T

B

RYDRAULICS OF SHALLOW FLOWS OVER STABLE
.ERODED SAND SURFACES DEFINED BY AREA SPFECTRA

~ A Thesis

Subnitted to the Faculty

of

Purdue Univeraity

by

Jack Rider Burney

In Partial Fulfillment of the

" Requirements for the Degroe

.of
Doctor of Philosophy

1y 207



e A A A L i Wl s ST Sl S SR S50 AL ™ bt 1 S Wl el N A SRR e

ad. School
rm No. 9
wised

PURDUE UNIVERSITY
Graduate School

This is to certify that the thesis prepared

By__ Jack Rider Burney

Entitled HYDRAULICS OF SHALIOW _FIOWS OVER STABIE ERQDED SAND

SURFACES DEFINED BY AREA SPFECTRA

Complies with the University regulacions and that it meets the accepted
-standards of the Graduate School with respect to originality and quality

' For the degree of:

phy

Signed by the final examining commitree:

, chairman -

-' Oy)ZU -9@@/114\

Approved by the head of school or department:

" .‘,ﬂLw 2 1973 "/\—74/-1«‘//

To the librarian:

This thesis is not to be regarded as confidential

KU

Professor in Q}{g}éc\a thethesis




i1

" ACKNOWLEDGEMENTS

The author wishes to record his appreciation to the following
persons and organisations for their assistance:

-Drs L.P. Huggins for his guidance, sncouragement and
~ on many occasions, conslderable personal involveament in this
~ poject. .
' ‘Dr. L.J. Cots for cosistance in the exparimental design
and analysis of the dsta.
_ Dr, B.J. Monke, Dr, J.W, Delleur and Dx, L.D. Moyer for
valuable counsel,

Mr. L. Vhaley, elcctronic technloisn and Mr, D, Rhina and
his workshop ataff for sssistance in construction of equipment.

" Dr. G.W, Icmacs, Head of the Dopartment of Agricultural
Engineering for the opportunity to undertakc graduats studies
‘at Purdue University. .

Professor P.J.C. Vorster, Head of the Department of
Agricultural Englneering, Natal University, South Africa for
enabling, and the Council of Katzl University and the Department
of Agricultural Technical Services, South Africs, for granting.
the necessary period of study leave,

Financial cupport of this study was provided in part by the
United States Departrant of the Interior as suthorized by the Water
Resources Act of 1964 and by the Agricultural Exporiment Station and
the Computer Sciences Center of Purdue University,



11

TABIE OF CONTENTS

LIST OF TABIE3 s ¢ ¢ « s 2 o o o s 6 0 &
LIST OF FIGURRI + o o o o o s s ¢ 5 o o
ABSTRACT ¢ ¢ o+ v s e s 6 s ¢ a 0 o s u s o
CHAPTER I = INTRODUCTION ¢ o« o « o o « o »
CHAPTER II - HISTORICAL REVIEW

Developments in Anzlysis of Overland Flow
Dapth-DS.uchlrga Ruhtionshipe IR I R I TR TR S S S T Y
_ Apparatus uced in Leboratory Modelling of Overland Flow
chro-rolilfﬂe&sulfaleut!..g-.-...---c.-

CHAPTER ITI - RRVIEW OF THEORY RELATING TO RANDOM

GEOMSTRY

smtnlh\llylhlbdel.......-..-

Random Functions of One Variabls

. CHAPIRR IV « DEVELOPIRNT

Bed Surfaces
The Micro-relicf Mster

Randor Functions of Two Variablos . + . »

AND USE (OF EQUIPMENT

Electronic Control of the Micro-relief Meter
Bxror AnalySis « o v o s s s s o 8 o ¢ 8 o o

" The Rainfall Simulator

Operation of the Rainfall Simulator .

CHAFTER V - EXEBRIMSNTAL METHODS, RESULTS

- Phycical Moasurements and Area Speotra
Collapsed Line Spectra . . « « &
. '.Di-.lounlion-_......--..
.. Hydtn‘.\\llio'reatl'.-.-....-..
Hydreulic Regresasion Model . . o
Retention - 3lops Relationship .
- Discussion of Recording Errors .
Discussion of Hydraulic Model

'CHAPTER VI - SUMMARY AND RECOMMEZNDATIONS

AND

® ® = 5 & 8 ® »

SURFACE

DISCUSSION

® » @« = 2 » ® &=

e » & &6 o & & o - s @ & = o



iv

nlmocmrﬂ'l.ll.'..ll.ll.l.l.‘.
mnxm..l..'l'll.l.ll.l...ll.

Appendix A - Calihration of the Micro-relief Meter
Voltage-Elevation Calibtration of the LVDT

Calitration for Bffect of Probe Position . . .

Appendix B - Operation and Control of the Micro-relief

Moter

Bedl;oadcallb!‘ltion....-.-......

Mass Runoff Calitration
Runoff Rate Calilration

Appendix F -~ Listing of Area Spectral Density Computer

Program

Hydraulic Data . . .
Progran Listing . .
Sample Qutput . . .

VITA

Appendix D - Rainfall Simulator Logic Control Program
Appendix B «~ Listing of Computer Program Conv . . . «

Appendix C - Calibration of the Rainfall Simulator

Appendix G - Digital Computer Program to Analyze



LIST OF TABLES

Table ' Page

19 bﬂﬁﬂt'ofl’-m.mu‘.oooo-ouo.no-n-ol 63
2._ Hydrtulictottlaum;tdmors.......-.--.. 72

"Appendix
Table

" "A-l,  Voltsge-slevation calitration dats for IVDT « . . » . . . 86



Figura
1.

2.
3

&,
sl

6,

7

8,
9.

10,
11,

13-
1k,

15,
16,

17

-of sacple ares shown in Flgure 11) . « « « »

vi

-LIST OF FIGURES

The rzinfall simulator, with the arcas of
Bed 3 sanmpled by the micro-relief mcter rsxked . .

The micro-relief aster shown in operztion on
the rainfall simlstor bed o ¢ ¢ o« ¢ v o o »

Bed 4 shown with areas sampled by the micro-
Yollef motear marked . o ¢ o o o ¢ o 0 o« ¢ &

The ricro-rellef meter « + o « o o s ¢« ¢ o »

Detailed view of the probe carriage on the
nicro-relief Roter 4 ¢ 4 ¢ ¢ 5 s s e 0 8 0

Izpulse motor drive rmechanism for the
CYOBO=CAYYLAED o « o« o « o o ¢ ¢ 0 0 0o ¢ 8 8 8 0 o

Scheratio disgram of electronic switching circuit
used in operztion of micro-relief xater (one of
four dentical cixcults) + + v « 4 o s 6 0 0 0 0 n

Schematic dingran of intermediate link between
the LVIT and the &nslog-hytrid corputer .« » « o «

Error distritution from a canple replication of
micro-relicf motsr readings on Bed & , , . & . &

Comporison batwsen exrror and recorded spectra .
Sample avea position SonBed 3 . . ¢ s o o
Sample ares, position LonBed & o . ¢ v s o 4 s s
Ona quadrant of the filtor sapsctrum . « o « s « »

Contour diagraa for spectrum froz quadrant 1,
position 6 on Bed 3 (upper left-hard quadrznt
of sanple avea shown in Figure 11) . « 4 « o « & »

Contour diagras of spectrum from quadrant 2,
position 6 on Bed 3 (uppsr right-hand quadrant
of Baiple ares chown in Figure 11) . . . . 4

Contour dingraz of spectruz of qusdrant 3,
position 6 on Bed 3 (lowor left-hamd quedrant
of sanple area ohown in Figure 11) . ¢ 4+ « « o

Contour diesgran for spectruiz from qusdrant 4,
poaition 6 on Bad J (lower ght-hand quadrant

EFEF¥S

&



vii

Figure

18, Contour diagran for averzge zpectrum from
posi.tionéonﬁad)..........-.-.

19, Contour disgra= for spectrum from quedrant 1,
position 1 on Bed 4 (upper left-hand quadrant
of sample area shown 4n Flgure 12) . . v v s o s s 1 o o o 53

20, Contour diagran for spectrum from quadrant 2,
position 1 on Bed 4 (uppar right-hand quadrant
of sanple aros shown In FAZW® 12) 4 v 4 o ¢ s o o s ¢ s « S

21, Contour diegram for spectrum from quadrant "3.
: position 1 on Bed & (lowor left-hand quadrant
of sample arsa shown 4n Figure 12) . o 4 v s o o ¢ o s s o 55

22, Contour diagran for spsctrum froa quadrant 4,
position 1 on Bed 4 (lower right-hend quadrant
of sarple area shown in Figure 12) o+ 4 « o ¢« o ¢ 2 6 0o s s B

23. Contour diagrar for aversge spectrum from
. ponltlonlonﬁodlb.........-..-

24, Collapsed downslopa line spectrs for Bed 3
- S8MPlE ATERAS o . 5 o 4 0 b 0 0 0 b e e e s

. 25 Collapsed cross=slope line specira for Bed 3

BANDLE BYBAB ¢ o 5 ¢ 2 2 0 s s 0 s e s e e a0 e a0 e e B
26, Collapsed line apectra for Bed 4 samplo sreas . + « « . « » 62
27. Hydraulic test data and model fit for Bed 3 . « « ¢ « o o o« 69
28,  Hylraullc test data and model fit for Bed b . o o , 4 o o o 70
29, Retention-slope relationship on Bed 3 4 o o o o 2 o s o o n
- 3.  Retention-slope relationshipon Bed & o 4 o« o« o o « o o o » 71
~ Appendix
Figure
A=),  Voltsge-elevztion calilration sets CAOL amd CAO2 ., . ..., 87

A-2, Contour map showing position diaplacement below
: & level plane obtzined from calibration set GCL

A=), Contour map showing pouition displacezent bolow
& level plans obtainud from calibretion set GC2 & o 4 o o o 90

B=l. Loglc control circult for operstion of, and
recoxding frou, tho micro-ralief meter . « 4+ o

G-l.-‘; Bed load calitrations , , ., . LI T I N I B ¥
0-2. Maas rumwff calilrationz , , , R
0-3. Differantiator calitrations LR T S T T S

D-1. Circuit for control, filtering and recording
of hydraulic toct data s s s e s e s v s e v aw e« g 103

L .. ‘. [ 89

LN O I e

Begs



villi

- ABSTRAGT

.Burnoy, Jack Rider, FPh.D., Purdue University, Mey 1973. Hydraulios
of shallow flows over stable eroded sand surfaces defined by arca
spectxa, Major Professors Dr, L.F. Huggins.

Estimation of the hydraulic response of a land surface to shallow
overland flow is of major concern in the design of flood control and
dependent structurea in small agricultursl watersheds. The Problen
concerns ths necessity for selecting the appropriate dgiyth-dhchn.rgo
Telatlonship, besed on visual observation of the physicel land surface
form, The advent of high spsed digital computers hcs rade feazidle
the rapid gonaration of runoff hydrograpns indicating the effects of
man-aade changes. However, the relizbility of the generated hydro-
graphs is lizited to the accuracy of the input information and is
particularly sonsitive to the ovarland flow deprth-digcharge relation-
.ship used, .

The objectives in this yroject were to develop, test and evaluate
inatrumentation for recording the physical configuration of a natural,
fallow land surface to include both grain and form effects, and to .
atteapt to relzte the information to the hydraulic response of the sur-
face.

" Two eroded sand surfaces wers allowed to form maturally and then
stabllized on a 14 ft, by 7 £t bed of a rainfall simulator. A micro-
relief meter reading elevations at ,098 inch apacings over a 23,46 inch
square grid was designed, calilwated snd used to obtain information on
the physiczl form of each surface., Six sznple areas were sslected on
the first surface teated and throe sazple sreas on the second surfsecs.
The recorded data were subjected to area apactrzl annlysis, .

The hyd.nunc tests wero run as a factorial design with four leVulu
of rainfall application, four levels of upatrean flow application and
five slops lsvels, Two scparatsly randomiced replications wers run on
esach of the two surfaocsa,
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The firet surfaco forzed froan a cessnt-sand nix and sexled with
:ihroglu vas dominated by large rilling down the center of the bed anmd
- presented roduced grailn roughness. An inproved technique wvas used in
stabilieing the second nurfsce., An erosion pattern was q.liouod to
develop in a laysr of eand and the rattern then fixed by saturating the
sand with diluted fitreglza laminsting vesin, The muafcce retained
ita form and grain roughness,
The derived spectral surfaces reproduced detall which could be
.related to oharacteristic patterns observed in photographs of the
samplod areas, All crea spectra exhibited ridges perpendicular to the
" flow direction.. In order to condense the information, the srea spectrs
were collapzed into line spectra parallel and perpendicular to the sur-
fece slops, Within surface variation in the low frequencies was large
and associated with the presence or abcence of laxrge rills, However
the second surface spectra wers consistently flatter than those froa
the first surface tasted,
_Regression relationships derived from the hydraulic tests were
4 = 0.0038 @07 g5
for the first surface and,
4 = 0.0037 q'512 g~2%7
" for the second surface, in which d is detention {ft,) and Q is runoff
* rate (in./hr.) mid-way down a slope of S(%).

A i‘ehtionnhip. suggested by the results and comraricon with pre-
vious data is ‘

. a4 = 0,004Q 3 s> . x»0.2
"in which x increxses with increzsing channelization and decreasing grain
roughness,



CHAPTER I
INTRODUCTION

Prediction of the rate and volume of runoff frox land surfaces is
of fundamental importance in the design of culverts, soil erosion
control structures, reservoirs amd drrinsge systers., The confidencs
associated with the xunoff design eatir:tes substanticlly affects the
selection of a suitable safoty factor sid consequently the cost of the
- mJoét.

In nature, rainfall in excess of the vegetation storzge capuoity,
8011 infiltration capacity and ratention storage, progresses downslops
following & myriad of interlinked and ever-changing flow pathi. The
complexity and scope of the flow pattern Trecludes conzideration of a
direct detercinietic approach to overland flow charscterisation based
on the micro-relief configuration. For this reason overlsnd flow 1s
. generally considered in terms of an avarzge depth of flow and a uniform
“oquation of the Chesy type uscd to relate depth to diccharge. However,
in spite of these simplifying assusptions, the engineer is still faced
with the dilemma of zeleoting a sultable hydraulie roughness co-
officlent bamcd on vicuzl obeservation of the physical surfece comdition,
Hugzins end Konke (1966) found the hydrosraph produced by their
simulation model to be particularly eensitive to the magnitude of the
hydraulic roughnszn cosfficient when using Manning's formula as a
depth-dischurge relationzhip. In u'idltiou. reth has indicated a
wide variation in hydraulics roushnese to occur on spparently similar
phyaical turfazces,
The above-nentionsd sirulstion zodel, of Huggins and Monie (1966),
" 48 based on the conceptusl sub-divizion of & zzall agricultural catch~
ment into & grid of rectangular elesents. ¥ithin cach element the
factors affzeting runoff srs asaused to ba spatially consteant. The -
precent projoot was designed to exaxins the nature of tha overland flow



phase within zn analogous elerental aree, amd thus foras an integral
part of the continuing develoraent of the rodel,
The taric objectivus set in this project wires

(1)

(11)

-(111)

(1v)

The develor=zent of a technique whereby an erodud sand bed
could be fixed in surfoce configurction on the bzd of a
reinfall sizalator for later physical end hydraulic
characterization,

The decign and conatruction of cutormated instruzentation
to monsure elevations, over simple areas of the sand bed,
at & sufficiently close spacing to enable grain sise rough-

ness to be reflected in the readings.

The developnent of a steady state hydraulic model for each
bed incorporating the influence of slopes and, rainfall amd
upatrean appncauon' rate,

Exarination of tho' applicability of using ares apectral
analysis related to the physical surface form, to develop
& zeasure of hydraulic roughneass.



- OHAPTER II
" HISTORICAL REVIEW

.Development of modern theory and amalysis of overland flow on
‘undeveloped surfaces may be traced back through advances in four
distinct fields of endeavour which intertwined but remained
euontially distinct due to computational difficulties in relating
theory to practice. These fields are studies relating to the
solution of the quasi-lincar, partial differential equations of
unsteady open channel hydraulics attributed to Barre de Saint Vernant,
fluid mechanics theory relating bed roughness to flow characteristics,
sinulated rainfall-runoff studies from small field plots and natural
rainfall-runoff from small agricultural watersheds, The theoretical
key to overland flow studiss lay in the model provided by applying
the Saint Vernant equations to @ plans, Stable solutions to these
equations were obtained in the mid 1960's and the simpler kinematic
wave approximation was vindicoted as being lppiicable to the vast
ﬁkrity of problems involving overland flow hydrographs.

- It 48 proposed btriefly to review the developments which led to
p_z;esent-day acceptance of the kinematic wave aprroximation as relevant
to. overland flow hydrograph generation and 1lster to examine more
cloaely the relationship between depth and discharge in terms of
conmmonly used formulae, Finally brief descriptions of apparatus used
to obtaln overland flow hydrographs in the laboretory and surface
micro-elevations will be presented,

Developments in Anzlysls of Overland Flow

The Saint Vernant equations, formulated in the latter half of the



19th Century, are gonerally presentod, for a unit width of channel, in
the following manner;

ay + 93 -q'-t

at * ix (2.1)
which represents the continuity equation, or muss talance, and
v viv )
sttt e(so-8)-L (2.2)

which represents the conservntion of linear momentum. In the above
equations y is the local depth of flow, Q the diecharge, q and f the
lateral inflow and outflow per unit length of channel, v the velocity,
g the gravitational acceleration and 3o and S¢ are respectively the
bed ard friction slopes. Strelkoff (1969) presents a rigorous
derivation of the above two equations including a consideration of the
implications of assunptions inherent to their formulation. As stated
by Liggett and Woolhiser (1967b), the above equations represent "the
most cozplex formulation of the physics of the problem (of unsteady,
non-unifors flow) that can be handled conveniently,.,."

According to Chow (1959), Massau obtained s trial-and-error
solution to the continuity and momentum equations at the turn of the
Contury. However the method was laborious and did not find general
acceptance.

The years following the "dust howl"™ comditions of the eaxly
1930's witnessed an upsurge of interest in soll conservation practices
ard concomitant experimentation using rainfall simulators on small
field plots, To facilitato analysis of this experimentation, Horton
(1938) presented & theoretical analysis of overland flow in which he
related rumoff rate, qg, to detention, Dy, by the relationship,

9% = Kk D ” (2.3)
where K and m are parameters usually deiermined from a log-log plot.,
Assuning tacitly that detention represents uniform flow depth, m is
'5/3 in terms of Manning's squation for turbulant flow and 3 for
laminar flow. He further derived an equation for the overland flow
hydrograph applicable to & 75 per cent turbulent condition, The



relationship given by equation (2,3) was extensively used in
analysing natural runoff from small watersheds, notably by Sharp and
Holtan (1942) and Horner and Jens (1943). The latter research
workers also considered urban drainags problems, as did Hicks (1944)
-in extending the work along the same linas. Iszard (1942) instituted

an extensive program of overland flow experiments under the combined
auspices of the U.3. Dept. of Agriculture and the Highway. Research
Board in oxder to obtain urgently needed design data in the fields of
soil consexvation, highway design and airport construction,

Studies on raindrop terminal velocitles, notably by Laws (1941),
and on raindrop size distributions by Laws and Parsons (1943), had
paralleled extensive research into the design of a nozzle which would
adequately reproduce the characteristics of natural rainfall { Parsons,
1943). The Type F nosele used by Irzard was considered the most
adequate rainfall simulation device availabls, although as reported by
Meyer (1958) drop impact energy is less than 65 per cent of that of
natural rainfall, Detailed review articles on attenpts to simulate
natural rainfall are presented by Smith and Wischmeler (1962),
Mutchler and Hermsmeler (1965) and Hall (1970),

A prelhlm.ry analysis of data from a smooth asphalt pavement

surface using Horton's (1938) discharge-detention relationship is

. reported by Izeard amd Augustine (1943).

' A Keulegan (1944) derived the equations of continulty and momentum
speci_ﬂcally in terms of overland flow., He also appearas to be the
first to have conasidered the overpressure effect created by raindrop
impaot, By negleoting terms of small magnitude he derived an
approxinate equation of motion applicable to overland flow, Izrard
(19’#&’) applied Keulegan's equation to data obtained from overlamd flow
on three widely varying surfaces clasesified as smooth and rough
pavement, and turf, His analysis ylelded surface profiles and also
indicated an increase in the product of the resistance coefficlent
ard Reynold's number with increasing application intensity on the
paved surfaces. . In a later paper, Isrard (1946) presented a
dimnsionleas_ hydrograph method for determining the hydrograph of



overland flow taking into account the degree and longth of slope and
the surface roughness, The conprohensive set of basic data obtained
by Izeard on slopes ranging from 0.1 to 4 per cent and plot lengths of
12 ft to 72 ft has been utilieed by many research workers, including
Morgall and Linsley (1965), Atdel-Razaq, Viesznan and Hernandes (1967)
‘and Woolhiser and Liggett (1967), to verify analytically-derived
overlanmd flow hydrographa,

‘ Semi-graphical solutions to the Saint Vernant equations derived
by Bscoffier (1950) and Lin (1952) greatly facilitated the analysis
of flood waves in open channels, particularly in fho Presence of
appreciable backwater effects, but had no practical application in the
solution of overland flow problems, Later work by Isaacson, Stoker
and Troesch (1958) in successfully applying an explicit finite
difjf_oroncing schene, based on the method of characteristics of Massay
(Chow, 1959), to a flood routing problem on the Ohio River, provided
the necessary impetus for renswed interest in applications of the
Saint Vernant equations, A comprshensive bibllography on methods
used to obtain solutions to forms of the Saint Vernant equations is
presented by Yevdjevich (1960),

The general theory of kinematic waves outlined by Lighthill and
Whitham (1955) demonstrated the dominance of the forw:nd characteristic,
An the-ubsence of backwater effects, and expourded & theoretical
'Juati.fica.uon for the characterization of overland flow molely in
terms of the continuity equation and a depth-diacharge relationship,
This was substantiated by Iwagaki (1955) who found the simplified
kinematic wave approach tq adequetely represent the flow profile in
the cass of lateral inflow into & steep channel, However no firm
criterion for neglecting the acceleration terms in the momentum .
equation was avallable and in gensxal research work on overland flow
continued to be based on momentum concepts in varying forma of
modification,
~ Woo (1956) employed a modified forw of the Type C rainfall
aimulat'or. uged extensively by Ellison and Fomerane (1944) in sold
aplash atudles, to obtaln direct data on unsteady flow profilea,



Theorstical flow profiles, obtained through application of momentun
principles and neglecting raindrop impact effects, were compared to
profilcs obtalned from shallow flow over the rough side of mssonite

‘ board, with and without added sand grain roughness, According to
Woolhiser and Liggett (1967), exténsive stulles on the mechanics of
overland flow were conducted at Stanford University, Principally by
Richey, Behlke and Iiggett during the latter half of the 1950's,
The approach centered on solutions to the Saint Vernant equations
by the method of characteristics.

- Chen (1962) employed an implicit finite difference scheme to
obtain analytical solutions to the Salnt Vernant equations in which
the effects of raindrop impact were included, Further applications
of finite difference schemes to solutions of the continuity amd

~ momentum equations wers developed by Ragan (1965) for channel flow
7 am Harbaugh (1966) in terns of flow over conceptual model watersheds.

