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INTRODUCTIOR

The subject of flood-freguemcies and forecasting has
long been an important field of investigation among enginsers,
nathermaticians and physicists, Numerous methods of analysis
have beon proposed, some of which are practical and in general
uﬁe, and others which by rosson of thelr complexity and un-
wranﬁed rofivement have rnot met with populer approval,

The goal afﬂlmﬁﬁs%%mmdemm the most
universally suitable means of obtaining a graphical or mathe-
matical relationship betwesn the magnitude of flood flows on a
given streasm end the frequency with which they will be equaled
or excaedei..

41l are dependemt upon the past record of a stresm as en
index to the future performance. In eprlying flood forecasting
methods in sngineering practicd, one is assuming, in effoct,
that history will repeat itselfy that the same magnitudes and
frequencles of flood discharges which occurred during a given
poriod will recur in similar magnitudes and frequencies in
the future.

The lenger the period of record, the more definitely is
established the reletionship upon which esestlmstes of future
flood events may be tbxmd-_ed, The successful determination of
the corrsel magnitude~froquesnoy relationship of a stream would
require g longer period of record than exists for all but a

few atreams, The accuraty of the etudy, then, is linited by



the length of record svailable, and alee, to some extant, by
the judgement of the investigator, as will be illustmted‘.

In addition to the direct ettack of Tlood-frequency
problens, many other devices have been employed for the purpose
of extending or correcting the deta, cheeking the resulias, or
assisting in thelir application to-’engingering problems‘.

The purpoae of this paper is to utilize the data of the
San @ﬂei River in an emamimtion‘ef sone of the more ocormon

4

of the flood-frequency and stream-flow methods,



A, DESORIPTIOR OF RIVER

The San Cabriel River drains an area of 214 square
niles, consisting almost ermbirely of mountalnous territory.
Due to its geographical eituation, in the senmi-~troplecal region
of Southern Jalifornia, a few miles north-eest of Los Angeles,
the sirsam is almeost entirely reinfed, Only limited contri-
butions fyom melting snow proceed from the highest pesaks,
These conditions result in a strean of exceedingly varied

discharge, ranging from a dry bed during several monthe of the
year to peak flows of as high as 40,000 c¢.f.e. (January, 1916)
Figure I, donated by the Pasadena Water Department, charte the
yoarly hydrographs from 1892 to 1931, and illustirates clearly
these characteristics of the streés;. The height and durstion
of floods are closely, though not entirely, dependent upon the
intensity and duration of the precipitation,

| The recently completed Yorris Dam was not placed in oper-
ation wnitil 1934, and thereofore had no influence on the data
used, Two canals operated by the Southern California Edison
Jompeny are supplied by the stresm a little above the zauging
station whose records are used in this at.mly.. (Vear Azusa,
Zalifornia) The data has been corrected, howewer, from the
. recorded flow in the canals, Thus, the data presented repre-
sent natural, undisturbed conditions of atmam-;flow on the San

Gabriel River,



Figure 1



e | { e NI IR I mEmmmm s = GHEET. NOs 2

1ARCH  APRIL. MAY JUNE JuLy Ava. SEPT.

MARCH — APAIL

% ..

E N =
i,
EEL T
0
zooo
"
g
S :
£ =y =
B
2,000
= - e
- = §
i S e
ocr. wov. ozc. JAN. FE8. MARCH et Nov. DEC. JAN. FEB.  MARCH  APRIL  MAY JUNE  JuLy AuG. SEPT.
o I
= pul
| i IEEEE|
SEE i
Es == a
H
Note : Flows plotted are combined mean dally discharge of San Gabrie/
E River and Edison conduit at mouth of canyon. Data compiled by U.S.
Geological Survey. For example of relation between mean daily discharge
i and peak discharge see Sheet 3.
Erid
N T
b PASADENA WATER DEPARTMENT Sweer No. 2 oF 52 Sueers
H ' SAN GABRIEL PROJECT e el
PINE CANY = ferany
mq ON DAM mnen vy Wl5. & GWD.
T . APPROVED : HYDROGRAPHS OF —— WS E GO,
+ wr., o A fodi— AL = SAN GABRIEL RIVER cm-..; g:[_,\,‘ly
- / i sepr. . ILE NUMBER
il aaan 1892-1931 . eiatten
2, ¥ oy e A r—— = e
Comsuirine Encingen. T, \BLE OF CHANGES svovatsYaveereas P tYleasce. M%zw‘ 3




B, FLOOD FREGUBHCY DETERMINATION

ose and #ethoda

Thé purpese of fleod-freguency studies, as mentioned before,
is to establish a relationship between magnitude of floods and
the fresquency of thelir ocourrence ss a gjulde to the most sco~
nomical design of structures coming directly or indirectly under
their inﬂuoma:, The genersl assumption made, no matter what
method of analysis is utilized, is thet the stream will follow,
with respect to megnitude and frequency, | the sane tendeney as
exhibited by past records.

