor
Pf,,1P avera
0ver 900

(mm )

ged
km2

Fl ood peak

(m'/s )
'1

I

3

6

9

12

47
36
Z7
?a
16

260
320
350
37A
380

0,52
0 ,58
0,63
0 ,67
0,69

135
I 85
2?0
25A
26A

135 x 47 = 6350.I85 x 36 = tffiEl-t
??A x27 = bg.rd
Z5A xZA = 5000
26A x 16 = 4.160

.i
+- f,
L-!L-'g
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v) Rough check

Before 6 560 m'/s is accepted as the PMF, reference should
be made to maxi mum recorded f I ood peaks i n Append'ix A. The
Buf f alo catchment is seen to l'i e w'i th'in the region of hi gh-
est fl oods ( Fi gure A.l ) for whi ch Creager rati ngs of about
80 appear to be the maximum recorded. A Creager 80 flood
from'900 km2 would be 5 .I00 m3/s. The peak value of 6 660
m3/s,corresponding to a Creager rating of about .I00, is
therefore not unreal i sti c as a probabl e maxi mum.

EXAMPLE A CANALIZATION PROJECT

As surcharge capacity at
storage attenuation woul d

therefore be little point
associated with the 6 660
age to determ'i ne the spil

Perfcrm hydraulic design of
enc estimate the ceFital ccs

Laing dam is relative'try srnall,
be negligib"t e and there woulC
in routing the hydrograph
m3/s peak through reservoin stor-

lway peak.

canals of vari ous capacitjes
r- ?ssociatec with eech.

4.3

To exploit low-1ying land adjacent to a river within the boundarie
of a city it is often desirable to canalize the river or to under-
take other hydrau'lic works designed to minimize the frequency of
inundation of valuable land. Decisions as to whether tc undertake
such engineering works and, if So, what size, are best reached on
the basi s of hydro-economi c ana'lyses.

A simpl'i fied vers'i on of investigations into the desirability of
canal i zi ng the Msi ndus'i ri ver through parts of the ci ty of
Pietermaritzburg provides an i ll ustration of the techniques that
can be'adopted for problems of th'is type. Although many tributar-
i es joi n the Msi ndusi wi th'i n the muni ci pa1 boundari es , requi ri ng
that vari ous comb'i nati ons of fl ood di scharges i n each be exami ned,
the problem has been simp'lified for purposes of illustration by
i gnori ng tri butari es and taki ng the repres entati ve catchment area
to be 470 km2.

Procedure

i ) Hydrol og'i cal itudy

Estimate peak discharges for various frequencies of occur-
rence. 0n Fi gure B. I the Msi ndusi catchment i s seen to
fall ma'i n'ly in region 4 but is also very close to the
boundary wi th region 2. . Although no official records of
flow in the Ms'indusi exist, estimates of some of the higher
flood peaks experienced over the last 2A years indicate
that the peak-discharge/frequency relationship conforms
more close'ly with that of region 2 than with that of reg'ion
4. Accord'ingly the area-frequency-flood peak relat'i onship
of region 2 given in Figure 8.2 was adopted and peak dis-
charges for a range of frequencies were abstracted and
p1 otted on Fi gure 4.?.

ii) Prel'i minary can_al desigl I
I
t

r"Jnl ec tctr,i I \. d \. t-.
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iii)

to ensure safe passage of flood flows beneath ex'i sting
bridges, and with drops or cascades to avoid super-crjt'ical
velocities. Hydraulic design does not lie with'i n the scope
of th'i s Manual and therefore detai I s of deri vation of the
following relationsh'ip between canalizat'i on capacity and
annual cost have been omitted :-

f, = 500 000 Q0'4
where C = capital cost of the canal in rands

Q = capacity of the canal in m3/s.

Flood damages

Determ'i ne costs of damages as soc j ated w'i th i ncremental
flood ri ses. To establ'i sh the extent of inundation by
floods of various magnitudes a computer program was written
to perform the backwater cal cul ati ons by whi ch to determi ne
the water surface profi I e between hydnaul i c control s. In-
put to the backwater program takes the form of va11ey cross-
sections and values of Manning roughness coefficjent at a
number of suitable locations along the river. 0utput is
water surface el evation at each secti on, together wi th
supplementary informat'i on on e-nergy, velocity and other
perti nent features.

From the computer output fl ood marks associ ated wi th each
sel ected f I ood d'ischarge were del i neated on a I :2500 map
of the va'l 'ley

It was assumed that costs of damages resul ti ng frorn j nunda-
tion would vary at different rates for hous'i ng,'i ndusirial
bujldings, sportsfields, park and waste land but linearly
accord'i ng to depth of i nundati on. Accordi ngiy graphs show-
ing height of water plotted aga'inst munjcipal valuation
were drawn up on the bas'i s of i nf ormation obtai ned f rom
valuation officers and'i nsurance companies. From these
graphs and the map showing areas of each category of land
and ameni ties i nundated, fl ood damages i i kely to be assocj at-
ed wi th each sel ected fl ood magni tude were cal cul ated.

For land potent'ia11y suitable for industrial development,
flooc damage was assessec at the diffei^ence in acfual
selling price - depressed by virtue of the susceptibility
to frequent flooding - and the potential price that could
reasonably be demanded i f chances of f I ood'i ng were to be
s ubs tanti ai 1y d i mi ni shed.

Estimaiea costs of flood damage to other jnstallat'ions such
as roads and ra'i iways were added to those based on muni ci -
pal val uati ons and the total damage cos ts for each fl ood
were computed and plotted in graph form (see Figure 4'.3).

v) Me'an annual flood damage under natural cond'itions
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(a)

(b )

(c)

(d)

Fl ood peaks and corres pondi ng exceedance frequenci es
were abstracted from Fi gure 4.2 and tabulated (see
Table 4.2)

Total damage costs for each of the tabul ated fl ood
peaks were read from Fi gure 4. 3 and entered i n Tabl e
4.2

I
I
t
I
I
I

i ti
0n

Total damage costs and correspond'i ng probabil
exceedance were then plotted to form curve I
4.4

es 0f
Fi gure

The area beneath curve I on Fi gure 4" 4 repres ents the
mean annual damage associ ated w'i th the uncanal i zed
system and corresponds to R728 300 per annum.

Extrapol ati on of the I i ne on Fi gure 4.2 to eval uate fl ood
peaks of large recurrence interval (or'iow probability) is,
of course, highly subject'i ve and it m'i ght be w'ise to add a
confidence band as illustrated 'in Figure .I.3. For the sake
of clarity this device has been omjtteci from this illustra-
t'i ve exampl e.

Tabl e +.2 I'lsundusi r iver Damages under natural
Conditi ons

Annual probabi I i ty
of exceedance

Frequency of
exceedance

(years )

Fl ood peak
(m'rs )

Total damage
(l0t rand)

0 r74
0 r5
ar2
0rl
0,05
0,02
0,01
0,001
0,000.l

.l,35
?

5

l0
?c
50

100
I 000

l0 000

I sil
20c
320
42A
530
67C
79*
?5A
850

0
0,41.I,33

2,.I 4
2,69
3,.I0
3 ,42
4 ,23
4,98

I
I
I
I
I

capacity the greater the reduction'i n damage costs but the
greater al so the construct'i on costs. The essence of the
probl em, theref ore, 'is to determ'ine the si ze of canal f or
which the total annual cost, viz. flood damage plus con-
structj on costs, wi I I be a mi n'imum

Hydro-economi c analys'i s

Canalisation of the river through the
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l0

,13

maximum flood at which no damage occurs) and the capacjty
of the natural channei (viz., accord'ing to Figure 4.3,
about I 30 m'/s ).
Cons'ider, for instance, the 5-year flood capacity canal :-

CaPaci tY = 320 m3 /s
Reduction in flood peak = 320 - .l30 = .I90 

m3/s
Effective flood pe.ak = Q' = actual peak - .I90 m3/s.

Agai n, cons i der the 1 00-year fl ood, vi z . 790 m3/s : -

Probabi Iity of exceedance = 0,0.l or 1%

Q' = 790 - 190 = 600 m3/s
Damage = ! = R2 900 000 (arrived at bY

enteri ng the absci ssa on Ei gure
4.3 wi th 600 m3/s and readi ng
off the damage cost on the
ordinate).

The probab'i lity
are then plotted
the chosen range

(0,0.l ) and the associ
on Figure 4.4. The
of canal capacities

ated damage (R2 900 000)
process is !epeated for
to yield curves 2 to 8.

I
I
I
t
I
I
I
t
I
t
I
I
I
I
I
I
I

Tab'l e 4. 3 summari zes .thes e cal cul ati ons :.

Table 4.3 : Probability of exceedance versus flood damage

The areas subtended by the curves represent the mean annua
damage costs dssociated with the relevant canal ization
schemes. These are I i sted 'in TabI e 4.5.

The annual costs of construction of each of the various
canal schemes are calculated in Tab'l e 4.4:

+)(u
.F Ll

-!>.

'F16
-o q- t3|tr()(u
-o(uoL)
L)<
a-(u

l-
(6E
LOtn
= O-.
t) r-<r:

Canal capacity (m'/s)

200 320 420 530 670 794 I 26A

r6q- E
z, Q'

m3/s
D

Rx.l06
Q'

m3/s
D

Rx
l ge

Q'
m3/s

D

RX.l06
a'

m3 /s
D

Rx.I06

q'l
m3/sl

D

Rx.I06
al

m3/s
D

Rx
I06

Q'
m3/s

D

Rx.I06

A,74
o,5o
0 ,20
o,J0
0r05
0 ,02
0n0l
0,00.l
0,0001

.I30

zAA
32A
4?0
530
67A
79A

1 26A
I 85 0

60.l30

250
-3s0
460
600
7?A.I190

t 7B0

0
0,F8
1160
2 ,38
? r9o
3 ,24
4n13
4 r90

-
5

130
230
340
480
600

1070
1660

-
-
0

0r65
1 ,50
2,50
2 rgA
3,95
4 r75

-
-

30.I30

24A
380
500
97 0

1560

:
-
0

o,70
1 ,87
? r58
3 177
4,50

-l-l
-l

2At.I30

?7 Aii

390i
8601

14501

:
-
-
0

o,95
I ,95
3 r 57
4,50

:

:
.I30

25a
7ZA

l310

;
o,78
3 , 25
4,30

-
-
-
-
-
.I30

600
I I90

-

n
U

2,90
4,.l3

I

-
-
e

-
-
-.l30
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0
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I
I
I
t
I

I nte
Li f e
C.R.
Cost

CanaI to accomm
date flood of r
turn period (ye

a (m'/s )

Q0 ,4

Capital cost
(I 0t rands )

AnnuaI capi ta1
(I0t rands)

I n Tabl e
the canal
th e mo s t

I
I

Table 4,4 Annual capital costs cf canal schemes

8%

30 years
0 ,08883 or 8 ,883%
5oo ooo Qo'4

!
\,

=

ands ) =

re s

F.
(r

O-
€-
ar) ?

200

8,34

4,.I7

5 l0
3?A 4?A

10,.I ll,z

5,05 5,60

50 100

670 790

13,5 .I4,4

1000 I 0000
.I260 .l850

I 7 ,3 20 , 3

?a

530

12,3

5 rl
cost

37A,4 448,6 497,4 546

1,5 the tctal annual costs
schemes. As may be seen

economical solution.

