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ABSTRACT

The purpose of this study lras to lnvesËigate the hydrau-

1ic characteristics of rockfill drop structures modelled on

those located on Iùilson creek near the I{ilson creek Experi-

mental I,Iatershed on the Manftoba EscarpmenÈ. These struc-

tures $rere desígned to reduce the slope of the streaurbed

through an erodible alluvial fan in order to reduce the dep-

ositlon of shale on farmland below the fan. rn addition to

exalnining the hydraulic performance of the individual struc-
tures with physical models, changes' to the geometry of the

structures were studied to determine the effect of down-

stream slope and crest cross section. The structures tested

rvere stable well beyond the design dlscharge. Little dif-

ference r/as found between the performances of structures

with downstream slopes of 20:l and 15: l. rt r^ras f ound that
a sharp crested weir tras a suitable nodel for approximating

the hydraullc performance of the structures tested. The ef-
fect of several changes ln physical model desrgn were also

Lnvestlgated. Further tests are requlred to isolate the ef-

fects of roughness and permeability on the nodel structures.

Followlng the physlcal- model

structures, a mathenatlcal model

structures rùas used. The result

tests

of a

of the

series of

indivídual

two d rop

with Èhe

ti

of thls tes t lng



HEc-2 backwater model indicated that the structures can onry
be effective ff the backwate.r effect from one wer-r extends
to the next upstream weir. Furthermore, the tnfilling of
the pools above ttre structures wrth sedrment does not sfg-
nlficantly affect the hydraulíc performance of the rreirs.
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Chapter I

INTRODI]CTION

I .I THE I{ILSON CREEK I,IATERSHED

The I*Illson creek I,Iatershed ls typ ical of many small wat-
ersheds on the eastern side of the Manitoba Escarpment in
terms of geomorphology and hydrology. Due to the sna11 size
of the r^ratersheds and thef r rap íd1y varying top ography, the
hlghest streamfl-or.rs are generally caused by intense summer

storms. The eastern side of the escarpment fs subjected to
htgh-intensity storms more frequently than any other part of
Manltoba. streamflow produced by these storms may be tr4ro or
three orders of magnitude above minfnum f1ows. The upper
portion of the I.Iilson creek I,Iatershed receives 20 40"Á more

precipitation than the lower plalns (rlanning Branch, 1g77,

t97e).

Large anounts of sedfnent are transported durrng high
flow events due to the easlly erodlble nature of the shale
material whlch the streams flour through and the steep bed

gradients on the escarpment. The sedLment fs deposlted at
the foot of the escarpment ln al-luvial fans. Farmland be-
yond the fans is sub5ect to floodtng and shale deposition
whlch damages or destroys crops and reduces t,he fertflity of

I



the sofl. Drains

tlnually ftl1 with

2

butlt to carry \üater off the farmland con-

sedLnent. The p roblen becones more se-

frequent as thevere r¡ith time,

drains and naln

since overflows become more

channels ftll ¡vith sedfment.

I.Iilson creek'has formed a large alluvial fan and cont in-
ues to deposft substantial amounts of sedlnent at the down-

stream end of the fan. As may be seen in plate l, a canyon

10 l5 m deep has been cut through the fan by the stream,

leaving exposed shale banks whfch are easily eroded. MosÈ

of the sediment being deposited on fields downstream nosr

orlginates in the fan ftseLf rather than on the escarpment.

I.Iater management p roblems have been made more serious by

poor land use practices on the escarpment and the 1or,¡er

plains. Hlgher parts of the escarpment were seÈ aslde as

tinber reserves between 1896 and 1906. At the tine, set-
tlers preferred more easlly farmed land alray from the es-

carpment (car1y1e, 1980). rn 1908, settlement began on Land

Lmmediately below the escarpment. By 1916, the provincial
government began Èo construct artfftclal drains to relleve
drainage problens in the newly settled areas (MacKay, I969).
sedimentation probleurs erere noted ln these dralns as early
as 1921 (car1y1e, 1980). The drains collected and channel-

ized water whlch had prevlously spread across the alluvial
fan. This flow concentratlon in the easily eroded fan en-

trafned large amounts of sedfment ¡.rhich were then deposited

ln the new drains bel-ow the fan.
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Adninistration of land f,ras made a provl.ncial responsibil-

ity in 1930. At the sane tfme, Ridtng Mountain Natfonal

Park r¡ras created. Tinber cutting and grazing Íras stí11 al-

l-owed at this time. rn 1949 the joint federal-p rovincía1

Northwest Escarpment Agreement r{as reached. Thts agreement

provided for cost-shared relief programs to solve the prob-

Lems of scarpface erosion and lowland flooding along the

Rlding, Duck, and Porcupine Mountalns.

Flood control reservoírs are conmonly used to reduce

flood dfscharges on streâns o tr{ater is retafned ln the res-

ervoir until after the peak flow has passed and is then

s1owly released when the streamflow has decreased. Thís

concept of headwater control 1ed to the developrnent of two

reservolrs in the headwaters of the tributarles to I.{llson

creek. By reducing flood peaks, some dolrnstream eros ion/

deposition problems lrere reduced. The provl.slon of reser-

voLrs proved to be a very expensive solutfon to the problens

in the watershed; none have been built in recent years.