The Pirst procedure in making s flood-frequency plot is to
collect the annual flood-flows on the stream under eonsideration..
The armual one~day flood is that usually selected, defined ae
the meximum average 2h-hour flow oceurring each year. The total
length of the record then, represents 1007 on the time scale,
and sach individual flood flow occurred %:ms percent of the
time, vhare n is the totsl nunber of items in the record.

It follows that 1f the floods are arrenged in descending order
of magnitude and nwabereﬁ congecutively from 1 to n, the percemt
of time any flood was equalled or exceeded ims %lxmo, where m
is the nmuber correaponding to the flood,

In plotiing however, the actusl percentsges are not used,
Instead it is assumed that each flood has an equsl chance of
falling eanywhere within the range of time it remesents, and there-
fore it is plotted at the mid-peint of the interval or at

. g:—sz; 1) 100, This procedure has besn followed, using a
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50 year period of record, in Table I.

In plotting, either the actual floods or their ratio to
the mean flood gre taken eas the ordinetes and the time scale
as the abscissa, All standard types of paper, as well as speclally
constructed paper, are used for plotiing, Until about 20 years
ago, arithmetlic or logsrithmic paper were used, but the trend
since then has been toward the use of what is termed *hydraulic
probability pa;mr“‘. On this paper, the ordinate is either
arithnetic or logarithmic, and the time-scale abstissa is taken
from the integrel of the probability curve, I plotted on this
paper data following the normal law of error will fall on &
straight line,

Stream-flow date does not follow the normal law of erroy,
but aprroeches it closely enough that a plot on probability
paper has the combined effeet of "atrsightening out? the curve
end magnifying the ends of the time-scale,

If it is desired to project the curve beyond the range
of the data, this is done with move certainty with a straight
line than with an empirical curve, The use of probebility
paper acheives this reuult;

It is possible, though rarely necessary, to deternine
mathematical expressions which gprroximate the empiriecal date,
The straight line which closely a.ppmimafiea the 20 year curve
in Figure 1;‘,. is of the form Q= 51,000/e-485p , where §
is tue flood diascharge in q.f.sl., p the percent of time J is
equalled or sxceeded, and e the base of natural logarithms,

The method mow in general use was developed mainly by Fuller
Foster and Hazen, It involves obtaining, through the use of

three coofficients and a set of empirical logarithnmic factors,
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TABLE I,

ANIUAL FLOODS ON THE 8AN GABRIEL RIVER

Chronologically In Order of Percentage of Tine
¥agnitude
Yoar Flow Ho, Flow Actual Flotting
¢, P.a, c.L.n.