5 7,2A 8,65 lo,l5

,3 599,6 639,6 768,4 Bg5,o

are calculated for all
the 20-year canal offers

I
I
I
I

Tab I e 4. 5

I
I
I
I

Note: (t ) 0nce fl ood protecti on works have been effected ,
ripari an devel opment i s 'l i kely to be attracted un-
less strict zoning regulations are enforced. 'The:
resul tant dangers can be deal t wi th i n two ways :

a ) 0ne may esti mate the enhanced val ue of I and con-
tiguous to the canal and consider this as a bene-
fit subtractable from the annual costs calc'ulated
in Table 4.5, oF

b) 0ne cal increale tl.re potential flood damagg to
areas in the vicinity of the canal in the iight
of the higher density of development that has
been attracted

Both approaches have the same effect - namely, to
shift the position of the minimum total cost'in Table
4.5 downwards, ihus demanding enlar^ged canel'i zation.
in rr'a:. - -.t. .,.-'t L:ur.ii.:.,' : . -.a:" il :'cc c. i.e : l.c:'.'.O'|'.

t

Canal i zaii on to
acccmmodate f I ood
of return

(years
period
)

Mean annual
damage
(rands )

Annual cost
of canal

(rands)

TotaJ annual
cost

(rands )

iio canalizat'ion
?

5

t0
2A
50

I 00
I 000 :

l0 000

728 300
447 5 00.I96 

000
1A2 500
49 800
2A 000
l0 300
2 000

0

0
370 40C
448 600
497 400
546 300
599 600
639 600
768 400
B9 5 000

7 28 300
8.I7 900
6 44 6 0 0
599 900m
6.I9 600
649 900
77 A 400
895 000

I
I
I
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annual net costs cont'i nued to decrease with 'increas-
i ng canal si ze up to that necessary to accommodate
the PMF.

(2) Should there be a strong possibility that human lives
would be endangered by a flood in excess of the capacity
of the canal , ionsideration shou'l d be given to the con-
structi on of a canal hav'i ng a capaci ty suf f i ci ent to
contai n at I eas t the I 000-year fl ood. A method of
hand'l i ng the economics of ri sks to human I i f e 'i s gi ven
by E. Ku'iper in his book Water Resourees Projeet
Eeonomics publ ished in 1971 by Butterurorths, London.

EXAMPLT SIZING A MAJOR SPILLt^JAY (relatively 'l ong stream-
gaugi ng record avai I able)

It is desired to estimate peak flood d'ischarges associated with
a range of recurrence i nterval s .as we'l I as the fl ood hydrographs
of the probable max'imum flood (PMF) in the Great 0lifants iivbr
at a proposed dam si te near t..litbank. D'ischarge at a point cl ose
to the dam s'ite (official gauging station number BlM0l) was ob-
served by the Department of [,later Affairs over the 47-year period
I g 04 - I g 5l

Procedure

The catchment area commanded by the dam is 4140 km2

Flood frequency analysi si)

Rank maximum flood peaks of
0ctober to 30th September)
tude and assign recurrence
[^leibull formula, viz.:

T

each hydrological year (ls
n descending order of magn
ntervals according to the

t
i-

where T is the recurrence interval in years
m the rank in the descend'ing arFdy, and
n the number of val ues i n the array, 'i . e. the

number of years of record analysed.

Plot the flood peaks on Gumbei paper and draw a smooth
cur-ve through the points (see Figure 4.5). Flood peaks
corresponding to sel ected recurrence interva'ls, as read
from the curve, are l i sted i n Tabl e 4.6.

I
t
I
I
I
I
I
T

I
1q oQ

irJ\--r

\/i*i

n+l
=

m

GF.atl i::aI
w-a a-\--:-.

uV\'

i tab I e
. -n?H--.-rn-;
! : >1 r lll \

!. : \- \- ll- I

.''l'l(1.ii
J-'i...:!i-

vi.u

Tabl e

Recurrence 'i nterval
(vr)

Peak di,sqn.alge, Q1
(m=/s)

20
50

100

93C
I 40C
I 830

ii) Unitgraph analys

Frorn
F: !11 C il C

si
0!v

li!
&n

l
l
I
T

T

T

tr^I
Fa^-+-t!ll#:f
ltHrrlt:ri:
L- s i \f'Si t: *



-1
4{

zlr"
l**-

I
-a

1

-{
a) ,d

,/

I

/
o

,rd'
)a

^{."/
^r, Jrt

-{/

,{

/
/
t

/{
a

o

IITIIITIFII!II I

FIGURE 4.5 FREOUENCY ANALYSIS ON FLOOD PEAKS AT GAUGE B1MOI

I,III I

I 000

{J00

(/l

{'. }
t'
I

,l

.,{:

*{
r

tt t

,t
:

lj loo
, ,) ,,

I
tli.

r0
1,01 1r1 3 lr 5' l0

RECURRENCE INTERVAL

20

- years

s
a

--a
ht

lr5 50 r00 200

I II

1't'7
)

IJ



a

t4

Results of such analyses are ta be found
L'i brary (Table F.l) as ail average 6-hour

The technique of construct'i
durations is clearly explai
textbooks but for the sake
tion is presented here.

the Uni tgraph
tgraph.

ng un'i tgraphs for a range of
ned in most standard hydrology
of conven'i ence a brief descri p-

in
uni

I
t
I
I
t
t
I
I
IThe computations i nvol ved

from a 6-hr unitgraph are

Table 4.7 : Conversion of 6-hour

Conversion of a unitgraph of t-hour duration to one of
ei ther a shorter or 'l onger durat'ion can best be accompl i sh-
ed by the S-curve method. The S-curve i s the hydrograph
that woul d resul t from an i nfi ni te series of excess rai n
i ncrements of I mm per t hours (where t 'i s the durat'ion of
excess rain). The S-curve is constructed by summing a
series of uni tgraphs, each 'l agged t hr wi th respect to the
precedi ng one. Pl otted to correspondi ng ti me scal e the
d'ifferences of the ordinates of two S-curves 'lagged t'ho.urs
constitute' a hydrograph of 1/t mm/h for the new duration
t' hours. To convert this hydrograph to a t'-hour unit-
graph (wh'i ch by definition is I mm of excess rain in t'
hours ) the ordi nates of the new hydrograph ( vi z. the S-
curve differences) must be multiplied by the ratio tlt'.

n constructing a l2-hr unitgraph
llustrated in Table 4"7

to l?-hour unitgraph

I
I

)I

Ti me
(hr)

0
6

IZ
l8
24
30
36
4?
48
54
60
66
72
78
84
90
96

1A2
108il4
120
l?6
132.l38

144
150
l s5
16?

(z)
6-hr

uni tgraph

0 ,00
2 ,61

lg.7?
57;13
34,48
22 ,33.I4,65
I ,83
6,69
4,65
3,31
?i fir\{ , +U
I ,67
1,.I3
A r79
0,58
0 ,44
0 ,33
A ,23
0,.I6
0,lZ
0,09
o,06
0,05
0 r 03
0,02
0 ,00
0 ,00

(3)
S-curve

addi t'i ons

0 ,00
0,00
? .61

22;3 3
79,46.l"I3,94

136,r27.I50,92
160,75
167 ,44
17 2.09
I7s iqo
177,80
17 g ,47
180,60
l gl ,39
1 8l ,97
182,41
182 ,7 4
182 ,97
I g3,l 3
I B3 ,?5.I83,34
183,40.l83,45
lg3,4B
I B3,50
lg3,5o

(4)
..6-hr5-CUrVe

col.(2)+(3)

0 ,00
?r6I

?? .33
Teiqa

I l3,94
136 ,?7
150 ,g?
16a,75
167,44
172,09.I75,40
177,80
I 7 9 ,47
lB0,6o
I Bl ,39
I 81 ,97
I 8Z ,41
I 82 ,7 4
l g2 ,97.I83 

, l 3
183 ,25
I 83 ,34
I B3 ,40.l83,45
183,48
I83,50
I83,50
183 ,50

(5)
S-curve
I agged
1? hr

0 ,00
0 ,00
0.00
2;61

22,3 3
79,46

I I 3 ,94
136 ,27
150 ,g?
I 60 ,7 5
167,44
I 7 2,Ag.I75,40
177 ,Bo
l79 ,47
180,50
I Bl ,39
I gl ,97
182 ,41
192,74
182 ,97
I 83 ,l 3 :

183 ,?5
I 83 ,34
lB3,4o
183,45
lg3,48
I83,50

Di f f erences
Col. (4)-(5)

0 ,00
?r6l

22.33
76;Bsgl ,6.I
56 ,8.I
36,98
?4,48
16,5?
I I ,34

7 r96
5r7l
4 rA7
2 , B0
I ,92I ,37I ,AZ
0,77
0,58
0,39
0,2B
o,2l
0,.I5
0,ll
0 ,08
0,05
0,02
0 ,00

t 2:hi^
niagiaph
oJ.(6X6/1 ?

0 ,00l,3l
I I .17
39,gS
45,8.I
28,4.l
I B r49
12,24

g ,26
5,67
3,98
? ,86
z,a4
I ,40
0, g6
0,59
o,51
0 r 39
a ,?9
0,20
0,.I4
0,ll
0,08
0,06
0 ,04
0,03
0, ol
0 , oo

T

I

I
I

t..

t

I
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for a range of duraiions are listed
Table 4.8

Duraiion (hours) 4 6 8 1Z

Uni tgraph peak,
Qg (m'/s )

62 57 54 46

Storm 'i nput

By consult'ing Figure D.l determine the storm re
wh'i ch the probl em catchment f al I s'. The appropr
i s I 6 ( MAP 590- I 000 mm) and 1 -day preci pi tati on
over 4.l40 km' for recurrence intervals of 20,5
years may be read from the coaxial diagram on F
They are shown in the second column of -Table'4.

From the di agram 'i n the I ower ri ght corner of F
derive the 1-day PMP averaged over 4.I40 km2 by
the appropriate curve as shown in Table 4.9.

Table 4.9

Area
(km')

A Area
(km' )

Depth equal I ed
or exceeded

(mm )

Ave. depth
(mm)

Vol ume
(.I06m3)

0
250
800

I 5 0C
? 600
4 .I4.0

25fr
550
700

1 I CC
I 540

4 2A*
264
250
238
230
222

34?
257
244
234
226

B6
l4l
l7l
257
348

Total 4 140 I 00 3

* 420 mm = max. l-day point rainfall from Figure
Average depth = (.l003/4.l40) x .I000 = 242 mm.

A somewhat devious method must be used to estimate arealiy
averaged rai nfal I depths for the sel ected i ntermed'i ate
durat'ions (4, 6, I and 12 hours). Fi rst, f rom Fi gure C.7 ,the'ratio of point- to areal average rainfa'l 'l for the
various durations can be found. These data have been en-
tered in rows (a) and (c) of Table 4..l0. Then, from
Fi gure C.2, the rat'io of poi nt rai nf al I of durati on D to
poi nt rai nf ai'l of durati on 24 hours (for any g'i ven f re-
quency) may be found. Th'i s is accompl ished by f orming
q uoti ents of the val ues of appropri ate pa'i rs of ordi nates
in the top right-hand quadrant, w'ith the abscissa (mean
a.nnual precipitat'i on) set at 700 mm. These data have been
entered i n row (b ) of Tab'l e 4. .l0.

Now, from Table 4..I0 'i t can be seen that, for each dura-
tion D and a specified frequency, the product of the
values in rows {a), (b} and {c} will be the rat'io of the
a*ea, e\'e*ecc- : *::-i r-,:ai rn 'o: au-a:ion D rc in: a:=al

I
I

The un'i tgy^aph peaks
'i n Table 4.8.

