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SYNOPSIS

- Conventional approach to study,the rainfall-runoff relstionship
“of a watershed uses nistorical hydrologic data to fit & black-box model for
oi-similation of watershed hydrologic beﬁaviorn A host of messurements of rainfsll
input and runoff output from watersheds are available but there is as y=t no
- general theory to explain the course of mechanics of flow from input to output.
The proposed laboratory approach aims to investigate the basic laws and prin-
ciples controlling the‘mechanics of runoff from the watershed. It employs a
vatershed experimentation system (WES) as a tool for the research. The WES
Hﬂis a system of instrumentation of integrated hydraulic, electronic and structural
design. It can produce an artificial rainfall of variable time and space
distribution to move over a laboratory area of 40 ft. by LO £t. or less, thus
ﬁapable of simulating a storm moving in any direction over a testing drainags
basin constructed within the area. The experiment is controlled clectronically
by a digital computer and the output runoff measured by sonsr detectors for
transmitting infprmation to the computer fb; immediate recording and analysis.
Various problems being sﬁudied include the time féctor in runoff process, the
conceptual watershed roughness and the effect of storm movement on peak dis-
charges. The WES may also be used to study subsurfacé runoff by smploying
testing basins made of porous material, thus considering an additiocnsl depth
dimension of the runoff process. However, it is notlthe immédi&te objective

to study watershed modeling before the basic dimensionless flow criteris

become known.



SYNOPSIS

Le démarche conventionnelle suivie'pour étudier la relation pluie-
ruissellement d‘uﬁ bassin utilise les donnée; hydrologiques historiques que
1'on adepte & un moddle-boite noire simulant le comportement hydrologique du
bassiﬁ, On dispose d'une foule de mesures de l'apport de pluie et de la
production de ruissellement de bassins mais jusqu'h présent il n'existe pas
de théorie générale qui permette d‘expliquef la mécanique de 1'écoulement entre
l'apport et la production. L'approche en laboratoire proposée a pour but
d}étudier les lois et princiﬁes de base qui contrSlent la mééanique du
ruissellement d'un bassin., Elle utilise un systéme expérimental de bsssins
(WES) comme instrument de recherche. Le WES est un systéme instrumental ae con-
cepfions:hydraulique;,électronique et étructurale intégrées. Il peut prodﬁire
une pluie artificielle & distributions temporelle et spatiale variables; se
déplagant sur une surface de laboratoire de 40 pieds sur 40, ou moindre, capsble
donc de simuler un orage se déplagant dans une direction quelconque sur un
bassin de drainagé expérimental construit sur cetﬁé surface, L'expérience est
contrBide éiectroniquement par une calculatrice éleotrpnique et le ruissellement
produit est mesuré par des detecteurs sonars envoyant 1'information % la_calcul-
atrice qui l'enregistre et l'analyse sur le champ. Parmi les différents problimes
traités citons le facteur de temps du phénomene de ruissellement, la rugosité
théorique du bassin et 1l'effet du mouvement de l'orage surles décharges de pointe.
On peut également utiliser le WES pour étudier le ruissellement souterrain en
utilisant des bassins expérimentaux en matériaux poreux, ajoutant donc une dim=n-
sioﬂ en profondeur au phéngméne de ruissellement. Cependant, nous n'avons pas
pour objéctif immédiat d'étudier la manidre de fagonner des bassins avant de

connaltre les nombres de base sans dimension caracterisant 1'écoulement.
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INTRODUCTION

One lmportant problem in watershed hydrology is to understand the
relationship between the ;nput rainfall and the output runoff of & watershed.
The conventional approach to investigﬁting thls problem is generally chara;ter—
ized by two basic features: the use of natural hydrologic data and the simu-
lation by means of a lumped-system model.

Quantitative scientific data may be classifisd into two kinds:

experimental data and historical data. The experimental data are measured

by experimentation and usually can be obtained repeatedly by experiments.

The historical data, on the other hand, are collected from n&tural"phenomena
ﬁhdt can be measured but observed only once and then will not ocecur again.
Natural hydrologic data, such as rainfall and runoff, are historlcal data which
were observed from natural hydrologic phenomena.