A jotnt federal-provlncial committee on Headwater, Flood

and Eroslon control was formed ln 1957. The I,{llson creek

I,Iatershed qras selected as a Btudy area to gather pertlnent

data and tes t alternatfve solutions to the varf.ous p roblems

along the eastern slde of the Manltoba Escarpment. The

study started ln 1959 and has continued to the present
(Plannfng Branch, I979). Slnce 1959 a large amount of hy-
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drol-ogical and meteorological- data has been collected. This

data has proved useful for forecasting floods (carry1e,

I980; strilaeff, 1976). rn addttion to data collecrion,

several experiments on sedinent measurement and control have

been conducted. The general layout of the hratershed in

I.Iestern Manitoba ls shown in Figure 1.1.

The land on the plains below the escarpment has been the

object of a federal-provlncía1 land acquisition program

sf.nce 1962. Following purchase, cultivated land has largely

been solrn to forage crops. This l-ncreases soll fertility

and reduces erosion by reducíng runoff. Steeply slop ing

land has been reforested (Car1y1e, f980).

Despite these non-structural measures, ¡¿ork has continued

on direet nethods to reduce erosion along the fan. Bank

protectíon and gradient control are tr,ro common methods of

reducing the potentía1 for erosLon on streânso Bank protec-

tion, while effectfve for rel-atlvely short reaches, is pro-

hibitively expensive for channels such as that of I{irson

creek and the other streams on the Escarpment. rn addition

to the length of protectlon required, the banks are general-

ly very steep, and may be almost vertical ln many locations.

Bank protectÍon ls therefore not a practical solution to re-

duclng erosion problems in this type of channeL.
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I.2 CNANNEL PROTECTION BY GRADIENT CONTROL

The value of the land to be p rotected is a slgnlficant

constraint on the design of structural relief measures to

reduce flood and sediment damage.s. A1Ëhough much of the

land along t.he downstream reaches of I{llson Creek is culti-

vated, it ls of relatively low value. Conventlonal concrete

drop structures are too expensive for use in such a sLtu-

ation. As an alternatlve, the hlater Control hTorks Section

of the Manitoba lJater Resources Branch has proposed a series

of rockfill weirs along the reach of the stream within the

al-luvial fan as an exp erfment

its eroslve

is less than

to reduce Èhe

Each

gradient of

of the fivestream and hence

posed structures

gene ral

the bed

the

p ro-porùer.

2min

of head ls dissipated in a length of

reduced fromÞrây r the gradient ls

layout of the structures is

profÍ1e along the same reach

height; in total, 8

about 1.38 km. In

0.0095 to 0.0033.

shown in Figure 1.2,

is shown ln Fígure

5rt

this

The

and

1.3.

The design discharge used ln the proposed soluÈion is 24

m 3/s, which corresponds to a IO"Á f requency of exceedence of

rnaximum lnstantaneous summer flow or a 2"/" frequency of ex-

ceedence of maxLmum mean dally flow. The naxlmum recorded

dlscharge on I^Iilson Creek hTas 45 n3./s during the storm of

Octobe r 197 5 (Planning Branch , 1979) .

A rockfill

avallable rock

structure was chosen to

be obtained

1oca11y

at rela-

nake

and

use of

p1-acedwhlch coul"d
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tlvely 10w cost. To reduce the probabtlfty of pipÍng under
the nreirs ¡ â membrane conslstrng of rairway tres fastened
with steel angles lyas designed. Although thls menbrane is
permeable, rt !ües felt that it would at least serve as a
cantirever retarnrng wa11 under the mos t critrcal condi-
tLons. The probabÍlf ty of pfping after the pool was filled
r¡ith sedlment ras considered smarr, so the membrane was in_
cluded only to .protect the sÈructure for the fÍrst few
years.

The structure rtserf consists of a wide shalrow chute ln
the cent ral area of the s Èream cross section n¡ith hígher
shoulders on erther sfde to concentrate the flow in the cen_
ter of the stream. A cross secÈion through the crgst of a

typical wer.r is shown fn Frgure r.4 and a typÍcal weir pro-
file fs shown in Figure 1.5. The chute f100r is 0.75 m 10w-
er than the shoulders. The expected depth of f10v¡ at the
design discharge is 0.45 r, with 0.3 m freeboard. Both the
chute and shoulders have a l0ngitudrnal s10pe of 2o:r. The
crest width of 1g m and Èhe 20:r sl0pe ü7ere chosen so that
1oca11y avairabre rock would be stable. . For the upstream
weir r a more narrorr natural channel cross sectron resurted
in a reduction of the designed chute width to 12 m wlth an
increase in depth to 0.9 rD. A 25:l longitudinal slope lras
recommended for this structure.
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The stone size speclflcation

157" by count between 0.68 n and

m and 0.10 rno The d ,o value of

p roxinatel-y 0 .24 m.

for the design $ras

and 857. be twe en 0 . 4 5

sp eci ftcat ion i s ap-

chos en

0.45 m

this

The des ign

low placement

fng basin was

required some excavation at the toe end to a1-

Plates 2 6 show

of a short rock transition section; no stil1-

provided.

The first two structures at the

during the fal1

the st.ructures ln

upstream end of the reach

were cons Èructed and winter of I 9 80- l9 8l .

the early spring of f9Bl

and in August, 1981.