I
;

I
;

t
t
t
I
t

iii)

g'ion with'in
i ate regi on
s averaged
0 and .I00

igure 0.24.
11,

i gure D.?4
'i ntegrati ng

l
I
I
I
I

I
l
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average precipitation for a 24-hour durat'ion storm.
These products, shown in ror.l (d), may then be used to ex-
tend the prev'iousiy cal cul ated precipitation depths for
24-hour storms to other durati ons (Tab1 e 4.1 1 ) .

I
T

Tabl e l0

(a)
(b)
(c)
(d)

Durati on D

Ratio point
Ratio point
Rati o areal
Ratio areal

( h o u rs )

(?4) / areal ( ?4 )

(D)/point(?4)
(D)/paint(D)
(D)/areal (2+)

1/A,63 1/4,63
0,E0 0,8?
o,4g o,5l
0,61 or66

B 12

1/0,63 1/A,53
o,88 0,96

0 ,54 A ,57

0,75 0,87

I
t
I
t
I
I
I
I
I
I

I
I
I

was
at
sh t
he

If D hours was the durat'ion of excess rai n wi th whi ch
assoc'i ated the T-year maximum peak d'ischarge (arrjved
by frequency analysis as in paragraph (i)), then it mi
be argued that the average depth of excess rain over t
catchment for a T-year recurrence i nterva'l and D-hour
duration, Pe1 .p, expressed in mi'l limetres, is given by
rat'i o of the T-year peak to D-hour uni tgraph peak, i . e
PeT,D = Qr/Qo.

areal (D) means areal ly-averaged prec'ipi tati on of
durati on D hours

point (D) means point precip'itation of duration D

hours

Tabl e il

i v) Losses during, storm

Duratiofi, D (hours)
Proport'! on of ?4-

hour depth
Recurrence i nterval

(Vears )

2A
50.I00

PMP

Loss = PTrD - P*T

the

= PT,D Q1/Qg (mm)

mann?* eit,: ,€,:-t :.,,.d resulis in Tanle

The losses (in mm) associated with the event will f. dif-
ference between Pi,O and the depth of runoff duri n! tne
even t as determi ned by meas uri ng the area s ubtended by a

hydrograph of shape sim'i I ar to the relevant uni tgraph but
haVi ng a peak equal to Qf. Thus :

,D

'r !1

I

.:^!f (

l,oo I o,6l | 0,66 | 0,75 I o,B7

Depth of storm rainfall, PT,D,
averaged over 4140 km2 (**)

64 I 3e I 4? I 48 I 56
73 I qS i qA I SS I eS
80 I 4e I 53 I 60 I 70

z4z Ir+e ltoo ltat izto

qcq

!

x

T

?4 I 4 8 I lZ

T
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4..I7

v)

Table 4..I2

Recuri ence i nierval t
(y'ears )

Durat'i or,
D (hours)

2C 50 100 PMP

( Pr 
, D

i PtT, 
D

( Loss
(Loss rate

( Pr,D

i P*T, 
D

( Loss
(Lo* rate

8

( Pr 
, D

i n 
=T , D

( Loss
(r-oss rate

(

(

(

(

(

p
T,D

Da, *T, 
D

Lo s s

Loss rate

24

I Pr,D

i o*T,D
( Los s

(Loss rate

39

ls
?4

6ro

42

17

?5

4 ,?

48

IB

30

3 r8

56

?1

35

?,9

64

2B

36

l r5

45

23

2?.

J3

48

?5

?s
-,r
J'

5

I
55

26

29

3 r6

63

30

33

2 rB

73

4l
3Z

49

30

l9
4rg

53
4?t3L

?.1

3r5

60

35

Z5

3 rl

7A

40

30

Z,

80

54

to
I,

5

I

.I48

(15)
(3,7)

.I60

(16)
(2,7)

l Bl

(18)
(2,2)

2.l0

(z?)
(l,B)
24?

(?4 )

(t,0)

I
t

t

It is argued that losses may be expected to decrease with
i nCreasi ng recurrence i nterval , the I oss correspondi ng to
the PMP bei ng the asymptoti c I ower 'l i mi t. Such tendency
i s i ndeed apparent and the bracketed val ues i n. the I ast
col umn are the estimated I osses associ ated w'i th the PMF.
Loss rates are seen to vary from 3,7 mm/h for a 4-hour
durat'ion to .l,8 

mm/h .-For a 12-hour duration and these may
be adopted as plausible Q-index values.

Probabl e maxi mum fl ood

Determjne peak di scharge
maximum excess rains of
charges of correspond'i ng
Tab I e 4. I 3.

values by multiplyl ng probable
various durations by peak d'i s-
unitgraphs and l'ist results'in

t

4

I
T

I
I

l

I



Duration (hours)
PMP (mm)

Loss (mm)

PMPe (nrm)

Unitgraph peak (*'/s)
Pr',lF (m'/s )

nT

l18
l5

123

6t

7 500

6

160

l6
144

57

I 200

8

l8l
IB

163

53

B 640

1Z

zl0
?2

I 88

46

Z1

?42

?4

?18

34

7 400

IE

Table 4..I3

The maximum value 'in the last row, 8 650 m3/s, is the
estimated peak of the PMF. Variat'ion among PMF's based on
various trial critjcal durations is not large and a maxi-
mum val ue can usual ly be found w'i thi n a reasonably narrow
range of tri al duratj ons.

the ord'i nates of the hydrograph of the PMF by mul -
the l2-hour un'i tgraph ordi nates (deri ved i n para-

'i ) ) by the PMPe f or 12 hours , 'i . e. by .l88 
mm and

Table 4.14.

It 'i s to be noted that base f I ow associ ated w'i th extrernely
wet conditions must be added to these ord'inates. In the
area in question wet-condition base flow would be unl ikely
to exceed a few cubic metres per second and would thus,
within the accuracy with wh'ich the computations can be made
af fect on'ly the recession I imb of the hydrograph.

Tab I e 4..I4

I
I
t
t
I
I
I
I
I
I
I
I
I
I
I
I

xipeak of 8650 m3/s with ma

lem catchment l'! es in t,he
ion (Fiaul^e A"I1 fc:^ wrirh

*^-',s.r,e?.:-r-.--:os
-l'-

-- i:L- \. 
-. 

'J L * \-.

Compute
tiplying
graph (i
list in

Ti me
(hours )

Discharge
(m'/s)

0
6

12
IB
24
30
36
42
4B
54
60
66
7?
78

0
244

2 I 00
7 507
B 650
5 341
s 476
2 30]
I s53
I 066

748
538
384
263

vi) Rough check

Compare the estimated PMF
recorded peaks" The Prob
mod,ereteLy ht,gh f I ocC !^eg
mex'i rnuiT cxpariencf; j":ti'=
li" ,*oi''t''*isil':'. -,*r. : ;.:' :: j-

T i me
(hours)

Di scharge
(*' / s)

B4
90
96

laz
l0B
il4
l?a
l26
I 3?
l38
144.l50
.I56

162

BO
30
96
73
55
3B
?6
Z1
l5
ll
I
6

Z

0

mum

+ho
9a! \-

;hnr'*
\* L-' L.' t-

:

I
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4100
would
than
South

I
I
t
I
I

4 'ta

kn2 ca',chment. The esti mated PMF peak of 8650 m'/s
nave a Creager rating of 7A which 'i s s1i ghtly higher

';ne maxi mum peak recorded anywhere 'in the i nteri or of
IAAirlca The estimate may be accepted

, :XAMPLE SYNTHISIZiNG FLOOD HYDROGRAPHS FOR A RANGT OF

OBABILITIES

:3) nyciro-economic analyses associated w'i th the design of river
ce,/elopment works in the upper Wilge river,0range Free State,
r: is desired to estimate the frequency distributions of flood
:Jows at the site indicated on F'i gure 4,6 and it is also desir-
ed to know the shapes of the hydrographs relevant to the design
The examp'le i s pure'ly hypotheti cal and i s unrel ated to of f i cial
river development planning in the upper Vaal catchment.

The area of catchment is 7.I0 kma

Procedure

'i ) Basin lag

Determi ne ave rage sl ope of bas i n from prof i 1 e of mai n

drai nage i i ne on Fi gure 4.6: 0,004. Measure L and Lc
from catchment map and evaluate catchment index :

LLc

7r 6l x 23 r,,=ffi=ZZl00

ii)

Note f rom Fi gure F.'l that upper l,{i i ge I i es i n zone 4. From
Figure F.2, TL = 12 hours.

Design storms

From rainfall fidp, South Afriea L:25A 000, draw mean
isohyets on Figure 4.6. Note that catchment lies in
summer-rai nf al I region and MAP i s 950 mm. The durat'i
the storm 1i ke'ly to create the maximum. f I ood peak of
recurrence i nterval must be found by tri al .

annual
the
on 0f
gi ven

As the catchment'is less than'800 km2 in area, PFoceed from
estimates of point rainfal j depth-durat'ion-frequency re-
lationships - Append'ix C. In Figure C.2'i nterpolate point
rainfalls assoc'i ated with recurrence intervals 20,50 and
100 years and durations 2, 4,6, 8 and 12 hours and list
values'i n Table 4.15, rows ?. Calcujate corresponding
rainfall intensities and list in rows 3.

I

From Figure C.5 'i nterpol
710 kmz and list, in rows
reduction factors and li
depths over the 7.I0 km2

iffect'i ve storm rainfall

Determ'ine d'irect storm runoff
t^ows 6,

ate the area reductjon factors for
4. Multiply po'i nt rainfalls bY

st the result'i ng average rainfall
catchment in rows 5.

(or direct storrn runoff)

from Figure G.2 and list in

l
T

l
I
l
T

l
l
x

l
u

n

I
I
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iii) Unitgraph synthesis

s)
depth

h)
or
(mm )

(mm )

nterval

Duration (hour
Poi nt i^a'i nf al I
Intensiiy (mm/
Reducti on f act
Average depth
Ef f ecti ve ra'i n

I
2
nJ
4
5

6

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

From Fi gure F. I note that the upper Wi 1 ge I 'ies i n zone 4

Select the relevant dimensionless one-hour un'itgraph from
Figure F.6 and note from Table F.4 that the value of Ku
for zone 4 is 0,386.

Eval uate the unj tgraph peak : Q^ = K,, $p u rL

= o ,386 q+

From cat cut ated vat ues (Tr = 1z.n; ;:'?;7,2) dimensi ona-
l'i ze the relevant unitgraph and list Fesults'in Table 4..l6

Tabl e 4. I 5 : Desi gn storm determi nation
A. Recurrence interval ?0 years

l.
?.
?
s./ r

4.

6.

a
L)t

Duration (hours)
Point ra'i nfall depth (mm)
Intensity (mm/h)
Reduct,i on faci,or
Average depth (mm)
Effective ra'i n (mm)

2
115

58
0,59

68
2A

4
135

34
A174.I00

s8

4.I60

40
0,70
l12

46

6.l40

23
0,82
lt5

46

6.I70

Z8
o,79.I33

58

8
150
l9

0,85
128

56

I
I B0

?3
0 ,8?
147

71

t0
160
l6

0,87
139

64

l2.l65

t4
0 , AS
147

71

Recurrence interval 50 years

l.
)
Lr

A,
ta

(
r/r

6.