The relationship between rainfall and runoff is a very complicated
phenomenon influenced by numerous climstic and physiégraphic factors. Un-
doubtedly, thesé factors are also interrelated and interdependent amongztham—
_selves. Because natural rainfall and runoff data éfe hisﬁarical data, it is
impossible to reproduce them with only one or few factors varyiﬁg at each time
in order to determine the sole influence of the one or few factors uéon the
rainfall-runoff relationship. Using the natural data, only empirical and
statisticalnrelationships cah be derived but the basic laws or principles
played by a éertain influencing factor cannot be readily determined. For
example, the effect of the diregtion of mOvemenf of storms upon the peak
discharge cannot bte validly investigated by conventional approaches because
it is impossible to request.a historical storm to occur again in various
directions over the same watershed under the same hydrélogic conditions.

sdfise



Simulation of natural phenomena may be achiefed by means of either

a lumped-system model or a distributed-system model. When s phenomenon is

simulated by a lumped-system model, it is treated as a "black box." A gross

representation of the black box is determined from the input and ocutput data

- pertaining to tﬂe box but no intéreét or concern can be given to the process
'gﬁing on inside the box. In such models, position is not imﬁortant and all
components of the systém béing simulsted are fegarded as being located at a
.singie point in spaée, 03 £he other hand, if the internal process of the modél
is énalysed, the system is not regarded as beiﬁg consi&ered ﬁt a single point

- in gpace but various distributed'points or areas within the internal space of

" the system must be simulated, thus constituting a distfibuted-system model.

Simulation of rainfall-and runoff relationships by conventional
approach can be exemplified by the ﬁse of & unit hydrograph, which ié essentially
- a black box determined deterministically or statistically from historieal rain-
‘fall and discharge data. Matheﬁatical formulations of ths unit hydrogrsph and
other linear and nonlinear black—béx models have also been developed in recent
years. However, all suéh methods are lumped systems in nature. The fundasmental
principles involved in the méfhods have not béen extensively investigated
theorétically or experimentallf as far as the internallprecess of the black
'boi is concerned. In other words, the usé of such iumpedasysfem mﬂdéls_does
not explain the basic mechanics ﬁf flow through the waiershed becﬁuse it is
only a simulation of thé black box 2s a whole and offers in.effect méreiy a
mechanical aid to data fitting; Edr example, the term "time of concentraticn,"
frequently used in the ratioﬁal method of peak discharge détermination; has |
been theoretically defined as the time réquired for g particle of-waﬁer 0

travel from the remotest poinﬁ_on the drainage basin to the outlet of the
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'watersﬁed, but no one has accurately traced this water particle-over the space
of the watershed in order to determine the physical laws that control this time.
The time of conceﬁtration used in the convéntional method is genérally'calculated
only very approximatelj Trom soms empirical formulas derived statistically
from the natural hydrologic datsa.

In generai,.a host of mezgsurements on 'rainfall input and runoff
output from drainage basins aré avgilabie for the study of wétershed hydrology,
but there is as yet no general theory to explain the cﬁgrse'of mech#nics of

flow of water from input to output.

CONTROLLED LABORATORY EXPERIMENTATION

Infview of the wq&knésSes of thelconventional Sppzoacﬁes to wétera
Shed hydrologic studiéé as desﬁfibed above, it ié:ffoposédlto.emplﬁy controlled
labpraﬁory experimentation for thé investig&tion of the basic la%s goveﬁhing
the flow of water over drainage basins. TFor tﬁe gurface runcff over drainage
basins, two phases of runoff can be recognized; namely, the overland phase and the
oﬁen-éhannel phase. The hydraulics of open-channel fiow have been extensively
deyeloped. Many hydraulic studies of overland flow have also teeh made in
recent years, but consideration wass taken oniy for fiaw_over a, nairow étrip of
the plane surface and the momentum effect due to spatial rainfall inéut has been
mostly ignored. The flow over & drainage basin is composed of overland flow inter-

mingled with open-channel flow. For the study of watershed hydrology, it is

v necessary to investigate the integrated phenomenon of overland and opsn-channel

flow. The hydraulics of this approach may be called the watershed hydraulics
"as distinguished from the well-developed open-channel hydrsulics and the hvdrsulics

of overland flow. The watershed hydraulics considers the combined hydraulic
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behavior of overland and open-channel flows. As little study has been mede in
this effort, the watershed hydraulics may open up & new area of study for the

benerfit of understanding the watershed hydrology.

Owing tc the complex ngture of the flow ovér drainage bseias,. the
_development of watershed hydréuiics may take ﬁany years. As s step toward this
development, it is proposed to cénstrﬁct_laboratory &:ainage basins of gso-
- metric shapes and artificigl roughness so that the basin characteristics

can be subjected to more exact theoretical analysis and to more accuraie expseri-

mental observation than those applicable to natural watersheds. In addition to

the shape and roughness of the drainsge basinj.other chafacteiistics for exper-
" imentation may include slope, size, basin storage, channel p&tterﬁj and many other
physical variables. The input to the laboratory drainasge basin is introduced as
rartificially controlled storms of variable temporal and .spatisl distribution
The artificial storms can be created by electronically oper&te@ raindrop pro-
: ducers so that different patterns of rainfall supply snd even ths ﬁovement of

storms can be produced effsctively.