Harbvaugh's contention that local depth and velocity did mt'depenci

. on forward points in effect amounted to the adoption of a kinomatic

" wave approach. A detailed study of acceptable methods of finite
. difference solutions of the Saint Vernant equations 1s presented by
Liggett and Woolhiser (1967a) and by Strelkoff (1970).
. The simplified Kinematic approach of Ivegaki (1955) was extended
- by Isthara (1954) to the consideration of flow over a steep grassed
Plane,  Yu and McNown (1964) used an order of magnitude analysis to
sinplify the momentum equation to a depth-discharge relationship,
They found good agreement between analysis and experiment, indicating
that the kinematic wave approach was relevant to flatter gradlents
than originally assumed, Henderson and Wooding (1964) and later
Wooding (1965) presented detalled analytical treatments of the
kinematic method and derived curves 11lustrating the build-up and
decay of flow profiles on a plans surface, They applied the method
of characteristica directly to the continuity equation alone. A
solutlon to the kinematic equationa bused on a backward finite
difference scheme was obtained by Brakensiek (1966,1967),
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Woolhiser and Liggett (1967) studied the influence exerted on
the rising 1inb of an overland flow hydrograph by the parameters in
& dimensionless form of the continuity and momentun equations, They
found that no 8ingle dimensionlesa hydrograph exists and that the
effect of neglect of the dynamic terms in the momentua equation
influences the shape of the rising limb hydrograph to an extent
dependent on the valus of & single parametcr, k, defined as

olo
k = RF,2 (2.4)

8o and Ly axe respactively the degree and length of slope while Ho
and F, are the normal depth amd Froude number for equilibrium flow at
the downstream end of the flow plane. For values of k greater than
10 very 1ittle advantage in accuracy is gained by using the full
momentun equation in place of a depth-discharge relationship, Since
k is generslly much greatsr than 10 in most practical situations, and
virtually all agricultural applications, the kinematic wave
approximation is an adequate ropresentation of the overlamd flow
hydrograph. . This was substantiated by Foster (1568) in analysing
overland flow from artificial rainfall on short field plots.

Morgall (1970), using Izrard's dats in normalised form found the
kinematic wave approach to accurately predict the riaing portion of
the hydrograph until the point of :lnfloction_, and to provide an
accurate representatlon of the recession 1imb,

~  In summary, application.of the Saint Vernant equations is only
ua.rfanted when accurate flood routing is required under conditions in
which & backwater effect exists at the downstream end of ths control
-reach. The simpler kinematic wava approximation, t;hich utilizes
the continuity equation and a depth-discharge relationship, provides
adequate accuracy in other ractical situations of unsteady flow, and
'iaa.rticula.rly in relation to flow over natural watershsd surfaces as
atressed by Overton (1971). Eagleson (1970) presents an excellent
treatment of the relative inportance of the various terms in the
continuity and momentun equationa in relation to practical
applications,



Doﬁh-blach&rgg Relationships

In ternms of any depth-discharge relationship used, expreasion of
the resistance to flow is of major importance, Equations normally
.used to define the friction slope are the Darcy-Welsbvach, Chezy or
Manning formulae originally derived for normal flow. The value of
the particular friction factor selected often involves the lumping‘
of most of the unknowns into a single invariant parameter (Chery,
1966) analogous in many ways to the coefficlent in the Rational
Formula. Furthermore,as pointed out by Ragan (1965), analytically
derived flow profiles are rarticularly sensitive to the value of the
friction coefficient, Similar sansitivity to the selection of
Manning's "n" was found by Huggins and Monke (1966) and Brakensiek
and Onstad (1968) in modelling runoff from small watersheds, and by
Foster (1968) in applying the kinematic method to erosion plots., In
all instances the value of the friction factor could not be predicted
with any degree of certainty a priorl, Review articlss on depth-
discharge relationships in open channels ars presented by Chow (1959)
and the Task Force Report (1963). 1In all instances ons dimensional
flow only is considered,

Theoretical fluld mechanice studles are usually confined to
uniform distributions of roughness elements in which roughneas heights
are considerably less than the depth of flow. ~ Rouse (1965) suggested
that, in view of the arbitary nature of Nikuradse's sand grain rough-
'ness, and in the 1light of experimental evidence, the Karmen-Prandtl
equation may be written in the more practical form,

J}-nog% +3 (2.5)

in which A, D and B are Paramsters, f is the Darcy-Weisbach
coafﬂcient. R the hydraulie mﬂiua. h the roughness helght and B the
éxposure paranster defined as the ratio of the area of rdughness
elemonts normal to the flow, to the plan area of the surface, For
values of E greater than 0.15, E is replaced by (1 - B), Morris (1955)
'iliustrated in a practical manner the concept of incressing flow
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resistance caused by an incresss in the concentration of roughness
elements until wake interference occurs. This stage of maximum
roughness has been found to ocour in the vicinity of an exposure
parancter value of 0,15, 0'Loughlin and McDonald (1964) found that
the seml-logarithmic relation presented by equation (2.5) produced a
good fit for experimentally derived data using different concentra-
tions of 6 in. cubes in & flume. However as the depth of flow
decreased to that of the height of the cubes, a marked increase in the
resistance over that predicted by the semi-logarithmic relationship
occurred, Kundu (1971) similarly found that equation (2.5) did not
present a good fit for data obtained from tests in which the depth

of flow was of the order of the height of the roughness elements,
..Other reported attempta to relate bed resistance to its geometry by
‘means of this relationship are those of Vanoni and Hwang (1967) and
Annanbhotla (1969). Both studiss concerned relatively deep flow over
- dune beds and used a method of sub-division of the Darcy-Weisbach equs-
tion advocated by Teylor and Brooks (1962) to separate out the effect
of bed form roughness from that of grain roughness, Vanoni and Hwang
evaluated roughness height by averaging direct measurements on the
"froeen" surface. The exposure parameter was obtained by planimeter-
ing photographs of the purticular surface, Annambhotla applied
statistical analyses to data on bed profiles obtained from the Missouri
River, near Omaha, in order to evaluate the exposure parameters and
Troughness helghti. Vanoni and Hwang report that the semi-logarithmic
relationship presented a reasonably good fit to their flume-derived
data, while Annamthotla obtailned a linear trend on semi~-log papsr
although considerable scatter was evident.

. The inter-relationship botween bed forms snd resistance to flow
in alluvial channels is discussed by Simons and Rlchardson (1961).
They found that resistance to flow increased markedly through the
lower flow regime of ripples and dunes and then decreased but tended
to vary appreciably as sedimsnt transport increased toward the smooth
bed transition regime. Noxrdin and Algert (1966) applied spectral
analysis to describe the propertlea of elevation-time and elevation-

LR R
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distance _in the development and movement of dunes in alluvial
channels, Their contention that the Tolationship of bed elevation
to distance downstream could be expressed by a second-order HMarkov
process was substantiated by Ashida and Tanaka (1967).  However
Nordin and Richardson (1968) and Annambhotla (1969) found that, in
goneral, the spsctrel density did not present a distinct character-
istic wave number and that wave lengths in general follow an expo~
nential distribution. Nordin (1968), Squarer (1968) amd

Annambhotla (1969) found bed elevations to be normally distributed
for dunes in flunes and rivers. Annambhotla (1969) further suggests
‘that wave lengths, amplitudes and heights be represented in terms of
& gamma probability .diatribution of which the exponential distri-
. bution is & special case, He found dune bed configurations in the

_ Missouri River to differ markedly in character from flume-induced
.dune beds and a comparative study showed- that zero-crossing distance
and amplitude analysis was better sulted to river data than was spec-
tral analysis.

" - The most common depth-discharge relstionship used in applying
various forms of the dynamic or kinematlc equations is Manning's
equation. However, as pointed out by Chow (1959), the value of *n"
" varies considerably in natural channels. Ragan (1965) found
- Manning's "n" derived from uniform flow tests to be a reliiable value
when later incorporated into the momentum equation, as long as lateral
inflow did not excesd base flow. The "n" value required to model
hmteady flow increzsed over that of an equivalent uniform flow depth
when lateral inflow exceeded base flow. Harbaugh (1966) analyzed the
uniform data obtained by H06 (19%5) for shallow laminar flow over the
rough side of masonite board and deduced a rehtionship which inmdicated
a tendancy for “n” to increase with decreasing depth on a constant bed
slope of 1 per cent. Chow (1959) indicated a similar tendency for
river data, Morgall (1970) incorporated tha concepts of a variable
friotion faotor, depsndant on tha flow Tegima, into a kinematic model
for overland flow by relating Manning's "n" to the Reynold's number.
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The etfoct‘of raindrop impact in oreating an increase in flow
Teslatance wes noted by Izeard and Auguctine (1943) in reference to
- the mo-called "pip¥, 1,0, a romentary increase in discharge which
-oftoli occurs when the sinulated rainfall is instantaneously shut-off,
Parsons (1949) noted an increass in detention caused by raindrop
impect am Woo (195) noted that raimirop impeot tended to markedly
‘Ancrease the resiatance to flow particularly on m rough surface and
‘&t low flow depths. Kisisel (1971) found that raindrop impact was
& major factor influencing the friction factor for flowa over smooth
and rough beds, The valus of the Darcy-Weisbach friction factor
m founnd io increase with rainfall intensity, with the effect being
gﬁel.teat in the laminar ringo and on ateeper slopes,

* " Research workers in the fleld of soll erosion have long recog~
niied the inmportance of reindrop impact in causing soll detachment
and creating turbulence in overland flow. Palmer (1965) determined
that the maximum drop inpact force occurs when the water depth is-
equal to the drop diamster,

- Parsons '(191&9) derived an equation relating average depth of flow
to runoff rate using the results of an extensive series of tests on
Sﬁall natural plots, This equation was

N D =0.0057 Kk r /3 g~ 0.55 - (2.6)
..in which D répreaents average depth in inches, K 1s a surface condi~
tion factor, r is runoff rate in inches/hour and S the slope in fL/ft,
- Harbaugh (1966) suggested that Manning's "n® be used in the form
‘of a conceptual watershed roughness, vis,, '

o . ¥o=owy : - (2.7)
where W is a coefficient of watershed roughness made up from the
additive effects of variation of Manning's "n* with depth, drop
_cmiactenitics and variation of drop impact effects with flow depth,
The flow depth 1a denoted by y and x 1a a paranmeter, g

Kundu (1971) presented a depth-discharge relationship obtained by
vegresalon analysis on data from a seriea of aimulated rainfall tests
on rough surfaces, _The surfaces consisted of combinations of three
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8izos of stones glued to an aluminium bed, with the largest particles
being of the order of 4 mm &n dlameter, The distribution of per=
ticles on the bed conformed to the Polsson distribution for each group
of particle sizes, The model presented was

, D = 0.0084 Q0¥ g-0.17 z0.72 (2.8)
where D 18 the flow depth in feet and Q. the discharge in in,/hr midway
down a slope of S ft./ft on which the exposure paraneter is E,

Apparatus used in Labvoratory Modelling of Overland Flow

The first attempts at modelling rainfall-induced overland flow,
‘notably those of Iszard (1942), Hicks (1946) and Parsons (1549),
employed Type F nozzles designed for outdoor use in soll erosion
" 'studles, . A wide range of surfaces from smooth concrete to dense
grass sod were tested in tilting flumes. Mamisao (according to Grace
and Eagleson, 19668 was the first to attempt the modelling of a proto-
type watershed basin., He designed a rainfall module with drop forming
tubes located on 24 in, centers supplied by gravity flow and capable
of intensitles of 1 to 16 in,/hr. However the amooth mortar bed sur-
face used to create the model basin tended to inflate the scaled peak
diachai:ge rate. i

- Woo (1956) designed a modified Type C rainfall simulator consist-
ing of a cheasecloth mattress, from the underside of which lengths of
'yarn were suspended. Spray nogzles directed water on to the top of
the mittress and, by controlling the rate of application to the
mattress, the rate of drop formation at the ends of the yarn and thus
rainfall intensity could be controlled. An sven apatial distridbution
of drop sizes of 4.5 mm in dianmeter was achieved over a 63 in. wide
by 29 Tt long flume, having a masonite bed,

Chery (1966) made a fibreglass model of a gauged prototype
basin. Rainfall was simulated by a set of eleven modules, each
comisting of a central distribution point from which capillary tubing
radiated outward to settings on 2 in. centers. Provision was made
for both temporal and spatial control of rainfall intensity, Surface
tension effects were particularly severe and little or no runoff
ocourred 1f an initially dry bed waa used.
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Grace and Eagleson (1966b) constructed a model of a prototype
paved parking lot based on a set of similitude criteria (Crace and
Eagleson, 1966a). The model basin consisted of a layer of Masco
cement and plastio latex overlying a vermicullte-aggregate concrete,
Although water ran readily off the surface, they cits surface
tension effects as a probable source of discrepancy between model and
prototype hydrographs, The rainfall simulating device consisted of

' 25 separcte modules each of 1 ft square and having drop formers
consisting of 0.0125 4n, I.D. stainless steel needles set on 1 in,
“centers, The apparatus was capable of almost instantaneous variation
over 15 intensity settings.

Chow and Harbaugh (1965) conducted an extensive investigation
into the design requirements for the most realistic and efficlent
means of producing artificial rainfall in a laboratory, with allowance
for controlled variation in spatial and temporal application. Thelr
basic design consisted of a 2 ft square module with 0,023 in, I.D.
drop formers set on 1 in. centers and producing water drops of 3.2 mm
diameter, Sets of these modules then permit spatial variction in

-rainfall. Harbaugh (1966) used a portion of the 40 ft square module
set (described by Chow, 1967) to determine the influence of basin shape
~on the time distribution of the discharge hydrograph. Conceptual
basin models were constructed from masonite board with the rough side
forming the’fl_ow surface,

The basic module design outlined by Chow and Harbaugh (1965) has
been used by Black (1970) to study geomorphological effects on hydro-
graphs, Kisisel (1970) for studies on flow over a plane and Smith and
Woolhiser (1971) for studies on combined overland flow and infiltra-
tlon into a eoll surface. Modules of this type also form the core of
the 14 ft square inntauation avallable in the Agricultural Englneering
Department at Purdue University and which was used by Das (1970) and

. Kundu (1971) 1in studies relating to overlend flow over plane rough
surfaces,
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Micro-relief Measurements
—==x0-rellef lMeasurements

Measurements of the micro-relief of land surfaces have been
recorded to obtain quantitsiive data rolating to tillage effective-
ness, vibration in off-rosd vehicles, depresszion storage and overland
flow roughness, The apacing of elevation readings has in turn
reflected the intended use.

Kulpers (1957) reported the use of a board on which 20 probe
needles wers mounted at 10 ca, intervals, Manual readings were taken
along a number of surface profiles, Interest was focused on charac-
terizing the effects of tillage operations on soil surface condition.
Burwell, Allmoras and Amemiya (1963) developed a three dimensional
apparatus, with the same purpose in mind, by mounting Kuj:pera' board
arrangement on a horizontal frame, Manual readings of elevations on
a 2 inch square spacing over a 40 inch square area were obtained,
Currence and Lovely (1970) automated the recording of height readings,
thus enabling a far greater number of readings to be made over a much
larger area, Their apparatus consisted of a horizontal frame sup-
porting a laterally moving cross-frame, A single probe moved along
the cross-frame with elevation values directly recorded on punched
digital computer cards, Helght readings accurate to 0.05 inch on a
1 inch square grid over an area of 60 by 80 inches were recorded,

~ Mitchell (1970) constructed a three dimensional automatic micro-
reliof moter along similar lines to that of Currence amd Lovely {(1970),
although on a smaller laboratory scale. Elevation readings werse
recorded on a 1 inch grid over & 3 ft, Bquare area and used to relate
surface depression storage to depth.

The use of semi-automatic micro-relief meters to relate physical
roughness to hydraulic roughness ias reported by Haersan, Wenstrom and
Evans (1969) and Marva, Brages, Schwab and Curry (1970). In each
case single profilea were recorded at close intervals as required by
hydraulic considerations rolating to shallow overlamd flow, Merva
et al (1970) obtained readings at 0.79 inch apacings over distances of
9.98 ft. in grassland, while.Heerman et_al (1969) recorded elevations
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at 0,126 inch apacings along 9,5 ft. mections of irrigation furrows,
An interesting variation on micro-relief measurements is the
use of sonar to meaaure channel bed elevation, Squarer (1968)
employed an automatic Sonar device to obtaln profiles along a sand
bed laboratory flume at a data spacing of 0.02 ft., while Annambhotla
(1969) used a similar device to record Profiles along the bed of the
Migsouri River at spacings of 1 ft, Unfortunately squipment of this
nature 1s not yet sufficlently developed for uses relating to shallow
overland flow,
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CHAPTER III
REVIEW OF THEORY RELATING TO RANDOM SURFACE GEQMKTRY

land surface topography is gonerally charactericed by a contour
map. While such a dofinition is applicable to, and an essential pre-
requisite for engineering construction it does not yrovide a quantita-
tive measure for relating differing land surface configurations. The
fleld of geomorphology is easentially asscciated with this latter
aspect and such physiographic measures as drainige density, relief
ratio and elongetion ratlo have been extenzively uscd ms perameters in
hydrologic regreasion models related to catchment runoff, Strahler
(1964) presents a review in this context.

As pointed out by Merva et al (1970), however, a considerable
difference exists between the macrorelief and the microrelisf of land
surfaces. When emphasis is placed on the detalled topography of areas
of the order of a few square feet the surface configuration is vastly
different to that of a =mall catchment ba.sin defined by 2 contonr rAD
having, say, a two foot contour interval,

Clearly it is impractical and unrealistic to adopt & daterministic
apprroach and for this reason statistical measures have been used to
quantify mlcrorelief characteristics, The mosat comronly used measura
is that of the variance of the elevation values.

In the context of microrelief relating to tillage operatlons
Kuipers (1957) proposed the use of the logarithm of the standard error
as a roughness index while Burwell et al (1963) suggested that the
standard error itself be used as a rough'neaa irdex, Currence and
Lovely (1970}, in the same context, considered five such indices based
.-on the atandard error associated with the helght values, after removal
‘of combinations of row and column effects,

Heerman et cl (1969) found the stanlard deviation of height read-

ings taken down an irrigation furrow provided a “significant” index of
hydrauliec roughness,
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Herva ot al (1970), in discussing the applicabllity of the variance
88 & roughness index, clearly illustrated that specifying the probabil-
ity distribution of surface heights along a series of parallel lines as
& norazl distribution and then calculating the varlance over the grid
is insufficient to define the surface conflguration. This may further
bs emphasized in one dimension by conaideration of two pure sine waves
having the same amplitude but different froquencies. A measure of
_ assoclation or autocorrelation between ad Jacent height valuea 1s neces-
sary to provide an adequite quantitative doscription. Such measures
are rost meaningfully provided by taking the Fourler transform of the
sutocorrelation function, 1.e, through the techniques of spectral anal-
ysis, )

"It is proposed kriefly to review the asaumptions implicit in the
mathematical model on which the technique of spectral analysis is
based, and to further consider the analysis of random functions of ons
and, later two independent variables, Detalled treatments of random
functions of one variable are presented by many authors among whonm are
Jenkins and Watts (1968). - Longuet-Higgins (1957,1962), Kosin, Cote
and Bogdanoff (1963) and Cote (1966) present the logical extention of
the technique to random functions of two independent variables,

Spectral Anllyals Model

Random Functions of One Variable

. A discrete series of data velues, d(x), having cero mean, may be
written as a Fourier series of ths fornm,

d(x) = i ("k cos Zfrka + b sin 211ka) (3.1)
- E'ck cos (Zﬂ'ka + o‘k) (3.2)

in which the coefficlents a and hk are related to the amplitude c, anrd

phaae qk by the relationships,

ck - /a,k! + hka e and Uk - t‘n;l (bk/‘k)' (3-3)

k
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Arta.ngehont of the squared amplitude values, ekz. according to the
ragnitude of the associamted frequencies, fk' then forms the frequency
spectrum in discrete deterministic forn,

_However, in considering stochastic series, in which the values
d(x). must be viewed as & random sample from the ensemble of possible
values, clasaical Fourier analysis does not lead to c¢onvergence of the
coefficlents in a statistical sense. 1t 1s therefore nscoasary to use
the autocovnrnnce function whichy under the appropriate assumptions,
enables atatisticcl inferences to be made about the underlying frequency
spectrum.  In using the autocovariance,

Yy = B[d(x) d(x + )], : T (3us)

: o.n usumpt!.on of statiom.rity of the series, d(x), is necessary, vie,,
the value of A the autocovariance at lag =, is 1ndependent of the x
origin, = A more stringent assumption, vis,, that of ergodicity, assumes
that the sample averages tend to the ensemble average.

The lutbcovuia.nce and the frequency spectrum may be shown to be
linked by the relationship, -

v, -8 [éoz] + 4 151 E tekzj cos 2f, 8 (3.5)

in which the coefficients of the series form the spectrum when arranged

according to the magnitude of the fk values,

_ Random Functions of Two Variablea

The extention of the techniques of spectral wnalysis to the
considei‘a.tion of randor functions of two variables is presented in
detail by Kozin, Cote and Bogdanoff (1963). 1In a later publication

- {Bogdanoff et et al, 1966) the above authors presented a digital computer
program to obtain the three-dimensional frequency apectrum, A modi-
Tled veraion of this progran is presented in Appendix F, and it is pro=-
_Posed to confine the theory fresented below to that applicable directly
to the operatlon of the computer program,

" In terza of both acquisition and analysis of the basic data, it
is convenient to have the independent variables arranged in the form ofa
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rectangular lattice. It will therefore be assumed that the data is in
this form with intervals of sx and ay in mutually perpendicular direc-
tions,

In the previous sectlion it was assumed, for the sake of simplicity,
that the set of data values had gero mean. In practice it is necessary
to reduce the data set to zero mean prior to the use of spsctral analy-
sis, ~ In addition, very low frequency components, e.g. trenda, terd to
obucure the form of the spectrum. Denoting the basic data set by

- (in which x = 1,24...,N, and y = 1.2.....N ) uce of a moving aver-
age filter transforms the aet to one which confoms to the desired pro-
pertie:. "~ Low frequency effects are however destroyed but the effect
of fhe filter on the higher frequency values in the specirum may later
be removed, The precise effects are & property of the filter used.
Denoting the moving average filter by Br. ’ with properties such that,

- t ,
.Bo.o +-2r§—f :...“_CB .s 0, am Br:.r:z B-r.e Br.-a B-r,-o

S Te0  8¥0 ) {3.6)

the h values are transformed to H values as below.
XY Xo¥

. f 7_ x-l...--‘;n
H -k E B

1 ssopn 3'7
%Y recf ge-g '8 xm"mw Y = N.-Zf':'ly il
' n’ - Hy-20+1
== - 0. ' .8
for wh-ich. E [n - I My 1 =0 D (3.8)

_ ' 'Anuning stationarity, the autocovariance matrix is then defined
AaB, '

{; - 12

Y.|b o [Hx.y x+a.y'+b] b=1 2...0 (3.9)

in which a a.nd b represent the number of lags in the x and y directions
rnspectively. The true measures of the lags are then axa and ayb in
" inch units, Further, the autocovariance Ya.b has properties such that,
1

e
V°v° - B [H’hy] > 0'._
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Yoa,-b ™ Y, (3.10) -
ard Iv‘.bl < Yo,0

In practice, for discrete data, the autocovariance estimate is calcu-
lated as,
n .

b~ 1_ S AT (3.12)
: = - - +a,y+b y
an nj(ny b ) x=0 y=0 Xo¥ Xta,y+
A cagm -myg bsny

The value of the autocovariance at specific lag values may then be
“viewed as an average, the random part of which decreases with an in-
crease in the number of points. The assumption of ergodicity implies
& convergence toward the ensemble average.