(^
Vr

(mm)
2.I35

6B
0,55

74
23

100 years

l0 12.I90 
200

19 17
o,85 o,g7
16? 174
81 89

Recurrence i

Durat'i on (hours)'
Point rainfall depth
Intensity(mm/h)
Reduct'i on f actor
Average depth (rnm)
Ef f ect'i ve. rai n (mm)

(mm )

2.l65

83
0,48

79
Z5

46.I90 
200

48 33
0,66 0,74
r ?5 148
53 71

8 10 1?
210 ?2a 230
26 ?Z 19

0,80 0r83 .0,95
168 182 les
86 99 ]09

Table 4.16 Syntheti c one-hour unitgraph

I
I
I
I

f i me D'i scharge Ii me Discharge Ii me l SCnarge
h o u rs Q/Q"l' m3/s h o u rs Q/Qp m3/s h o u rs Q/Qp m3/s

0
?

4

6

8
l0
1?

0,000
0,040
0,l o0
0 ,?ZA
I , ooo
0,820
0,530

0r0
0 '9
z- ,3
5r0

22 ,B
lB,7
1?,1

t4
l6
l8
2A
22
24
?6

0,390
0,305
0', 2 3 5

0,.I82
o ,l 40
o ,I oB
0,082

Br9
7 ro
5 r4
4 ,2
3 r2
2 r 5
l,g

?B
30
3?
34
36
3B
40
/1 C

0
0
0

0
0

0
0

,060
, 04 3
,030
, a??
,0.I6
,0.I0
,004
nnn

eLJt-;W
t,

I I ,4
I t,o
I o,z
I 0,5
I 0,4
I o ,Z
I o,t
I 0"0
i

r
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'i v)

Tabl e

tmploy ccnvsnti
hour uni tgraph
hour unjtgraphs

Mul ti p:l y these
(rows 6 of Tabl
res ul ti ng f rom
intervals and I
4..I7 .

onaJ unitgraph technique to c0nvert, the one-
of Table 1..l5 to ?-, 4-, 6-, B-, lC- and 12-
. Lisi peak values in Table 4;17.

peak values by c0rresponci 'i ng effective rains
e 4.15) to yield peaks of flood hydr0graphs
storms of various durations and recurrence
ist results in the right-hand part of Table

Peak values of synthet'i c hydrographs

Duration
(hours )

Uni tgraph
peak

(m'/s )

ecurrence 'i nterva
(years )
50 l0c

yniheti c hydrograp
peak -(m'/s )

Z

4
6
B

10
IZ

ZA,Z
l7 ,6
16,3
l4,B.I3,6

I ?,?

404
669
750
8?9
870
866

465
810
945

I 05C
I I 00
I 085

505
933

I 156
I Z7?
I 345
I 33C

Cri tical storm duration

Plot values from Table 4..l7 on Figure 4.7 and draw smooth
curves. Read off the maximum peak val ues associ ated w'i th
recurrence intervals of 20, 50 and 100 yearls and the
correspondi ng cri ti cal durati ons. Li s t resul ts i n Tabl e
4.18.

l7

I
I
I
I

Design flood peaks

Recurrence interval
(years )

Crit'i cal duration
(r, ours )

F] ood peak
(m3/s )

?a

50

I00

l0 - 12

l0
t0

870

I .I00

I 350

Des'i gn f I ood hyd ro graphs

It is to be noted that the critical storm duration in each
case is about 10 hours (roughly 80% of the bas'i n lag).

Table 4.19: Synthesized 50-year flood hydrograph

Ti me
(hours )

Discharge
(m'/s )

T i me
(hours)

Llr scharge
(m'/s)

I'i me
(trours)

llr scharge
(m'ls )

0
4
n
L:

,- ?:

0
4?

{u {.

\ .'j*::"

?0
24
2B
:f
*l ;=

659
382

40
44
1E

33
l4
t
1t

Table 4.lB
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gure 3. I of Append'ix B the upper hI'i1 ge catchment i s
io lie 'i n Region 2. For a 7.I0 km2 catchment, flood
ccrresponding to recurrence intervals of 20-,50-

33-..vea) s , read from Fi gure B. 2, are 700, 900 and
Iesrectively. These values are about 20% lower than
lis'"ed in Table 4..l8. The results based on synthesis

e nycirograph seem plausible.
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FLOOD DISCHARGES FROM LARGE CATCHMiNTS

lstimation of
catchment i ndi
line on F'i gure
l'i e. Compare
sub-catchments

(, 5000

sub-catchmert
ces fol lowed
F.2 for the

Figure 5..l w'i
lie in Zone

km')

5..l ]IiTP,ODUCTION

-3as-- tt^equently encountered, but
r3s: j;ilcr:an! design decisions,

^j3))Ur-,.--3c y;'i ih catchmgnts excggd

probab'l y involving some of the
are the hydrological problems
'i ng about 5000 km2 in area.

lags entails determination of
by reference to the appropriate
zone(s) in which the catchments
th Figure F.l and note that all
q

I

S:r:e s-ro)ms can seldom be assumed to be uniformly distributed
.v?r i arge areas unitgraph methods must be modified. As indicat-
3c 'j r, Chapter 2, al though the desi gn storm must be compi I ed f or
f ul I coverage, the catchment must be sub-di vided 'into conven'ient
tributary systems none larger than about 5000 km2'in area. Design
fl ood hydrographs deri ved for the sub-catchments must be I ag-
routed to yield the des'ign flood hydrograph for the catchment as
a whole.

Procedures are demonstrated 'i n the worked exampl e whi ch i nci dental -
1y i I I ustrates al so the processes of reservoi r and stream channel
routi ng whi ch i n turn are appl i cabl e, i n anal ogous manner, to the
determinat'!on of flood attenuation for the handl'i ng of spillway
desi gn and water despatching problems.

EXAMPLT : HYDR0GRAPH 0F THE 50-YEAR FL00D FR0M A LARGE

As part of a hydro-economic analysis for the des'ign of river con-
trol works jn the Tugela ri ver at Makandeni, just downstream of
the 'i nfall of the Moo"i river, Natal , 'it is desired to determine
'uhe 50-year f I ood hydrograph. (The exercise is purely hypotheti-
cal and bears no relation to any official planning of the Tuge'l a

bas i n devel opment) .

The catchment, depjcted 'i n Figure 5..l, is l5 800 km2 in extent.

Procedure

I
I

'i 
) Sub-catchment I ags

I
I

I
I

0n Fi gure 5.2 p1 ot profi I es of the mai n drai nage I i nes
through the sub-catchments and against each prof i1e draw
a line to represent the aue?age sLope of the sub-catchment.
(in other words, the profi'l e and the average slope lines
must subtend equal areas).

Compute catchment i n6.* $ to. each sub-catchment, read
/5

correspondi !g I ag TL f rom F'i gure F .2 f or Zone 9 and l'i st
in lable 5..l.

I

n

l

I



5.2

FIGURE 5.1

DESIGN STORM PATTERN FOR UPPER TUGELA BASIN

Note: S0-year z4-hour isohyets in m m.
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F IGURE 5. 2
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? 724S= mTfrIT = 0,0064

LLc 
= t12 x 58 

= gl 200
,G. 0,090
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Tabl e Calculation oi catchment'ind'ices and
estimates of basin lagE

Total I 5 800

It i s emphas'i zed that I ag can at best be est j mated to an
accuracy of plus mi nus one hour and that under-estimation
of I ag imp'l ies over-estimation of f lood peak. Moreover,
it must be appreciated that the scatter of values on which
the f ami 1y l'i nes are based i s i n most zones re'l at'i vely wi de
and accord'ing1y some judgment-is called fori n deciding
what val ues to adopt. From exami nati on of the state of the
catchments, for exampl e as regards eros'ion and conditions
of vegetation in relation to the norm on which the family
I ine was based, I ag val ues were rounded as shown 'i n the
final column of Table 5..I

The configuration of sub-catchments is such that lag time
for the total catchment 'is 1i ke'ly to be approxi mately that
for sub-catchment I p1 us one-hal f that for sub-catchment
4, i.e. l8 hr. The 'i ncrement, one-haif , is arri ved at
si mply by esti mati ng the proporti on of d'istance al ong the
main channel of sub-catchment 4 between its'outlet and the
infall of sub-catchment l.
Storm duration

It i s not possibl e di rectly to predi ct the cri ti cal storm
duration and therefore, as illustrated in example 4.?, it
is usua'l 'ly wise to compute f lood hydrographs for s-torms of
vari ous durati ons. As i nd'icated by the exampl e, however,
the peak discharge normai'ly varies quite s'l owly over a
f ai r'ly wide range of storm durati ons bracketi ng a durati on
arounC half the lag time. Norma'l1y calculations should be
performed for a range of durations from 25% to 100% of lag.
For the purposes of this'i llustration, however, computa-
tions are reproduced on'ly for the l2-hour duration, i.e.
two- th i rds of es ti mated 1 ag.

I
I
I
I
I
I
t
I
I
I
I
I
I
I
I

iii) Desiqn storm

It is stressed that the storm appropriate to the whole
catchment (.I5 800 km') and havinS (in this case) a 12-
hour durat'ion must be synthesi zed.

Sub-catchrnent
number

Area
(kmt )

L

( km )

L.
(kt) S

Catch
i ndex
LL.

--
/S

Lag
Tg
(h)

Adopted
l ags

(h)

I
?

3

4
5

4 250
z .I60

2 440
4 000
? 950

I 88
il?
IZ?
?20.l95

I l3
58
59
3l
96

I

0,0039
0,0064
0,0070
0,0055
0,0083

340 000
Bl 000
B6 000

388 000
205 000

l3
7L
7t

l3l
101

l2
B

B

l2
l0

'i'i)
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Although a l5 800 km2 storm is classified as a large-area
storm, the proposed duration (.l2-hour) is not a Long dura-
tion. Unfortunately, therefore, full'information about the
storm under study cannot be deri ved from the 1 arge-area
1on g-durati on des'i gn storm data of Appendi x D and ref erence
must therefore be made al so to Appendix C. The exampie
thus i I I ustrates the need for judgment where there i s a
break-down 'in the categori zat'ion of phenomena and pro-
cedures in this Manual.

The following procedure is suggested

(a)

(b)

Determ'i ne the pattern and depth of preci pi tati on
associated with a 50-year 'l -day storm over the
I 5 800 km2 catchment

I
I
:l

Adjust the values downwards in the ratio of 12-
hour to 24-hour preci p'i tati on f or a 15 800 km2
catchment accordi ng to extrapol ated val ues taken
from Figure C.7,

Note that the upper Tuge'l a basi n I i es partly i n storm
regi on I 4 and partly j n regi on I 7 (for whi ch storm
analyses are g'i ven 'i n Figures D.22, 0.23 and 0.25) in the
proport'ions'indicated in Table 5.2. List in Table 5.2
the adopted des'i gn storm areas which, since the storm
patterns are unlikely to follow exactiy the catchment
boundari.es , must be sel ected to be somewhat 1 arger than
the actual areas embraced by the sub-catchment boundaries
so as to allow for overlap..

Tabl e Storm regions (areas in km2

Storm reg'i on

Approx. area
embraced
by sub-

c a t c h me n t s

Des i gn
area Fig.No

l4 (500-.I000)
l4 (1000 +)
l7 (500-.l000) I

3 000
3 000
0 000

5 000
5 000

l6 000

D.22
D.?3
D.25

I
I
I
I

From Fi gures
for ?4-hour s

embraced by a

areas can be
the catchment
ih'is case, 'it

0,22, 0.23 and D.25, compi'le depth-area values
torms. t,lhere a sub-catchment i s compl etely

s torm reg'ion average depths over i ncreas'ing
merely i nterpol ated on the di agram but where
overi aps one or more storm regions, as i n

i s necessary to construct i sohyetal maps
and to determ'i ne the average depth of preci pi tati on by
plan'imetry.