The Civtl Engineering Department of the Unlversity of

Manitoba was approached to undertake a hydraullc model study

to examine aspects of Èhe hydraulic performance of the

structures. Of partfcular interest lrere the hydraulíc char-

ecteristlcs of the, weirs, the stabillty of the structures,

and the effects of the structures on the flow characteris-

tics of the stream. These aspects rùere sÈudied in conjunc-

tfon wlth other features of more academic interest. These

fnterests included changes to the geometry, roughness and

permeabllity of the structures as well as the effects of

scal-e dlstortlon on BtructuraL hydraulic models.

All tests made uae of sirnplifled geometries. In addition

to reducing the compLexlty of the system to be nodelled, the



I
sinpliffcatlon also ¡nade the results of the study more gen-

eral and thus more appllcable to different locatLons.

I.3 SCOPE OF STUDY

Investigation of the proposed structures involved two

study the hy-totypes of models. A physlcal model was used

draulic characteristics and stabillty of
structures whlle a mathenatical nodel v/as

the effect on depths and velocitles fn the

the indÍvídua1

used t o examine

s t ream.

chap ter rr provides background on rockffll and rockfill
drop structures. Reasons for using rockfill rather than
concrete are discussed and theoretical aspects of stone sta-
bility are consfdered. rn addition, the design proposed for
the I.Iflson creek l,leirs ls checked agafnst design erlteria
developed by snith (I978) at the university of saskarcheürano

The thtrd chapter dlscusses the theory of hydraulic nod-
els. After an examination of the requirements for sinili-
tude between p rototype and model, dlstorted and undistorted
models are studied. Both typea.hTere used in the physical
nodel testlng program.

The fourth chapter descrlbes the experinental work done

in both the physicar and mathematrcal model testing p ro:
grans. The deslgn and operation of the varfous physlcal
nodels ls explained ln deÈafl. The nathematical nodelling
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component utfllzed the well known

Due to the length and complexity of

HEC-2 backwater rnodel.

brief description ls provtded of lnput

result s.

thls program, only a

information and nodel

In the fifth chapter, all model results are analysed and

dlscussed. A single structure prototype rating curve is de-

veloped fron the physical model tests and the stability of

the s tructures and their fallure mode fs examined. Many

changes to the geometry of the structures rrere tested with

the physical models. These changes were made in an attempt

to assess the effect of design ehanges on the structures.

Among the changes studled were changes in weír prof i1e,

chute cross section, rock sLze, and permeability. The ef-

fects of model distortion and scale changes were also stud-

ied. Three sets of tests were nade with the HEC-2 nodel.

Six discharges were used ln each series, ranging from one

quarter to twice the design discharge of 24 ¡3/s, The first

serfes of tests !Ías run ln a simplifted channel without any

structures. This serles attenpted to reproduce t'natural"

conditions. The second series tested the same channel sec-

tion wlth thro structures included. rn the third series, the

pools upstream of the structures rüere assumed to be ful1 of

sedLment to the crest level of the ¡reLrs. The results of

all three serles of tests are examined to deternfne posslble

changes to the reglne of the stream after the lnstal-latlon

of the structures.
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conclusíons and recommendatfons are p resenÈed ln chap ter
VI.



Chap ter II

ROCKF ILL

2.T GENERAL CONSIDERATIONS

Rockfit-l can be placed at a nuch lower unit cost than

concrete. The saving is partlcularly slgníficant for srnal1

structures in remote locations. Rock is wtdely available in

a variety of sizes. It ls easlly handled and may be placed

by dump ing wlth a minf.mum of labour. In less developed are-

âs, inexpensive labour may be substltuted for machínery;

l-ftt1e skil1 ls required for placenent. Construction is

rapíd and requlres 1ítt1e site preparation.

I^'-

Because rockfill

volume ls required

crete structure.

bulk density of f 700

contains relatively 1-arge voids, more

for the same mass as an equival-ent con-

Thls is because rockfill has a typlcal

kg/n 3 while concrete has a bulk density

{" ,,}ç
\0r'

of 2400 kg/m3. In addttion, Èhe loadbearlng capability of

rockfill ls much less than that of concrete. Rockfill

therefore would not be used tn hydraulic structures requir-

lng heavy components such as plers. Desplte these potential

drawbacks, rockfill nay be used in many structures ln place

of concret,e. For poor foundatLon conditions r Ìockfi11 may

be p referable to a rtgtd conerete strucÈure. Three particu-

1l
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lar hydraullc advantages of fockfill may be espectally sig-

nlficant.

In concrete structures uplift requires costly drafnage

and cutof f p rovisions; in .ïnf i11 uplif t is not a p roblern.

In addttion to permitting upward flow, the permeabllíty of

rockfill allows addttional flow through the structure as

shown ln Figure 2.1. Sural1 flows may be conveyed through

the structure without overtopping the crest - this condition

ls known as throughflor¿. The roughness of the surface as-

sists in the dfssipatlon of surplus energy in tr¡ro r¡rays. In

addltion to friction beÈween the rocks and qrater, energy is

díssipated by jet irnpingement as the water florvs over and

through Èhe rock layers (Stephenson, fgTg).