_The values of L and my. l.e. thg maximum number of lags in the
‘x and y directlons, requires selection in order to balance the con-
flicting attributes of fidelity and stability in the spectrum., A
large number of lags leads to greater resolution, i.e. a narrower spec-
tral window, to be explained later, at the expenss of an increasingly
“noisy” spectrum, as the autocovariance estimates at large lag values
are based on a decreasing number of points. ~ In practice, the number
of lags is generally selected to lie between 10 and 25 per cenf of the
nunber of data points in the applicable direction,

In the case of continuous functions the autocovariance and power
spectral density functions form Fourler transform pairs. Denoting tﬁe
continuous spectral density functior by F(u,v) and the continuous auto-
covariance function by R(x,y),

. @ .
.- Fluyv) -J‘f’ 9'2"1(1‘#7\') R(x,y) dx dy (3.12)
B . @ E
and, R(x,y) 'If'zm(xu+¥v) Fluv) dudv . (3.13)
T

The spectral density function F(u,v) has the properties,



Fluw) = F(-u,-v),

F(u,v) > o, (3.14)
@ ®
and, ff F(upv) du dv = B(0,0),
-® -®

As described by Bogdanoff et al {1966), the latter two properties
denote the division of the total variance into components at the u, v
frequency values, in which the frequencies u and v are parallel to the x
and y axes respectively, The power at a particular frequency, (ua, VB)'
is applied to an elementary cosine wave, cos 2n(u ux~i~vay). ga.vinszcresta
parallel to the line UgX + vg¥y = 0 and a wavelength of (ua ) ).

In the practical case, in which the autocovariance is discrete and
the data limited, transformation to obtain estimates of the power spec-
trum requires additional consideraticns. The discrete power spectral
estimate, fa.B at frequencies a (x direction) and 8 (y direction) may
be written in general form as

B [fa.s] N lg-!lx ‘E{my w(a.bs anB) Yl,b (3:15)
' o ®
-. 7 2mi(aaxu+bayv) S
.E-.x g‘y "(B.b' ala) ff [} F( » ) du dv

e (3.16)
in which F(u,v) is the continuous spectrum. However, since F(u,v) =
F(-u,-v), and rearranging,

E [fﬁ.B] - ;x ? w(a,by a,8) cos 2n{aaxutbayv) F(u,v) du dv

as=-m, be-n ’ '
_: n S Ban)
in which, W(a,B} u,v) = % b w(a,b; @,B) cos 2n(asxutbayv)
) l.--ux b--uy » _ ( 3.18)

is the spectral window. The estimate therefore ten;:la ldeally to a
welghted average of spectral povex in the region of (a,p), The walghts
are the values of the spectral window which, if perfect, would be a
Dirac function at (a,8). The window cannot however conform to a Dirao
function'and. in fact, 18 perlodic with period 1/ax in the x direction
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and 1/ay in the y direction. Frequencies greater than the Nyquist
frequency of 1/24x and 1/2sy are therefore aliased back and confounded
into the spectral estinmates. Date spacing ax and Ay should therefore
be selected such that the spectral pover becomes neglible beyond the
Nyqulat rectangle.

Assuming w(a,bs a,B) to conform to the finite part of the
Fourier cosine series of the Dirac function (Cote, 1966),

1,04, w(a,by €,B) = ax ay cos 2n(asxa+beyp) (3.19)
-then leads to the calculation of a spectral estimate as,

7 | ® AX AY. ;x ZI.'Y Yb cos 2m(eaxa+boys) (3.20)
“.'_ . amem Lo n
- where, ) -"x ag Ko

<
(Zux+1)Ax (ﬁ +1)ax
and, <Bg MY .
L E ZZnyﬂ-liAy iZmyﬂ,Ay
The window shape has some undesirable features and the spectral
estimates may be improved by smoothing the spectrum. The raw spectrum

1s commonly smoothed by using a running average 3 by 3 matrix G %oy’
i.e, the two-dimensional form of the Hamming window, in which

Gx_.y - sty $ g = 0,54 and 8 =85 " 0.23

The filter spectrum may be obtzined in & similar manner, and the
smoothed spsctrum divided by the filter spectrum to obtaln a final

power spectrum in which the higher frequency effects of the filter are
renoved,
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- CHAFTRR IV
UBVRIOPMENT AND USE OF REQUIPMENT

In terms of physical equipment necessary to satisfy the central
objective, three particular areas existed. These areas were firstly,
the selection of the bed material and the type of bed form configura-
tion; secondly, equipment to quantify this configuration; and finally,
means o apply water to, and to quantify the hydraulic response of,
the bed surface.

As previously reported in Chapter II, Das (1970) and Kundu (1971)
used a 13.85 ft, square-bed laboratory rainfall simulator to study
shallow flow over plane surfaces to which stones of varying sices had
been glued. This existing facility was again used in this study,
However, due to the large increase in yroposed load on the bed surface,
‘the necessity for reaching over all areas of the bed surface and
poasible expense in forming desired bed forms, the rainfall simulator
was partitioned dowm the center with only one-half used, The rainfall
simulator in partitioned form, is shown in Figure 1.

A nicro-relief meter constructed to obtain quantitative data on
the physical surface configuration of sample areas of each bed surface
is presented in Figure 2,

Bed Surfaces

The desired attributes of the bed surfaces atudied were|
(1)  The surface have a form which conformed to a natural fallow
land surface,
(11) The aurface be impermeable to prravent confounding of the
- rosults with non-accountable componenis of infiltration
and interflow.

(111) The grain roughneas be retained,
(iv) Once formed the surface must retain its configuration
l.e. be "frosen" in position.
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Figure 1. The rainfall simulator, with the areas of
Bed 3 sampled by the micro-relief meter marked
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JFilgure 2, The micro-relief meter shown in operation on
the rainfall simulator bed
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(v) It must be possible to reject undesirsble surface foras,
0.8, rill patterns along a mide wall, re-smooth the bed
.and produce & new bed pattern,

(vi) It must be possible to obtain the above attributes for a

wide range of land forms.

(vii) The maximum range of bed surface slevations bo 1.30 inches,

This limitation was imposed by the range of thas associamted
micro-relief meter constructed to map surface elevations
and by weight limitations on the bed,
The material selected was a washed sand passing a no, 4 sieve and
obtained from Western Indiana Aggregates, West lafayette, Indiana.
Various methods have been used to fix a soll surface, although
generally for different purposes, and no single method appeared direct-
ly- applicable to the present requirements. Frasier and Myers (1970)
used bituminous products to increase runoff from water harvesting
catchments while Vanoni and Hwang (1967) used a furfurol polymer to
st.a.lﬂlize a sand bed but retain permeabllity, Fibreglas has been ex-
tensively used by Grace and Eagleson (1965), Chery (1966), and Black
(1970) among othera, to model catchment basins., In general this
latter technique has involved the use of a mold over which the fibre-
(;lu_shell is formed. Foster (1972) has successfully used a similar
iéchniﬁuo in the field by firstly forming & plaster-of-paris negative
over the soll surface and then forming the filreglas shell from this
mold. .. However grain roughness is generally loat, due t¢ the necessity
for using fibreglas mat to atrengthen the shell.

In the present study it was considered highly desirable to
achieve as natural a surface as was feasible, and to this end a tech-
rﬂ.que was sought whereby the surface could be made both non-erodible
and impermeable without unduely disturbing its configuration at the
grain size level. .

Initial teats considered sample combinations of four water soluble
- -emulsified asphalt producta vis, AB-P, AB-60, AB-300 and 38-1 in undi-
luted, 111, 112 and 116, asphalts delonised water dilutions, Dilutlors
of 142 of both AB-60 and S3-1 produced good penetration in the sand
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material ac well as a hard surface.  However when subjected to
simulated rainfell from a single rainfall module the surface lost its
impermeability, 4 further distinct diszdvantage of the emulsified
asphalt was the appearance of oil slicks in the applied water and for
-this reason they were rejected, Two acrylics used extensively in
"frouing" 8oll columns, vie, sarzn and vinylite exhibited good psne-
tration, dryed to hard non-erodible surfaces and appeared relatively
;npernoa.bie. However as both of these acrylics are only available
in powder form and do not readily dissolve in the acetone or methyl-
ethyl-keytons solvent there appeared little advantage over using fitre-
slt# diluted with acetone or styrene monomer,

In order to simulate later use, a 1 ft. square tray of wet sand
N vwith a form roughened surface was sprayed with a thin coating of
surface coat polyester resin, (fibreglas) in a 241 (fibreglasiacetone)
dilution to fix the surface and Pprevent slump on drying. After a
period of 48 ‘hours, to allow the sand to dry, & amixture of the same
solution was applied in bulk to fully saturate the sample, The sur-
face retained its configuration during application, and after 7 days
appeared to be both fixed and impermeable. This technique was then

.. accepted and applied to the rainfall simulztor bed,

) The bed was formed over a layer of polythene sheet used to protect
the apparatus from diract contact with the fibreglas additive., The
polythene sheet was painted with marine spar varnish and sprinkled with
sand to present a rough base. In addition & 1 inch plate was posi-
tioned at the downstream end of the bed to retain the sand laysr, A
14 inch layer of sand was carefully levelled and smoothed and both a
6§ 1n./hr. rainfall and low overland flow rate of approximately
é m./hr. applied on a S per cent slope. However the rainfall tended
to distort and obliterate any rill formation which did tend ‘o occur
_in the short 14 ft.bed length. Consequently the bed was resmoothsd
and only the overland flow applied. Once a definite rill pattern had
;déveloped the whole bed was treated in the manner previoualy desoribed
- for the -sample, This was designated as Bed 1, Fibreglas tended to
pond in certailn low areas of rills and slight distortion and cracking ‘
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occurred, but not to any great extent. However the bed proved to be
highly permeable in places, due to uneven npplicl.t.ion of fibreglas,
Further applications to these arsas caused considerable distortion
and cracking of the surface and rendered the bed unusable., It was
surnised that a single even application of fibreglas was required and
& second nttemp‘c.‘Bed 2, van aade with careful attention paid to even-
ness of application and achlevement of full saturation, However, -
after a pericd of approximately 10 days, considerable uplift occurred
in many areas of the bed, The surface top £ inch cracked and expoaed
uncured underlying areas,

It appeared that the technique, while eminently successful in a
small eample tray, was not possible over a large area, mresumably due
to a lack of an eacape route for the solvent, Since further experi-
mentation obvioualy required application to the full bed ares it was
decided to temporarily shelve further attempts at development of this
technique.

Bed 3 was produced from a 1|’+ mixture of Portland cement s sand
lix to obtaln a s0l1d bed structure. After a 48 hour drying period,

2 coats of undiluted fibreglas were painted on the surface, An overall
view of Bed 3 1s presented in Figure 1 and a more detalled 1llustration
of one sanpled area (Fosition 6, in the upper right hand corner) is
presented in Figure 12. Bed 3 presented a stable imperneable surfaca,
although finer grain roughness was obliterated, Due to the cement
additive the rill formation present prior to first set of the cement
had to be accepted, Rill formation tended to be straight up - and -
down the slope and the bed was donminated by a relatively large central
rill. :

Small scale testing to obtain & more desirable method of fixing an
erosion pattern in a sand bed continued during the running of tests on
Bed 3, A larger, 3 ft.x &4 ft, tray was used to test the techniques
‘which appeared to be Promising, since the area-perimater ratio appeared
ta be a critical factor, The most promising material still appearsd
to be a polyester resin (fibreglas) and since clear laminating polyes-
ter resin possessed low thixotropic properties, and therefore required
less solvent, it was selected for use on Bed &,
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Bed 4 wan formed from an initially smooth, 7/8 inch deep, sand
layor subjected to an overland flow rate of 6 in,/hr, on a 5 per cant
slope. An extensive and even diamond smhaped rill pattern was
obtained and the bed left for 2 hours to drain off excess water. The
surface was then sprayed with 4 gal, of a mixture of cloar laminating
polyester resin and acetone, in tha ratio of 2 , 1, following which
the bed wae left to dry at a 5 per cent slope for a pericd of 6 days,
A mixture of clear laninating polyester resin, diluted with the addi-
tion of 5 per cent acetone and 5 per cent styrene monomer Plus three
times the recommended amount of methyl-ethyl-keytone peroxide hardener
was applied at the rate of 1 gallon per 10 sq ft. to the upper half
of the bed, A sprinkling can was used to obtain an even application,
The mixture penetrated readily and dried to form a solid mass within
24 hr, As before no perceptable change in surface configuration or
grain movement occurred. Some slump and cracking did occur along one
edge, evidently due to the added welght on the underlying polythene-
ﬁheet which did not fit exactly into the right-angled corner. These -
cracks were later filled by pouring in & mixture of sand and fibreglas,
The remalning lower half of the bed was treated in an identical manner
four days later.

Following a further four day drying period the entire bed waa
sprayed with 4 gallon of surface coat polyester resin having a § per
cent acetone dilution, Dilution was required in order to obtain flow
through the nozzle of the sprayer and also had the advantage of delay-
ing the hardening process sufficiently to enable cleaning of the spray
equipment.

later drilling for insertion of the positioning rods for the micro-

relief moter revealed a non-porous crust had formed generally to within
about 1/8 in. of the base of the sand layer. Depth of penetration was
oven but generally leas in the finer grainoed rill material, The bed
was not completely impermeable but infiltration, in certain aspots
where fine cracks may have developad, was extremely alow and not
greatly different from the rate of natural evaporation.

TR
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Figure 4, The micro-rellef meter
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The Micro-relief Moter

The objectives set in the design and conatruction of the microe
rellef meter were the following:

1.) The instrusent be lightwelght for ease of use but sufficient=

1y rugged for possible later ocutdoor use,

2,) The probe be fast acting but provide & minimum of impulse

pressure on the surface, -

3.) Operation and recording be fully automatic with a desired

rate of recording of 2 readings per second,

The central sensing mechanism selected was a nominal 1 in, range
linear variable differential transformer (LVDT), Baaically thias
instrument consists of a central shaft on which a short iron core is
concentrically mounted, A primary coil provides thes exitation A.C.
voltage which 1s transmitted by inductance to two secondary coils,

The phase difference bstween the outputs of the secondary colls is pro-
portional to the position of the iron core and, hence the central shaft,
This phase shift is transformed into a current output by an ancillary
demodulator, Output current is then linearly related to the position
of the central shaft over the design range, Response is virtually
instantaneous, with continuous resolution.

The method of operation of the LVDT required the instrument to be
moved into & vertical position over a level plane with each elevation
reading being made by allowing the central shaft to fall under the
action of gravity, a reading recorded and rrovision made for a positive
1ift prior to moving to the next position. To reduce impulse pressure
on the soll surface and to enable a lightwelght solenoid to bes used for
1ift, the central shaft of the LVDT was replaced by a 1/8 in., 0,008 in,
wall, ronel tube, A phonograph needle with a filed down point was
8llver-soldered into the surface contact emd of the tube, The top end
of the shaft was then attached, by a slotted lever arm pivoting on a
3/8" 0.D., 4" I.D. ball bearing on a fixed shaft, to a salenoid. The
LYDT, plvot shaft and solenoid were firmly mounted on a 1/8 inch alumi-
num base plate which formed the Probe carriage, shown in Figure 5,
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Figure 5, Detalled view of the probe carriage on the
‘ micro-relief meter
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Figure 6, Impulse motor drive mechanism for the cross-
carriage
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Allowance was made for ad Justment of the mechanical advantage by means
of slots_in the base plate., Thia enabled a position to be found by
"'trin.l-lm-error in which the probe would fall freely, and positively,
under gravity but only produce a light impulse on striking the bed
surface, It was further necessary to obtain this fine ad justment as
.considerations of weight and size necessitated a solenoid with a 1/10
rated duty cycle and a 4 ox, pull at 4 in, extension, Oscilloscope
observations indicated the action of the solenoid in retracting the
p'_tobé from full extension to be the single nost limiting restriction on
the speed of operation, dus to the low duty cycle. :
" .. The LVDT mounting plate formed the probe carriage which moved
back-and-forth along the cross—carriage. The cross-carriage in turn
moved only in one direction, at right-angles to the probe carriage,
iith a single step movement occurring each time the probe carriage
Teached an extreme and reversed direction., The croas-carriage was
“vuvounted on a square aluminium channel frame, fixed in position by four
legs onto the bed surface, The micro-rellef meter 1s presented in
Figure & and shown in operation in Figure 2.
, The cross-carriage consisted of twin back-to-back 14 x 1% x 1/8
1hch aluminium angles spaced 4 inch apart through the center of which
protruded the LVDT mounting plate, or probe carriage. The probe
carriage was supported on the cross-carriage by two é in. aluminium
_axles using 5/8 in, ball-bearings as wheels. These wheels ran on
slotted 4 x 4 in. aluminium flats screwed onto and running the length -
of the Eross-ca.rrla.ge. This provided both vertical and lateral support
‘for the probe carriage. In addition a lower single section of slotted
aluminium flat, suspended below the cross-carriage served to hold the
‘probe carriage firmly in position. Cantilever shafts fixed to the
‘bottom of the probe carriage carried 5/8 in. ball-bearings running in
the slotted underside of the suspended section,

A 12-position bi-directional impulse motor was mounted on the top
of the probe carriage, The motor shaft was connected to a 32 piteh
brass spur gear rack mounted on the croas-carriage by a set of changea-
bia Spur-gears, The design gear ratioa installed produced a theo- -
retical atep of 0,09817 in. per impulse,
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The cross-carriage was mounted on the main frame in a similar
nanner to that Previously described for the probe carriage, Again
four 5/8 in, ball-bearings served as wheels and lateral supports.
Small teflon blocks attached to the ends and underneath the cross-
carriage served to hold the ¢ross-carriage down on the main frane. A
ijpoaition uni-directional impulse motor (shown in Figure 6), mounted
at one end of the Cross-carriage, served as the stepping mechanism for
‘the cross-—carriage, The motor shaft was connected by spur gears, and
a drive shafi along the crosa-carriage, to spur gear racks attached
to the top of the two sides of the main frame. The design gear
ratios, which were again changeable, produced a theoretical step of

0.69817 in., le. the same spacing as that of the Irobe carriage.
3 The main frame itself, consisted of fowr 1% x 14 x 1/8 in. alumi-
" nium angle sections welded to form a 31 in. internal square, The legs
"were 6 in, lengths of 3/8 in, aluminium round threaded over the top

3 1n..to enable levelling of the micro-relief meter, In later use the
legs were replaced by f in, stainless steel round to reduce vibration
"and provide added solidarity, . o .

' - Detalled procedures used in the calibration of the micro-relief
moter are presented in Appendix A. ’

Electronic Control of the Micro-relief Meter,

" "Control and operation of the micro-relief metor was effected

N thrdughidlxect connection to an analog-hybrid computer, A patched
program, presented and described in detall in Appendix B, sequenced and
transmitted impulse signals, of 3.6 volts and selected duration, to
oach of the three impulse motors and the 1ift solenoid, However, due
to the high output impedanca of the aignal source and the necessity
for 24 volt motor opefation. the electronic current gain and switching
ciréuit.ahoun in schematic form in Figure 7, was required as an inter-
mediary between the computer and the motora,

_ The LVDT primary voltage signal was Frovided and the output
signals converted to a current output by an associated demodulator unit,
Conversion of the current output to a floating voltage with low pass
'filtér;ng was accomplished by the circuit presented in Figure 8, This
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" Figure 7. Schematic diagram of electronic ewitching
ecircuit used in operation of micro-relief
neter (one of four identical circuits)

‘ = - TO ANALOG
. " . PRIMARY A.C. COMPUTER
TO LV.D.T MX 1 GRD
SECONDARY s I ’ 5100 10000
FROM LV.D.T. = AMA—— | OW PASS
DEMOD.| FLOATING D.C. IOpF | |FILTER
SECONDARY; o— CURRENT L_.{ -
* FROM LV.D.T. OUTPUT

Figure 8, Schematic diagran of intermediate link between
the LVDT and the anzlog-hybrid computer
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voltage signal was conveyed by shielded instrumentation lines to a
digital voltmeter in the analog computer and the voltage reading asso-
ciated with each elevation written on magnetic taps. Each reading
consisted of a 6 charscter field, viE, a sign plus 5 digits represent-
ing volts to 4 significent dlgits., Error analyses associated with
the calibration of the micro-relief meter are presented in Appendix A.

Each sampled area consisted of a square grid of 240 by 240 evenly
spaced elevation values. The theoretical aproing of individual grid
points was 0,09817 inches square giving overall sampled areas of
23,464 inches square,

" Error Analysis

Calibration errors assoclated with peczsurements obtained by use of
the micro-relief meter are pmsenied in Appsndix A, However it was
also deened necessary to obtain an estimcte of the operational error
and to assess its structure,

Following a full test run (position 1 on Bed L), the cross-carriage
was reset in the initial position and the first 20 rows re-recorded.
This particular position was selected due to tha extreme unevenness of
the terrain (as shown in Figure 12), and it was thus considered that
such a test would provide an extreme evaluation of recording errors.

Differences between the sets of readings were obtained on a row
basis and the average difference, average abaolute difference and
standard error of the differences assoclated with each row computed,

In addition the sequences of differences from rowa 3, 4, 15 and 16 were
individually subjected to linear spsctral analysis.-

The row values obtained are pressnted graphically inm Figure 9
together with the overall valuea on the ordinate axis. Row standaxd
error values showed no trend and remained close to the overall standard
error values of 0,0148 in., The average difference valuea indicated
that the firat replication values were generally higher with a slow
downward trend occurring through the first ten rowa. This effect was
probably dus to the disturbence of the inatrument when manually
resetting it prior to running the second replicatlons it is in the
oppoaite d:lracthh to an effect caused by a settling of the inatrument ,
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FMgure 10, Corperison batusen error and record:d epeotrs
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or the allowvance of an insufficient wara-up period for the demodulator
prior to recording.