By varying rainfall input and basin char&cteristics, different flow

‘behavior over the drainage basin and the outfldwlhydfographs gre recordsd.

The information so obtainsd will be the‘éx@erimental dats for numerous combine
ations of physical factors. . Such informeticun is otherwise uncbhaiusble in thé

case of natural hydrologic data. Since-ail variables involved in the sxperi-
ments srs rigidly controlled, the ﬁﬁenomencn of flow over the drainage basin
.can be analyzed readily by basic hydrodynamic principles. The analytical
results thus obtained can be checked against the experimental observation.

Due to the large number of variables and“complicated maihemafical Tormulstions

that may be involved in the proposed approach of study, the operstion of ths =x-




periments and the theoretical computations must be properly progremmed snd

E .? performed on high‘spéed electronic computers.

WATERSHED EXPERTMENTATION SYSTEM

A system of instrumentation for the experimental investigation of
the rainfall-runoff relationship has been developed, designed and constructed
at the Hydraulic Engineering Laboratory of the Department of Civil Engin-
eering, University of Illinois. This system as shown diagrammatically in Figure 1_

§ 3 provides an invsluable tool for the proposed approach of study of watershed

hydrology.

The watershed experimentation system (WES) can generate an artificisl

storm of given time and space distributicns of rainfall intensity over an ares
of 40 fee£ by 40 feet. With%p this area, a testing drainsge basin can be built
and its area, shape, slope, surface roughness énd sterage'capacity can be asltered.
The entire systeﬁ-of instrumentation consists esgentislly of four parts: input
aséembly, receiving assembly, output assembly; and process contrcl assembly.

The input assembly consists of a hydraulic hezd system to provide the
required flow of water at a constant pressure, a water distribution system to

produce raindroPS of various intensities changing with tiwe and space, and &

structural framework to support these systems. The hydranlic head system suppliies
a range of flow from 0.53 gpm to 133 gpm from a pump which fe2ds %the water
aigtribution system under & constant head corresponding to 12 1bfsq.in. for varying

flow rates to generate storms of rainfall intensity ranging from O to grezater

: 16
than 8.00 in. per hr. over basin areas ranging in size from ¥& to 1600 sq. £t.
In order to produce this range of flow, the syétem consists of two branches,
one for low-flow range of 0.53 gpm to 13.3 gpm and the other for high-flow range

of 8.28 gpm to 133 gpm. The water distribution system conteins 100
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digltal valve assemblies, each regulating flow, at 16 different rabes, to four
raindrop producers so that 16 different rainfall intensities within the

available range can be obtained. The raindrop producersl as shown in Figure 2

are hollow boxes made of 358~in, plexiglias, having ocutside dimensions of 2-fi.
by 2-ft. by l—5/u;ina The bottom square sides of the boxes are each installed
at l:in. centers with 576 pélyethylene tubes of 0.023 in,.inside ameter and
3/8 in. long. Thus, a total of 230,400 raindrops can be produced by 400 rain-
drop producers to cover the maximum drainage basin area of 1600 sq. ft. The
size of the raindrops can‘§ary with the size of the poliyethylene tubes. For
the installed size, the raindropé 50 produced have an averyage diameter of 3.46 mm
which is approximafely the'avelége size of most raindrops occurring in natural
storms . |

The receiving assembly, consisting of a slope contrel unit and modular
basin panels, 1s to represent the physiographic featgres of & laboratery drain-
age bééinu The signifigént features; such as the slope, shape, size, storage
capacity, and surface roughness of the basgin can be changed in socordence with
dgsired_experimental conditions. The slope control unit is designed %o pivot
the entire testing baéin through a loggitﬁdim&l slope range oﬁIO to'é}o per
cent by means of six screw jacksﬂl Cross-slope variation ig also provided by
blocks so ﬁbﬁt up-to_E per cant @r@sé-slopes can be-obtainedo Tartable guide
vanés can be installed on the basin surface tg guide the flow'along the eross=-
slope direction to the main 1bngitudinal slope, thereﬁy cre&ting'two bé;ic‘

slope features in watersheds; namely, the channel slope and the overlsnd sliope.