List in Table
hour storm.

the depth-area data for the 50-year ?4-

t
l



Table 50-year ?1-hour de th-area val ues

s00 t600 il 00
epth of precrpltation equalled or exceede

l4 (5oo-
r 000 )

l4
(1000 +)

l7 (5 o0-
I 000 )

r 6 5 I I s2

r B0 lt 60

r 5s lr48

14zl t3t I t30

r50l r40 lr3s

142 I r34 I r28

Because much subjective judgment is needed it is not easy
to specify precisely how the information listed in Table
5. 3 shoul d be moul ded i nto an i sohyet,a'l map of the des'i gn
storm. The recommended approach i s :

a) pi of i sohyeta'l maps f or the porti ons of catchment
i n each regi on accordi ng to the 1 i kely pattern
i I I ustrated for each region

b) mesh 'i sohyets of equal value
c) check final storm pattern and adjust where necessary

to conform to constraints imposed by the data in
Table 5.3.

The resul t of these processes i s depi cted on Fi gure 5. I .

Determine by p'l animetry the average depths of storm pre-
ci pi tati on on the respect'i ve sub-catchments and I i st thes
in Table 5.4"

Accordi ng tg fi gure C.7 , for a gi ven recurrence i nte"y.l,
the depth of 24-hour rai nfal I averaged over a I 5 800 km-
catchment woul d be 45% an.d the l2-hour rai nf al l 37 ,5% of
the maximum po'i nt rainfal I w'ithin the storm area. It is
argued therefore that the 50-year 12-hour average storm
depth can be estimated by reducing the 50-year 24-hour

?7 (
storm depths 'i n the ratio :ffi viz. 0,83.

li sf i n Tabl e 5.4 the I 2-hour storm depths estimated i n
this manner.

Tabl e Average depths of 50-year 24-hour and

I
I
I
I
I
T

I
I
I
I

50-year I 2-hour storm preci pitation

I
2

3

4

149
133
il5
lrz
1??

Z4
l0
95
93
0l

Sub-catchment
number

epths of rainfa
-hr storm -hr'storm

I

-T
5.6 !

!
T

I
!
t1

t

Re g'i o n

Area (kmz
1500 2000 3C0C 1s000 7oo0 lt 0000 I I 30c0 I 1600c

r2s 
l 

,rB

r23 | ,rs

rzo I ,ro ra7 I totl gt I gr
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]es i gn stornr hyetographs

Fol l owi ng determi nat'ion of the total s torm i nputs di s-
tributed spatial'ly according to the sub-catchment areas,
the next step is to consider. the time distr"ibution of the
storm components. Agai n, whereas normal 1y a I arge-area
design flood would be associated with a crit'i cal response
i'ime longer than a day, the problem in hand calls for
ref erence to medi um-area storm 'i nf ormati on.

gure C.8 suggests that the l2-hour storm can be di stribut-
as indicated in Table 5.5. As w'i ll be noted incremental

me interva'l s of 3 hours have been selected imply'ing that
a later step 3-hour unitgraphs are to be emp'loyed.

Tabl e Time and space distribution of 50-year

Fi
ed
ti
in

I
l2-hour storm

T'i me

eJ apsed
(h )

Percentage
of dura-

tion
(%)

Percentage
of total

s to rm
preci pi tated
i n el apsed

t i m e (%)

Cumulative depth of
rain (nrm) over sub-

catchment No.

1
I
I ? ?

J 4

3

6

9

12

?5
50
75.I00

7L
34
76

I 00

9

42
94

I 24

8
37
B4

il0

7

32
72
95

7

32
71
93

5

34
77

l0t

Table 5.5 expresses
tive form for each
for unitgraph appl'i
ed in Table 5.6, 'i s

the design storm in massed or cumula-
0f the five spatial components whereas
cation the hyetograph form, as indicat-
more conveni ent.

I
I

Tabl e Desi gn storm hyetographs

Lo sses, ol^ basin recharge

From the total storm inputs indicated i
l0sses must be subtracted to yield net
rai n.

v)

n Table 5.6, auerage
'i nput, oF excess

I Beari ng repetition
result from an infi
input and cat,chnrent

is the fact that ihe 50-year fl
nite variety cf combinations of

.-, 
^ 

* F n - -\ e L s i , 
i I ' -v"?In?SS ;i:3:= a-- :n?. :rm? i: r

I ;-. 
--

ood can
s to rnr

+ 
-'. 

\Atr _a F
ii i I

::

Interval I
Ti me

apsed to
end of
nterval

(h)
1

Increments 'i n storm depth
(mm) over sub-catchment

No.

I ? 3 4 5

I st
2nd
3rd
4th

3

6

I
t?

9

33
52
30

8
29
47
26

7

25
40
23

7

25
39
22

5

?6
43
24

-*./ar,rrr,'i|-ii F,TVUITV-

T

T

T

T

T
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storm impl ies that we must seek the I oss rate associ ated
w'i th an aue"age or median catchment state; this is the
conventiona'l 1y acceptable approach. Given in Figure G.2
are suggested rel ationships among storm rajnfal I ; catch-
ment area and mean loss for three categories of veld type.
The prob'l em catchment l'ies w'i thin zone 9, indicating that.
curve C shoul d be empl oyed. However the vel d cover of the
catchment 'is known to be poorer than the norm f or th i s

group; accordi ngly for conservatj sm I ower I osses , corres-
pondi ng to those g'i ven by curv€ B, were adopted. The
average input to the l5 800 km2 catchment is .l05 

mm and the
percentage surf ace runof f suggested by F'i gure G.? i s there-
fore 28%: or a loss of 72% wh'ich is 76 mm. The loss was
distributed as an in'itial loss comprising al l the ra'in that
fell in the first 3 hours and a

maining t hours.

List the resulting hyetographs

loss of 7A% during the re- I
I
I
I
I
I
I
I
I
I
I

Prepara.tion gf synthet'i c un'i tgraPh-s

Tabl e Hyetographs of 50-year

of excess rain in Table

excess rai n

vi )

Interval

Increment in depth af excess
rain (mm) over sub-catchment

No.
? -? 4 5

I st
?nd
3rd
4th

Total

0
l0
l6

9

35

0
9

l4
B

3l

0
B

t?
7

27

0
I

12
7

?7

0
B

13
7

?B

Sel ect f rom F'i gure F.l I the di mens i on'l ess syntheti c l -hour
uni tgraph appropri ate to regi on 9.

Note from Table F.4 that the value of the coefficient Ku
f or regi on 9 i s 0,322, To d'i mens i onal i ze the ordi nates of
the I -ho0r syntheti c un'itgraphs appropriate to each sub-
catchment it is necessary to evaluate the peaks. The cal-
culations are pbrformed in Table 5.8.

one-hcu peaks

Sub-catchment
No.

Catchment
a re a A

(krn')

Basi n

I ag
TL(h)

Rati o
A

TL

Qp=K' +(*'/sl
I
Z
?

4
5

4 250
2 .160

2 440
4 000
? 950

12
I
8

12
IC

354
27A
305
333
295

l4
B7
9B
07
95

I

tr

T

T

!
T

T
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Dirnensionalize
by multiplying
multipiy':l'ig by
5.8. Ljst the
sub-catc;"r r,enis

the absc'i ssae if :^3
by approprie:-i '..:l
lhe respeci'? .,i p=..:l
result'i ng onr-::- - ii
'i n Tabl* 5.*

nn'=-h+*f i' ,1 , it'reFfiSLJ 4i \- ll \$ 
k.

E,rr d the *r,::*e;rs'1, *n,

values Co f:,3m Ta*le
'. ,hr

nitSrapfl $ f*r :hc €:v*

imploy s:andard un'i igraph F:':=;. --:::,, :r'
graphs from these l-hou!^ un'i r;;,"::-,: a.ri :,

for the five sub-catchments i', -'::,l* 
=

Tr, : final sieD 'i s ihe conrbi
ca::hmen: ccntributions in
acccr.:nt, of att,enuation due
accumul atr' ng fl ow proceeds
ine ccmpcsite 50-year flood

1'cf

ce '-'-e:-:. .:LeL: ''-: g l:: cigr, till:Iig
Eo ;hai:'iei s:3t^age es the
ih:*,3u!'i l!:e :i'stem, to y:eTd

h;,rdr.., Ira=h at Makandeni G

<iing su'! iabie vaiues fcr
sicrage ccnsiant K which
c*efficienis. Ii is con-

srreaniflow rcuting and to
basjn lag.

ieriv* 3*h,3ur ili;
iist rh* i^esulrE

lu.

It shoul d be noted that by de;j ni:i cn ir-,e at^ea sub,+;e*ced
by a uni tgraph must represent :lre m:ij of runcf f f rln: :he
caichment and where necessa:^y .-i,r: ;;:'rjri:i€i sncll: bt r.:-
justed to ensure that thi s concij ti cn i s met. The vol umes
of runoff represented by the -1-hour uniigraphs l'isieC in
Table 5..l0 differ from one mm sf direct runoff from each
cf the five sub-catchments by rn.11, 0,08, 0,510 0,.I_{, 0,S8
and ,3,E0 Der cent respectivel;,,, ::jL's:.rrents hr?:e rc*
ceeme0 ne:9ssary.

Sub -:a:ch:',:nt f I ood hydrogra:: s

M;l:1:,i J:,s crcj, nates (Tab'.: : . '..,, i: . 3-;,cr* un' :3rac,n
in :urn :l/ each of the ordi-ne -tli :f the irjl€-:teraph :,f e.]:-
:ess :a:: (Tac1e 5.7) and s'iir',:= r::,r-'.:',n! r;::c!:'::,is,
cc) re:;iy lagged 3 hours, to ."3',3 tne :'l-year flo:,d hlr:ro-
grapr: at the mouth of the sub*:.:":nnisn:. Repeat the prc-
cess, as 'i n Table 5..lI, for ee:h sub-catchment. Summarize
-rhe resulis in Table 5..l2.

viii) Lag-_louting of component hyci r0grailhs

,i, l, /

t Transpositjon of the'individual h_ydrcgraphs to successive
points down the main stem, and acii'uion cf contributions
at correctly phased times suggested by t,he estimated basin'l ags, is straightforward; it entails mere add'i ng of
ordi nares af ter shi f ti ng of time .: cal es " Tc al-l ow f or
attenuaticn Cue tc channel aiii :?-:',r'i sil:'aEe i^.i';hin :ire
system, on the other hand, cal I s for a routi ng procedure
(e.g. Musk'i ngum).

I
I

I
I

Some juci Ement is needed in deci
the weighting factor x and the
determine the Muskingum routing
vent'i onal to adopt x = 0,3 for
assume that K is equjvalent to

l



-T
I
I
I
I
I
I
T

I
I
I
I
I

Table 5.9 : Synthetic one-hour uni_tgraphs

5..I0

I
I
I

I 2 ?
J 4 5 6 7 B 9 l0 lt t?