In cases where both Èhroughflow and overfLow occur, the

throughflow portion of the total dlscharge is relatively

smal1 (Olivier, 1967) . Throughflow ls also reduced tf the

voids f111 with sediment or debrfs. Thts nay become a seri-

ou s p roblem for s tructures designed for throughflow only,

since the point where the flow breaks ouË on the dorrnstream

slope r*¡i11 rise. In an lnproperly designed structure, if

the breakout point rises Ln,to a steeper upper slope, that

slope may become unstable.

(
,up-t,

A horizontal crest ls lnportant

¡vhlch wtl1 be overtopped. If the

flow concentration wf11 occur. Thts

for rockfill structures

crest ls

nay lead

not 1eve11ed,

to gu1-lying on
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:he dolrnstream slope of the structure which r,ri11 further

concentrate the fLow and may cause^a complete washouÈ of the

structure. A rigid crest may be used to protect the struc-

ture agalnst thts possibility. A membrane extendlng Èo the

crest will serve the same purpose whtle naking the structure

iurpermeable to the crest helght.

2.2 STABILITY OF STONES

Stones on a rockfill structure must resist a combination

of turbulent 'drag and liftfng mechanfsms. Movement takes

place by slidtng rather than overturning, since for mlnimum

energy requirements, the rep resentat ive vert ical dinenslon

of the rock ls less than the representative horízontal- dt-

mensíon. This causes a non-spherical stone to lie rrf 1atrr.

(Stephen'son, 1979).

The stone síze requfred to resl,st movement nay be deter-

mlned wlth the Shields CriterLon (Srnith, l97B). In order ro

see how 'this may be done, the stabil-ity of a single stone

may be eonsldered

The mass forces actlng on a slngle stone resting upon a

horizontal bed of non-cohesf.ve material are:

I
I

Q,

1,,'.^ ( /,

- . ,.1.,

ì. ,,.,'

u 
tt,') It

1",

[2.1] gd3 (p8-p)E
B

g is the acceleratfon due to gravity

d ts the stone dfameter.

p t" the density of r^rater.

where
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is the stone density.

under condftfons of no fr.ow there are no drag forces; the
external force on the particre is equar to the submerged

welght of the particle. Thrs is arso the force l¡hich wilr
be available to resrst motion. under conditions of f1ow,
drag ls related to shear velocfty. shear verocity is relat-
ed to the real fluld velocity nrhich would produce a shear
stress Shear velocity ls defined as fo11or^rs:

12.21 v*=ftT tî>

p
s

T U

I,Ihen flow over

the dominant force

fined as follows:

Í2 .31 Fo - pd2 (v*) 2

. "Ld'

LIhen florv over the partfcle
force doninates. This force
may be def lned as f oll_ows:

tZ . t+l

the partlcle is turbulent, form drag is
on the particle. Form drag may be de_

is lanlnar,

(also known as

¡/'

rú

viscous

viscous

p art icle .

V*::

shear

drag)

1:t,
J

,¡Y'

V
F., = Udv*

where U ls the dynanic vLscosity.

The particle Reynolds number indicates
or vLscous drag is the doninant force on a

on the shear velocity

d rag

This
parameter ls dependent as follows:



I :,
a/.,Ì;'\il
,t,tl(

t',

\ t/.¡ t' , , "'l ",

( ü, 'll

(-,'l
'.j;'.,

tl

ii r'l

r,L u't'' , i-l /'
:. t..iÌ ' (/ l5

12.51 Re* = v*d/v
i.

where V ls the kinematlc viscosLty.

The particle ReynoLds number is the ratio of form drag to

vfscous drag forces.

Since both form drag and viscous drag are related to the

shear velocity, forces pronoting motion and forces resisting

motion may be expressed in a slngle ratio:

Í2.61 pd2(v*¡2 r
(0"-o) ed' fY"{tA

The

nolds

Entrainment Function.

relatíonship between thís

number is shown ln Figure

Partíc1e

and the particle Rey-

the farníllar Shields

inpends when T = Tc'

ratlo,

2.2 as

motion

Average bottom shear stress is given by the expression

Í2.11

where R ls

ls

When the fluid

solid materlal (S

and gravel streams ) ,

't
ã're;Ð

vRS,o

the hydraulic radlus

the bed slopä.

L-
o

S
o

ls \ùater and the specffic density of the

) fs 2.65, (a common value in most sand

0.056[2.8]

rshere 0.056 ls an experlmentally derlved coefficient.
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Substituting Equati.on 2.7 for To
and simplifying:

fit
I ,l' ;,-,0'

I r ,( i

¡\ 0 r).\)

(
-- o,()\

12.e1
-RS.,

d (ss-1) 0.056

Replacing S
s

with its value of 2.65 yield s

L
s,

^/

,, /t/,"\ el

L"^
0,û I

¿ UL r_L\ ,l:;4.. - ¡t.t

Thfs corresponds closely to Smith's equation for stable

s t,one aizei

[2.11] d=IO D S

Snith uses the depth of flow D in place of the hydraulic

radf us; the tsro values are virtually identlcal f or a wide

channel. The I0T. dlfference in coefficients arises fron the

roundlng off of the experimental Shíelds entrainment func-

tion parameter (0.06 as opposed to 0.056).