1885-1886  §,000* 1 22,300 24 14
1886-1587 785* 2 20,000* 4 3
18&?—1868 3,000* 2 16,900 1 5
' ' 14,500* 8 7
5 12,500 10 9
) 6 11,800 12 11
1891-—189" 850+ 7 11,400 14 13
1892-1895  14,500% 8 m,ot’fe* 16 15
1893-1804  2p0* 9 9,500 18 17
1824-1805  4,000¢ 10 9,160 20 19
1855-1806 230* 11 8,200 22 21
1896-1807 2,900 12 8,000% 24 23
1807-1898  185¢ 13 7,100 26 25
1898-1809 200 14 6,810 28 a7
1899-1900 200* 18 %,910 %0 29
1900-1901  5,200° 16 5,530 52 71
Igol-1902  3m0* 17 5,500 34 25
1902-190% 5,500* 18 5,200* 36 35
1;2%:190& 2z 19 5,200 38 27
505~ 10,000 20 5,030 40 39
1905-1906 9,430 21 &, 000+ ko Iy
1906-1507 6,810 22 3,020 By 43
1907-1908  1,2k0 23 ,000% 46 15
1908-190¢ 7,100 2 2,000% 48 &7
1909-1010 12,500 25 2,800% 50 4o
1910-1911 9,160 26 2,500 52 51
1911~1912 3,020 27 2,380 54 53
1912-1913 1,960 2 1,960 56 55
1913-1914 11,800 29 1,650 58 87
1013-1915 1,4%0 30 1,500% 60 59
1915-1916 22,300 31 1,430 62 61
1916-1917 820 32 1,240 64 63
1917-1918 5,030 =% o84 66 68
1918-1910 146 b 830* £8 87
1919-1020 2,400 %5 820 70 69
19201921 zﬁ,sm %8 785* 72 71
1921-1922 8,200 37 754 h ¥ i)
1g22.1923 199 38 668 7% fis
19231924 352 39 - 492 78 77
1924-1925 40 h78 80 7%
1925-1926 5,%0 i 350 82 81
1926-1927 11,400 42 %32 8h 83
19271928 754 ) 2007 86 85
1928-1920 koo 44 270% 88 87
19201930 476 hs 245+ 90 89
19301931 984 44 220% 92 91
1931-172 5,910 47 200% o4 %
19321953 1,690 48 199 96 95
1953-19%4 2,380 ko 135+ 98 o7
1934-1955 2,600* S0 146 100 99



& theorstical frequeney curve which fits the sctual plotted
ﬁaté. Thess coeflficients are: .

Flood Ooefficient = meen f100d/20+8 , where A is the drain-
azo area of the at.r‘aam-bash;.

Coefficient of Variation = OV = -élé_-.- where
d = {flood ~ mean ﬂead)/'m fldod and n = length of mcaré.

 Goeffid ent of Skew, 0,5, = gg’w . 05 13 further

adjusted by mesns of en empirical fastor £ = (L 5 5 Y.
‘The OV is o msesure of the vorigtion af the date ;E‘ran the mean
and determines the slope of the curve, U8 is a measswre of the
assymetry of the eurve and determines the point st which the

curve interamects the ordinate of mean flood,

15, Prequemcy Ourves

Figures 2, 3, 4, sand 5 are all various forms of frequency

curves derived from the data of the San labriel River, Pigure
2 was furnished through the courtesy of Hr, Sopp of the Pasadena

Water Department. It represents e flow-duration curve on which
all flows for the period 1896 ~ 1930 are plotted on probability
;sape::. The plotting points are determined in the same manner
es outlined above, but on this scale sach flood or flow repre-
gonts only one day during the peried, rather then one year.

A special scale le superposed on the chart locating the yearly
or parcent chance floods ;t‘ar various intervals, The conversion
is eimply mede, For example, the 100 yesr, or one percent chance

flood, on thies chart ocecurs m X100 = ,00274 percent of the
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Figure 3
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Figure 5
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tinme, The straight-linc oxtension of the upper snd of the curve
geens gomevhat arbiirary, bul unless the law followed by the
variations changes shrurtly beyond the range of observed data,
the extreme {locds are detemined with a falr degree of asccurscy,

Plipure B ahovs the wpper end of a similar set of dats,
covering the fifty-year period from 1886 - 1935, plottsd on
logarithnic paper, Again a stralight-line extension is made, and
carried to positions of ewtreme flooda; The values obtained
from this curve are closely comparsble with those indicated by
Figure 2, %bgt of the existing difference ip probably due to
the difference in the periods of reccrd; From this it is ap-
parent that in the case of the San Gsbriel River, loz paper ie
as uaable‘&s probability paper, end will achisve the sanme resulté.

Figure 4 plots frequency curves for two sets of flood dats,
ag indicated in the legend., On this curve, the annual floodse
only are plotted, and the time-seale gives directly the percent
chance of any flood flow,

Meure § gives the entire curve of which Figure % is a
portion, with the excepiion that in the former an arithmetic

tinme~acale is used so as to cover the entire ranpe of the ourve,

1771,  The Cyele and its Effccis

PR

If there were such a thing as a definite oyele, 11 would
be a simple matier to choose the correct lengih of record on
which to hase fulture forecasts, and even to choose the exact

size of flood that would ccour in any given year, Such sim~

rlicity does not exist in nature, however, though at one time



it was supposed thet all etreams had a falrly well-defined

Az yeot, however, records of sufficlent length {0 sstab~
l1ish the positive truth of this supposition do not sa.mtiﬂ:. It
is generally known that there are flustustions from high to
low extremes over a poriocd of years, bul these chsnges are
nct regular emough, within the time of recorded dsta, to
adnit of successful anmlysis,