Ti me

fi o u r s)

Sub-catchments I & 4,
T1 = l? hours

Sub-catchments ?. & 3,
T1 = B hours

Sub-catchmen:
5,TL=.10 hours

T /Tt Q/Qp
Q,catchment T tr Q/Qp

Q,catchmen! T tr Q/Qp V41
t/ tL 2_r3 tliL

0
I
2

3
4
5

6
7
B

9
l0
1t
t2
l3
l4
l5
l6
l7
t8
19
ZO
21
72
?3
?4
?5
?6
Z7
28
?9
30
31
32
33
34
35
36
37
38
39
40
4t
42

0
0,083
0 ,I 66
0,250
0,333
0 ,4.l6
0,500
0,583
0,666
0,750
0,833
0 0916"
I,000
1 ,083
I ,I 66
1,250.I,333
I ,4.I6
I ,500
I ,583
I,666
I ,750
I ,833
I ,gl6
2,000
2 ,083
2 ,166
2 ,25A
2,333
2,41 6

2 ,500
2,593
2 ,666
2,7 5A
2,833
2r916
3,000
3 ,093
3,.I66
3,250
3,333
3,4.l5
3,500

0
a ,422
0,050
0 , 0g 3

o ,l 77
0 ,400
a,772
0,973
I , o0o
0,945
,o , g4 o
i0,713
io,6oo
10,483
lo,394
io,316
10,261
lo , 233
Io,zto
lo , I gz

lo,1Ts
lo, I 58
lo, r 46
lo,r3s
lo,t 24
lo,n5
lo , t 06
lo,ag7
lo,oBg
lo,o8z
lo,o75
lo,o6B
lo,06r
10,055
lo,049
lo,043
10,038
lo,03l
I00,o24
lo,otB
lo,ol ?

Io, oo6
l0

0
3

6

il
20
46
8B

ilt
il4
l0B

96
BI
6B
55
45
36
30
27
?4
??
?a
IB
17
l5
l4
13
1?
il
10

9
9
B

7

6

6
5

4
4
3

?

I
I
0

0
2

5

10
t9
43
B3.I04

.I07

T0t
90
76
64
52
4?
34
Z8
?5
Z?
21
l9
17
l6
l4
t3
l2
ll
l0
l0

9

8
7

7

6

5

5

4
3

3

2

I
I
0

0
0,.I25
0,250
0,375
0,500
0 ,6?5
0,750
0,875
I ,oo0
I ,1?5
1,250
I ,375
l,5oo
I ,625
I ,750
I ,875
2,000
? ,125
2,?50
?r375
2,500
? ,6?5
?,750
? ,87 5
3,000

,3rl25
i 3,250
13,375
i 3,500

0
0,032
0,09 2

0,298
0 ,7 7 ?

I , ooo
0,945
0 ,7 7 6
0,600
0,438
0,3.l6
A,?47
0,2.l0
o,I 80
0,.I58
0, .l40

0,J?4
0, I og
0 ,0g 7
0,085
0,075
0,064
0,055
0 ,046
0,038
0,028
0,0.l8
0,009

0

0
?\)

8
25
67
B7
B?
68
52
3B
27
2l
IB
l6
l4
t?
lt

9

I
7

7

6

5

4
?l
J
?

Z

1

0

0
3

9

ZB
76
9B
93
76
59
43
3l
?4
Z1
IB
l5
l4
t?
il
l0
I
7

6

5

5

4
3

2

I
0

0
0 rl
0 ,?
0 r3
0r4
0r5
0r6
a17
0r8
0'9
I ,o
l rJ
lr2
l r3
I ,4
1r5
l16
I ,7
l rB
l rg
2 rA
711
2r2
?,3
2;4
2 r5
?,6
217
?,8
2rg
3r0
3rl
3r2
3r3
3 r4
3r5

0
a,a27
0,065
a,1 42
0,350
a ,77 2

0,982
I ,000
0,900
0,750
0,600
A ,47 ?

0,364
0 ,286
0 ,?41
o,2lo
0,l88
o,l6B
0,.I5.l
0 ,l 37
a ,124
o,ll3
0,.l03
0,093
0,085
0,075
0,070
0,06.I
0,053
0 ,04 5

0 ,038
0,030
0,A2?
0,0.I4
0,007

0

IUt:l.lo
It3
133
lz:
la=i--
le5
185

lzi
157
lq=
t-

lr,
l?7
123
lzc
ItB
l15
lt4112
tlJ

lr ?

In
Itolglsltlzl'-l0
i5l+la
I

l-lI --rlzlii:
ii
ln
I

i
i
i
I

i

i

i
i
i
i

i
I

I

i

i
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Table 5.10 : Synthet_'i c 3-hour un'i tgraphs

I
I

I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I

Time
( h o u rs )

0rdinates of 3-hour unitgraphs
(m'/s) for sub-catchments '-

I 2 3 4 5

0
I
?

3

4
5
6

7

8
9

l0
il
1?
l3
14
ls
l6
17
l8
l9
?a
c1t-l

?2
Z3
24
?5
ta
27
?8
?e
30
3t
32
33
34
35
36
37
38
39
40
4l
42
43
44

0
I
3

7

l?
26
st
B2

I 04lliI.I06

95
B?
68
56
45
37
3l
?7
Z4
??
?0
IB
17
l5
l4
l3
12
lt
l0
I
9

B

7

6

6

5

4
4
3

?

I
I
0

0
I
4

1?
33
60
ru
79
67
53
39
?9
?2
l8
16
l4
l2
il

9

B

7

7

6
5

4
3

?

2

I
0

I

'l

0
I
4

l3
38
67
EI
89
76
59
44
33
25
21
l8
l5
14
1?
il
10

B

7

6
5

5

4
3

?
I
0

I

I

I
I

0
I
?

6
lt
24
4B
77
98

mi
99
89
77
64
53
43
35
29
25
23
Z1

t9
17
l6
l4
l3
1?
lt
l0
t0

9

B

7

7

6

5
E
tt

4
Ĵ
?
\.,

Z
1
I

I
0

I

I

0
I
4
7

17
40
66
B7

rgN
B4
71
58
46
36
?B
?3
2A
t8
l6
t4
l3
l?
lt
l0

9

B

7

7

6
5

4
4

-3
2

I
I
0

I



5. 1?

Sub-catchment No. I
I l me

i nterval
Excess
rai n
(mm)

2nd
l0

3rd
l6

4th
9

Ti me (h )
Lagged hydro-
graphs (m'/s)

Total
(m'/s

0

3

6

I
t2
l5
IB
21
24
27
30
JJ
36
39
4?
45
4B
5l

0

7A
5.I0
ll0
820
450
?7A
2 00.I50
.l20

90
7A
50
40
l0

:o

I

-0

il2
Bl6
77 6
3l ?

7?A
43?
32A
24A
192
144
t 12

80
64
l6

I
I

:
0

63
459
999
738
405
243.I80

l3s
I 0B

BI
63
45
36

9

0

0

7A
627
9 89

?7 61
t 7?B.I037

713
540
4.I7
3Z?
243
I 83
il9

52
9

0

I

Sub-catchment No.

I
I

S u b - c a t c h me n t N o

T i me
i nterval

Excess
rai n

(mm)

2nd
I

3rd
IZ

4 th
7

Ti me (h )
Lagged hydro-
graphs (m'/s )

Total
(m'/s)

0

3

6

9

l0
t?
t5
IB
21
?4
?7
30
33
36

0

104
71?
47?
35?
200.I20

8B
56
40
l6

:o

.I56
.l068
.I068

708
300
I B0.I32

84
60
?4

0 :
0

9l
?66
6?3
413
175.l05

77
49
35
l4

0

0.I04

868
l63l
[gd
l5 3t

833
443
293
201
l?5

59
14

0

Sub-catchment No. 4
T i me

i nterval
Excess

ra i n
(mm)

?nd
B

3rd
1?

4 th
7

T i me ( h )
Lagged hydro-
qraphs (m'/s )

To ta l
(m'ls )

0
3

6

I
l2
l5
IB
21
?4
?7
30
33
36
39
42
45
4B
st

0
4B

384
832
6.I6
344
200
152
lt2

8B
7?
56
40
24
I

-o

0
72

576
248
924
516
300
??B
168
l32
108

B4
60
36
l2

I

:
0

42
3 36
7ZB
5 39
30.l
175
I 33

98
77
63
49
35
21

7

0

0
48

456
450

99S
255
753
5.I5
389
302
241
I 87.I33

79
33

7

0

1

t
I

=
I

I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
t
I

T i me
i nterval

Excess
rai n
(mm )

?nd
9

3rd
l4

4 th
B

Ti me ( h )
Lagged hydro-
graphs (m'/s)

Tota I
(mt /s)

0
aJ
6

9

l0
1?
l5
IB
21
?4
27
30
33
36

0
108
711
477
35.I
l9B
l?6

BI
63
36
IB

C

l68
I.l06
I.I06

7 4?
308
196
126

9B
56
2B

:
0

96
?64
632
424
17 6
l1?

72
56
32
l6

0

0
108
879.I679

tu=]]
157 2

8sB
453
301
?a6.I30

60
l6

0

)- tt:-
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Table 5.ll contd/.

I
I
I
I
I

Sub-catchment No. 5

T'i me
intervaJ
Excess

ra i n

{mm}

2nd
8

3rd
l3

4th
7

t i me ( h )
Lagged hydro-
graphs (m'/s )

Total
( nr.' I s )

0
2
J

6

9

il
IZ
l5
IB
21
Z4
?7
30
33
36
39
42
45

0
56

528
672
464
368
184
128

96
7?
56
4n5t
l6

0

:o

0

9l
858
I B3
a9z
598
?99
208
156
117
9l
5Z
26

0

I
I

:
0

49
280
462
5BB
3Z?.I61

ll?
B4
63
49
?8
l4

0
0

I

I

0
56

6.I9
579

I
I

9??
370
749
465
340
?57
I 86
ll7

54
l4

0
0

I
I
I
I
I
I

peak
-L -l *-.
r ' lrt E
L' . ltt u

I
I
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Examination of Figure 5..I suggests the fol'1 owing routing
p'l an:

( a ) Add hydrographs from s ub-catchments I and 2 wi th ti me
bases coi nci dent

(b ) Route the res ul t'i ng hydrograph for s ub-catchments I and
2 w'i th a 'l ag of 3 -hours (vi z. the basin I ag assoc'i ated
wjth the port"ion of sub-catchment 4 traveried by the
incom'ing flow)

(c) Add to the resul t of step (b) the contribution from
sub-catchment 3 - time bases coi nci dent

(d) Route the result of step (c) with a lag of 3 hours to
brinE the combined flow of catchments l, 2 and 3 to the
confl uence of sub-catchment 4

Add to the resul t of step (d) the contributions from
sub-catchments 4 and 5 to yield flhe composite 50-year
fl ood hydrograph at Makandeni .

(e)

i n wh i ch

Eval uate

The Muskingum routing method i
continuity equation which can

s a step-wise solut'i on of the
be written as :

cz (12 - i1),

to discharge (u'nits of
to basin lag

, taken as the unit peri od,
exampJ e

taken as 0r3 for channel

Cr + Cz should yjeld
unity which jt does

Az - 01 =-Cr (It - 01) +

outflow, I is inflow and the subscripts refer to the
nning and end of the rout'ing i nterval t.

The routing coefficients are
tC1 = Kff5ffi and Cz =

is the ratio of storage
time) and assumed' equal
is the routing interval
namely 3 hours in this
is the weiShting factor
rciuting.

C1 =

and Cz =

the routi ng

3
3-rr--o;3l+l

coefficients by inserting values

= 0 r833

= 0rl67

I ,000

Perform the calculat'ions in Table 5.13 and plot the result-
i ng compos'i te 50-year f I ood hydrograph f or the Tugel a at
Makandeni in F'i gure 5.3.

As may be seen the resulting peak is 8 l4? m3/s, based on
the l2-hour design storm. The whole procedure should be
repeated for storms of different duration and, possib'ly,
pattern to establish whether a hr'gher oeak m'ight not resul.t..

t

x
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x) Rough checks

I

(a)

(b )

(c ) From
of I
to a

From the 40-year record at TugeJa
V6M02) 50-year peak d'i scharge = 4

Areas of catchment :

+Tuge'l a Ferry :

Tugela at Makandeni :

Presuming peak di scharges
root of catchment area w'i
50-year peak extrapolated
Tugela Ferry records woul

4 87 0

= 5 400 rn3/s.