[2.10] d II R S
o

Rlchardson et al (1975) give an

explicitly defines the factor of

nent for rlprap on a slopfng bed.

additional equation which

safety agalnst stone move-

Í2 . t2l s F cos (s) tan(ó)
n Can(ó)+sin(s)

In thls equation o ls the angle between the

Lzontal plane and O ls the angle of repose

For dunped rlprap, the relationshlp between

partlcle dlaneter is shown f.n Figure 2.3.

X ( ' .r::..:.....

bed and a hor-

of the rip rap .

and mean0
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n is proportlonal to the Shields Entraínment Function as

f o l1ows :

12.r3 I n
6"åtra,

2.3 DESIGN CRTTERIA

In

2.L1,

des ign

1)

d.
50

addttlon to

Snith (1978)

of rockfill

recommends the following

drop s Èructures :

minimum thickness of stone ín the chute ís

the s tone size criterion given in Equation

criteria for the

1.5

than

d'
50

The

507. of

Thts

the s tones by

prevents the

weight have a

possíbility of

bed.

díameter less

a void ext ending

Èhrough the structure to the

2) Graded rather than uniform s tone i s u se-_{ to reduce

weight ,a-nd .p ar.t ic-tre-_99_p-

tacts whfle decreasing the porosity. The increase in unit

the voids. Thls increases the unit

weight lmprove s stabil-ity; shear

ad.=diat9"t1-partictre qontalts. The

an asset because tt may eLinlnate

tween the welr and the streambed.

resistance ls inprov

d

by

ecrease n

the need for a

p oros ity

filter

is

be-

3) At the downstream end of the chute, channel protec-

tion fs necessary slnce fl-ow leavlng the chute wiLl- be su-

percrltlcaL and t,he tallwater r¡i11 be subcritical. Smith

recommends extending the stone past the end of the slope for

a distance U Oa where D t is the tallwater depth.

'1.,)
,*'i

t.l
{ i r.' ,

''7\ I I',i
i



The Mannlng Equatlon

requlred for the chute

the following equat ion

diameter d r

18

is used to determlne the rock slze

the structure.

re 1a t e Manning s

Snlth ( 1978) usesof

to n to the nedian

,.,(1ut;

,Å f\V,,' r" 1,, ìì-¡.i],'¡r

/ .,, ¡:.i., ¡,..u.'1,.,,5

l,-, !,,(

lt'ti'l r(,

l2.r4l n 0.04

The nedian diarneter is approximately the same as d so .

In most problems, the

stone size and bed slope

mines the depth of fLow

are calculated from the

design discharge is known, and

E
L
quation 2.lI deù

and hydraulic radlus

the
":; t., ," 

Ìi r;

er-
. i'i,t
\:. ..

.,rl. 
'.'

are select ed .

once the area

Manning Equation. d I t, ,i) 
i,

ïn the fo11owÍng sectfon, the design proposed by the Wa:

ter Resources Branch for the I{i1son Creek drop strucÈures is
checked against these critería.

2.4 REVIEI.I OF !.IILSON CREEK DROP STRUCTURES DESIGN

Deslgn parameters as selected by the hlaÈer Resources

B ranch e/e re :

des ign dl scharge

longitudlnal slope

partlcle diameter

= 24 r'/"

= 0.05 (20:l)

= O.24 m

(assuning rocks are roughly

spherical)

d

a

s

50

t I
I {i':,

0, /1 6

,¿1,/

t0 ( o,l';

,,l(.,,,r1 ' 1,'/

The f red

,i '-

requ calculations are shown fn Table 2.lz
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Table 2.I

* L = toe protectlon length.

Accordlng to smith's (1978) criteria, the design proposed

by the water Resources Branch adequately determínes the

depth of fLow and Mannlngs n, but does not provide suffi-
cíent toe p rotect ion.

EQUATION I]NKNOI^IN VAR.
IABLE

VALUE USED
BY I^IRB

PERCENT
DIFFERENCE

[2. rr]

[2. rs]

d = llDS

n = 0.049d

L=6D

D=0.44m

n - 0.039

L = 4.50m*

D= 0.45 m

n = 0.040

L = 3.05

2.3

2.6

-32.2



Chapter III

HYDRAULIC MODELS

3. I INTRODUCTION

since many hydraulíc p roblems cannot be solved satisfac-
torily by theoretical or enpirical nethods, hydraulíc nodels

are often an alternative nethod of deternlnlng an econonical

solutfon for a part icular p roble¡n. Models, are particularily

useful where flow condltions are three dimensionar, makfng

theoretíce1 treatment dífficu1t. This situation often

arlses in the design of new hydraulic structures. Because

the flows are generally three dimens ional and tine dep en-

dent, theoretical anal-ysis ls often difficul-t or impracti-

cal. At the same tlme, there mey be insufficent experience

rvlth slnilar structures to enable ernpirical- standards to be

used.

Hydraulic nodelling may be considered to be both an art
and e science. The science has evolved sufficiently to per-

nit the development of rules governlng model design and an

understandfng of the valldtty of the solutLon. Aspects of

the construction, calibration, and interpretation of the

model results remains largely an art, often relylng more on

the experLence of the model builder than on hfs abiLity to

/, l''.^,.- 
't{

20
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determine or foresee ¡shere model changes should be made ln

order to make the model- and prototype perform more effec-

t ive ly.