That sush fluctuations de ocour on the Ban Gabriel is
readily seen from Pigurs 6, on whichare plotted hydrogrephs
for rainfall, sverape ezm&al discharge, and yeasrly floods for
the period 188%-19%4, The record is not long esough, nor is
the ecysle definite enough to warrant any alteration of the
flood frequency methods so as to include cyelic effects,

Selecting a period of recofd for fleod freguency stuwdy
requires the exercise of considersble judgement, due to the
alternatinz tendencies &f the -str’emz;. From a record of ten
years longlh one may obtain a wvalue for the meximes flood to
be expetied once in the next 50, 100, or 1000 years, Thia is
cbviously a fallacy., Forstasis dbased on record periods of
leas than 20 or 3C years are very likely to lead to erroneous
es%imtea; Records of shorter lengih have not covered a
eycle of the flow and nmay therefore indicate vastly different
tendencies than are ectually the cass,

The same danger exists, to a less iegm, in eny longer
get of data which is "lop-sided®, that is, which covers mere

data on one pide of the true mean than on the other,
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Figure 6
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¥hile it is ssoumed, for went of bsiter information, that
future floods will be of the samo magnitude and frequency as
those in the past, it would be worse than futile to make a
sinilar assumplion es to the order of thelr occurrance, If
#ny attention is to be paid to eycles at all, it should be feor
the purpose of determining the correct poried of rscord upon
which to base future forecasts with the greatest dezree of
safety,

Inaspection of Figure 6 shows that the peried from sbout
1906 ~ 1935 would give a fair representation of the past per-
fornance of the streen, wheress a record from 189% to 1935
would be dengerously prejudiced on the side of small flows,

In order to compare the effects of using varying lengths
of record, it was found necessary to extend the flood data
further batk then records could be found,

It was supposed that, since the San Gabriel is alnmost
entirely reinfed, that there would be some sorrelation between
annual precipitation and annusl flood, In Figure 7, this was
attempted, mﬁe there ia conslderable error for individual
flooda, for a long record there is a tendency to compeneste,
and the results obtalned are sssumed to be a fair indication
of the actual performance of the stream, The dotted portions
of both the anmnual discharge and fleod hydrographe were cbtabned
in this manner, (Pigure &6}

From this extended date, the dotted curve on Figure 4
was worked out, ms illustrated in Table I, While the curves
have the same characteristic form, the longer record yields

lower results than the 29 year curve, This is attributaeble to
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Figure 7
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the inclusion by the former of an exceptional ly dry peried
from 1893 to 1904, Unfortumately sufficient records do not
exist to determine whiech curve is the correct one, Ewen though
the dotted line represents & lenger poriod of data, one would
be inclined te rlace more trust in the shorter, in this case.
It would be on the side of safoty, and is known to have been a

falr, unprojudiced sample of the passt history of thes trsan,

17, BASDMS CORFFICIENTS

It was discovered that in the case of the San Gabricl,
Hazen's Coefficients could not be depended upon to give a
permanent indication of the form of the fregquency & rve, In
a gtrean of so varisble a neture, the inclusion of one high
flood in addition to & given set of data would cause a "jump®
in the OV and C2 of about 307,

Teble IT {llustrates the method of computation for these
coefficients as aprlied to the short, 29 year record, The
results ere: OV = 1,07 and CS = 1,72 . The determinstion was
repeated for the fifty year peried, and even though the plotted
frequency curve was lowered, the coefficients became: OV = 1 42
and 08 = 2,11 , Then, since somes doubt was mwrtaimé as to
the acouracy of the flood flow chosen for 1889, the factors
wers re-compubed, sstimating this flood at 40,000 ¢.f,s. instesd
of 20,000, Thins time the values & the coofficlerts rose to
oV = 1,6, 08 = %,71 ., This property of the method necessitates
extreme care in eimoairg a period of record for determinstion
of the flood-frequency coefficients.