1. Chow, V. T., and Harbaugh, T. E.: "Raindrop Production for Laboratory Water-
shed Experimen+atzon,' Journal of Geophy51cal Research, Vol. 70, -December 15,
1965, pp. 6111-6119. :




If desired,.however, any basin topography can.be produced by using molding
Plastien e rithss eultable makastal, |

The output agsembly consists.of an outflow tank, 40°0" long by
3'10" deep by 1'7" wide, to collect ru50ff from thé basin and the two sonar
depth detectors to sense the water level in the tank and immediately transmit
the information to the rrocess control assembly. By meanslof volumetric éélibra—
tion of the outflow tank and by controlled recording on time intervais by depth
detectors; the outflow discharge can be éoméuted automatically in the process
‘control assembly through comparisoﬁ'with recording of the total outflow as
measured by a turbine flow meter placed in the line leading from the pump to
~the distribution éys%em.

The process control assembly consists of interface and logic.

circuits, power units; a scanner, hydraulic controls, and =z solid state com-

puter PDS-1020 with L096 words of memory. This process control equipment,

cailed Direct Digital Control (DDC) Siétem is used to control time and space
distriﬁﬁtioﬁs of faindrops in order to produce a given storm pattern for =
parti@ﬁlar experiment. The given storm pattern is introduced to the system by
preprog;amming on punched tapes or from an IBM typewriter so thst 100 digitzal
valve assemblies are controlled independenfly for their 'settings ai v@rious
tiﬁes_thrdughqut the period of experiment according to the given storm paifernn
All 100 digital valve &ssémblies.can be set from a position of fully closed

to fully open withih 30 seconds. Thus, the compﬁtér proﬁides a means of coh=
verting individual storm pattern into a répeatable sequential control prograd;
simﬁ;éting the passage of a ralnstorm over the testing baéinu- The scanner,
controllable from the PDS-1020, ié used to address each solenoid valve in-

thé digital valvelassembly and transfer the current setfing to the valve posi-
ltioﬁing meghanism; The h&draulic'cbntrols are provided to perform various

<30~
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important functions such as pﬁesshre transmission, low-flow and high-flow

selection, bleeder valve control, and safety switch control.

FROPOSED PROBLEMS FOR STUDY

With the availability of the WES as a régearch tool; a number of
studies on the rainfall;rﬁnoff relationshij have been made, inclﬁﬂing studies
Qf thg time distribution of_the runcff proceés,2 the coﬁceﬁtual watershed
roughness,5 and the effect of the storm movement. In the gtudy of the time
distribution of the runoff process, use was made of a conceptual watershed
which is treated-as 8 quasi-linear distributed dynamic system and théreby
definéd mathematicﬁlly by a set of qﬁasi-linear parﬁiai differential equations
for flow cdﬁtinuity.and momentum. The conceptual watershed is composed of
sloplng overl&nd flow spat;aily feeding a sloping main channel. Various

geometric shapes and two main channel slopes of the watershed and different

rginfall intensities were employed in the investigation. The analytical

- results obtained from the conceptual watersheds were tested in the watershed

experimentation system. In the same study, & conceptual watershed roughness

"was introduced and its resﬁonsé behavior to the depth of flow and_r&indrbpfﬁnp&ct

was disclosed. For the study of the storm movement, & theory proposed by Maksimov

was investigated experimentslly on the WES.

There are numerous othe:-problems_that can be-stu&ied;systematically

using the WES. The study on the effect of input and'basih variables upon

2. Harbaugh, T. E.: ' "Time Distribution of Runoff from Watersheds," Ph. D The51s,
- University of Illinois, Urbana, Illinois, U.S.A., 966

3." Harbaugh, T. E., and Chow, V. T.: "A Study of Concep+ual Watershed Roughness,

" paper to be presented at the XITth JAHR- Congress, Ft. Golllns, Colo., U.S.A.,
11-14 September 1967. . '

4. Maksimov, V. A., "Computing Runoff Produced by a Heawy Rainstorm with a Mo%lng
Cénter," Soviet Hydrology Selected Papers, Am. Ceophysn Unlon, To. By 196h

o)l 5l0-515
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discharge output can be continued and extended. The geometric basins now under
investigation are wf rectangular, triangular, and circular shapss because such

shapes are readily amenzble to mathematical and hydrodynamic ansalysss. Uniform

% rainfall intensities are first applied to these basins, and the experimentszl
results may be used to verify the aﬁﬁlyﬁical'solutionsn By this investigs-
tion, it ﬁoﬁld be possible to determine the effect of basin shape and to establish
a8 sound basin-shape index for basic classific&tion of watershed shapes.