Although the design, construction, calibration and oper-

ating cos ts of a model may seem large ln lsolation, very

signif icant savings can result on the overall p rqject. Be-

cause the failure of a hydraulic structure may endanger

lives, the savíngs resulting from a change in design may be

niore .than .economic. bviousl the accuracy of the model

results can be very lnportanti a great deal- of care must be

taken when applytng nodel results to the prototype sftu-

ation.

The technf.que of hydraulic modelltng is a relatively ne$r

branch of hydraulic engineering, dating back about .100

yeêrs. One of the najor ploneers in the field was Osborne

Reynol-ds, who r.rorked at the UniversiÈy of Manchester and r,ras

one of the first to successfully nodel- prototype bed move-

ment patterns. Reynolds' early success involved an element

of good luck, since his flrst choice of sand for the bed ma-

terfal- sras adequate and hls choLce of horizontaL and verti-

cal scales used a distortion which is considered unaccepta-

ble by today's standards. Constructed ln 1885, the model of

the estuary of the Rlver Mersey used a horlzontaL scale of

31r800 and a vertical scale of g60 f or a scale dlstortlon of

33 (Henderson, 1966). Slnce the earLy ¡sork of Reynolds and
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others, hydraulfcs laboratories have been set up throughout

the world to study basic fluld,nechanics phenomena and solve
many different types of probl-ems ln water resources engi-
nee rlng .

3.2 SIMILITUDE

Three types of sirnflarity

nodel. For geometrlc sinilarÍ

both model and prototype nust b

of proportionality is â length

À is a scale,

the subscrip t

are involved ln a hydraulic

ty, corresponding lengths in

e proportional. The constant

scale. For kinenatic sírni-

L ls a l-ength, T is a tlme, F

quant í ty

fs a

larity, tines as well as l-engths are proportional. Thís im-

plles that veloclties and acceleratl-ons will also be propor-
tional. For dynamlc slnilarity, corr.esponding forces or

masses are proportional in additlon to the lengths and

tlmes.

The conditions for dynanic sinilarlty nay therefore be

summatlzed as fo11o!ys:

[3.1] Àr=Lnll,*;ÀT /T^ ¡,F

rrhere

- = Fn/F*
P

T

force, p refers to

the subscript n refers to a nodel

a prototype

quant ity.

and

For most practical hydraullcs

the rnode 1 and prototype may be

vity (I€), vf scoslry
l'i

p roblems , for

due p rlncip ally

(Fv), surface t
|\ "

ces found I

to pressur

ension (rt )
2l

n

e

t
(Fp ),
(i)

gra

¡/

,rirn., ir- !.>

,l',1(" ;
þi. rr'1/ f 

(u 
"

l,y
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and elasticlty

force

In dynanlc equl

the vector sum

Newton's second

23

Íbriurn, the inert la1

f all the others and

law of motion:

,Q,.

this

(Fr)

force is

balances

given by

[3.2] Fi m*a *vo 1* ap

where m is the mass, a Ís the acceleration, p is the mass

density and vol is the volume.

The lnertial force ratio ls therefore:

t3.31 À, = ÀoÀr3trr/Xr'

This equation is known as the Bertrand e uation. Each

of the five previously mentioneU ai"" "t force" rr,.rolved in

hydraulic phenomena may be analysed lndividually, resultíng

in the following flve equations:

t3.41
^r,

= ÀoÀr4/Àr2

= ÀoÀr'

[3.5]
Àtg ÀÀ_YL

t3.61 trFr, = ),uÀt2/ÀT

1,3 .71 ÀF, = ),o/Ì'L

t3.81 lF. = ÀgÀL'

If pressure force doninates ln the system, the other com-

ponents may be neglected. Therefore,

5



l3.eI

[3.12]

[3.10] I

[3.11]

The Ìemalnlng

each one by ltself

e11ed.

Ft Fp

ÀpÀL4 /ÀT2

Fg Àri rv2 / (ÀsÀr)

ÀOÀ.,r2/l,n = I ; Àr, = veloclty ratío = Àr/À,

E ÀpÀl'

four forces may be slnilarly treated
donlnates the physical process to be

Jl '1'" '1'

i1,., .,,, t,,,

Lt) ¡: /'1"',

24

rno d-

î,, 
' ' '//

tl i¿ t ,t¡ ,' t'l
/

n .1..
{'t/ ¡'r\.

if

), I

I

[3.13] ÀFv Àri ÀoÀrrÀr/À, = r

of forces

Reynolds,

model and

,

[3.14] Àp. Àri i ÀpÀv2ÀL/Ào =

[3.1s] ÀF" = ÀF
l-

Àt IÀoÀv2 /,
/

(
,. í ''Ì,'/,

,-r"'rr' t ' 'ì
"';'1

,
tt

Equatlons 3.1'2 3.15 are merely ratios of Froude, Rey-

no1ds, I{eber and cauchy numbers respectlvely, accounting for
gravlty, viscosity, surface tensLon and compressibility.
The pressure ratio may be expressed ln terms of the other
force ratlos as mentioned previously.