The sbove discusaion is not an attempt to discredit a method



TABLE IT
STARDARD VARTATION AKD COEFFICIENT OF GKEY
29 Year Period f‘rom 1906 to 19%4

(v) (2) (3) (ﬁ) {5) {6)

¥o. Ratlo to Yariation (3) squaved (3) mm 3) am
ean

1 kes + 3,28 + 10.730 5’5‘;&06

2 525 + 235 5,070 11,400

% 2,40 + 140 1,960 2, Tho

4 2,27 + 1,27 1,610 2,050

5 2,00 + 1,00 1,000 1,060

6 .81 + 481 656 530

7 w7k + LuTh L850 Jhe7

8 .57 + 157 525 L 185

2 v, 46 + &5 21 087

10 w3l + 5 « 096 0%0

11 I 3 + 1 020 L 003

12 1,06 + 06 004 LO00

13 .96 - 0k -, 002 «, 000

14 58 - 42 2176 O

15 46 - .54 251 L1587

15 ..lﬁ e .»‘.55 'nm '.166

17 .38 - 62 L 384 252

18 .32 - 468 A6 L3518

19 28 - 72 . 518 ¥ o

20 - - 76 578 +44n

21 £ 19 - 181 656 L8351

22 16 - o84 L 705 893

i}’ w14 - 486 L 740 626
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accepted by eminent engineers, bul it serves to illustrate

the fact thet for sbreams of the peculiasr naturs of the San
Gabrisl, the proceoss is far Prom fool-proof, and should mot

be used without the added precaution of checking by some other
moans, A statemert mede in the UnitedStates Ceological Suivey
Yater Supply Peper No, 771 testifies to the fact that some un-
caertainty in the use of the sbove process still exists, The
reccomuondation is made that if a well~fltting curve is not
obtained using the dertved soeffident of skew, a new coefficient
of gkew ghould be selescted, and the curve again consiructed, re-

penting util an aceurate £it is obtaimed,

0,  PERTINEZET NELATIONSHIPS

I infallar Disc

Inopection of the precipitation and avsrege annunl discharge
hydrographs, Figure 6, yislde a fow interesting facts which
rould prove helpful in entiocipating fulure discharges.

Due to the lag induced by ground-storage, there is not a
positive agreement between the flustuations of. rainfall and
annal nmff;. The principles imvolved are obvious, For example,
though tho presipitetion in the years 1809 - 1900 and 1901 -~ 2
woe €hO¥e normel, the €low, due to previous depletion of storage,
was well below average,vwhile in the period 1904 - 7,three mod-
erately wet years resulted in cumilatively higher diascharges]
culminating in an unususlly high "peak® in 1907.

1Y, Amnual Mloods

The anmusl fleods are also more or less definite in thelr



rolation to other hydrological date., Figure 7 illustrates the
function of rainfell ve, annual flood, In the csse of anmpl
runeff seainst anmual flood, wshile there is certainly a ten~

deney for the maximum flood to ccour during & year of high flow,
there ia no distinot pumericel comparisson, and the relatior-

ship seens independed of helght of flow. spesking, the
mazinum yearly flood veries from O to 48 timop the rate of average
armual discharge, with sone indication of grouping sbout a straight
line expressing the maximm flood as 28 times the average snmial

dimcharge, The funcilon is not plotted in the report.

I1X. Posk Flows

while the 24 hour flood is thet normally used in flood
froguency investigations, in nany cases t%e ngximm flow of
the streaz for short intervals is the vitel factor in applicstion
of theo resulis to design,

The height of this momentery peak depends upon several
factors; shape end size of drainage area, topographical char-
acteristics, or slope, and direction of travel of storm, besides,
of eoursa, the actual irtensity of the precipitation, In general
the rolative helght of the pesk flow variss inversely as the
area of the atmam—-basiz;.

Aﬁ:.ezzagtm woere mede tx_: dotermine, in the case of the San
Gabriel, some relstion belwoen height of aversze discharge and
height of peak, and slsoc between heizht of peak and time of oo
currance, without suceess, These are apparently entirely in-
dependent, e&amenta; From available data, il was dotersined

that the momentary pesk, on the average, was 2,13 times the flow



averaged over the corresponding 24 hour intorval,

%hile actual flow records were not avallable previous to
1906, it wvas poasible from two or three sources ’t,o discover
estinates of the highest peske cecurring on the San Gabx"iel'.
There is some coniroversy as to whether the flood of 188% or
1889 was the largest. In the Report of the Boerd of Engineers
Flood Control to the Board of Supervisors, Los ingeles County,
in t.hé section prepared by H, Hawzood, estimetes wers glven
varying between 40,000 and 50,000 e¢.f.s.