In general the ovarall stzndard orror of 0.0144 inches wes ralnly
attributable to the occurrence of a few large difference values of the
order of four to six times the standard error, These differences
' likely occurred in recording on particularly steep-sided sand grains,

' Rach of the four sampled line spectra exhibited the flat spectrum
of a random process and it may safely be assumed that the row differa-
ence values possessed no correlations, Recording errors may therefore
be assumed to have been evenly distributed over the derived two-
dimensional spectra. Two of the four difference spectra are presented
in Flgure 10. = Also presented, for comparison purposes, are the aver-
age spectrn for Bed 3, position 1, and Bed 4, pouition 1, collapsed’
Anto row spectra,

" The Rainfall Simulator

* The rainfall simulator has been described in detail by Das (1970)
ard Kundu (1971) both of whom previously used the same apparatus, = For
this reason only a brief description of pertinent aspects of the equip-
ment 1s presented herein.,

 For the purposes of the present study the 14 ft. square flow bed
was divided down the center and only one section (as shown in Figure 1)
used, In addition the overland flow pipe, at the upstreanm end, was
sealed off on the unused section and & polythene cwning was suspended
beneath the rainfall modules to 1ntercept rainfall and return tho water
directly to the sump,

" Basically the rainfull simulator consisted of an outer frams which
encompassed, and from which was suspended, a block of rainfall producing
modules above a slope ad justable flow bed. A runoff collecting tank
was suspended on the outer frame at the downstream end of tha flow plana,
The block of rainfall modules could be raised, lowered or tilted using
four independent electric motors, one of which was located at each
corner of the rainfall mcdule frame, The flow plane was suspended from
the outer frame on four aluminium rods and could be ad justed to have a



slope of from 0 to .05 ft./ft, Two pairs of strain gauges were
mounted on each rod to obtain a temperature-componsated bridge sensi-
tive to axial loads and insensitive to bending, The welghing tank
was suspended from the outer frame on two cantilever beams on which
pairs of strain gauges were mounted. A constant current powor source
was uzed to energise the strain gauges with the Wheatstone bridge net-
work of the flow plane strain gauges serially connected to those of
the collecting trough, Two low-level voltages signals were then
available, vis, one from the combination of the four flow plans moni=-
toring networks and one from the combined effect of the collecting tank
‘gauges, Each of these two signals were transmitted over shielded
lines to instrumentation amplifiers in a remote analog-hybrid computer,
The bed load signal was then amplified by a gain factor of 4000 (as
shown 1n the analog section of Figure D-1) and passed through a low-
pass filter having a time constant of 1/100 second, The collecting
trough signal was amplified by a gain factor of 200 and filtered in the
same manner as that of the bed load signal. The above two signals
were then available for analog-to-digital conversion on multiplex
channels M10 and M8 respectively, and as analog signals on lines 3 and 1
ranpectivoly._

. The mass runoff signal was also used, after further low-pass
filtering through & 1 second time constant filter, as the input to an
electronic differentiator. This urﬂesiz:ahiy heavy filtering was
necessitated by the extreme affact of sven a small noise-signal ratlo
in the original signal on its derivative. However, since the main
bbjcctiva was to examine steady-state conditions the time-lag effect
created by the filter had little relevance, The derivative, or runoff
rate signal, was then available on multiplex channel M9 and Line 2,

- Lines 1, 2 and 3 relayed the respective signala back to the labora-
tory and were used as input to a strip chart recorder. This enabled
f:ontinum_m nonitoring during the running of hydraulic tests,

Procedures used in calibrating the bed load, mass runoff and run-
off rate signals together with the assoclated error estimates are pre-
sented in Appendix C,
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. Operation of tha_ Rainfall Simulator

As described in Appendix D, the oporation of the rainfall simu=
lator was uni-'automa.tic. lotal controls were used to ad just the
helight of the rainfall modules above the flow plane, change the slope
of the flow plane and gelect the combination of rainfall and overland
flow rates portinent to a particular test,

The computer logic control program which controlled the operation
of. and data acquisition from, a particular test is described in detail
in Appendix D ’

. Esch of the 49 rainfall modules, of which only half were used in
V'this study, consisted of a 2 ft. square by 1% in. deep hollow box.
Raindrops were formed by 0,023 in. I.D. tubes glued to the underside of
‘each box at 1% in. centers. The water supply to the boxes was pro-
vided fror the sump, beneath the rainfall simulator bed via a pump and
filter, The supply line then branched into four lines each of which
jvu controlled by a solenoid valve, Each rainfall module was con-
nected to all four supply lines, water entering each module through four
noszles calitrated at 25 1b./sq.in. to produce equivalent intensities
-of 4, 1, 2 and 4 4n, /nr. rainfall rates. In addition a non-return
va.ivo vas located in a corner of each rainfall module with a suction
line leading to a vacuum pump. In operation, the rainfall module frame
~was tilted and air exhausted from the boxes, A particular rainfall
rate was selected by activating a combination of the four solenoid
: va.lv?s. Application and cessatlon of rainfall, controlled by the cbm-
. puter logic program or a local over-ride, was practically instantaneous.

Overland flow was provided by a P,V.C. plpe across the upstream end
.of the bed and used to simulate an extension of the bed length. Short
- lengths of 1/8 in, I.D. brass tubing protruded downwards at 1 in, inter-
. vals along the pipe to provide an even application to the upatream end
- of the flow plane. Water was pumped up to the P.V.C, pipa from the
aump,  Following the pump, the supply line divided into twa branches
each of which was controlled by a solenoid valve, Each branch was fur=
ther controlled by gate valves. One branch contalned a single gate
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valve while the other btranch further sub-divided into two branches,
each of which wae controlled by a gate valve, one branch having a
‘second gate valve. Selectcd flow rates of 6, 12 and 18 in./hr, wvere
calibrated using combinations of activating the solenoid valves and
fully opening or closing the second gate valve on the one branch line.

The remaining three gate valves settings were fixed to give the ro-
.quired flow rates,
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CHAPTRR vV
EXFTRIMSNTAL METHODS, RESULTS AND DISCUSSION

Fhysical ueasuroment and hydraulic test data were obtained from
oach of two bed surfaces, designated Bed 3 (shown in Figure 1) and Bed 4
(shown 1n Figizs 3). As Reviously indicated (Chapter IV), Bsd 3
consisted of an vroded sand-cement bod painted with two coats of surface
coat fidreglas., Fine grain roughnoss was therefors largely obliter-
ated, although as indicated by the sanple ares presented in Figure 11,
the bed surfaoce still retzined considerable large grain roughness. Bad
4, made from an eroded sand surface, saturated with fitreglas amd
sprayed with a light coat of surfice coat fitreglos, prezented all the
Toughness features of the original sand surfmce, A rample £rea of Bed
4 is prezented in Figure 12.

In view of the natural division of thc dcts ccquisition and ansly-
sis into two sections, viz,, ths Physical charascterisation zad the
hydraulic usacurements, sach section will be considersd separately with
reference to the inter-relationship,

- Physical Mesasurements znd Arsa Spectra

- The micro-relief meter (shown in Figure 2) was run over six saxple
areas on Bed 3 and three sampls aress on Bed 4, The areas sampled on
each of the two beda (marked in Figures 1 and 3) were 23,45 inches
square with elevation resdingz tsken at intorvals of 0.098 inches in two
perpsndicular directions. All positions, except pozition 6 on Bsd 3,
were run with the axes of the sampled grid parallel and porpendicular to
‘the sides of the bed. Fosmition 6 was tsken with the cross-carrisss of
the micro-relief meter at an angls of 45 degrees to the bod slope dirsce
tion in order to check on the divectionsl influence of orrors in record-
ing,
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Flgure 12, "Sample area position 1 on Bed 4
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For sach sacpled area the elevation deta wus reoorded £8 a voltage
reading associatod with esch grid point, zs de=tailed in Appendix B,

The voltage readings wore converted to inch resdings above an ixplied
level plane using the calitrstion data Proscnted in Appsrdix A and &
digital corputer program, presented in Appendix E. The nlovation data
were then subjected to nrea spoctral n.nﬂ.yais using the digital cozputer
Fogran xosented in Appendix F,

In view of the lerge rumbor of data valust colleoted from esch
sampled ares (57,600 data values in & 240 x 240 matrix, requiring &
conputer centrsl mecory core storzge of 176K and a time requirerent of
appoxizately 1 hour for executing the progran), it was decided to sube-
divide each sanpled aren into four (120 x 120) quadrants. The data’
from exch quadrant wens separately analysed zmd the spcotrum of the whole
sanpled area synthasized by taking an average of the quidrant spectral
estirztes. In this form each quadrant still required a central reuwmory
oore allocation of 72K for sxecution mnd an exscution tize of 82§
secornds on the Purdue University CDC 6500 digitzl computer.

A moving average filter (as described inm Chapter III) was used to
Torove trends and limit large—power low-frequeray effects in the raw
date, and thua decrsase round-off errors in the autccovariznce eatrix
conputation ceotion of the digital coxputer jrogra=, With reforence to
equation (3.6) of Chapter III, the selected filter matrix had the
properties

" o5 [r = <1,-2,0,1,2
B = 0.9, B = .0, 8= -1,-2,0,1,2 '
0,0 o r and 8 ot both 0. (5.1)

The lpcctrﬁm of this filter matrix is cyssetricel ebout ths axes,
Ons quadrent of the filter opoctrum 1s presented in Figure 13, -
lag valuec of L 20 and r-:y = 20 wore sslected for derivation of
all spestra (equation, 3.11).
In accordsnce with equstion (3.20) ard the lag selections, & U1 x
&1 matrix of spectral sstlisutea was obtained. An apnroxizate dsgrees
of freedon formuls for each spactral estimate, presontsd by Kowin et 2l
(1963)3 is .
ar, = (e =n) (o -n) (5.2)
'
By 2 |
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wherse, n, and ny-m the ruaber of dats points in ths vertical and
horisontal direction in the filtored data Estrix, In sccordance with
squation (3.7), and the magnitude of the filter EAtrix, n_ard n_ were
117 and the duzress of freedoa asgooizted with each lmtnl utzmto
of the saaple arcs qusdrant cpectra was accoxrdingly 23,5,

Confidence 1inits xsy bs placed onm the spectral estimates by ume
of the relationzhip of the distribution of the spootzral estinetos to &
f distritution (Kocin et al, 1963), vis.,

?L’%‘”‘ <r;,,,<-xl§-""] « 1-q (5.3)
- Aaf2 1af2

where )\ and &/ correcpond to @ amd f in Chapter III, q is the probability
1evel and ¥ 18 the degrees of fresdom. The 95 per cent confidence
linits on the individual spectral estimstes are accordingly 0.618 and

1.96 times their value, Using the large sauple normal distribution
‘approximation to the 12 distribution, an averaged arer spectrzl estimate
. having 9% degrees of fracdom, has 95 per cent confidence liuite of 0,875
amd 1.17 tines its value. -

Spectral contour maps were obtained on a c::.].cozp plotter for each
qQuadrant apectrum and Zor the average spzotrum of each sanple area,
using a contour rapplng mrogram presented by Turmer (1969). Sample
‘Plots are presented in Figures 14 through 23, .

The ares spectra obtained from cach quadrant of the sazpled arens
shown in Figures 11 and 12 are prasented in Figures 14 through 17 and
ngros 19 through 22 reapectively, The average rpoctrum for each
position 1s presented in Figures 18 and 23, * In all inatances tha
spootral contour levels shown havo units of 1n?/(cyc1¢ per ing.

The spactra from cll nine sanplad areas wore gensyslly elliptical

' in shape in the lowsr frequencles with the major axes of the sllipses
being aprroximztely parpandiculaxr to tha flow or bzd slops: direction
indicating a dominance of rilling down the bed slops. In the higher
frequencien the effects of instrumentation €XTOYTS, anenlns and the

natural rardomness of tha grain roughnsas conhtnad to create nsarly
airoular contours.

FUR
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Figurz 15, Contour dlagres of spectrum from quadrant 2,

position 6 on Bed 3 (upper risht-hand quadrant
of cazple sres ahown in Figure 11)
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of ranpls ares shown in Flgure 11)
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Figure 17, Contour disgram for spectrum from quadrant &,

position & on Bad 3 (lowsr xight-band quadrant
of enzple nrea mhown in Flgure 11)
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-~5'5 <=4 =3 =2 -~ 0 I 2 3 4 S
p (CYCLES/INCH) '
Figure 19. Contour diagram for apsotrun froa quzdrant 1,

pooition 1 on Bed 4 (upper left-hard quadrant
of sanple crea shown in Figure 12) }
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Flgure 20, Contour diagram for spectrum from quadrant 2,
’ position 1 on Bed 4 (upper right-hand qu..dx'l.n'l.
of sample area shown in Figure 12)
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Figure 21, Contour diagram for spectrum from quadrant 13,
position 1 on Bsd 4 (lower left-hard quadrant
of canple ares shown in Figure 12)
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‘Flgure 23. Contour dimgran for average spooctrua from
: position 1 on Bed 4
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As previously mentioned, position 6 on Bed 3 was recorded with the
sides of the grid &t 45 degress to the flow direction, prim.rily to
chock on recording errors, and this 1s :2aflected in the orientztion of
tho ollipse &xes of the spectral contours in Figures 14 through 18,

The excess of spectral powsr on the vertical axis also occurred in soms
other spectral plots of Bed 3 sanpled areas. In general the spectral
power in the higher frequencies was exceptionally low and of the order
of the instrumentation error, or recording accuracy (zs 11lustrated in
Figure 10). These contour extentions are therefors considerod to be
& reflection of instrument error probably caused by slight vertical
movenent of the cross-carriage of the micro-relief meter, Prior to
running tests on Bed 4 amall teflon blocks were added to the ends of the
. erosa-carriage to hold the wheels more firmly down in the gulde rails
on the outer frams, No spectral plots from szmpled areas on Bed %
oxhibited spectral power ridges on the vertical axis. Further consid-
eration of error in recording will be presented in the discussion of
the spectra below,

The two peaks on the horirontal axia in Figure 14, at fruquencles
of $ cycle/inch, were caused by the necessity for averaging the
ldjlcint recolorod spectral estimates to obtain the (0,0) frequency
spectral estimate, Theoretically the spectral surface is asymptotio
to the vertical (power) axis.

Ridges and troughs in the spectral surfaces may be related back
to the presence or absence of waves having a frequency equal to the
distance from the origin in the frequency plane and crests perpendicular
%o the 1line joining the point in the plane to the origin, In fact, the
spectral surfaces contain a great dezl of information, the major prohlem
being that of condensing and extracting the relevant information
required. For this reason, only the average arsa spectrum for each
position was censidersd and these area spectrs were then collapaed into
line spectra parallel to, and perpendicular to, the flow direction,

Collapsed Line Spsotra

An area apectrun may be collapasd inte a line spsctrum using the
relationship,
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@
) = [ 2(uv) av (5.4)
_where u,v are the p-g)rp'emuouhr frequency axes. In dizcrets fornm, in
practice, the line spectra may be collapied onto the horisontal or
vertiocal frequency axes of the area spectrum by use of the formula
. A R
g AHE L vg ) xgx ' V2R

where A, 1s the Nyquist frequency or nx/(Zn + 1)Ax in conformity with
Qqustion (3.20).  Interchange of A and ¥ and, Zy, and m, enables
collapse of the arsa spectrun onto the other axis. Similarly collapee
onto any other axis through the frequency origin may be accomplished,
although the degrees of freedom for each apectral estimate will then
decreass with increasing frequency and the computation, sxcept along
the 45° 1ines, becomes considerably more difficult. - -

Collapaed line spsctra for Bed 3 are presented in Figure 24 (down-
slope) and Figure 25 (across the slope). Bed 4 line spectra are
presented in Figure 26.

Confidence limita placed on the line spectra, in a similar mannsr
to the area spectra, discussed above, had 3854 degrees of frcedom
assoclated with each apectral estimate from the averaged area spectra.
For this reason the curves were exceptionally asmooth. The 95 confi-
.dence limita are 0,978 and 1.023 times the spectral estimate.

Dlzcussion

A commonly used mossure to parameterise a line spectrum is that of
an "average" wvavelength obtained by division of the sero moment (Mon,)
of the positive frequoncy section of the spsctrum by the first moment
(Honl) - Por the 1line cpectrz presented in Figures 24 to 26 the analy-
sis. lesds to the data presented in Tabls 1.

In terms of the area spectra the vzluss in Table 1 reflsot the .
‘moments of the spactral surfoce about the horizontal and vertical axus,
The ero moment 1s the volume bsnsath ths gpectral surface on a half-
plane of the frequency domain, 1.¢. one-hzlf of the variance of the
filtered data matrix, The firat moment of the line spsctrum on the
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vertical axis is identical to the first moment of the spactrel surfaoe
in the upper helf-plens about the horirzontal axie, and vice versa for
the horicontal axis 1line spectrun, , Longuet-Higgins (1957) presonts an
extension of the moment concept to the theoretical derivation of
measures of ellipticlty or long-crestedness of area spectral surfaces.

Table 1. Moments of line spectra

Bed Yertical Axis* Horis, Axis#*
Surface Fosition H“o ) Hon1 "A:;‘z,':fo" o "A::::?
) "‘) (1n.x107%) lemgth (1n.x107%) 1lensth
{1n.“x20 . (in.) = )
Bed 3 1 7.63 2.37 3.22 1.26 2.%
Bed 3 2 6.10 2.03 3.00 2,57 2,38
Bed 3 3 17.40 4.9 4,08 6.06 3.14
Bed 3 4 18,07 ‘4,18 4.2l 6.03 3.00
Bed 3 5 7.01 3.02 2.33 3.62 1.96
Bed &4 1l 1442 6.6 2,22 8.94 1.61
Bed 4 2 9,61 7.58 1.27 8.98 1.07
Bed 4 3 14,95 7.04 2.13 9,46 1.58

# Vertical axis refers to downslope spectra while horisontal axis
" refexrs to cross-slops spectra,

However in considering the usefulness of the moment concepts, or
any other parametric description of spactra, a number of practical pro-
blems assoclated with the data acquisition aml anilysis merit.atten-
tion, In practice the tasic data is acquired in the form of discrete
sanpled points, The necessity for ucing & high-pssa filter on the
basic data matrix (as discuszed in Chapter III) resulis in & loss of
information in the immediate vioinity of tho frequency origin. Kosin
et a} (1968) estimated for their data using a similar filter, that
spectral estimates in the lowsr 12 per cent of the frequency axis are
unreliable duc to round-off crrorz inm cosputation in recoloring tha
spectrum. The valus of the area apsctral estimats at the (0,0)
{requency level is therefore somswhat arbitary as raflected by the
declination of the horizontal axis lins apectra toward tho spectral
power axis, Since the “average” wavelength determined by mouents is
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of low frequency, its value ia strongly depandent on the filter
selection and the handling of round-off srrors in the computation.

Additional influences on the spsctral estimates are thoss of
recording errors in acquiring the basic dste, and allasing, Recording
errors arise from two sources vis,, the error in the reading itself and
exrrors in placement of the recording probe, Allasing reflects the
power of frequencies higher than the Nyqulat frequency which are folded
tack into the spectrum in the form of added power and is essentially
caused by the need to record at discrete intervals, whereas the ground
surface contains frequencies higher than the Nyquist frequency.

. piscussion of the relevance of Figure 10 (page 38) was deferred
until the present in order that it may be viewed in tcxms of the de-
rived apectral estimates., The calibration error, assumed random, is
essentially that of instrument non-reproducibility, neglecting place-
ment errors. The calilwation data, presentsd in Appendix A, may be
related to the 1ine apectral plots by assuming random spectral power in
the Nyquist interval, The calibration data then plot as lines of
constant mpectral power at ons-tenth of the variance, vis,, .oumo'6
1n.3 for CAOL and .018x10~51n.2 for CAO2,  The difference spectra,
‘obtatned by re-running a section of a sampled area on Bed &, reflect zn
estimation of the reading amd placement error. These spectra are
essontially level and independent of frequency indicating random errors,
and having average spectral power of 21»c].0'6!.n.3 and 19x10'61n.3 .
However these spectrszl estimctes are considerably inflated due to
aliasing. The true spectrum for the differences, if the aliasing
could be removed, or folded-out, would bo much lowor and 1ikely indicate
increasing power with frequency to well bayond the Nyquiat frequency.
Placement error due to deflections of the recording rrobs is considered
4o account for the large incremse in pouwer in the difference apsctra
ovexr the caliltration error spectra. :

Bed U contained considersbly more grain roughneos than Bed 3 (aa
11lustrated in Figures 11 and 12)., Probe deflection 1a tharefors
consldered to have been less esavere on Bad 3 and a difference spectrum
nRYy bes expected to have bean much lower thin those obtained on Bed U,



The Bed 3} 1ine spectra are therefors not constrained to 1ie above the
Bed 4 difference mpectra.

O0f mrimary concern, however, is the power of tha differemce
spectra which is of the order of the recorded spectra at the Nyquist
frequency. The spoctral estinztes therefore are nirkedly influenced
by recording error in this region. The higher spectral powsr at the
Nyquist frequency for Bed 4, over that of Bed 3, is attributable to .
incressed grain roughness in association with the instrument recording
OITor.

Fitting a suitable descriptive parsuetric rodel to the area spectra
would be a major undertaking and was not attempted in this study.
However certain pertinent features exhibited by the area spectra are
worthy of note. The spoctral contours were ellipticsl in the lower
frequencies with the major axes of the ellipses gensrally aligned
perpendicular to the bed slope. In the line spectra this is evidenced
by & more rapid declination of the vertical axis spoctra. In addition
the line apectra for each bed surface tended to bunch with the Bed 4
l1ins spectra having a lesser slope. With reference to Table 1, the
above variance or gero apectral moment appears to be indicative of the
existence of large deep. rills. Fositions 3 and 4 in the center of Bed
3 (shown in Figure 1) each included a large deep rill while positions 1,
and 5 in the lower section of the bed surface and 2 and 6 in the up-
atream section were relatively free of large rills, No large dominant
rills existed on Bed 4 &nd positions 1 and 3 (shown in Figure 3) were
generally representative of the bed surface. Fosition 2 on Bed U4,
salected specificlally for its lack of rilling in any discernable form,
exhibited a lower variance than either of positions 1 or 3.

No positive concluslons can be made concerning the inforwation
obtained from the spectra. Howaver, bearing in mind the limitations
imposed by the recording accuracy and the filter characteristics, the
following general comments appaar worthy of note, with referance to the
data presznted in Table 1 ‘

(1)  larger variance or sero moment (Mon) values were Associ-

ated with the occurrence of both large rills and increased
grain roughnezs,
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(1) WNithin bed variation in variance waz large and strongly
depondent on the position of the sanple ares. The zero
moment values from Bed 4 mample areas fall within the
range of tho Bed 3 values, As expacted, variance alone
does not indicate the nature of the surface roughnesa in
terns of hydraulic considerations., Grain and form rough-
neas combine in influencing the variance,

(111) The ratio of the “average" wavelengths of the cross-slope
to downslope directions lay in a range of 0,70 to 0.84
with the Bed 4 values again lying within the range of the
Bed ) values, Presence or absence of rilling was not
marked in its effect on this.ratlo, for the two surfaces
tested,

(iv) The only marked difference between the sets of 1line spectra
from Bed 3 and Bed 4 were in the slopes of the spectra.

- This 1s evidenced, by the weighting effect in the first
' moment, as shown by differences in Bed 3 and Bed 4 line
‘spectra Honl’ values in Table 1. A simllar effect could

have been obtained in the slops cosfficient of a linear
‘relationship betwaen the logarithm of spectral power and
the logarithm of frequency as suggested by Kosin st al
(2968).

Hydraulic Tests

A randomized factorial design was used in running the hydraulic
teats on each of Bed 3 and Bed 4, . Two aequﬁntiul replications wers
Tun on each surface at four levels of rainfall rate (0,2,% amd 6 in/hz),
four levels of upatrm Tlow rate (0,6,12 and 18 in/hr.) and five slope
levels (1,2,3,4 and § ft/ft). Troatments were sepirately randonisad
within each replication.

The ratnfall and upstream flow rutes Were caliimated and each
hydraulic test run under control of an analog~hytrid computer, as de=-
scribed in Appendix D,  Prior to each teat the surfsca retention was
satisfied and an averaged bsd walght then uaed as a bass for calcu-~
lating detention storags. Thrae voltags levels represanting masa
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runoff, runoff rcte and detentlon, calitroted 28 describsd in Appendix
C, were recorded at 1 secord intervals, For trestaent levels which
included both upatream flow amd rainfall, & scoonil steady state comdi-
tion with rainfall or overland flow alono was used to zsparate out the
gonponont values of rainfall and upstreaa flow for that particular teat,
A digital computer program, used to analyre the data from each test,
together with a sample print is presented in Appondix G.

Hydraulic Regrescion MHodel

The hydraulic regression rodel used was of the saxe fora as used
previously by Kundu {1971) and assumes a aimplified trcpezoidal shepe
water profile, vis,, ) w

v L (s6)

_ "D = a8
_where, D = detention (in,)
8 = slope (ft/ft)
Q = discharge mid-way down the surface slope (ia. /nr.)
= (1/2 + Q)

1 = rainfall xate (in./hr.)

. " 'Qu = upetrean flow rzte (in./hr.)
uxi. a,b,c = fitted parameters,

2 The form of the model conforms to that of the commonly used
uniforn flow equations of Chezy and Manning, generally assumed in
relating depth to discharge in applylng the kinemstic wave method.
Detention alone is used as a dependent varizble since the addition of
retention storage would invalidate the model under serc flow condi-
tions, : .