ïn order to obtaln true dynaníc slnilarity bets¡een nodel

must be proportional , irn-

I{eber and Cauchy numbers

prototype. Slnce the ef-

and protoÈype, all types

plying that the Froude,

must be the same ln both

fects of gravity on both the prototype and model are the
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same, th: gtavity ratio ls fixed as unity. If the same f1u-

td ls used for both prototype and node1, the mass and 'rrf:-

coslty ratios wl11 also be unity. Because of the llrnited

nurnber of degrees of freedom available, (three for hydrody-

namic problens), no one fluld can make all ratios simultane-

ously equal Èo unity, so true dynaníc sinilaríty Ís inpossi-

b1e. Fortunately, in many practical situatlons one effect

doninates the other three; by satisfying the doninant ratio

requirenent and neglectÍng the,remaining ones, valid compar-

isons are still possible between prototype and mode1.

In open channel models, gravity effects are always impor-

tant and qulte often doninantr so the Froude number rat.io is

chosen to be unlty. From Equatlon 3.12, tt may be seen that

to satisfy thls requirement, the veloclty scale is the

square root of the length sca1e. Since the velocity scale

is the length scale dlvlded by the time scale, the time

scale is also the square root of the length scale. Undis-

torted Froude models use length scales fron about 5 to 30

for detailed structures, about 30 to f00 for sptllways and

about 100 to 1000 for rlver models.

Compressibility is not signiflcant

problems, and surface tensLon effects

enaurlng that the dep ths and ¡vldths of

ceed 2 cn. A dlstorted scale model nay

tsfy this requlrement. The effects

in op en

can be

fl-ow in

be

channel flow

ellmlnated by

the model ex-

necessary to sat-

vlscoslty may beof
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quite signlficant ln open channel flow probl-emsr even when

gravity ls the dominant force.. Slnce water is generally

used in both prototype and model, the viscoslty scale is

unity. The Reynolds numbers in the p rot ot p e and model will

therefore be dlfferent. Flow ln the prototype is virtually

always turbulenÈ (ne > 500). In open channel- f1ow, laminar

flow exisÈs only for Reynolds numbers less than 500. Ïl-ows

are ful-ly turbulent for values over 5000. Experience has

shown that scale effects due to yiscosity are minimized if

flow in the model is also fulLy turbulent. Differences in

model and prototype Reynolds numbers are therefore not sig-

niffcant as long as both values are ln the fully turbulent
<--:tti;*- .

ransec Br^7 "q/àî -fV"/
Tl¡,{ç,l 'Þ"l û,'L/"/ ¿

The drag coeffictents must also be considered if viscosi-

ty effects are to be miním|zed. If surface drag is lnsíg-

niflcant and form drag dominates r the drag coefficients must

be the same in both nodel and prototype. If surface drag is

significant, the model drag coefficient must be higher than

that of Ëhe p rototype. Thls ls because the drag coefficient

ls htghly d t g,"D-.-e-h.g"Re-y-ll.olds number, whtch is smaller

ln the nodeL than in the prototype. The problen is fllus-

trated in Flgure 3.1. The upper curve shows the situation

donfnated by forn drag the drag coefficient ls not changed

slgniffcantly as the Reynolds number decreases from a high

(prototype) value to a low (nodel) value. The Lower curve

shows the sltuation donlnated by surface drag as the Rey-
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nol-ds number decreases, the drag coefficlent rises substan-

t fal ly.

3.3 IINDISTORTED I.IODELS

Undtstorted models are those in

and horlzontal scales are the same.

used where the fLow condit.Lons are

in the nodel - along edges as well

this reason, structural models are

which both the vertical

Undistorted model-s are

of lnt e res t at all points

portions. Foras central

gene ral 1y

[3.161 tr = v/E

Slnce gravity ís the donlnant force ln an open channel

flow sltuatf.on., the Froude number in both nodel and proto-

type must be the same. Squaring both sldes of Equatíon 3.16

and equating model and prototype quantitfes leads to the

foLlowf.ng equation:

vn2 / (gnl.m) =tP GnLn)

Scale rat los

derived from the

[3.17]

The gravlty

stant may be

per unlt of

ratio ls unlty and so

removed fron both sides.

time, gfvlng rLse to:

the gravltational con-

undlstorted.

for undlstorted Froude models are readily

equatLon defínlng the Froude number:

2

i' V

[¡'l

/

[3.18] cr,r/rr)'z Q/Ll) = 0.n/rn) 2 Q/LP)

Veloclty is length
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[3.le]

[3.20]

L^/r^' = Ln/Tn2

À1 G

Mass is the product of density and volume¡ so

[3.21] Àn

rf ereter is the fluld used in both model and prototype

the mass density scale Àp is unity.

Ilhen the scale ratios are known for mass, length and

nay be determined.tlne r âny other deslred relationshlp s

À.r=À¡lÀT=ÀL L/2

[3.22]
ÀQ = Àr,t /\r = \t 2,5

Àr=Àr/ÀL=ÀpÀL'

l'n=Àr/ÀL'=lpÀl

ÀpÀLt
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3.4 DISÎORTED }IODELS

Dfstorted models are used to overcome laboratory space

linttatf,ons when modelling relatively large areas. The dts-

tortfon ratio (n) fs expressed as the ratio of the horizon-

tal 1-ength scale ÀH to the vertical length scal" ÀV . For

exanple, a model with a horizontal scale ratLo of 30 and a

vertlcal scal,e ratio of 5 has a distortlon of 6. Distortion

of the model al1ows consideration of vertical detail which

would be ínpossible to reproduce in an undlstorted nodel.