Lon F, Chapin, in his nasoirs, *Thirty Years in Pasadena®
degeribes the floods and the demage inwrmﬁ All evidence
points to the conelueion thal these floods were the highest
of which any gquantitative record has beon kept, thought they
vere closely spprosshed by the psalk of 4C,000 o.f.s, in 1914.

& pesk of 50,000 ¢,.f.8., corresronding to about 23,000
¢.f.8. average 24 hour flow, is seen from the frequency curves
to represent approximestely the one hundred year, or one percent

chanee flood,

IV, Attermts al Forecasting Floods

Tuerous attaupts have been made to determine some ao~
curate neans of forevasting floods, i.e, antleipating the
flood flow for a particular yoar, OF course, prediction over
a period of years is impossidle, but some hope s still enter-
tained of being able to forecast a flood a few months or a
year in sdyznos, S0 far little succoas hap besn attained,
and it is improbable that with the present limited Enowledge

of meteorology and allied eubjects any practical, certain means
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will be discoversd for some time to come,

Dr, Ford A, Cerpenter, in a pamphlet "Sunspote, Oycles,
and Sessonal Reinfalll suggests the uwse of the reinfall of a
sertain month, as Hovember, as sn index to the precipitetion
to be x?x;zw&% during the ensuing water year., He states that
in a mzber of Oalifornie strosns, using & record Fifty-tws
years in length, a ressonsbly close correlation wmas ebtaitwé,
%5 times of the fifty-two, the Hovember m;%.nfall aspproximately
indicgled the emount of the next yoar's graéeipita‘b.‘sm.

;! w58 hoped, in view of the dependence of tho size of
flood on rainfsll, thet e relation imvolving lovember rainfall
ard the coming flood could be deduced, The stiempt falled com-
pletely. Appsrenily Dr, Wz&w% relation does not hold in
Pasadena and vicinitj.

There oxiets, on the San CGabriel, & woll-defined 2 or 3
year cycle shich might be of sapistence in forscasting the ex-
pected irend of the Wdrosreph for the succesding yesar, though
any effort toward en sctual quantitative prediciion would be
useless and desngerous, The srmmal flood hydrograph on Figure
5 illustrates this point,

In gencral, 1t mey be stated thal vhile souwnd engineering
judgenent coupled with complete statistical data nuy yield cor-
foet forccasts in some cases, the determining factors are too
varied to adnmit of definits .salzxtim;. This is especially irue

in the case of the San Ssbriel River,



D._ APPLIGATIORS OF RESULTS

| The purpose of the freguency studies has been %o discover
sorie basis for the seonomic design of structuree relsted to
sireams and rmof?, Without definite mowledge of the hebits
of the partieular sirean, a desisn may be made unsefe under
even aveoraze flow conditlons, or it may be exasrorveted on the
side of safely to an unoconomie extent,

With a record of usable length, and the assistanse of the
flood frequency devices, it 18 possible to eliminagte uncertainty
o a great extent,

In designing on the bamis of expected Floods, there we
two conditions to be conpldered, that of meximm, momentg.y
peak, and that of flow-duration, For bridges, highways, levess
culverts, spillwayas, ete,, 1t in the height of the flood crest
which must be anticipated and provided for, The momentary
peak is, of couree, thedeclding factor,

The use of daus axd reserveirs to "iron owt" the destruo-
tive high points of flood flows requires an oxemination of
flow-durationdeta, Any properiy situsted below a reservoir re-
ceives protection to the extent of't he controlling ability of
the dam, Structuree and property lying ebove the probective
influence of sontrolled storsse are safe only as long as they
rempin ghove the high-water stage of the siream,