Ferry (Station No
870 m3/s.

\? 860 km2
l5 800 kmz

vary roughly as
thin homogeneous
from probability

d be :

8.2 the probable 50-year
800 km2 catchment in Regi

the square
reg'i ons, the
analys'i s of

Read from Fi
charge from
4 400 m3/s.

peak
on 2:

5-

Appendix A it may be seen that a peak discharge
142 mt/s from a l5 800 km2 catchment corresponds
fl ood of Creager rati ng 35.

I The f act that the resul ts of f requency ana'lyses suggest
values in the range 55% to 68% of that derived from synthe-
tic unitgraph proc€dures serves to emphasize the wide con-
fidence limits known to be associated with frequency ana'lyses
of relatively short records (see Chapter l). Uncertainty
inherent in rare flood discharges estimated from frequency
analyses to some extent justifies the effort entailed in
following the more sophisticated procedures. if the mean
loss curve for this veld zone (9) were adopted the resulting
f'lood peak would be about 5 000 m'/s, which is close.to that
estimated from the record of flow at Tugela Ferry. The
adoption of the lower'loss curve (B) wai perhaps too conserva-
tive but it seems reasonab'le to suppose that the 50-year
event i n the eastern escarpment area of South Af ri ca wou'ld be
associ ated wi th a Creager rat'i ng of 35, and accordi ngly the
result of the exercise seems entirely plausible.

I

I
I
I
I

I

I

:

I

I

I

I



I I r r I II IT I I I IT II II III I I

FI GURE MAXIML'M

ENVELOPE CURVES

FLOW REC ORDS

RAIING'C'

103 loo

EFFECTIVE CATCHMEI,iT AREA k m2

li[ '(]o ['l [ )t t) I I OOI) l)l:;(.llAlt(;t :i

tn

rn

E

t

LU
(5
x.

I
CJ rnJ
alu
o

0
O
O
J
LL

INDCATE CREAGER

uP TO 1971 a

-..J

102

1.,
t\.
tl/

/ t-r'

I
>l

REGION A

h.
\ ,f-\
|/
L-t' D

/ ,' \--4 ''Ji,Y
tn ---'/

3 -t' C ,---*', {t' I-.ti-tt-_r-!\_

,) l, i__ 
- 

rr.--._r_.1, 
t-..r\

- .t 
tl ----r-* 6 ,, I \

'-*-", t\- 4 
"t-y 

-/
'-*-"g 

--):^r 4 '-X
,..- -'/-- '4. f



N)

m

fr1

E

I

r.u
o
x.

I
3 ro'
o

O
O
C)
J
u_

FI GURE 4,2 RECORDED FLOOD DISCHARGES

JP J2M03 r

JzMol '

a
N/, Mol

l''
I i --'/

f --r-

D

REGION B
ENVELOPE CURVES

FLOW RECORDS

INDICAIE CREAGER RATING

uP IO 1971

.C'

'/ ,,1 i'-..__rr 
9 ,l

H3MO2

B8 MO4

I

103

EFFECTIVE CATCHMENT AREA,

I

104

k m2

I II I I I I I r I I I rrl t_l



I r I

FIGURE A.3 MAXIMUM RECO RDED F LOOD DISCHARGES

I I

T

a

(,
loo 

), ch€'){\ 
lo' 

lvcuiA".(A *Ac, /S*

m ITI

ri t*J loo
\U

s10
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FIGURE D. 11
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FIGURE D. 13
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FIGURE D. 17
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FIGURE 0.23

500 400
PRECIPITATION 

=CUALLED

STORM REGION 1T,

M.A.H 1000* mm

DEPTH - AREA- DURAT ION -FREOUENCY

RVA

300 200
OR EXCEEOED -

PRECIPITATION
1

1 OCC

AREA

AVERAGED

10 000
km2

OVER AREA

i cteimrr itzburg
A,{-/ A60

oh

ts

E
I

I
? soo
f-

g
(J
UJ

ur 600

o
c- 

4oo

f

=Y-

=&M^

--bu i

7111,1
_.100 

I

1501\
i
i

I

'200\r*(/
V.^ i

:_,



I
I
I
I
I
I
I
I
I
I
I
I
I
I

D.2l*

FIGURE D. 2l- STORM REGION 16

M.A.P 500 - 1 000 mm

DEFTH - AREA- DURAT ION -FRESUENCY

200 r50 100

EQUALLED OR EXCEEDED - mm
100 1 0c0 10 000

AREA - kmz

PRECIPIIATION AVERAGED OVER AREA

450

I
I
I
I
I

E
E
I

7

=
g
O
IJ.J

ttJ
j

cn

0-

=f
zx
E

DU{AIIQN - 4"vqt\ rlltlllit

ll

z \l
i\

I

t:

I

I

250

o Btoemf ontcin

l1/i



D. 25

FIGURE D. ?5
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FIGURE D. ?6
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FIGURE D. 27
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FIGURE D. 28
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APPENDIX E

i:ccmmended runoff coefficients, C, 'i n the

]:','er
S l ope

FI at
5%

Undul ati ng
5% to 1A%

Steep

sandy soil
lreavy soi I
ated I and
and (vel d )

0 ,08
0,.l5
0,50
0 ,30
o,l5

0,.I3
0 ,20
0 ,60
0,35
0,.I8

0,.I7
0,r 30
0,70
0,45
0 r 20

I
I
I
I
I
I
I
I
t
T

I
I
I
I
I
I

:):li AF..:AS G less than 5 kni2

AP..iAS over 5 km2

C. BUILT-UP AREAS

I Cover Coefficient

Re f s :

l) Ven te Chow.
Handbook of Hydro-
logy .I964, p.l4-8.
Z) Horner & Flynt,
Relation between
ra'i nfall and run-
of f f rom smal I
urban areas. Trans.
ASCE, Vol'. l0l ,.I936.
3) Vorster, J.A.
The Rational Method
for determining maxi
mum runoff. Farmingjn South Africa.
Vol. .I5, Aug. .l940.

Coefficien

0r3 r 0r2
o ,2 0 ,l

Slreets, pavements
Pl aygrounds
Parks (see A) :

P,,ai lway yards
Roofs
Industri al areas:
0pen development -
up to 50% covered

Dense development -
more than 5A% covered

Residential areas:
Special residential -
(one dwell'i ng per plot)

H i gh dens i ty towns h i ps

Nei ghbourhood shoppi ng
c e n t'r e s

Central bus'i ness d'i stri ct

0 ,80
0,30

,l - 0r30
0 ,30
0,90

0,70

0,80

o,40
0,60

0,60
0,85
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A?t4A ?

A2MO3
A2MO6
A2MI 3

A3MO I
A9MOl
A9MO2
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BIMOI
B2MOl
B6MOl
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B7MO2
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C5MO3
C5MO4
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c 8140 3
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Gl MO4
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Table F.3 : Regjonqil ly generaj ized dimensionless one-hour uni toraphs

6

4

4

?

4
8
4

5

1

0
5

0
0
0

3

0
5

0
0

0

0
0
7

?.

I
0
8
0
5

?

1

4

4
?

0
0
0
I
?

4
7
t
I

5

9
?

I
?

9

5

I
9

0
9
5

0
8
6

5

4
?
I

0

,0
,0
,0
,0
,0
,0
,0



.I

I
F.9
TabIe F.I contdt.....

I
I
I
I
I
I
t
I
I
t
I
I
I
I
I
I
I

Tab I e F. 2 : General i zed vel d type zones wi th Tabi e F. Val ues of K in

Zone No.
on Fig. F.1

express'i on Qo =

Factor K,
( cuml;:;;r;l

0,26.I
0,306
4,277
0,386
0,35.I
0,498
0,265
0,3.l5
0,367
0,3?l

I

s rd.
dura-
ti on
(h)

i'l me

to
peak

{h)

Peak
(m'/s)

Time as proportion of time-to-peak

0r5 l,o ] r5 ?,0 3 '0 4r0 5,0 6,0 7ro 8,0 l(

,,Y

e)

84
ai

86
87

88
89
90
91
9t
YJ
94
o(
96

s 2 v,j I

s3f'to2
< a v. ?
vv',WL

-3v,32
-3!,1C1
- ? Ma <

' 
J I lV i

;i\101
:)!10:
:5!rc4
i?v',?

i2l"1l 3

'i I r{04
V I MO9

v 2l',10 I
V 2l'102

r{2M0e
f.t 3M01
H4M02
!.I 41,,l04

H5M05
H5M07

XlMOI
x2l.t08
x2M09
xeMlt
x2M1 5

x2Mi8
x?MZ?
x 3l'10 3
x3M06

5

4

5

5

5
Aq

I
4

3
A+

4

?
8
8

t0
7

I
4
5
9

8
2
?
4
4
3
9
?
6

lt
5

t3
12

7

6

9

17
6

5

6

5

?
l6

9

l0
9

?1
5

6
l0
l0

3
I
5

6
3

II
4
I

37 ,A92
40,820
I,407

5 0 ,86.I
30,005
47,987
I 7 ,458
56,257
17 ,775
?2,346

6 ,088
20,9.I5
I l ,925
4?. ,7 45
34 ,887
6g ,717
4?,gg?.I00,610
3l,058
2l,85 I

7 ,?5?
lzg,5l0
12,934
.l 

6 ,054.I7,743
63,4?5
2.I,379
27 ,523
3,295

I 6,238

20,'! 5

?g ,64.l8,75
.l5,.I2

17 ,37
52,69
I I ,50
?4,83
42,34

22 ,22
34,65
57,58
50,0
I ,66

54,03
64,06
55,47
I0,53
83,56
33,70
58,59

58,I 5

?5,7A
5 ,81

55,25
38,90
50,0
52,6.I

6 r?4
48..I4

0r

'l 00 ,0.l00,0

100,0.l00,0

100,0
100,0
I00,0.l00,0

100,0
100,0
loo,o.l00,0

I00,0.l00 
,0

loo,o
I0o,o
100,0.l00,0
.l00,0

100,o
100,0
I00,0.I00,0
.l00,0
100,0.l00,0

I00.0

I00,0
l0o,o.I00,0

inates
?4 ,07
39,85
54,90
32,80
47 ,46
64,04
57,3.I
44,69
45,10
38,'l 7

60,24
33,26
46 ,37
?8,?4
57 ,26
5l ,30
35,55
I2,59
46,87
80 ,7.l
6?,53
43,92
45,74
?1 ,6?
34,33
43,7 4
79,?
57,7?
38,43
49,3.l

of dim

7 r8?
27 ,44
45,gg
32,79
19,42
z8,64
l8,44
36 ,88
17 ,75
25,43
I5,67
3l ,1.l

?3,64
I4 ,26

0 ,89
28,80
?4 ,3?
45,66
??,a5
?? ,as
5,43

14,31
23,96
65,6
35 ,84
l9,89
30,35

7 ,Ag
I I ,7.l
30,77

nsionl
I,gl
?.,64
I ,4.I

0,.l5
7 ,04

?9,77
1? ,29
6,97

15,55
7 ,23

?3,79
I ,41
B rZ?
3,39
9,7 1

9 ,25
4 ,57

15,77
I I ,57
30,00
5,35

I I ,94
2 r?g
5,30
I ,42

33,5
I5,-05
g,43

I5 , g6

SS unl

l,l9
?2,2A
5,67
I ,29
7 ,?7

4,73
3,55
0,2g
0 ,45
4,01
I ,3.9

9 ,?0
8,52

I9,80
0 ,98
8'91
I,.l4
3,05
3,57

2l ,oo
6,63
6,53

10;85

0,56
I,15
4,55

3,38
lg,lg

tgraph
0,.l3
0,55
? .64

74
58

69
37

24
58
88

0
l6

Z

0
')

I
14

2
1
I

I
0

5

5

l0

12
?5
03
05
67

65
35

0,10
6 ,86
0 ,49
1,76
I,l3
3,9?
? ,2A
4,33
7 .35

1

Per c

o ,23 |

I ,35 I

12
0

1

I
l1

I
0

0
0

?