“Two estimates for rainfall rate and upstreaa flow rats were availe
‘able from the analysis of each test, vis,, those of tha averaged value -
of the analog differentiator signal snd the least square slops of the
digitised mass runoff signal. The couputer progran esented in
Appendix G calculated both values over 20 stecdy statn reedinga. The
standard errors assoclated with each estimate of the runoff rate, aa
presented in the sample print in Appendix G, were those of the individ-
val data values for the averaged runoff rate signal and the slope of
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the regreesion line for the least squars fit value. Tha averaged run-
off rate cignal was used in ths regrezeion madel eince its caloulstion
‘imcorporated Chauvenet’s criterion (Holman, sccording to Kundu, 1971)
which rejected zpuriously high or low data valuss. The detention
values at steady state were siailarly subjected to this criterion,

A non-linear regression amlysis, using the full set of data from

both replicatlons, to fit the nodel of oqustion (5.6) resulted in the
Telationships,

D = 0.00397 Q' 517 g=.5%0 (5.7)
vith an K valus of 0,992 for Bed 3 date, and
D = 0,014 Q2 g™297 (5.8)

mh u.h az value of ,978 for Bed U data, A graphical presentation of
the data values and regression relationships is given in Figurcs 27 and
28, . . ' .

Retention - Slope Relationship

‘Vo.ln_i- of surface retention at .005 ft/ft incrementa of slope
between .01 and .05 ft/ft were obtained from aversged bed load readings
and the rass of water collected in the runoff trough, Two sets of
readings were taken for each surface and exponential descay sodel rsla-
tionships fitted by non-linear regrezsion analyeis., The fitted
regression squations for retention in inches and slope in ft/ft were,

" Retention = 0.249 o '1605 - (5.9)
for Bed 3, having an Rz value of .986, amd

‘ Rotention = .057 ¢ L% (5.10)

for Bed 4, with an Rz value of .935. The data values and rogrescion

1lines axXe presented in Figures 29 ‘and 30,

" Discussion of Recoxding Errors

The regression equations obtained siaply recpresentzd a least square
% of the data and any statlstical inferences concerning the -variables
in the regression equations would requira &n agsunption of hozosced-
asticity, 1i.e, hoé-og.enoouu variance, of the errors, A set of correla-
-tion tests, run seizratsly for each replication within surfaces,
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indicated a highly significsnt (1% level) positive correlation to oxist
between the variance of the runoff rate viluss as recorded and the
values thenmsclves for all four data sots.  Sipilar tects on the detene
tion values indicated a highly significant (1% level) postitive corre-
lation to exist between the detention valuss and the variance of their
estimate for both replicctions on Bed 3. Bed 4 values were not Big~
nificant. Due to these correlations between the magnitude of the
values anl ths variance of their estinate, no attempt is made to postu-~
late the distribution of the rumoff rate and detention recording
orrors, Table 2 presents the mcdian and meximum values for the stan~
daxrd error of the runoff rate and detention values ss obtsined from the
mean of 20 steady state values from each test., The exact number of
spurious high or low values rejected according to Chauvenst's criterion
out of each set of 20 values is unknown, but could not have been more
than ohe. or two at most, in zome sets and is therefore ignored. The
effect of the calilration coefficient errors are relatively inaignifi-
cant, ’

Aaitional errors not included in Table 2 were those due to the
added forces created by rainfall impact on the rainfsll simulator bed
and runoff into the weighing tank. However, as reported by Das (1970),
these exrrors are small. Errors of more conacquence in these tests,
however, are considered to have baen croated by the neceasity for
assunaing a base level from which to calculate detention atorage. It
was not possible, in running the testc, to wait until the drip rate
dropped to gero and the detention values may thersfore be expected to
have been slightly umnderestimated with the rajor effect being at the
Llatter slope valucs,

Table 2, Hydraulic tests standard errors

Surface Replication  Runoff Rates (;n./hr.) Detention (in.)

i ] Median Maximum Medicn Maximunm
Bed 3 1 ,019 .04 .00018 00040
Bed 3 .2 ,018 .086 .00030 00047
Bed T .020 072 00043 ,00076
Bod 4 2 018 .067 .00045  .00070
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Discucsion of Hydraulie Model

The assunption of a trapezoidal average depth of flow profile down
the surface slope is not true in terms of the kinezatic wave analysic
and is conaidered a poszible cause of the cyclic tremis exhibited by
the data vzlues in Figures 27 and 28, Each oyocle was associated with
& fixed lovel of upstream flow application. - Similar cycles ocourred
in the data presented by Kundu (1971) using the same model. It is cone
aldered these cyclu are dus to a coabination of added flow resistance
due to raindrop inpact and a shift in the average depth locztion,

- The regression model is postulated in the form of & uniform flow
equation of the type, ;
Q= ayt . (5.11)

- 4n uhich q 1- the discharge in cusecs per ft. width, y the flox depth
in ft., and @ and m are paraneters. Written with depth as the depen-~
denf.. v&iuble Chezy'a cquation for turbulent flow in a wide rectangular
channel is, . ;
o - Q!.66 . 0.157 %.66 I‘.66 f.33
M R

uhora. Y 13 nou depth (ft.), Q¢ the dischsrge (tt. [sec.), L the 1ength
of flow plane (ft.), S the alops (ft./ft.), and C and f are the Chezy
AM Ducy-Heh&.ch friction factors, Under lanminar flow assumptions
-equation (5.11) s

.12)

y = 0.0002 qg' )2 1+33 g~ 33 (5.13)

On a comparctive basls equations (5.7) and (5.8), the denvod
Tegression equations, bscore
| 4 = 0,0825 Q' 317 g5 (5.24)
for Bed 3, where d is detention in feet and Q,and 3 are as given atove,

Rmach T4 = 0,219 gt 1 gm297 (5.15)
" for Bed 4, | :

The two regression relatlonships for Bed 3 end Bed # exhibited a
close similarity in the discharge indox, which in terms of squation
(5.11) results in a valug of = apmroxinately equal to 2. v

In terms of the laminar and turbulent flow esquations (equations
5.12 and 5,13)end asouaing y is a linear function of d, this rerveaenta
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conditions 1ying between laminar and turbulent flows. A value of
n=21ig commonly used in applications of the kinematio wave theory,
hued in part on simplicity of use and partly on rescarch resulte,

The large velue deperture of the slops index for the Bed 3 regres-

- slon relationship, equation (5.14), is not explsincble in terms of the
laninar and turbulent flow equations glven atove, in both of which the
- @lope exponent is 0.33. The slope index for Manning's equation is
'0.30,  However ss presonted in Chapter II, Parsons (1949) reported a
slope exponent of 0. 55. .

Purther consideration of the basic aasumptions concerning the rels-
tionship betwsen 4 (the average flow depth defined on a volume per unit
area bteeis) and y (the actual flow depth), indicates that 4 and y are
oﬁulnlont only Af flow depth ia conatant over the ares., A simple model

of a plane surface having all flow confined to a single triangular chin-
" pel results in d proportionmal to yz. - Thus variation in the Q and 8 ex-
ponents. from tha laminar and turbulent flow exponents zzy be expected,
since d' ia a function of a power series of y values.
- Converting both equations (5.7) and (5.8) to units of slope S

L

[ ]
“4n per cent, results in : P
S 4 e o0V s;°53° L (5.16)
for Bed 3, and g s Ll
RN a = .03 32 g =27 (5a7)

for Bed 4, indicating a virtually identical detention-discharge
relationship at the 1 per cent slops level. Kundu (1971) included an
-extra variable, vis., the exposure parameter, E, in his hydraulic model
- for shallow flow over rough plans murfzces. It was thorefore not
.p_o-a!.hla to rerove the effect of the B value from the general noa_&o].
! ufolentod in Chapter II, in which detention 1s also defined differently,
Howover_ an approximation for his first surface model, in which E was
- small and therefore often conatant, ylnlded the relztionship,

4 = 0,005 g'® sx,"23 . (5.18)

No positive comclusions can bs prezented, in the abaence of re-
running the data obteined by Kundu (1971), to exclude the E parametsr,
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Howevor mome general odeervstions appear worthy of notes

(1) A comparison of equations (5.16), (5.17) ama (s.18)
. indicates = relatively constant exponont on the Q value,
- (11)  The effect of hydraulic roughnosa appsarod in the
_ " exponent on tha slope variable,
" (112) The slope exponent appoaxs to increase in absolute value
" with docrezeing grain roughnses and incrossing fora,
. ‘4.0, greater channsl efficiency,

It hu not been possitle to obtain a ainple hydraulic model to
thtorot.lcn.lly explain tho above observations, and in the abconce of
nore extensive data ro definite conclusions can be presented, However
"’ & goneral model of the fora,

4 = .00 q" ' . (5.19)

S .ll lusgeltod. in which x is & function of grain and form roughne:s,

: 1mmln¢ with an incrense in hydraulie officlency. 1In terma of the

_. discusaion of the axes spectra, in the previous section of this
Chapter, a suggested form for x is )

x = o '—;‘it.l (5.20)

. 4n which f.h is the "average" wavelength perpsndicular to the flow
direction. The suggested fornm for x is therefore snelogous to the
exposure parameter, K, discussed in Chapter II. The Hozoi value
reflects a ‘measure of grain roughness, while Eh reflocts a uezsura of
the dhtr&butlon of the roughneas effect,

: The crous-slopo “avercge” wavelength is suggested in prefersnce
'to the downslope value in apite of the lack of any discernablo
variation in their ratios betwesn Bed 3 and Bed U4 data. The reason
for the cholce of the cross-slope direction is that it more logically
resents A izeasure of fora effscts and thus relatess directly to the
dncusa;on above concorning the relationzhip betweén d amd Y.



CHAPTER VI

SUMMARY AND RECOMMENDATIONS

A technique was developed for stabilising an eroded sand surface
on the bed of & rainfall simulator for later study of the physical
oharacteristics relating to hydraulic roughness, laminating resin
fitreglas was used to fix the samd layer and surface coat filregles
sprayed on ths surface to ensure impermeability.

.Two eroded sand surfaces were tested, vis,, Bed 3 made from a
. sand-cement mix and Bed L using the technique described above.
' A micro-rellief mater was conatructed to operatea undoy control
of an analog-hytrid computer ard record surface elevations on the
stabllized bods at 0.098 in, spacings over 23.46 in. square sanple
areas, Area speotral anzlysis was applied to the elevation
veadings., Differences between the surfaces was evidenced mainly in
the gradient of the spectxral surfacss,

Hydraulic tests on each surface were run in two serarately
z‘ind.onind roplications of a factorizl design. Four levels ecach of
rainfall and upstrean flow rate aml five levels of slopa were applied.
Regrecslon equations were obtainad, in terms of a uniforr. flow model,
fron stezdy-state conditions on each surfice, Tha difference in
hydraulic bohaviour of the two surfaces was evidenced only in the
exponent on the slope teru in the regreszion equation.

The following recom=endations are prescnted in relation to
future study

. (1)  The area speciral analysis computations require
& oconsiderable tima asllocation on a digital
computer. It 1is suggeated that for futurs use
the frogram bs re-written to utilize the Fast
Fourier Transfora Technigue,



(11)

{111)

”

In relation to hydraulle roughnoas of eroded surfaces
it 1s suggestod that single cross-slope line spectra
be recorded at close spacing with low tolernnce on
probe placement, Longer linss may sconomically be -
anilyzed and undesirzble filtering effects decreased,
An improved hydraulic model incorporating a non-linear
water surface profile and subsequent determination of
tho average depth position should be developed.
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. " APFENDIX A
" CALIBRATION OF THEZ MICRO-RELIEF METER

_ The micro-relicf meter dazcribed and recented in Chapter IV was
calibrated on a lavel block of polished martle. Calilretions were
carried out prior to use on each of Bed 3 and Bed 4, These cali-
trations established the relationship betwesn position on the LVDT
probe and voltage output froz the demodulator circuit (skown in Figure
8). and the position correction required dus to imperfections and
. deflections in tho component support members. In addition adjustzents
to the micro-relief meter were carried out prior to calitratiocn and at
iogulu intervals between periods of use to ensure the components parts
Were in correct alignnent,

Yoltage-Rlevation Calitwntion of the LVIT

The micro-rellef meter was lovelled in a position such thst the tip
of the probs, in fully extended position, rerained above the lsvel of
the tatle. A milled plexiglas step block vith step hsights of 1/10 in,
(+ 5x10 3in.) wzs then used to obtain 10 sets of voltage-elevation
calitration data values by reading alternately in increasing and de-
oreasing elevation directlons. The probe carriage reomained in position
and the ctep block was roved to procludo confounding with position
A'vu'htion. :

. Two seta of calilration date (coded CAOL and CAO2) taken mrior to
“use of the instrument on Bed 3 ard Bed 4 roupecttvoly. are recconted in
© SuEmary foram in Table A-1, A four-digit IVN was used to record tho
voltace values.

The lack~of-fit standzrd error, obtained from the pooled sum ot
the variances, rejscting the extreze vslue boyond -2,.5velts in sach of
CAOL and CAJ2, was .00064 in. for dats sat CAOl and 00042 in. for data
set CAD2, The decresscd Tangs avidenced by set CAD2 was dus to modi-
ﬁcatlom to the equipment which izmproved rellsbility perforaznce at
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Teble A-1. Voltage-clevatlon calitration data foxr LVDD

Blevation . Gl , er02
::ob;o Voltage (10 sets) Voltage (10 mets)

. * )

: Aversge  Standand Error - Standard Error
(n.) Volts in. Average Volte in,
50 2,187 .0018 .0009

. 620 1.961 0022  ,0010 1.717 .0007  .0002
70 1,760 0015 0006 .42 ,0012  .0004

_ «8% 1.476 .0008 .0003 1,086 0011 «0003
9% 1.133 .0011 0003 652, 0006 .0002

1.0 0.772 ,0006 .0002 2435 .0011 .0003

101” oko33 .0015 . -.1631 .0012 UMB

1.2% .0383 .0007 0002 -, 5892 0010 »0002

1.3% -.3378 »0012 .0003 =1.071 «0019 <0004

1.4% =, 7191 0041 +0010 =1.447 .0027 .0007
1.5% =1.129 0022 .0005 -1,808 0014 »0004
106” -1. 5” .0010 .0003 ‘2-113 nw19 um"
1- 7” -10891 . 0013 . «2 . 3‘” .0015 . 0006
.83 2,184 .0015 .0005 =2,577 20052 +0025
1.930 2,439 .0022 .0013

- 2,030 =2.513 0064 .0086

-The conversion of standard exror in volts to equivalent inchea was
- made by use of numerical differentiation on the data act.

seis of calitwrction data ars 1llustrated in Figure A-1.

The two
The diffar-

snce in alopa between the two calitrution curves 1z due to a difference
in uttingl on the demodulator unit.

Calilration results indicsted sn inhersnt non-linear behaviour in

the LVIT which was perticularly rarked bayord the nominal 1 in. range,

Sinca 1t was desirzbtle to extend the uszable range beyord 1 in., and no

-simple equation could be found to acourately fit the calilration Bet,

conversion of recorded data (progrsa CONV - Appendix B refers) was
accomplished by linear interpolation.

The extreme valuas of data set CAOL indicatoed a narked quadratic

effect and an error analysis was made to deterzins the maximum differ-

snce obtained by conversion using linsar interpolation as againat the
use of a quadratic equation fitted throush each set of three extrons
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points,
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Tha anslysis is presented below using the technique of

lagrange interpolating polynomials (Carnahan, Luthor and Wilkes, 1969),

(1)

(11)

For thy data set (V,E1) of (1.760 , 0.7%0), (1.961 , 0.6%)
(2,187 , 0.530) the interpoleting polynonial im

Rl = 1.238 - 0.1437 V - 0,08228 V2, (A1)
A linear oquation fitted to thc two extrems (latter) points
&ave,
Bl = 1,59 - 0.4866 v, (a.2)
By subtraction, deviation
AEL = 0.08228 v 4 0,329 V - 0.7565, (4.3)

M'oqum_ng.:T (aB1) = 0.1646 V + , 329,
to sexo gave the maximun diffexence at V = 2,084, Fron
equation (A.3)

AEl = ,00078 in.
This value w2z clcse to the estimated error of calitration
and & linoar interpolation was therefore considered
adequate, -
In a sinilar msnner, for datse zt the other extreas of the
range, the maxinun difference btatween a quadratic equation
through the sxtrens points and a linear interpolation on
the two extreme points was 0.00% in, In terms of an
estizmate of overall accurccy, discussed below, this value
wvas relatively high and for this reason, readings betwoen

=2.439 volts emd -2,%513 volts wers converted to inches by
-use of a quadratic equetion through the three extreme

points, -

Cnuhﬁ.uqn Set CAD2 exhibited & smaller non-linsar effect at the
oxtremes and the use of fitted quadratic equations wvas not warranted.
Linear interpolation was however again employsd in using this cali-

ration set,

. Callbration for Effect of Probs Toaition

The ucio;relipf motor was laevelled in a position such that the
VDT probe was in close proximity to its null position, This was to
ensure the »ost linear response, A sst of readingz was then taken at
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‘5AB CONTOURS GRID CALIBRATION 6CI

L) # & N S (1,241)

(2a1.1) - ~ - (241,241)

F‘igure A-Z. . Contour map showlng position displacement below
; " a level plane obtained from calibration set GCl1
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=

(24|:l) - o (24,24)

Figure A-3, Contour map showing position displacement below
& level plane obtained from callbration set GC2
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- each 24th position (spacing of 24 x 0,098 in.) along amd perpondicular
to tho croce-carriage, An 11 x 11 matrix set of position effect
‘readings then sampled tho poscible sct of 241 x 241 data resding
positions,

- The micro-relief meter was ‘troken-up', re-lovelled and a second
set of readings teken at the sane positions.

In analyeing tho data the reading at the atarting position (1,1)
was subtrected froa all other values for each set, average vilues
obtained for each position, and an associsted standard error caloue-
lated,

The above procedure was carried out prior to use on each of Bed 3
and Bed &, The standard error associated with the grid calitration
used for analysis of data obtained on Bed 3 was 0.0016 in. This cali-
tration set was densted as GC1, and is 1llustrated in contour form in
Figure A-2. A position culitration was agsin carricd out prior te
reooxding data on Bed 4, This set was denoted as GC2, had an associ-
ated standard error of 0.0013 in. and is 1llustrated in contour form
in Figure A-3, Thess values included the effects of error due to
instrument repsatability, which however was relatively nagligible at
the null point, These position caliltration errors then reflect a
‘measure of the ability to level the inatrumant.

.- Position effects tended to be relatively large in relation to tha
rangs and error of recording and were removed from a recorded data set
by using two-way linear interpolation.



_ APIENDIX B
6ERATION AND CONTROL "OF THE MICRO-RELIEF METER

) P:iot to the use of the micro-relief meter, the rainfall simulator
bed was lovelled and the instrument was set up over the area to be
mapped. The position of each of the four legs was marked on the bed
~ and holea were drilled in the center of each of these markings. A
.-1 1n. lehgth'of 1/8’1n. trass rod was glued in each hole leaving &
;hort section protruding above the bed surface, The micro-rslief
meter was then later set up over the protrusions, each of which fitted
into a hole in the underside of a leg and served to steady the instru-
ment by preventing lateral movement. The micro-rellef meter was
levelled and the probe set in position (1,1). :

. The q1cro-felief meter operated under fully automatic control of
’_;the Digital Expansion System of an analog-hybrid computer. The logic
circuit, designed to operats on a clock fruquency of 1 Kc/sec., is
presented in Figure B-1 and its operation described below.

- The loglc contfdl program, started by depressing puah-button D,
recorded the voltage (on multiplex channel MX1) corresponding to the
Frobe elevation at position (1,1), on magnotic tape as a 6 character
field representing a sign plus 5 digits (volts x 10%),  Multiplex
channel MX1 was only addressed for sufficient time to enable the ADC
conversion to be made and transferred to the data buffer. A high
signal on BBY (buffer busy) indicated the complation of this oparation
when associated with an acknowledge (ACK) high indicating reference to
the front patch panel. A write complete (WC) blip in asscciation with
_ ACK high indicated the tranafer of the reading to the magnstic tape
‘ -aM provided tho aignal initlating movemsnt of tha probe to the next

position, In general pr;nt time, between ADC ard NC blipa, occupled
‘about 12ms, but could take up to é00ma, ‘depending upon the timing and

nature of requests from priority interrupt users of the time-shared
computer system,

m— s
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Figure B-1, loglc control circuit for operation of, and recording
from, the micro-relief meter
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The WC blip activated monotimer 2 (MT2) and & 70 ms, pulse was
transmitted over trunk 1ine T2 energleing the solenoid to 1ift the
probe, During this period the LVDT signal was monitored, using an
elecironic comparator, to ensure the probe had 1ifted above a pre~
‘selected elevation. This precaution prevented damage to the probe
by precluding movement of the probe carriage, or crosa~carriage, with
the probe still in the down position. A negative response resulted
in a 2 sec. time delay, to allow cooling of the power transistor, and
vas followed by a sscond 70 ms. pulse to the probe solenoid. Repeti-
tion occurred until a positive response was obtained, The trailing
edge of the pulse on T2 activated monotimers MT3 and MT4, with the
latter transmitting a 60 ms, pulse over trunk line Th enabling the
probe carriage to mdve one position along the cross-carriage,

Monotimer MT3 controlled the time delay following the traliling
edpe of the pulse energlizing the probe solenoid until the following
raquest for an ADC converaion, This time period included the time
required for the probe to fall to the surface under the actlon of
eravity in position (1,2) and for transients in the aignal to fade,
From oscilliscope observations a time period of 430 ms. was selected.
A second reading was then recorded and the probe moved on to the next
position (1,3) as described above. An inter-record gap (IRG), occu-
Pying 250 ms., was lnserted after each 20 readings. S
"> . Following the 240th recording along the cross-carrlage, the next
pulse activating position movement was transmitted along Tl to the
cross-carrlage. The following sequence of 240 pulses were then
tranamitted along T3 causing the probe carriage to reverse direction
along the cross-carriage, .

The above sequence continued until the probe carrlage had moved
back~-and~forth along the erosa~carriage covering 240 positions of the
cross-carriage. The control program then automatically stopped on
the setting of flip-flop 6A,
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APFENDIX C©
"CALIBRATION OF THR RAINFALL SIMULATOR

Three separate calibrations were carried out on the rainfall
sinulator. These consisted of the calibration of the bed welght
aignal, the weighing trough or mass runoff signal, and the electronic
differentiator, used to obtaln the runoff rate signal. In calibrating
the former two slgnals known weights were added to the bed and weighing
trough in increasing and decreasing magnituds to incorperate hysteresis
effects, In the latter case, 1,e, the differentiator, a known ramp
lﬁput' signal was used directly on the analog computer patch panel,

The patch panel electronic circuit, shown in Figure D-1, was used
with the loglc circuit changed to cause a teletype print of the value
of the required signal each time a push button was depressed, In this
way random values were obtained,

Bed load Oalibration

Known welghts were suspended beneath the bed and on the centerline
of the section used, . Prior trials had shown no apparent relationship
between load placement and recording obtained from the summed output of
the strain-gauges mounted on the four supporting rods, However, even
placement on the centerline was considered to be the most reallatic
fn'ocedure. _

Two sets of readings were obtalned, each consisting of an in-
-ereasing and decreasing welght sequenca, Starting with a sero load,
10 readings wera recorded for each load value, A total of 40 readings
were then associated with each welght, and all readings were used in

" fitiing a regression line relating load in pounds welght to the aanpled
recorded output of amplifier A32 (shown in Figure D-1), ,

' Separate callbrations were carried out prior to rusning hydraulic
teata on each of Bed 3 and Bed 4 and tho applicable regression equation
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was used in the analysis of each hydraulic data set. Since only the

slope of the regression line was of relevance, the regression equations
may.be presented asg

Welght (1b.) = 1346.0 Machine Units (c.1)
for Bed 3, and .
Weight (1b.) = 347.6 Machine Units ©o(e.2)

for Bed 4, These regression relationships together with the average
reading at each selected welght are presented in Figure C-1.