In sllowing for expected Floods, sn srbitrsry expescted
demage loss ia sesigned to a flood execeeding the designed
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capacity, This demage may ocour to the struciwwe $teclf, or
%o dependent arems, and may range from aseuned complets de-
struction of the structure to s saall porcentage of its aea’h.
If hmeen 1ife doponds upon the safoly of the structure
under any circumstonces, it is designed for the most exirems
condition which nay r easonadly be sxpected during its 11%’53&8‘-.
12 the 1ife of luman beings is notl endangered by its falluve,

then some design is chosen, based upen the judgement of the
engineer in charge, and uponavailsble funds, shilch it is
hoped will not be subjected $o wn extrew flood wntil it is

paid for,

In viow of the intensive rescarch on the subject of flood~
frequencien, it scomes justifieble to carry the cause of refine~
ment & atep Durther; inko the field of cconomic desipgn., As &
flood exceading the capaslty of a siruciure sauses demage, and
financisl loss, and yot to bulld & struvture entiroly free fyon
danger of extromg floods emtails prohibitive coet, there ehould
e pome happy medimm, et whish the yearly cvst of upkesp, rebire-
ment and ropsir wu}.& be & minimwa‘,

From the mathemotical point of view, the wmusl cost of
& structure a8 Oy = ¥ + Ir 4+ A , vhere N is the yearly sain-
tensnce, I the initial cost of the structure, r the rate of
intorest and A the ennuily necessoyy to oreste g replacing
pun gt the ond of the 1ife of the structure, A can bs writien



in torms of I and r1 ‘A gt % where n is the

sesumed lsngth of 1ife, Then

(1)
For a constent value of ¥, Oy éa:;reasas sontinuadly with an
inoresse In n,

' In practice, however, the lemgth of life of a structure,
or st least the length of the interval botween damaging, and
therefore mmam, floods, iz deopendent upon the tepascity of
the stmm. Az I j$norsosen with the size of the structurs,
and ag the interval n slso ingresses with the size, I botomes
an irereasing funetion of n and ngy be written in the forn,

I=4+ B

vhere A, B, snd ¢ are constants depending upon the cost funciion
of tle particular type of gtm&tm;,

Formule (1) wey then be re-sritten

(2) Gy =2+ (A+ Bn“).(;ii_'.‘ﬁ%f:i.
{2) has a mindmm point for some value of n,

1t would be posslble, if the nathematical exprossions for
all the faclors were determined, to obtain Ly differentistion
a minimes value for €, , The resuliing expression, howover,
would be so complex, and the derivation of ihe cther relation~
ships mathemetiocally so tedious thal e graphical or tabular
method, illustireted by Pigure £, would asccomplish the some re-
sult with lees af‘fm"’t:.
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Figure 8
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Curves @, b, and ¢ are all constructed fromavailebie
data, ¢ being the sctusl flood froquency curve alrsady de-
termined., DSetveen & and ¢, @ is eliminated, resilting in
curve 4, Combining b and 4, ¢ s obtalned involving p and I,
the initial cost, 1In £ is a series of cost curves, plotted
from eguation {2} for various sonstert walucs of I, The
cogt-roquency curve g is then constructed from o and f‘;
Ihwosing various values of p, these values are lald off on
the abecisss in g an& the ordinates for Oy are selected from
£ at the roint = wig.;?. s I=1y ‘. {From o).

That 2z must have .a aninimum point is readily seon, On
£ fYor even amall values of I, the curves give high values for
Cg. 4B p bocomes smaller, however, n becomes largor, the
cost curves "level out™ and ;:eaiz&-s f811 on highor ¥alucs of
Y, resulting in a "raising® of the carve. The cogt~frequency
curve g could have been plotted &imét}.;; on £, using n for
an abgelisea insteed of p,

Tho proscess can be performed either gyaphieslly or in
a tabular form; in oither case the tporation involvds the rewwval
of the variable common to twe curves, and combining the terms

ecorregponding to that elinmineted in z new relationship,



The resuits of thls paper may be swearized se follows:
The San GebrislRiver has & fairly well-deflned flood-frequency
m‘l&ﬁimxs‘ﬁipl. It plote eqml%y well ard is equally ueable on
sither logsrithmiec or probability pepsr. The use of Hazen's
coefficients is mﬂ&n on suahstrem, and should not be
relied upon witheout some form of check, It is Srwossible to
forocast with suy certainty the sige or tine of ocourrarce
of ary particular flood event. Theresults obtained through
flood frequency methods aye xpressions of tho esvorags expsc-
tancy of floods, end i applied genorally will accomplish the
desired purpoase, but can not be relied upen to hold for any
ndtvidual Seslgn, Tt 16 pomefils to determine i commical
percent chuxe floed for whidh to desipn, but this protedure
also in worth while omly when applied over a sufficiemt nmber
of imwﬁigaﬂm to allow the lew of eversges Lo compensale

for any individual errora,
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