3
4

5 ,4.|
0,ll
I ,06
a ,?7
g,68
0 ,48
2,33
4.73

l0
54

5b

11

46

7?
87

75
a?

97
89
38

0 ,06
0,53

ent o

8 ,86
0,45

0,63
4,75
9,55
I ,03
0,42

33

58
5?
49

4 ,?8

0 ,5'l

7 ,?4

0,77
3,60

0

I
2

2

0,03
0 ,0g

f peak

6,15
a ,?g

0,0.l
0,50
7 ,57
0 ,56
0,lg

14

56
33
04

3,37

0,34

5 .29

0

0

I
1

852

0,.]5

0,40
6,.l0
0 ,?4
0,08

0,03

0,16
0,53
a ,2?

2 ,59

0,.i4

4.05

2??

0o
4,

0,
0,

0,
0,

i,

?vt

0,

Zcne r\o. General i zed vel d type C1

I

2

3

4

5

5A

5

7

I
I

Coastal tropical forest
Sch I erophyl 1 ous bush

Hountai n sourvel d

Grasslands of interior plateau
H i gh I and sourvel d and Dohne sourvel d

As for Zone 5 - but soi l s weakly developed
Ka roo
False Karoo
Bushveld
Tall sourveld

o'99
0,62
0,35
4,32
0,2.I
0,53
o,l9
0,lg
0,19
0,.I3

I

?

3

4

5

5A

6

7

I
9



0
0,05

-0,.I00,.l5
0 ,20
A ,Zs
0 ,30
0,35
0 ,40
0,45
0,50

n-,55
0,60
0,65
0 .70

-0,75
0,90
0,85
0,90

rU,95
I,00
1,05
1.10.
l,l5
j 

'?oI,25.l.30
i '35I,40
]-45
I ,50
I,55
I ,60
J,55
I,70
I,75
'l ,80
I , g5
I ,90
1,95
2 ,00
2,05
?. r1A
2 ,15
z ,?a
2 ,?5
2,30
2,35
2,40
2,45
?r5o
?,55
2,60
2,65
?17A
?r75
3'80
2,85
2,90

4.,95
3,00
3,05
3,1 0
3,15

.3'20
3 r?5
3,30
3,35
3,40
3,45
3,50

1,55
3,60
J,65
3,70
3,75
3'80
3,95
3'90
3,95
4,00
4,05
4, .l0

4,15
4 ,?A
4,?5
4,30
4 

' 35
4,40
4 ,45
4,50.
1,55
4,50
4,55
4,70
4,75

0

,03 5

,070
,l'l 2

,.l63
,?28
,306
,4.l 4

,5?4
,709
,9?1
,983
,996
,99I
,964
,gg3
,826
,759
,700
,652
,505
,563
,5?5
,491
,453
,437
,41 I
,387
,36?-
, 34.l
,321
,302
,283
,?65
,?5?
,2 38
,7?6
,2.I5
,?.04
,I94
,183
,17 4

,155
,157
,I49
,14?
,I35
,128
,l 2l
,l l6
,llo
,l 05
,.l 00
,096
, 09.I
,087
,082
,078
,a7 4
,070
,055
,06 2

,05 7

,054
,05 0
,047
,04 3

,0 39
,035
,032
, o2g
,025
,02?
,0l g

,016
,01 2

,009
.005
,00 3

,000

0

,01 2

,024
,036
,052
,47 ?

,091
,l2I
,15?
,lg8
,z5g
,34?
,47 ?

,67 6

,940
,991
,995
,973
,888
,807
,7 41
,678
,6??
,567
,5i3
,467
'4?5,394
,364
,338
,31 3

,29.I
,?7 2

,253
,?36
,??a
,206
,lg2
,l8I
,l7l
,l6o
,152
,143
,.l36
,l 30
,123
,l I8
,ll4
,.}08
, 104
,.l00
,09 6

,093
,089
,085
,081
,079
,A7 4
,070
,066
,06 3

,06 0
,056
,05 3

,050.
,047'
,044
,040
,037
,034
,031
,a?7
,0?4
,02.I
,01 8
,01 5
,0i I
,008
,00 5

,002
,000

0

,01 0
,023
,0 39
,057
,074
,.l 06
,l 39
,1 84
,?61
,37 6
,5l g

,670
, g0g
,97 A

I ,000
,9 90
,9 35
,840
,7 55
,675
,51?
,5 45
,500
,460
,4?4
,395
,358
,347
,325
,305
,29 0

,?7 6

,264
,?5?
,?.38
,z?8
,?16
,208
,200
,l94
,l g6

,I 7g
,I7I
,165
,158
,152
,147

'14?,l39
,I32
,128
,l24
,l 20
,ll4
,1ll
,107
,103
,0gg
,09 5

,09 I
,087
,084
,0g l
,078
,075
,07'l
,068
,064
,062
,059
,056
,o5l
,o4g
,045
,04 3

,040
,037
,035
,032
,0 29
,027
,024
,0 21

,olg
,0.l5
,01 3

,0l l
,008
,006
,003
,000

0

,01 I
,424
,0 38
,04'l
,070
, ogg
,lll
,l 3g
,.I75
,??0
,350
,700
,9 80

I,000
,987
,885
,750
,67 A

,580
,530
,47 A

,430
,393
,364
,336
,310
, ?98
,?71
,?5?
,235
,eJ8
, 201
,187
,17 ?

,l59
,l',47
,.I,36
, 'l,e 5

,ll5
, l0B
,ogg
,0gg
,ogI
,074
,068
,062
,05 5

,05 2

,047
,04 3

,0 39
,035
,0 j1,?

,089
, 0i2i6

,023
,0?l
,0l g

,0.I7
,0.l6
,0.I 2

,ol I
,009
,009
,006
,004
,003
,002
, o0l
,000

0
,01 8

,038
,063
,09 5

,I42
, ??a
,3.I5
,500
,685
,91 0

,936
,985

l,ooo
,960
,8oo
,675
,588
,5?4
,47 3

,43?
,397
,365
,340
,315
,?95
,?7 6

,?6A
, ?4?
, z?g
,2.I4
,200
,.l 87
,17 4

,I63
,l52
,143
,l34
,I 26
,'l 20
,ll2
,.I 05
,.I 00
,094
, ogg
,084
,079
,07 4

,070
,056
,06 2

,058
,055
,05.l
,049
,04 5

,04?
,0 39
,035
,03 3

,030
,a?7
,025
'02?,020
,0l g

,0.l5
,01 3

,o'l I

,0.l 0

,008
,006
,004
,00 2

, o0l
,000

0

,004
,0ll
,0.I9
,0?7

n2?

,050
,054
,083
,I07
,.l40
,2.I0
,425
,895
,958
,gg3
,9gJ
,955
,740
,535
,440
,385
,340
,300
, ?65
,235
,209
,.I87
,l69
,.l52
,.I40
'1?8,1.l5
,I 05
,09 7

,088
, 08.l
,074
,067
,06'l
,055
,050
,046
,04.l
, o3g
,034
,031
,c2g
,0?5
,023
,02.l
,0l g

,017
,0.I5
,0.l3
,0.l2
,0]I
,0.I0
,009
,00 9

,005
,004
,00 3

,002
,00.l
,000

0

,a?4
,05?
,087

1rn, t rtu

,260
,700
,983

I,000
,97 A

,9.l 5

,84I
,795
,754
,71 4
,67 g
,54'l
,605
,57 ?

,540
,5.I4
,4 gg

,455
,4 43
,4??
,44?
,382
,365
,347
,330
,3.I 5

,3C0
,?87
,27 4

,26A
,249
,?37

,?14
,203
,lg3
,183
,.l73
,I54

1E<

,.l47
,.l 38
,.I30
,1??
,ll5
,log
,l 02
,09 7

,09 0
,085
,0 80
,075
,069
,054
,059
,054
,04 9

,044
,040
,036
,03i
,a?7
,a??
,0'l 8

,0.I 3

,0.l 0

,005
,000

0

,006
,0.I4
,A24
,032
,044
,059
,074
,09 5

,'l 2i
,.I50
,27 5

,480
,700
,950
,975
,993

I , oo0
,995
,980
,900
,805
,730
,555
,590
,530
,47 7

,432
,388
,350
,308
,280
2qq

,?3?
,2.lI
,l94
,17 7'.

,.l64
,152
,I40
,l 30
,120
,lll
,I02
,094
,087
, 08.|
,075
,06 9

,06 3

,058
,053
,049
,045
, 04.I
,039;
,035
,03 3

,030
,029
,026
,a?3
,o2l
,olg
,0]7
, o'l 5

,01 3
,01l
,0.l 0
,008
,006
,005
,004
,002
,00.|
,000

0

,006
,ol4
,025
,035
,050
,059
, 

.l00

,.l50
,?45
,655
,905
,9 80
,994
,99'l
,966
,960
,7 55
,655
,55 5

,500
,440
,392
,355
,32?
,?g 4
,?7 A

,250
, 23.I
,2.I 5

,200
,l 86
,17 4

,.I64
,155
,146
,l 37
,.I30
,122
,ll5
,ll0
, J 03
,098
,09l
,096
, 08.l
,075
,070
,055
,06 2

,058
,054
,050
,047
,044
,04 J

,038
,03
,0
,0
,0
,0
,0
,0
,0
,0

n
tv

,0
,0
,009
,007
,005
,004
,002
, 001
,000

F. 10

0

,0l l
,a?7
,043
,05 5

,093
,14?

,,)C
tLL-,

,350
,570
,77 ?

,930
,98?

I ,000
,985
,945
,900.
,8.I4
,750
,67 0

,600
,530
,47 ?

,4.! 3

,364
,316
'?80
,?6A
, 24.!
, ??5

'?10,l98
, 188
,176
,I5g
,'l 58
,l5l
,144
,'l 37
,I3l
,124
,llg
,ll3
,.l 08
,I03
,097
,09 3

,087
,085
,079
,075
,07 J

,070
,063
,061
,05 5

,05 3

,049
,045
, 04l
,038
,035
,030
,027
,42?
,ol8
,0]4
,ol0
,00 7

,004
,002
,000

Table F.3 : Re eneralized dimensionless one-hour- uni i

expressed
as rati o

D'i schange expressed as ra:j6 QlQp for zones
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APPENDI

CAPITAL RTCOVTRY FACTORS

The appropriate factor to conyert an 'i nvestment into an equ'i

lent annual cost is designated as the capital ?eeooe?A facto.
may be computed from the expression i(1 + i)N/((l + i)N - l)
where i represents the i nterest rate per annum (expressed as

decimal fraction) and N represents the years of est'imated li

Table H.l

I
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I
I
I
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i^Ihen any

recovery
annual fi
yr with i

present sum

factor for N

gure sufficj
nterest rate

of money is muliipiied by
yr and interest rate i,

ent to repay exact'l y the
i,

the capi tal -
the product is
present sum jn
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