The former relationship (equation C-1) had an associated standard
‘error of 0.67 1b. and the latter (equation C-2) 1.55 1b. .As presented
in Fipure D-1, however, the basic signal is amplified by a factor of
4000 and is thus subject to considerable noise. A check calibration
follouing the tests on Bed L produced a standard error of 1.13 1b,
which is considered to be a more realistic average error estimate.

" The bed area measured 13,854 ft. by 6.867 ft. or 95.135 sq.ft.
The standard error value of 1l.13 1b, then converts to an average depth
valua of 0.00193 in., of water over the bed surface,

" Mass Bunoff Calibration

The weighing trough at the lower end of the flow plane was sup-
ported by two aluminium cantilever beams on each of which a palr of
strain gauges were mounted, The output signal reflected the combined

-effect of both sets of strain gauges, and was monitored as the output
- of amplifier A28, shown in Figure D-1,

~ In a similar manner to that described above, for calibrating the
bed load, known weights were added to, and removed from, the welghing
trough. Again two sets of increasing and decreasing load values were
used with 10 random readings taken for each load value, i.e. & totel of
40 readings was associated with each weight.

The above calibration procedure was carried out rrior to running
_hydi'aullc teats on each of Bed 3 and Bed 4, . The resultant regression
lines are presented in Figure C-2, Only the alopea of the regression
1lines were of relevance, the firat calibration yialdi..ns

Welght (1b,) = 509.4 Machine Unita (c.3)
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with & standard error of 0.67 1b, and was used in the analysis of data
fo_r the hyd;a.ulic tests on Bed 3, The second calibration, prior to

the running of hydraulic tests on Bed 4, and used in the data analysis,
-ylelded

~ Welght (1b,) = 514.1 Machine Units N (RS
‘with a standard error of 0.65 1b,

3 (_!hangea in the calibration coefficient was due to realignment and
ad jJustments made to the cantilever beanms,

Conbining the error variances, and converting to average depth of
water on tha bed, yields an estimate of error of 0.00133 in. water.

Runoff Rate Calibration-

The differentiator circuit, associated with amplifier A6 in
Flgure D-1, was calitrated using a ramp input to amplifier Al8. The
'ravnp_input was obtained by integration of a preset voltage and &

" relationship then obtained between the voltage setting (or ramp slope)
and the differentlator output. Four voltage settings were selected
' am_' ten random readings taken at each setting with the procedure re-
. peated twice in increasing and decreasing directions for each cali-
B ‘Eratio_n.' Thﬁ resultant regression equations are presented in Flgure
- c-3. - T'he first calibration, used in the analysis of data from Bed 3
produced the regreasion relationship, :

Ramp 1nput slope (M.U.) = 0.0270 Differentiator

7 output (M.U.) ,. (c.5)
with a standard error of 0.000068 M.U, ’

In-conjunction with the mass runoff relationship (equation C-3),

Runoff rate = 0,0270 x 509 4 (1v. /sec, )/M.U.
or, in’ in./hr_. units.

" Runoff rate = 0.0270 x 509.l4 x la:zoo
95,135 x 62, >
-~ 100.2 (1n./hr.)/ﬂ v I (c.6)

Similarly, the second calibutlon. prlor to the hydraulic tests on
Bed 4 ylelded a regression equation .

anp input slope (M.U.) = 0.0275 Differentiator

output (M.U,) . (c.7):
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with a standard error of 0.000057 M,U.

* The runoff rate relatlonship, in conjunction with equation C-4,
was therefore

Runoff rate = 102.7 (in,/hr.)M.U, ' (c.8)
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APEENDIX D
RAINFALL SIMULATOR LOGIC CONTROL PROGRAM

The rainfall simulator operated in a semi-automatic mode, in that
local controls could ba used to over-ride the rainfall and overland
flow controls, This over-ride was used in applying rainfall or over-
lard flow alone following a combined application,

: ‘The control program, which operated on a clock frequency of
1 Kc/sec, ’ .16 presented in Figure D-1 together with the analog gain and
filter circuit. Activation of this program was accomplished by
pressing elther push-button D at the patch-panel or a push-button in
the laboratory. 1In practice the latter was used, push-button D being
used only in checking out the operation of the control program, Flip-
flop 3A set, followed by the on-clock setting of flip-flop 3C and the
ssquential printing on magnetic tape of the mass flow signal (M8), the
runoff rate signal (M9) and the bed weight signal (M10). Each of
thesa signals was stored at the on-clock values (at 1 ¢/sec, frequency)
in track-hold amplifiers until completion of the print operation, to
obtaln on-clock readings at 1 second intervals even if requests by
priority interrupt users delayed acknowledgement of the print requests
by up to AOOms.  The second and third ADC requests followed immediately
upon completion nf the prior request (signalled by a high blip from WG,
write complete) to prevent other slower users of lower priority from
intervening, Multiplex channels wera readdressed on the BBY {(buffer
busy) blip which simnalled the completion of the storage of the re=
queated analog to digital converslon in the data buffer, The third
BBY blip in each print sequence reset fli}i-flop 3C and the WC blip
following caused the insertion of an inter-record gap (IRC) on the
magnetic tape, Bach data value consisted of a 6 character field (aign
pius 5 digita representing volts x 103 or machine unlts x -10“). Each



103

.!-l-'“,.-—.————_—-——— —...'___....' T/H
M9
'we,i%t',lng LA i Za IS FD‘:‘Z ud
-t 100K 100K xn lopr
£ R b NP S
- qain & 200 ] 0.14¢ 1te »——‘2]“}'-—1

.....

.....

Figure D=1, Qlrouit for contrel, filtering ami recording of hydraulie
tedt data



1ok

record contained only 18 characters with & resultant inefficient usagn
of magnetic tape storage, However this system was preferred as a
safeguard agalnst a large block lons of information (p;enerally 1 PRU)
causad by occausional tape imperfections and resultant parity errors.

Piip-flop JA provided the central memory control and, while set,
anabled sequential rets of 3 data valuea to be recorded per second. A
test run could be aborted at any stasie by agaln pressing one of the
‘push=buttons and causing flip-flop 3A to reset.

" Ten sets of initial data valuos were recorded (as selected on the
up-counter registers) prior to activation of rainfall and/or overland
flow via a signal on trunk line T3. Trunk line T3 went low (+3.6 v)
during rainfall and/or overland flow application and remained in this
éondltion until a time perlod, generally 130 or 190 seconds after
depressing the push-button, and pre-selected on the up-counter, had
elapsed.  Trunk line T3 then went high (O v) causing the rainfall and/
or overland flow to stop. Recording of the 3 analog signals continued
until the up-counter registered a count of 400 data sets,  Flip-flop
JA then reset, asignalling the end of the test run.
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APEENDIX. B

LISTING OF COMPUTER PROGRAM CONV

PROGRA: COHVIIIPUT,0UTPUT, TAPES=INPUT,TAPEGSOUTPUT, TAPEL, TAPEZ)

OONVERSIOI OF ELZVATION MATRIX IN MACHINE UNITS TO ELEVATIONS
IN HEIGHT ABOVE InPLIED CATUM PLANE

OUTPUT DATA FROM THE L.V.D.T. CN THE MICRO RELIEF METER IS5 RECORODED
AS NACHINE UNIT3 (1 M.U, = 18 vOLTS) IN BCD FORIM ON DIGITAL
MAGNETIC TAPE. PROGRAM CONV SEOUENTIALLY READ3S DLOCKS OF UP TO 2&
ROWS (T PRECLUIE THE WFCESSITY FOR A LARGE BLOCK OF CENTRAL MEHORY
CORE STORAGE) . EACH VALUE IS CONVERTED TO INCHES .BY LINEAR INTER=
POLATIO! ON THE LsV.D.T. UALIBRATION SET., TWO<-WAY LINEAR INTER-
POLATION IS THE! PERFONMEND ON A MATHIX OF POSITION CALIBRATION
VALUES READ ON 26 CCLUMN AND 24 ROW SPACINGS, EACH RECORDED VALUE
IS THEN CORRECTZD FCR POSITIOM.

- OPTIONS

THE FOLLOWING I iPUT=-0UTPUT OPTIONS ARE AVAILARLE,
(A) INPUT DaTA 4aY BE READ FRCH CARDS 0% 9CD TAPE (FORMAT 109)

~ B} DUTPUT GF THE FINAL OATA MATRIX MAY BE RECOROED LN BCD FORM

(ng"l' 115)y OR IN UNFORMATTED FOkM REGCRDING TWO ROWS PER
eRsUs .
(C} LINE PRINTER! OPTIONS INCLUDE PRINTS OF THE FOLLOWING,
. (1) THE VOLTAGE-ELEVATION CALIBFAVION DATA READ AS INPUT
(2} TME POSITION COFRECTICN GALIBRATION MATRIX READ AS INPUT
$3) A SECTI)N OF THE RAW CATA MATRIX IN VOLTS. THIS SECTION
:EgéKgE SELECTED WHOLLY FROPM WITHIN ONE GF THE 24 ROW
.
&) THE SadM? SECTICH SELECTED AQOVE, APPLIED YO THE RAW DATA
- MATRIX IN INCHES .
(5) _THE SA4: SECTION OF THE FINAL CALTORATED MATRIX,

INPUT GARDS

é:u- :LPNAN‘NEQIO. I '_lNTEGEﬁ. Fa FLOAYING POINT, PUNCH OFCIMAL)

COLUNNS .
1-9 HX s NUMBER OF ROWS IN RAW DATA HATRIK n



nl‘t’h(’né?f'ﬂl‘ﬁ(\ﬂ‘\ﬂt’ﬁt?nf!cqiotipt’hC!OCDOC!nc}()g:nc)n(:ngjﬂstjnfgogyo

o060

104
610 ° MY = HUHBER OF COLUMNS TN RAW DATA
11-1%5 = IC = HUMBE®R uF VOLTS-INéhES cqnxgsariazx;oznrs :};
16=20 1KG ® WUMBER UF REACINGS FER P.R.U. ON INTAPE N
21~2% INTAPE = IF 4CD TaPE, OR ’ tn
= S5 IF CARDS ARE USED FOR INPUT tn
26-30 LOUTLP = 2 IF Q5L UR BINARY TAPE, OR [$4]
® 7 IF PUNCHED CARDS LKE DESIRED AS OUTPUT (1)
31-35 INT = NUMBER UF VALUES PER P.R.U, ON IOUTAP tn
Yoot Cu 62:31xr1cnrxou FOK VOLTS=-INCHES CALXBRATION DATA
4i=45 (] 52:31xrlcntlom FOR POSITION CALIBKATION DATA
4650 IPT(2) = 00000 FOR NO PRINT (F VOLTS-INCHES CALIBRATION
DATA USED t
52-95 IPTI2} = 0000N FOR NO PRINT CF THE POSITION CALIBRATION
DATA USED ) . [$4)
56-60 IPT(3) = gaaua FOR NO PRINT CF SECTION OF RAW DATA narnzx(
N VCLTS

]
61=-65 IPT(v) = 00000 FOR NO PRINT OF SECTION OF RAM DATA MATRIX
IN INCHES [24)

66=70 IPT(S) = 00000 FOR NO PRINT CF SECTION OF FINAL MATRIX (n
Ti=75 NTQ = 1 FOR NO CARD OR TAFE QUTPUT, (I}
B ® 2 FCR 4CO TAPE OR CRRD OUTPUT, . (I
S 8 3 FOR BINARY TAPE QUTPUT, tn
CARD 2

. (NOTEy COLUINS 1 THrOUGH 25 REFER TO OUTPUT OPTION B (3)
ABOVE AND 4AY BE ULANK IF IPT(3,4,5) ARE ALL 2 Q)

1-5 i & FIRST MATRIX CECTION COLUMN PRINTED (I
6=-10 K2 2 LAST MATRIX CCLUNM FRINTEO {1}
11=45 N3 = FIRST MLTIIX KCH PRINTED 1D
16=2¢0 Né 3 LAST HMATRIX kCW PRINTED (I)
21-25 MK = 3LUCK NUMSER WMERE FRINT REQUESTED tn
26-30 . P0CS = POSITION IDENTIFICATION NUMMER ON SURFACE D
31-35  FILE = FILE NUMBER ON I0UTEP ' tI)
X640 SUR = SURFAC: IDENTIFICATI1ON {A)
61=-45 TAPE = [OUTAP IDENTIFICATIGN ’ ta)
CARD 3

VOLTAGE REAJINGS FOR VOLTAGE~ELEVATION CALISRATION DATA (PLUS
TO 1INUS SEIVENZE). FORMAT 104 APPLIES, o (FY
CARD &
ELEVATION VALUES CORRESPONDING TO VOLTAGE VALUES ON CARD 3 ALSO
ACCIRUING T) FORMAT 101, REPEAT CARDS 3 AND & AS REAQUIRED. (F)

CARD 5 .
POSITION CALIRRATION DATA READ IN AS ONE ROW PER CARD ACCORDING
TO FORMAT 115, REPEAT CARDS AS REQUIRED, {F)

CARD & ) .

RAW DATA MATRIX IF IWPUT CN CARDS, FORHAT 109 APPLIES. P
esebeoseasa N TN O P O S NS T N SN RO AT EE RN N TS TaDEas B ® e adopnn mResesTee

_COMMON nl24,241)y SCU1L,11}, MA

DIMENSION V221, CH(P2ul,y IPT(5), ER{20p240), SH(24)260) yREJ(1,240)
EQUIVALENGE(H{Ly1)y FHUL41)) SHIL,1)) e

esaesREAD IN WITH CHECK OUTPUTasese

. lElBlS.!LB)'NX.MV.!C,ItQ.INIAPt.lUUThF,!HY.C.G.IIPT(ID. I=1,5) yNTO

- READLS,y 1000 Ky, "2, N3, Hay By POS, FILE, SUR, TAPE
WRPITELA, 117) SR, 205
WRITEtA, 1160 HAINY ) ColGy INTAPE IOUTAPIRG s IWT o FILE, TAPE
b o0 [ TR 1T ]

el R A L R N Bt
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11
12

13

READCS,101) (V(J), Jal, 11}
READ(S, 161) (CHLJ), JeI, 1Dy

CBFCIPTI1) «EQ.0) GO TO 12

NRITELG,102)

00 11 Is1,1Cs1)

I1 a Isg

IF(I1.GT,IC) IT=2IC

HRITE(6,108) (2LJ),Jsl, 1)

WRITE(Lp100) (3ALJY, JsI,I1)

READ(Sy 1U5) ((3C(I,J), J231511)) Im1,18)
IFC(IPT(2) .EQ.D) GO TO 13

MRITE(R,106)

CALL MAITEx{1,1,14,1,11}

NA = CiX=1)/724 ¢ 1 ' 1

-'n-nnoTiElT RAW DATA MATRIX IN BLOCKS OF 2t ROMS MAXINUMseosee

_'DO 45 Hlll.NA

16

2

o060

N8 = NY = {(MA-1) %206

IFINBGT.24) N32246

DO 14 I=1,NB

D0 1% Js31,NY,IR0

JJ = JrIRG~1 ;

IF(JJ.GT.NY) JIsNY

REAQCINTAPEZ193) (HIT,JL), JLEJpJIJ)
sveesREVERSE OIDER ON ALTERNATE ROWSssses
00 20 I=24NBy2

00 21 J=14NY ;

REJ(1p4} = M(I,J}

DO 20 J=iyNY

K ENY e e
2

Hilsd) = REJ(L,K)
IFCIPTI3) 4EQ.0.ORe¥XNE.HAY GO TO 15
NR1TELG,10Y)

. CALL MRITER(2) 11,N2,N3sN&)

%

16

see4sCHECK FOR READINGS OUTSIOE CALIBRATION RANGEceoss

$ = (MA~1)°24 ¢ 1

Ju I +ND -2

HRITE(G.:D?! Iy J

IT =0

DO 17 I=21,inB

DO 17 Jsi,NY -
'}F(N(}-Jl-LE.V(%).AND.N(I.JI.GE-V(!G)) G0 To 17

IX = (MA-1)°2% ¢ I

 WRITE(6,48c) 10, Jy HIl, )
- " TFLJeNE o4) 60 FQ 34 e
Js =2

"

GO TD 35

Ji = Jet

IFCJ.NENY) GO TO 39

J2 s NY-1

GO To 36

J2 2 Jei

HILJ) 3 (Rt dtreptl,J250/72,

IFCHIT) J) o LECVILY JANDGH (T ) JGELVEICY) GO YO 37
IF(MILy 3 JATVILY EN(La 0 3 VL)

TFAPEL, J) oL TVIIGC) Y EHIT, I = VIIC)




ocao

aono

108

WRITE (S p111) EYNCI )
60 T0 17
37 NRITE(6,9112) Hil,d)
47 CONTINUE
IFUITLEQ.0) WRITE(E,118)

eooaslLINEAR INTERPOLATION M. Ues TO FEXIGHT sesse

D0 30 Isi,ND
00 30 JwiyHY
00 18 Lw#2,IC
IFUMIT, J) «GT,V(L)) GO TO 38
48 CCNTINUE
%Ll sL-2
EHCE ) 8 CHILL) =(CHILLY=CHILIIPCHIT,J1=VILLN D/ IVILI =V (L))
20 CONTINVE
TFCIPTI4) EQa0.0P. MK NEHA) GO TO 40
WRITE(6,113)
CALL WRITERC2pN1)N2yN3,Hb)

0sessCORRECTION FOR ERKOR IN P.M,Ds BY 2-WAY LINEAR INTERPOLATION,

40 I1 = MA+L
DO &3 I=i,NO
DO 43 Jwi,NY
Ji = (3-1)726 ¢4
J2 = J1-1
J3 & Jieg
A = SC(MA,J1) ¢ FLCAT{1=1)%(SCII1,J1)-SCINA,JL}) /26,
8 = SC(MA,U3) & FLCAT(I=1)®(SCII1yJ3)~SC(HA,J3)) /24,
&3 SHII,J) 8 EHUI,J) ¢FLOAT (J=1-24%J2) * (0-R)/2%. %A
© IFUIPT(5) «€Qa0,0RFK.NELHA) GO TO 50
NRITE(6,114)
CALL WRITER(Z,41,N2)N3,Na)
80 GO TO (45,46,47) NTO

s000sFORNATTED OUTPUT ON TAPEssass

46 DO & Isi,NB

DO &4 J31gh?, 147

JJ 8 JeINT-4

IFLJIGTNYY JianY
a4 WRITECIOUTAP,115) (SHIIJL)y JimJydd)
k GO T0 &% -

vou e s UNFORHATTED QUTPUT ON TAPEcosee

" 47 00 &8 131,HB,2

I1 s 1 »1
&8 WRITEIIOUTAPY (ISHILgJYp J33,NY)y L3IeID)

- %% CONTINUE

$)0 FORMATI715,245,415)

103 FORMATI{8FLU.4)

102 FORMATI1GX 4 #THY VOLTAGE<HEIGHT CALISRATION DATA#)
103 FORMAT(/2X,8V).TAGEZ,1LF10,4)

106 FORMATE2X p #HEI I Bg1iFLl043)

105 FORMAT{11F7,4)

106 FORMAT( /711X 4THE SAG GRID TN INCHES#/)

“$97 FORMATI(/710%X,87ATA VALUES OUTSIDE CALIORATION RANGE IN RuWSS,1h,

*3 102,147 )
108 FORMAT (//710X%,55ECTION OF RAW DATA HATHIX IN VOLTS#/)



109

109 FORMAT(2GFE, Y

130 FORAGT(10X,29FADING I s2,13,2 J a7,13,¢2 IS OUT OF RANGE AT2,F9.04)

41 FCRMAT(L0X, #CA IBRATION LIMIT VALUF2,FR.by2 VOLTS ASSUMEDE/)

142 FORMATU10X,2S4)0THED §0 #,F8.4yg2 VULTSES)

113 FORMATU//10%, 8 ,ECTION UF DATA MATRIX CUNVERTED TO INCMES2Z)

116 FORRMAT (/780X #SECTION OF FINAL ELEVATION MATRIXE/) :

115 FORMAT(2UF@43)

136 FORMATUACX, PELIVATION MATRIX HAS#,I4,2 ROWS AND2,T4L, ¢ COLUMNS2/
PL0Xy2CALIDZATIIN JATA SET#,45,2 GRIDZ,A5/710K, £INPUT OA TAPE#)[3,8
SHITH OUTPUT ON TAPE2,I3/10X%,#NUM3EK UF DATA FOINTS BETHEEN IRGS IS
S2413)2 ON LNPUT ANDZyIly# UN OUTPUY FILE Z,Llky2 OF TAPE 2,45 /)

117 FURMAT(1M1,20%, 2CONVERSIUN UF LoVaCsTs READINGS TO ELEVATIONS ADOV
*E AN IMPLIED DATUM PLANEZ// 10X,2SURFACE #,A5, # POSITION 2,13)

348 FORMAT(Z20X,2NILR)

END

SUBROUT INE WRITER (IN,11,12,13,10)
COMIMON ML2u, 2670y SCU11,11)) WA
DIMENSION LAR(LS)
IA = . -
N3 s 00
N=1
Ni = I2-I1+%
N2 s Ny
H s [4=]301
42 TFINL.GT+12) G) TO &0
Ih =2 @
NN = NL N3
GO 10 &1
L0 NN = N3e12
41 DO 31 L=N,iN
IL = L=heg
M OLABLIL) s Leltl-1
HRITE(AH 100 (LABIL), L=4,IL)
NG 3 Nelr-1
NS » NHeli-t
. 60 T) 132,33 W
32 00 21 i=1,M
I1 = Te13-1
23 WRLITE(6,301) ILly, (SC(Il,J)y JaN;,N5)
GO T0O 34
33 DO 20 1=14H
IT s Jel3-1
IJ = 11 ¢ (MA-1)*2¢4
20 WRITECE,101) [, (HITLgJ); J3N4yNS)
36 IFLIALEN.O) KETURN
N1 3 N2=-NN
N3 = NN
N = NNé¢i
GO T0 42
100 FORMATCZ/2X 3 IHK/Y 27,1114 /)
101 FORMAT(2X 1391 2F9,0) .
END

T SANPLE  DATY

240 2wd 13 20 H 2 4380 CAG2 GCO2 1 1 H 1 3 3
0 3 10 20 3 1 LSTRED & 1421



1.7166 104231 1.0059 [T1ILE) Us 2613 =0+1631L =g,5392 =1.,0709

0.630 0.730 9.830 0.930 1.030 1,130 1.230 1,330
=1 ,4473 =1.8002 =2.1134 ~2.3702 =2.5772
1,430 1,531 1.634 1.730 1.83¢

0.0000 0,006 0,0955 0.2065 0.0076 U.00%1 0.0365 Do0J42 0.0012 U0U03=0.0001
0.0052 0.0123 0.0113 C.0103 G0412 L40127 040696 L0077 0sdJ6? 0.00602 050027
060202 040470 0,625 0.0147 00155 Go0151 0a0127 L0102 Go0D72 00065 0.0Q05?
00125 vaul¥1 0,0177 2.0350 0.0158 0.0153 0.0321 (0094 J0065 0.0056 0,0043
040138 0.0211 0.020) veD3bY Ua0181 Go0162 040151 Go0127 0.2093 (.0089 U.0028
Go0136 0,0296 0,0198% 0.0177 0.0177 Q.ul179 0.0149 0.0130 9,0097 0,0094 0.0076
Q01063 L0219 0.0242 0.0195 0.0193 0,019% 0.v166 0.0166 Jo.2113 u.0110 0.0102
0003295 040199 0,018 0.01076 0.0475 0,0175 Q,0146 §,0136 0.0107 0.0101 9,009¢
00102 0,0175 0.0167 0,0161 0.,0163 0.0164 0.0137 0.,0120 0.0093 C.0084 0,0072
040077 Colitth 0,0133 0,0228 0,0130 Go0128 L0211 0.0067 0.005% J.004Y9 0,0031
040006 040079 0.0075 0+0072 0.0073 0,007% 0.9053 0.C065 0.0033 0.0028-0.0007
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. APRNDIX P

LISTING OF AREA SRICTRAL DENSITY COMPUTER FPROGRAM

. PROGRAYM SPEC(IIPUT,OUTPUT,PUNCH,TAFES2INPUT, TAPEGIOUTPUT.TAPE&.TAP
.®E2y TAPE 7=PUNCH)

THXEE~DIMENSIONAL POWER SFECYRAL DENSITY PROGRAN

sesssessasvassssencsnsen - cenmew owe

THIS PRUGRAI IS A MODIFIED VEKSION OF THE ORIGINAL PROGRAM WIITTEN
BY BOGDINOFF, XIZIN AND COTE (1966) SUBWUTIWE PSGRID IS ESSENTIe
ALLY UNSHENGED {HILE THE MAIN PROGRAM (SPEC) A0 SUBRUJTINE WRITER
HAVE DPEEN RE-HRITTEN,

THE PROGRAM IS JESIGNEO TO ACCEPT AN INPUT MATRIX ON CARDS

(FORMAY 1G2), BINARY TAPE (2 RCWS PER P,R.U,) OR BCD TAPE (FORMATY
101y 4 ROW PER ?.R.Usds A SPECIFIC PCRTIUN OF THIS MATRIX MUST
THEN BE SELECTEY FOR ANALYSIS BY SPECIFYING THE STARTING ROW AND
COLUMN (REFERENZED TO THE INPUT MATRIX) ANO JESIGNATING WHMETHER
EVERY 1y 25 soagN ROW AHD 1, 2, oM COLUNYH IS TO BE READ.