The uniform rainfall intensities may be later changed to rainfall

intensities of nonuniform time distribution, three basic patterns respectively'

of gd#anced, average, and delayed types will be tested. For nonuniform S§ace
distribution, bands of given rainfall inteﬁsities will. be programmed and
,produce§ to.move downstream, upstream, and transversely across the basins.

By combining various time 5nd space distributions, complicated storm pﬁtterns
cﬁn be geveloped and experimenﬁedg Thus, the effect of time asnd space distrib-
utiﬁn of rainfall and the effect of storm movement on runoff can be further
critically examined and anelyzed.

Il The iaboréiofy basins will'be constructed for surface roughenss of
various kinds and for storsge capacitﬁ simulatiﬁg different chasnael denzities
and reservoirs. The bgsin under expérimﬂntation is made of masonite boa;ﬂ.gut
will be roughened with various roughnsss elements or covered with.fibre;gl&ss;
synthetic grass, end other suitable material.

The proposed methed of in?estigation will have immediate value in

obtaining new knowledge in urban hydrology. The study of the time distribution

in the runoff process can be used to clarify the hypotheticalﬁconcept of the

time of concentration. The widely used rational formula for designing urban




drainage system can be critically examined in the light of the experimental
findings and new formulas or methods may be developed.
The concept of linearity which constitutes the unit hydrograph

theory and its linear mathematical models can be easily examined from the re-

sults obtained by this research. Nonlinear mathematical models and concepts

can also be tested experimentally.

i In recent years, new field evidence is accumulating which leads to

the belief that runoff usually originates from a small, but relatively con-

R

sistent, part of the watershed. TPe proposed researéh will make possible the
investigation of this pehnomeﬁon by applying a programmed storm of limited

size over the so-called "runoff—produéing areé" of the watershed; thereby,
testing the ”s.'r:n'.u:'ce-9.3.*‘(28.;I concept which is now subjéct to contro%ersial
discussion. The knowledgé so obtained would be of imﬁﬁnse value to economical
planning of soil control programs and ta efficient deSign'of flood control

; prdjects.

Pox e study of the mechanics of subsurface flow, the artificial
drainage basin may be.built with perforatéa.bottomTaﬁd paved with spongy material.

Thus, subsurface flow can be developed, tested, and analysed by the watershed

experimentation system. Therefore, the proposed approach'bf study is not only
for surface flow but also for subsurface flow, thus considering the additional

depth dimension of the runoff problem,
7

The work by M&misaa? Chery,6 and Grace and Eagleson' involved watershed

i stimilation and modeling. The first two authors dealt with modeling of &

!

i padgtre—ss 2

5, Mamisao, J. P.: "Development of an Agricultural Watershed by Simili@ude;" M.S.
Thesis, Department of Agriculture, Towa State College Anes, Iowa, U.S.A., 1952.

6. Chery, D. L.: "Design and Tests of a Physical Watershed Model, Jourhaliéi
Hydrology, Vol. IV, No. 3, 1966, pp. 224-235. : :

7. Grace, R. A., and Eagleson, P. S.:  "The Modeling of . Overland Flow,"'Water
Resources Research, Vol. 2, No. 3, 1966, pp. 393- hOj

13-




given watershed by experiment. Grace and Eagleson analfsed the genersl case
cf watershed modelingﬁ- ceording to their analysis. use of small;scale
artificial &rainage basins for study of ths rainfall-runoff process in the
laboratory is desirsble particu;&rly'when the process is too complex for
accufate.formulation cf the mathematical equations governing the phenomsnon,
Thereby, they derived mathematical ckiteria to define the conditions that
‘modeling of the surface runoff process may be legitimately pursved. However,
it is not the immediate objective at the University of Iilinois research
program to attempt such watershed modeling. A number of aimgnsionless criteris
for w&tsrshéd=mode&ing must be first developed before such medeling attempts’
can be made meaningful. The preéent prcgrém is t6 investigate the basgic laws
znd fundamental principles'controliing the rainfall and runoff?ppocess,. It
is hoped that such findings may eventuslly lesd to the discovery of the required
modeling criteris. |

.~ The investigation of watershed geomorphology is another broad,
interesting and imﬁortamt ;ubject that can be investigated by the WES. For
future iﬁ?estigﬁtiany for examplep_the model drainsge Egsiﬁ“mw§'be paved with
& layer of fine sand and then exposszd 0 sequentislly progr&mmedlétérms for
some'timen-lﬁventuallyy é channel drainaée systeﬁ will be devé;oped and it can
be analysed and used to rerify many émpirical theories that heve been proposed

in river gecmorphclogy.
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FIG. 3. OPERATION OF THE WATERSHED EXPERIMENTATION SYSTEM