THE SELECTED MATRIX IS RE=INDEXED, IF NECESSARY, WITH RONS AND
CCLUNNS <UNNING &5 2p oas

FORM OF INPUT-OUTFUT

THE INPUT MATRIC IS EXPECTED IN THE FOKM GIVEN BELOW (QUTPYT IS
IDENTICALLY PRESENTED),

. Y
'll't' . e @ 8 2 b II.C)
. 2% 5 ¢ 0 8 b s P 8 89
XIV 0 o0 o CTpdd o 4 o o o
L I I I I R I I I N A )
L) s 2 o 0 0 s o (KyO)

THF VERTILAL AXTS IS POSITIVE DUWHWALDNS AnD IS DESIGNATED BY X
VARIAALE > A'D 1 FUBSKRIATS., THE HOFLZONTAL AXIS IS POSITIVE YO THE
RIGHT AND DESIGIATED LY ¥ VARIAWLYUS AND J SUASCRIPTS. FO4 EXANPLE,,
HiTyJt REFERS FJ ROW I POSITIVE DOWHWARDS, COLUMN J PCSITIVE TO THE
RIGHT,

GPTIONS



nnonnaonnnooonnnbonondnhbnonnnnnnqqnonnnnphonnnnnogonooonaqnn

"IN ABDITIGN T0 INPUT CPTIONS CTHER OPTIONS INCLUDE,

. (A} THE USE OF 3 FILTER MATRIX,

(ﬁ’ QUTPUT ON A LINE PRINTVER TC INCLUDE OR EXCLUDE ANY OF THE
:OLLOH!MG

1) THE SPECTRAL SY0OTHING MATRIX.
- 42) THE FILIER PATIIX.
t3) & SPECT®IED SECTIUN OF THE RE-INOEXED SELECTED MATRIX.
(NOTE = TME SELECTED MATRIX IS RE-INJEXED uN INPUT)

{4) A SPECIFLED SECTIUN OF THE FILTERED, OR PRE-WMITENED,
MATRIN, '

(%) THE COVARIANCE MATRIX.
16) THE RAW SPECTRUH,
(7) TME SMJIITHED SPECIRUN.
(8) THE LA5G3EN PROJUCTS OF THE SMOOTHING COEFFICIENTS.
(9’ THE FOUILER THaNSFORMS OF THE L.P .S.C.
€11) THE PE=-2ILORCO SPECTRUM,
) FUNCNED QUT>JT OF THE RE-COLORED SPECTRUY IN ROW FORM ACCORDING
. 70 AN BE10.% FORMAT, ONLY THE UPPER HALF=PLANE, X NEGATIVE, IS

Puncnso.
xNPur cARns ' :
s ALPNANUHEQKC, T = INTEGER, F s FLOATING POINT, PUNCH DEGIMAL}

© CARD 1 .

* CCLUNNS .
1-6 . s SSTART OR ANYTHING OTHER THAN SFINIS . TeAY
7-9 INTAPE = 01 IF INPUT OK BINAKY TAPE, : tF)
: = 02 FOR BCD TAFE, (FURMAT 101 APPLIES), F)
. s 05 FOR CARDS, (FORMAT 102 APPLIES) R
8-10 19111) = Qb IF NO PRINT OF SFECTRAL SMDJTHING NATRIX (n

11-12 IPT(2) = 00 IF NU PRINT OF FILTER MATRIX (3]

. 43=1& IPT(3) = 00 IF §O PRINT OF SECTION OF SELECTED MATRIX ($¢]

. 1516 TPT (%) » 00 IF NO PRINT OF SECTION OF FILTERED MATREX t
17-48 IPT(5) = 00 [F NO PRINV OF CCVARIANCE HATRIX tn
. $9=20 IPT(6) = DO IF NO PRINT OF RAW SPECTRUM - - t
24-22 SPEL7Y 2 00 IF ND PRINT OF SFOOTHEN SPECTRUM (4]
2324 IPT(A) ® 0G LF NO PRINT UF LAGGED PRODUSTS OF SMOOTHING
. COEFFICIENTS m
25-26 IPT(9) = Oy IF NO PRINT OF GAIN MATRIX OF FILTER (34]
27-28 IPT (1033 0G IF NO PRINT OF RF-COLORED SPECTRUM (1]
29-30 - 18 = 00 IF N0 FILTER MATRIX PRUVIDED AND USED (NOTE, IF
12 = 00 NG FILTER MATRIX MUST BE INCLUDED OH
) INPUT, T.E, LEAVE OUT CARDS ZyeeeyN) [34]
31-33 NY1 = NUMBER OF INPUT MATRIX COLUMNS D
Iu=36 MA = INPUT MATRIX COLUMN NUMAER WdICH WILL OECOME
N : COLUMN 3 UF SELELTED MATRIX (84
37-39 MG = SPACING OF COLUPNS (E.G. C02 MEANS READ HA AND
. EVERY SECONDs I.E» SKIP 1, COLUMN OF INPUT
. _ PAIRIN (34]
40=42 - M1 = INPUT AATRIK KOM NUROEK WHICH WILL BECOME ROW 1
T OF THE SELECTED FATRIX (3]
43«45 .. -M2 3 SPACING OF ROLS (f.Ge UQ1 MEANS READ EVERY ROM °
’ . FROM AND IACLUDING M1) tn
46-h8 PUN % 301 IF MO PUNCH OF KE-GOLIRED SPECTRUM - S
73489 D s xusu!xrxc:rxun cong . A
TARD 2~
(NOT By VALUTS REFEQ TO ORIGINAL INPUT MATRIX) ) :
1-12 DX = OATA INTEx AL CN X (VERTIUAL) AXIS (4]
$11-23 . UY s DATA IdVExVAL ON ¥ (HORIZONTAL) AXIS ()
* CARD 3



00000000000 A000ANa0000a0000000000NAD00ONO000

" CARDS MLy soasd

13

ge1d N

= NHUMBER OF ROWS FOR SELECTED MATRIX [}
11-20 NY ® NUMOER OF COLUMNS FCR SELECTED MATRIN tn
;:-:: nu: # NUMBER OF ROKS 1N FILTER MATRIX ( =) IF 18 = 0 (D)
- NG5S = HUMBER OF COLUMNS IN FILT f a 1
b§-5) X s NUMBER OF LAGS UH éousIL it :i:
c::;en AY = NUMJER UF LAGS ON CCLUMNS (4]
(NOTE, CARD MAY BE BLANK IF IPT(3) = D AND IB = 0 BUT MUST BE
INCLUDED)
=1y N1 8 FIRSY COLUMN CP SECTION OF RE-INOEXED SELECTED RAW
. DATA MATRIX DESIKED ON OUTPUT PRINT [}4]
311-20 NZ = LAST COLUMN OF ABOVE ($1]
24-30 N3 = FIRST R0W OF ABOVE (xt
31=40 NG ® LAST ROW OF ABOVE (31]
=50 - NS a F1RST COLUMN CF SECTION OF FILTERED MATRIX OESIRED
ON OUTPUT PRINT . (n
51-60 N6 & LAST COLUHN OF AROVE tn
61=70" N? ® FIRST RuW OF ABOVE ($1]
71-90 N8 ¢ LAST RUW OF ABOVE tn
cnnos Sy 6

THE 393 SPESTRAL SMOOTMING MATR1IX ACCORDING TO AN (lFlﬂ.Sl
- FORMAT o fﬁE MATRIX IS EXPECTEL IN SEQUENTIAL COLUMN FORH.

CARDS 7y b)y oensN

THE FILIER 4ATRIX., NOTE, IF I8 s 0 THESE CARDS WUST BE LEFT

out.

1=-40 ROM 1y COLUMN (NDS ¢ 12/2 ~ F)
11-20. ROW 2p COLUMN (NBS + $)/2 {3}
sssencessatenessRes oD : .

0N NBR, COLUPN (NBS # 11/2 tF)

ROW §p COLUMMN ((NBS ¢ 1)/2) ¢ 1 (M

- secsyssEEeescIEEIsIRRRENGOERRER R
ROW NBR, COLUMN N8BS (Fy

RAW DATA MATRIX., AREQUIRED IF INPUT OH CARDOS, I.E. INTAPE = 0S
(FOYMAT 102 REFERSy I.E€. 8F10.3), READ ENVIRE ROMW, [.E. NY1
COLUMNS ON 3EQUENTIAL -CARDS., START MEW CARD FOR EACH ROW.
CARD Mot
. 1=6 N = SFINIS IF NO NEW DATA I3 TO 9€ READ IN AND ANALYSED
=k - IF NEW ANALYSIS IS TO BE PERFORHED REPEAT CARDS
lpctnoocﬂ

COMMON SH(120,120) yPHI (56,250 ,B(11,21)961(3,3),64(5,2%5),F(50,50),
4FBI(50,5uly IPTI10), XNO, YNG, FUN

DIMENSIUN H(12),320)y REJ(L4480)

EOUIVALENCE (HEL,1)y3H(L,110, (REJ(L,8), PHL(1p1))

DATA IFINZ 6MBITINIS/

1030 READ(S,1C0) N, INTAPE, (IPTUIN, 851,100 19y NYL, MA, MC, Hl, H2,

*PUN,ID
IF (NJEQJIFINY GO TO S(0
READLS) 1062) CX,0¥
READ(S, 1L 3) NX,NY, HAR, NBS, HX, MY
- READ(S,2C3) N1, N2, N3y Nu, NSy HEy N7y NA
READ(S,102) ((53¢Lyddy Ia1,3) ,J3i,3 )
NRHO = (NBR=-31)72
NSIG & (MB4-3)72
NSHX 3 NX = 2*JRNO
NSHY = Yy = 2* 516G
NHS = NSIG ¢ 1
0OX & OX*FLOAT(12)



1]

14

NY o DYSFLGAT(C)

XNR 2 FLUAT(PS (X o 1)*0x

YND » FLOAT(200Y ¢ g)epy

UEIFE (he8 4) 1Dy KX, MY, uRg, yns, HXy)MYy OX,0Y¥
RRITE(h,146) 10y Hay 42, He

IF (1P (13 .EQ. 1) GO TO v

HALTE (Byp12U)

CLL 4 1TE~ 161,34,

IF (19,60, ) G) TO &4 '
seeeeAD IN FILTER MATRIXessee

RFAD (5,192 CUIpd)y Im1yNPR), JuNHu3, HAS)
06 3 L:3,N R

I8 s Hst o ¢ = g

L0 3 Jsi,N3IG

Ji 215 v 8 -y

A{lyJ) = BLIt, 1)

IF (I27(2).ENe)) GO TO &

HRITE (4,121)

CALL MNIITEW (25=NSIG,NSIGy~NRHOyNRKO)
0000eRTAC 4N RAW DATA HATRIX.sens

L1 s i )

Ist

UNYZ 3 wvisz . oo

NY3 = 4vL ¢ 4
L= L1+ 2

CIFCR.GTWNX) GO TO w0

"IFCINTAPELEC.1) GO TO 59

¢
s
,c”
a
22
2.
5
€
"8y
28
24
26
B "
Y
5

TFCIiIT PELET.2) GO To 52
sseseREAL 1IN NATA FROM CARDS. .04
READLS5)202) (RTI(190)y Jal,yNYL)
IFLI.E1.NX) GO TO 5%

‘RFADIS,102) (RTJU1,J)y J=NY3,NY2)
60.To 51 ' .

seoesILAD IN NATA FRIH BCOD TAPEcaans
REAI(29101) (RTIUL9Jd), JuiyNYL)
IF(L.EQNX) GO TU 51

RERI(2, 101 (RIJLLp D)y JSNYINYD)

GO0 .TOo 54

eoseeR"AD TN NATA FROM RINARY TAPFaeves
REAQUL4TLPE) (001,00, J21,KY2)
sseeeTLNSFE? YESUIRED DATA TO H PATRIX suses
IFEL1.LT . M1) G) 1D 22

IFIL1,50.H1) G) TO 24

DO 25 JS=g,ny

JI 8 Hy o+ (Jep)eug

HIT )Y 5 REJIL,I0)

HE 2 ML ¢ 2

I a1+ .

IFtt,7T.L1) G) TO 22

CO 26 JxiyhY

I M v (J=11%YC ¢ NYY

HiTy ) = REYLL, I

T =1+

HE = ML ¢ n2

tC Tu 22

IF (IPIOX1I.E2 D) 6O TI 43

WRITF (a,122) :

CCALL W-TTED (V4NL N2 N3, NG

TFOIVt2aid 6 Tu 8D

seeee Ve MEVY SF HD FLLTER IS USEDesv0e
UM s,

iy



cc

A e, B Tt | TR i

115 '

00 70 I=iyux
D0 707 Jag,ny
Py SUM = SN e WL D)
A8 S 4 (FLOAT (LX) SFLOAT (HYY)
N0 3 Tagqun
00 du Jagyhy
A Mllyd) 2 HIlpd) = %M
GO TO &2
ssausSIUOTH RA4 DATA MATRIXssase
50 DO 6 I3, NSHX
DO 6. J:i,NCHY
Sun = 3,
00 5 Ii=1,NDR
12=1 ¢11 -1
Do 8 J1 = §,N3]
JZ2 1 g eyt -1t
& SUM ¢ SUM ¢ BLIL,J1)*HIT2,J2)
b SHII ) = SUM
1F (IPT(L),EQ,)) GO TO 62
WPITE 16,120
CALL HWRITE?R (3,N5,N6,NT,N8)
42 CALL PIGNTID (ME,MY o NIR;NBS, NSHXyNSHY 30Xy O pHRHOI8)
Gu TO 1Cco
500 sSt0P
190 FORMAT(SH, 1212, 613, 24Xy AH) )
191 FORMAT(2LF64Y)
192 FOKHAT (8F10.3)
1% FORMAT (1201 :
176 FORMAT(1H1,39%,2SELECTED MATRIX FOR SURFACEZ,5X,A8//10%,#MATRIX HA
182, 6,7 ROWS Ai02,[4,* COLUMNSE/LGX,2FILTER “ATRIX HAS #,
2 Tuy? SOWS ANYE,Tuy2 COLUMNSE/10X,PRUMAER OF LAGS IS,Iky2 ON ROW
35 ANDE,Tu,2 OM COLUANSZ/10X,20ATA INTERVAL 132,F6.3y2 ON ROWS ANOZ
gFBeYpt ON COLIMNSSZ )
115 FORMAT (SF10.00
13k FURIAF(/710%, £SSLFCTED MATRIX STARTS IN ROW#,Tu,2 COLU4HE,T%,2 READ
SING IVF-Y2,ITpt 004 ArG#,I3,2 COLUNNZ )
12¢ FORMAT (/710%, 32HTHY SPECTRAL SMOCTHING MATFIX IS )
128 FOR4AT (/71Q%, 23HTHE SMUOTHING MATIRIX IS )

127 FORMAT (//1)%, IZH3CCTION UF AW FLEVATTIUN 4ATRIX )
123 FORMAT (//10Xy 2BMFELTION OF SMIOTHED HAIRIX - ’ : )
END .

SUBTOUT INE PSG TN (MX MY JNOR pNAS, HSHX HSHY , DX ,UY 4 NPHO, XT)
comNod U120, 12,05 PHRE(S%,25) NIl L1) 3G L83 40A 15,2504 F 50,50,
CAFBLSM %)y TPT(LG), XHO, YNNG, PUN
" DIMENSIUN FS(8.950), W(50,25)
EAUIVALSLCE IFi051),F(Ly1))y (HALLyL) yHIL, 1)
FI2 3 2..%%.1415)
2000eCOYUIE THE MIAN LARGED PRONULTSsea e
" wasaeh LESS TR ZFRQp0e0n
NGHY = X ¢ §
HGHY = 1Y ¢ |
NGX 3 JGHX # ¢
00 127 1o.5 $o ¥
K69 & tx & 1 « I»
KhT & apX = €23}
DO 3127 Je 3 1, laHY
K7, & 6 =
Kbka & NINY = K2
SUH % Ll :



116

DO 128 1b = 1,457

17 5 <hy ¢ 16

DG 178 J? » 1,463

Jbh s K7 ¢ 9?7

TEAP & SN(LT, P *8n(15,J6)
12 CuUd 3 ‘UM e TEWP

: D = Ké7*Kbb
127 GA(L9,)8) = SHA/0
< sesesh EQUAL TO 2HD GREATER THAN ZERODoossee

DU 177 T s NGAXyNGX
KLQ 3 [8 = A% = 1
K71 = ISHX - K39
00 177 Jh = 4, IGHY .
K7, 2 J8 = 4
K72 = ISHY = K70
SUH4 5 gl
00 174 17 = 1,471
168 [7 ¢ xb2
DG 173 J7 = 1,472
Jh z J7 ¢ K7"
TENP = SN(IT.J’)'S“(IﬁpJﬂ)
178 SUM = SUM ¢ TE4P
n = %7L°K72
177 GA(L3eJ0) = LU KT 4t
IF (IPr{51.€7 i) GO TO &V
WRITELR20.)
CALL MZITER (%) ™Yy =MX,yHXD
C " easseRIW SPECTAL GALGULATIONSsecsee
&5 NFY = 2°tY ¢ 1 R
NFX = 2°HX ¢ 1
Fy = WY
FY 3 17X i
LEHX 8 51X ¢ 3
LPHY = 1Y ¢ 1
00 131 T10 3 14M°X
ALPHA v Ity = LAux
ALPHA 7 ALPHAZTYC
DO 138 J19 ® LyHFY
nETY = Jiu = LMY
CPETY = METL/FY
SUH 3 el .
00 136 I$ 3 1,1GX
‘A= I3 - LPMX
R s RSLMLPHA
DO 132 Jy 3 2, IGHY
8E = Jy = 1
ANGL & SI2°(A » RESIETA)
. _TEv® 3 Lk ti9,J NN *CCSLAKGL)
4¥2 SUR 3 JUn ¢ TEP%2.0
ange s PI2°A ‘
;‘h U 3 UL ¢ Gl(r'i.ll".:OSU\NGZI
133 Fillay i) a Ng*Oyesun
IF (IP1(E) L€ )} 6D 19 61
WRLIT (R 2.10
Chls W 1TE-" (Gaet¥y Y g~ MYy BXD
“ cseeved JTHED L0 B {VE PRee
’ Ay HFDRX = BFN = L
NFAY = [FY = 1
0o 14d 113 % TyHrX
Du th) Ji3 & 2yNFDY
ATV I S



LT
14l

143

142

‘145

Lhé

00 f41 114 = 1,3

142 = 713 o IML -~ 2

.D0 141 V1Y = 41,]

J1Z' s J1X ¢ N1 = 2

TFOP & (111, 011V °F(E12,J12)
SU4 8 Tud ¢ TEWR

FRI[1Y,013) = jun
DO 142 [13 = 2,HFBX
SUA 2 ol

SUMA 3 .0

00 163 I16 = 1,3

145 & 133 ¢ T8 = 2

CTEPD 3 GUINe,1IPFITL5,2) o GUILW)2)°F{L15y1) ¢ GIT44,8)PFL115,2)
TEMAA = BTG, 1V F{T19,NFBY) ¢ GLL10,2) *FLI15,NFY) ¢
$0(I16,3)2F(11G,1FAY)

SUM ¥ SUIK ¢ TEIP

SUMA = SUMA ¢ TEMPA

FAIIL3,1) = SU{

FLIIL3, NFY) = SUA
I il JL3u 2 IFY

sUM = .0

sUAd = 3.0

DO 165 Jib& 3.1,3 ) .
Ji5 = J1e ¢ J13 - 2

TEAP 8 A1, J10) ®F(2,J15) ¢ G12,J161°F{1,J15) ¢ G(3,J16)°F(2,J15)
CTFHPL 2 GU1,J1 ) *FNFAX,I15) ¢ GE23JLIW) SFINFYYJLE) +
3602, 16 *FINTAYJ1S)

Sthi & 3Un ¢ TENP

CUSA 3 SUMA ¢ fEXPA

FREtyJt ) = SUD

FRINCX, J13) = jUHA

Ker s ¢

‘"K2o 2 3

X2y = 2
¥3n 2 1
DO 168 L19 2 1,b

-1 T B TY

K26 = <29

00 147 L20 = 1,3

1EH® = GEL2dy1)PFIK2A,K27) ¢ GIL20,2)%F (K28, X241 +
16 (L 26y T)PF (X26,K27)
1F(L21-2) 14R,146,147

K2 = <Y

60 10 1&7

K26 s 429

SyUit = U4 » TELP

GO0 TO (150,151,132:150) s L1Y
FRItyd) = UM

29 3 JFIN

el = aFX

GO 10 tub :

FRUNFRy 3D = SYA

¥2q9 8 2

K33 s 3

x2? * LFDY
. W2 7 IFY

_ho To Lutk

Fliflyf ) = St
Kpyw = IFPX
XIn 3 CiFY
LC T0 tubk
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156
ILL

L1

15
15y

L}

146

187

118

F“‘NfﬁpNFV’ v U

et iy

IF l]F‘(f'uEQ-l' GO 13 h2
MELTE Ly, 202)

LAl W TTE., (Hhe="1YyPYyednyMX)

‘IF (134EGef) G TO b6

evaael  IPUTE CICP@ITION COEFFICLERTS vansne
seseal LESS THIN ZERDesaes
N2k & WO ¢ NQMO

DO 157 118 = 1,32R

K30 8 2k ¢ & = 118

K&l = UBR = K33

00 157 J18 = 1,NAS

K39 = J1d « §

Kbt = 035 - K1)

SUH =

00 158 117 € 1Kk

11 & [17 & x3) ’

D0 1558 J19 = 1,K6d

Ji7 = J14 ¢ KX§)

TEKP = BII17,J173°00119,J19)

‘SUM = UKk o TEN?

WeIin,y JLL) = S)

sssest EQUAL T) O RREATER THAN ZEROseese
HHX 2 ' ¢ H2Y

00 163 I18 3 NI, WX

K42 & 4tk = NAR

K&y 2 AR = Ki?

00 153 J18 = 1,NAS

K39 = )1 - 4

K4y 2 49 « X33

3UM = |} .0

00 164 117 = 1,460

119 = (17 & Kb2

G0 162 J17 = (X6}

J19 3 J17 + K3)

TEMD = NIIT, Jl’)'ﬂlll9'J19)
SUH = UK ¢ f;

WII16, 116) = SIM

IF C(LPIn).E% 1)) GO TJ 63
SRIIE (62 3}

CALL WIJTE 2 (L0 NR3=153=NORGS N IX=HIR)
e000eCLUWUTE FILTER 5°FCTRUMseons
LPHX 2 #X ¢ 8

DO $hS 120 = LyNFX

S®j2 = LPNX

3 8 L/FX

00 L&5 J20 @ 1,166Y

TaJ2) -y

T s VIFY

SUM s L,y

0C 167 J2% s 1,NdAK

U s J21 - ng?

LB INTAN . :
00 166 221 = 2NN
Ve J2t =)

AlGYL = PIZ%(Y - yeT)

VENE 3 WT24,J%10 03NS EANGEY
SUM = S e TC199D .3

hNG2? =2 Pl2°U

SUH = SUL ¢ WIT2L, 118505 1AKG2)



- !F(lﬂSI)UH’nLY U 0055!) VL]
4h% PUIT3s02. ) e e S SIGML2.,200004,5UM)
L TP (IPI 1Y) €% )} GO 70 L1}
WELTE (fy2.0)
LALL ¢ TTE (7.U.WV.-1X “x)
200soRELOLOR SYXEFPTRUS0s0a
00 tby 122 = 1,N0 X
- b0 169 J22 2 I.NFV
123 a2 |22
J23 = UGHY ¢ 1 - J!Z
1R HI29.6TWMY) J23 v Y22 - HV ’
169 FS5(122,022) = 70(122,J22)/PHIII234J27)
TRGL ® oHOHX ¢ o )
K53 = JuHY ¢t g
FSINGHY JNGHY) 1 (FSIHX,K51) ¢ FSINCH!,‘S!I + FS(KSO,KSIJ [
. IFS(‘SU.'-G"W),Ilon i
IF 1P (12).F%G) GBI To 66
"HRITE(ny205)
. .CALL WI2ITER lﬁ.-HY.HV,-HX,Nx)
.8k 1F(PUN,EQ.. )} G) TO &
H HRITE(7, Ghl l(F‘(l.le JalgNFY)y T=1,NGHX)
- A% RETURN
2% FOFMAT (/710Y, 29MMEAN LAGGED .FRODUCTS (COVAR.) )
201 FOKMAT (//20%, 1AWAW SPECIRUNH {F) )
27 FOLYMAT (/710%,ISHIMNIITHED SPECTRUM (F=9AR) )
233 FONIAT (7719%; 35HLASGED PxCCUCTS UF SH00THING COEFF. )
2)e FORMAT (//711%y Y-HFOURIEF TRLNSFORFS OF LoP.S4Co )
215 FORMAT (//1GXy 2?HCCARELTED SPECTVUN (F-STAR) )
2% FUKMAT(OELY.3)
S END.

2 N
3

-h

sunauallus d*lfr« t!u.lt.xz.lz.tul
SEOMUYN Sh(126, 12 ).PH[(EQ,ZS).B(ll.lll,G(J 31,6A050,251,F(50,50),
1ENE8Y,3 )y IPTLLS), TNy YNO, PUN
NIHIRII oM LALSY, lLAU(:S)
142 1 .
N3 = 0
NE®
hi 3 12 - I1 ¢ g
N2 = 1
ke 1o - 13 ¢ L
&2 IF (N1.5T410) 50 TU &3
IA =
nn = w o+ uy
. 60 TO Wt
W, NN L ¢ W3
.4y OC !1'L-N,uu
ILaL =N 1
1 LAUCIL) = L e Ty -1
CIF 41W. Gl 0] 53 T 4§
IFtI4s 7o) RO TO 19
WELITE A 100 LAREL)y Lt IL)
o Ty 3
AL HEITELR, 1R (LA 0y L3I0
RGN 1 B {4 N I
W00 b L o3 4N
b XLA LY = FLﬂAf(LA"lL\lIYNQ
WRLITUR,1D7) tILABEL)y L1 [L)
Y GC TN (2,33, Y4y 38, 30,77,3%) TN
2 00 2u {=gn
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s 1501sJ0p JurMpNUD
© 33 00 21 1s14m

23 WPITE (6.1 5) LTy ¢ty d)y JuNyNN)
e 60 TO 3%
- 3% JI N # I2= )
- J2 = NN ¢ ]y =1
00 22 Is13,I4
22 antzln.xns) Te (SHLI,J), JIJI.JZ)
GO fJ 39
35 DO 23 I=1,M
IT e ¢ 13 -1
23 HRITE (6hy2L3) LI, (GAC1,J)y JaNyNW)
6o To 39
36 DO 24 T=iyM
X1 s FLOAT(I o I3 = 1|lxnn
2 WFITE (hy1uf) XTIy ¢ FUIpddy JaNHN)
. 60 10 19
37 N0 25 Usi ™
AL = FLOATUE ¢ I3 = 1)/7%NQ
25 WRITE (6y2.8) (%, (FAUI, Y, J:NpNN)
G0 19 17
16 20 26 [s1,H4
X3 = FLCET(I o I3 = 1)/XHQ
- 26 WRITE (6,408) (I, (PHLUI)J)y JENsNN)
39 IF (14,fQ.u) ETUIN
" N§ s N2 - NN
N3 s NI
No= WY ¢ 8
GO0 TO 42
113 FORMAT(2X,1%,13E11,3 )
1% FOHRIETU 22X, THAIY 17,3141 70
415 FO- 4AT 42X, 13, 13F9,s)
196 FORMAT (272X534X/Y,17,519 /)
137 FORMEE (£72%,5 {LA/MU480F1LY /)
13+ FOFYAT (2Xy F8,3, 1JE11.3 }
€ND

SAHPLE JATA

lal"! 10111801111 12601210910 8010 W
T9e10LLTLY Je(H817HA )
T4 12 8 b 2
1 21 1. KIS

M 529 Lel242 be0524 Te3242 Ce211b

-9e0%2% - -

eV . ele.b Ga 6 =Sebd . mdelh

falte TeLeh ~gelle LYY R T elalb
IFINIS '

q
1

2

- 23

Det242

LATR 1Y
~0ad

0.3529

o0k

=000

BE04P102

70

©0.1262

=0,Lb
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APIENDIX G

“DIGITAL :OQHPUTBR PROGRAM TO ANALYZE HYDRAULIC DATA

Program listing

PROGRAY HYD (T\PEtp[NPUTgOUYPUT.PUHCN,TAPEG’INPUT.TﬂPEGIDUTPUT.TAP
SE7=RILIGHY

ANALYSIS 07 HYCRAULIC TEST DATA

_DATA 9EORESENTL UG MAST AUNOFF, RUNOFF RATE AND AED WEISHT ARE

RECOINFEN IN MAGCAINE UNITS (1 F.U. = 10 VOLTS) COOEN [N ACD FORM ON
MAGHITLL TATE, FACHM SET 'OF 3 VALUES PEPRFAENT OM«THE-SCCOND
PFCGRNIYGS MITH DHF SET PER PSY, ThIS PAGARUAM CONVERTS THE READINGS
10 INCH HOUF USITS AND THCORFUPATES CHEUKS 04 THE "lLIHQlTION
COEFFICIENTT AN) OPEVATIUN OF THE ECUIPMENT.

OPT IONS

bPT!OHS INCLURS PUNCHED OUTPUT IN IACH MOUR JHNITS AND INPUT OF RAM
DATA IN OINERY “0RM FPOM THE STORAGE FILE.

INPUT CAPOS

“ (A = ALOHANUMEGTS ) I s INTEGSR)

COLUHNS
1-5 N = nuno:n OF RECORNEN SFTS, 1.E, SECOKIS OF RECORD-
t
6-10 Nt 2 TINE OF FIFST SWITCH-0% OF PATHFALL AND/ZOR
] OVECLAND FLCH
t1-45 N2 w TIME OF FI2ST SHTTCH=0FF OF SAINFALL ANN/ZOR
n OVERLANU FLCW
1628 N3 = NEGATIVE, OVEMLANC FLOW ONLY APPLIED

& 0y RALM QHLY APPLIED
s AQRITIVY, Ty OF SW(TCH-0FF OF SECOND APPLICAYION
FOLLOWING FIRST AIFPLICATION OF PATN AND OVERLAND

FLCuW . (I
21-25 SLorg fcn sLape !N FT./FT, ) “tn
2he3} T A TFST I HTLIFICATICH (LY
Y435 LFC NEGATIYF,y GVERLANLD FLOW OHLY TN SECOND APPLICATION

2

2

E
% Dy NI FECONC AVPLICATION
. 3 PESLIIVE, AAIN ONLY IH SECOHD ARPLICATION (3¢
In-37 1T = 3y G0 INTUT OF RIW NDATA tn
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13
12
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3e-3) PUN = 0y NGO PUNCHEL ONTRIT tn
oWl HL = Ly LAST TEST ANALYSTS (LF NOYU-7F20 ANALYSE NEXT
TEST DAYA FFCH CONIRNL RARD FOLLOWIAG) . 4D

DINENIIIN Wisd2), OWLu(2), DLL02), REJSL20)
IMTEGET 1(10), PUN, SLOPE

PEADC5,100) 1y N1y N2, N3, SLOPE, TH, LFC, IT, #UN, NL
HRITE(h 108D T

sessosREAD IN RAM DATA,uese

TFUIT.ED.0) GO TO &

PEADCLY CR(IV, T21,0600)

READ{L) (ON(I}, I31,L00)

KEANCL) ¢RIV, [=1,4000

6o T 7

DG 17-1s1,N

RFAD(1, 102) WIL), OMID), B(D)

ooassCHECK TNIFIALLISATION DATAssroe

CALL CHAVN, 1y iy LsNP)

CALL CHAVIOW.LpN1,y2yHP)

CALL C4aV Ny 1yNLy3,NP)

coe s CONVERT YICHINE UNIT READINGS TO INCH, HOUR UNTTSesaes
AREA 5 95.13%

N = 62.6

H o= NG¢L

DO 1t L=1,H

WD) 3 (HUI) = WLG1))®SC0,6%12./ (hiSAREA)
OHCL) = OWITI®L)L.?2

BEI) = (RLLY = N{eald)® 346,612,/ LWASAREA)
KRITF(5,132) DitL11)

ceessHIITE OUT TE531 NATA IN INCH-HLUR UHITS WITH TIME ZERO AS START

QF RALIIFALL ANDO OVEWLANC FLOWssene

Moz N = NL}/L) ¢

-0 12 T3

K = I®10 ¢ NL = §

=X -9 .

IF(K.,GT N} GO O 15

L1 s J - Nt

00 13 L=1,1¢

TeL) = 11

Ly 3tl et .

LY =K ~-J¢1

WRITE(H1006) LFILY, L=1,L1)

RRITELH105) LILL)y L=dyK)

NRITE(R,10R) (INIL), L=J,X)

HRLTE (631070 (LY L2dyK)

vesasPHRLY NATY IF RFSUIRCDseeee
IFIPUML N, W) ) TO 14

WRITFEZ4107) (401D, I=NL,N)

WELTE (7,808 (UHTL), Tani.m)

WPITS(7,00%) (VelYyy T=H1,yN) .
se0eeSTEAQY “TATE VALYTSevsas

NS = N2 - 19

N9 = ¥?-hi

NG w @ E

CALL CHAV ENH, 1Ty M2k JP)

D&Y = Ldiyal):

NSE <« Nty 2)

MELTE 14,1050 5.0PE

CRLL S ABY(r N N7 5ehid)
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IFIND 16,17,14
16 WRITE LA 180 Yoy N9
- 60 10 19
AT HPIICU8,181) 49, N9
19 WRIT (401120 40601y LHILUZY, NIK0LD, N{LAZ)
GO Tu 20 :
18 WEITFLA,113) Yoy NY
60 10 19
20 IF(N3Y 22,22,21
23 N& 2 N1 - 19
CALL SAVITUINIZNT H,yKP)
Ab = FLCATIJUP=-2)
PR = FLUAT(KP=2)
SED = IlA‘JSE‘TJEIEB’OHIhOZi'DH(QOZl)I(leﬂHl
“PALL CHAVIA NA N3, 7, 1P}
NG = N5 - Ni
N9 = N3 - nt
N3 2 =43
IF(LFC) 16,45,17
© 22 1FILFC) 33,29, %6
33 RAIN = DAV = N4(LD1)
- WRITE{6,120) RAILN, SEOD
-.60 T0 29
3% FLOW = DAY - Di(401)
HRITF (R i1} FLOW, SED
vseesAPPLICATI )i RATES FROM SLCPE GF MASS FLOW AT STEADY STATE.sese
29 L1 = NG
L2 = N2 .
NG = @
" N9 s N2-N1
26 DO 26 TaLi,L2
o J=I=1L1¢1§
26 REJEI) = WID)
CALL LREG(PEJyL1,yL2,%,SEC)
TF(LFC.£0.0.02.43,67.0) GO YO 25
¢ccs¢c
SED =SEC
N3 2 =43
L1 = N3-19
L2 = NY-
GO 10 26
2% WRITE(6,115)
CIFINS) 27,28,3L
T WRITE(6,116) N3, N9, CC, SED
N6 = L1 ~ Hi
N9 = Hi = Nt
IFCLFC) 27,465,178
27 WRITECA,117) HYy N2y Oy SEC
IF(NS.LT.0) A0 TG 33
¢ 3 6 = C
AA 3 FLOAT(NZ=(5=%)
B = FLOAT (1T~ iG=1#N1)
CEC 3 3ORTIIAASZIGPSENDIARSSECOSEC) /ZLRASDPAY Y
IFILrCY 37,405,145
WM OWRITELR,LLL) G, SEC
GO TO $u
-3 WRLITFUR,1200 &, SEC
LUS TR |
MG 3 N?-MY
[ 1+
66 TG 4y
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N WRITE(N, 8140 M4, N9
TFCLFCY assyon 1y N C SEC
XIETLLRH] "lLl‘c!..--.

30 N7 » N? =« ¢
DS = 9o,
D0 32 1aNi,N?

92 DS 3 DS ¢ (DWET) ¢OU(To1)1 /7240,

- TA ®m  COFLOAT(NZ-NL)/3600.

HWOET = TA = W2}
DOET = TA - DS
WRITE(H,124)
WRITE(AR,121) M3y N9, TA, DS, DDET, W(N2), WOET
N? & N-14
D0 40 JsN2,N7

80 OS = DSo(DHITIPOW(Le1)) /7200,
N6 = N-1D
HT? 8 N6=N1
WRITE(6,322) N7, WING), L
IFIN3.GT.0) GO TJ &3
8D = B(N6)=N{NL) .
EN = TA=WINGY=)OD
WRITE(K,123) N7, €M

&5 IFINL.HEL,0) GO YO 50

400 FORMAT(SIS,)A8,4I2)

101 FORAAT(IH1,40X,2HYCRAULIC ANALYSIS OF TEST #£,A8//)

102 FORMAT(3FG b}

103 FORMAT(SX,#AVEIAGE RATE OF ORIP PRIOR TO TEST WAS #,F8.6442 IN./HR.

. ®2f720X%y #TEST NATA FOLLOWS2/)

$36 FORMAT(/72X,2TIHE (SEC.12,10X,40(7X,13))

405 FORMAT(2Xy 24433 FUNDFF (THS.)£p3X,10F10.4)

‘496 FORMAT(2X, 2RUN)IFF RATE (INJ/HF)2,10F10,%)

.497 FORMAT(2X, 20ET T ION C(IN.)2,6X,L0F1ueb)

208 FORHMAT(L0FE.4)

109 FORMAT(//20%,253TEADY STATE PUNDFF VALLUES ON A SLOPF OF2,13,2 FV,./F

. o7, AXE AS BELN{£2)

120 FOPMAT(SX,2OVEILLNG FLOW OHMLY DURIMG PERTIONZ,ThL,2 TU¥,l4,2 SEC.?)

411 FORMAT(5X, 2RATIFALL ONLY DURING PERIUNZ 14, TOZ,l4, 2 SEC.H)

112 FORMAT(SX, 2FROY STEADY STATE RUNOFF RATE,RATE OF APPLICATION =%,
#FB,kpt LNo/HY, WITH RECORDED STO. ERROR OF24F3.4p2 INs/HR 2/
*EX,#FROM STEADY STATE AEND WEIGHT STEADY STATE DETENTION 2£,FB.4,
%2 INs 41TH RFCIRCED STDe EWRRGR OF2,FB. 4,2 IN.2/)

-413 FORMAT(SX, sHAIVFALL AND QVERLAND FLCW APPLIED QURING PERIOD#,Ib,
g TO,[4, 2 SEC.2)

e FOKNAT(%K,IP\T- OF OVEIRLAND FLOW BY SUNTRACTION £#,FB8.4,

g IN/HRe WITYH STDe ERPUR OF2,Fd,lg2 TH, /M2, 2)
1!5.Fg$:=gl;;10:.:\PPLICAIXQM RATES FRCM MASS FLOW RECORDING AT STEADY
£ .

116 FOKMAT(SX 4 #RATZ OF APPLICATICN OQURING PE?2072,Thy¢ TO#,I4y2 SEC, F
KON SLOPE OF MASS FLOW u#,F3.hs? INo/HR. WITH STD, ERZOR OF#,F8,4,

%2 1N /MR, 8)

117 FORYAT(SX,2RATT OF OVERLAND FLOH ODURING PFRIOD®,I4, 2 TO2,I4,# SEC.
® FROM GLOPE OF MASS FLOW 3#,FR.4y2 [N./HR, WITH STD, ERROR OF#,
BFB kgt THeZHR, t)

119 FORMATISX , #RATI OF RAINFALL DURING PERIOTM2,Ihy2 TO2,I4,2 SFC. FROM
& SLIPE OF “AS3 FLOW S8,F8ebe2 INJ/HR, HITY STD. FRIOR OFE,FB.hy
#3 IN /HR.2)

349 FORNAT(/0L0X,,?110SS BALANGE?)

$20 Foanattsx BRATZ UF RAINFALL BY SUBTRACTICN s#,F8,4, ¢ IN/HR, HITH
* STO, T WOF OFE,Fa, byt L, /HR.#)

121 Fonnntlsx tnu!xnn CERIODT, Tk # TO2,14,4 SEC, APPLICATION WASE,

" WF bkt IN. {F)4 SLCFE OF STEADY SYATE 4SS FLOWI2/5X,
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SEINTSGRATED RUNIFF RATT =#,Fa.0, 210, AND DETFNTION 0Y SUNTRAGTION
Su g, FBouyl INI/5K, IRECLKNED FASS RUNOFF 2#,F%,4,2 IN, ANO OETENTIO
SN AY SUPTRACTIIN =2,F8.uyf IN.7)

T422 FOMMATISN, tWFIIANEL 11ASS RUNUFF FOF2yTl,? 550, HASZ,F3,4,

::Tl'l. FROA M333 YECORDING AND#,FM, 6,2 [N, FROY INTERRATED RUNOFF R
£t . 2

123 FORMET(GX77XCIS5 INFLOW OVER OUTFLOM AT TIMFe,Lh,? SEC, WASE,

Don

12

- 10

SFhalsy? Ity 2)
END

SUDACUTINE CHAZ LA ZNLoNZ, IS, NN)

DIMENSION At4d20, J(5)y X(5), P(20) ’

DATA(PIL)y 121,20) /76%0ey148093486,249191.9692.009200452.0752.10,
82413920169 2e1892,2092:2292420

Le

DO 12 lsi,6

J(I) = ¢

NN 2 N2 = N1 & 4
SUH = G,

§S = 0, )

10 10 T=Ni,N?

SUM = jSuh ¢ AtD)

58 ® 35 ¢ GLDVCALI)

A3y = SUMIF_OATINN)

AlLd2) 2 SART((SS~SU4SA(LO1)I/ZFLOAT(NN))
XUL = A(601) & A(WA2)SP(NNY

ALL = A(601) = A(LY2D2PINN)

TFLL.NF 1) GO O 14

00 11 [=Ni,N? .

TFCACIYGGT JXLLoAND,ALI) LT XULY GO TO 18

Sy s 1

X)) = At
A(I) = ¢,
NN = Nl = §
LealL ¢y

- IFIL.GZ.5) GO TO 20

11
14

15

CONTINJE |
TF(L.EN.4) RETIRH
GO 1012 -
LsL =1
DO 15 g,
K= J(H)
A(K) = X(M)

- RETUAN

in

LY

Y

WRITFEtG,LUL) T3
MN 3 M e L ow g

TGO Ta 14

FORNAT( /24, 2EX3FSSIVE INSTABILITY IN QATA SET #2,13/)
e

SUNRIUT IHE LRIF(N 341, K2, 0, SEk)
DIHE_‘HI‘OH X231, Te2y)

90 19 Taxyi¥2 -

J3 ] el ¢y

T4 = FLOATIDN /26DD,

S 3 .. '

at 3 0a
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2 -K1 ¢}
s 144
C8K = SX e XUID

T"Hn .
SXT = SXT ¢ X(DY*T(I)
' §2 8 3X2 ¢ XCL}OXUID
44 ST2 w 572 ¢ TLDI®TULIY
XJ 8 FLAATLYY
SP s SXT=SX®ST/XJ
CST » ST2=3T°SI/XJ
8 = SP/CST
RG = SP°8
CSX = SX2-SX°S¥/YJ
SED = SAKT((C3¢=RBI/(XJ=2:})
RETURN X :
END - [

SARPLE OATA
400 10 136 275 3 BED3204 1 1

Sanple Output

Y -qplo output from the above program is presented on the
following pages.
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il
£avi™ve
FT T4 0

[ 1]

3Taa"ed
i
[ 13

anit®

L T8 1
L1114
6

sact® £328°
£a22"w2 L TELT ¢ 4
*983* [ 131
(19 "

Py in saite
Gvietwd
2123
12

il
bl
41T8"
48

1821
28592
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VITA
Borns Jack Rider Burney, Durban, South Africas,
March 4, 1939.
Parentas : - Laurence Ernsst Burney amd Dorothy Ellen Burney,
Marital Statuss Married to Cynthia Rose Burney. Two daughters,
Educations Northlands Boys High School, Durban, South Africa,

19563 Natal University, Pletermaritsturg, South
. Africa, B.Sc.Eng.(Agric.}, 1961; M.S0.Eng,, 1968,
- Purdue University, Wcst lafayette, Indiana, U.8.A.y
. . H‘I.D.. ’hy' 1973-
Professional Experiencet
Lecturer, Department of Agriculturzl Engineering,
Natal University, South Africa, Feb,, 1962-present.
On study leave Jan., 1970-Feb., 1973.
Graduate Research Assistant, Agricultural Engineer-
ing Department, Puxrdue University, Jan., 1970-Fab,,
1973, ’
Profeasional Socleties:
South African Institute of Agricultural Enginears,
Anerican Soolety of Agriocultural Bagineers.
Professional Qualification
‘Registered Frofessional Enginser (South Africa),
Honoraxyi Alpha Epsilon,