Distortions usually range from 2 to 7 (Yalin, 1971).

The length in the denominator of the formula for the

Froude number (Equation 3.16) fs in the vertíca1 d_irection.

A dlstorted Froude model therefore has a velocity scale

equal to t.he square root of Èhe vertlcal sca1e.

Because velocity is defined as the horfzontal length per

uni t of t. íme,

[3.23] Ir=1"/Àrr=ÀItÀv t/2

The dfscharge scale is therefore:

1.5
Í3 .241

Slope

unit of

ÀH2Àv/ÀTÀQ ÀuÀv

of a channel is defined as the vertical change p er

for a dis-horizontal change; the slop e ratlo À,
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torted model therefore become" Àv / LE and the longitudi-
nal slope in the model ts therefore n tlmes steeper than in
the prototype. scale distortfon may induce pronounced dif-
ferences between the nodel and prototype, partlcularily at
shorelínes and other places ¡shere the slope of the bed fs
lnportant. Dlstorted models are therefore used most sucess-

fully to model the central portions of channels where depths

are relatively 1arge. Thfs type of model is best avoided

¡shere three dlnensíonal flow is to be consldered.

The greatest advantage of a distorted ¡nodel lies in its

abiltty to make effícient use of laborarory space and dts-
charge capabilitles. Much larger horlzontal areas may be

modelled without sacrlficing vertical. detail and the dis-

eharge and veloctt.y scales may better suit the laboratory
equipment. In addition dlstorted nodels more easily pro-
duce ful1y turbulent flovr ln ríver models allowlng rigid

modelJ-1ng requlrements to be reLaxed.

As an example, consrder a channel which may be modelled

wlth either a distorted or undistorted nodel. The maximum

prototype dtscharge ls 100 m3/ s and the maxímum prototype
veloclty allowable is 2 m/s. If an undistorted model scale
( À, =SO¡ ls used, rhe model dlscharge will be 5.6 I/s and

the veloclty wf11 be 0.283 m/s. If a distorted model is
used ( À" =50, Àv =10, n=5) the ¡nodel discharge wt11 be 63.7

L/s and thq veloclty wiLl be 0.633 m/s. The larger values



of veloclty and

el- will be more

allow better use

are the same

models is the

discharge a6sociated with the distorted

easily measured ln the laboratory and

3l

no d-

wi 11

of the pumps. Slnce the horizontal scales

in both cases, the floor area requlred for both

same.

3.5 FIXED BED I,IODELS

Flxed bed models may be either distorted or undlstorted,

and are used when sediment transport is not a concern. A

loose granular bed is considered fíxed if the maximum flow

produces tractive forces below the critlcal val-ues for sed-

Lment transport. In addttion, a channel transporting sedi-

ment in the viclnlty of the bed only (bed load) rnay be con-

sidered to possess a fixed bed tf the geouetry of the bed

does not change signlficantly through the range of flow con-

ditions under consideration. The bed configuration in this

case will be sravelike, with the equivalent roughness deter-

mined by the height of the qraves.

Form drag is a thrust on an object due to pr essure dif-

ferences between the upstream (high pressure) and downstream

(Low pressure) faces. Surface drag is the total shear drag

over the surface of the object. Because form drag is gener-

a 1ly

ne1s,

much more signtf icant

the Reynolds number

than surface drag in open chan-

need not be the same fn model and

prototype ff the fl-ows are both fully turbulent. This sf-tu-
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The effect of

friction may be consldered by

tion, which must be satisfíed by

examining the

both model and

Manning equa-

p rototype:

[3.25]

nodel:

13.261

The scale of n is easily determined for an undfstorted

r = ! R2/3sr/2
n

2/3 L/2
s

/^'v

The hydraulic radius R has the dlnensions of a length.

Equatíon 3.26 then becomes:

l3 .27 I Àn xrz/ 3¡"1 / 2 L/6
ÀL

Thts equation defines a crlterion to model the texture of

the bed, namely that the bed should be geometrieally sinilar

Àn
\,'R À

in both

relat lve

turbulent, si.nf Lar Reynolds numbers

model and prototype. The Reynolds

lower fn the nodel; consequently, if

model and prototype. This means that the roughness

to the dep th of f 1o¡¿ should also be the same ln

flows are fully

required in the

are ln fact much

both cases. As discussed prevlously, if the

numbers

the roughness ls scaled

geometrically, the drag coefficient

model than in the prototype, sLnce

are not

will be hfgher ln rhe
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[3.281 (A,/2)pv2 lFD

where F o ts the drag force. The model therefore r¡i11 have

proportl.onately more resistance than the prototype.

cD

Becau se res is tance I s

distorted model is often

model drag coefficients.

very important in rl-ver channels, a

used to reduce the exaggeration of

EquatLon 3.26 becomes

l3 .29 l Àn (l*2/3lul / z¡ çx, / xr)r / 2 \*2/3 ¡xrr/2

The hydraulic radius ratio depends on both horizontal and

vertical lengths. Although ln the prototype the hydraulic

radius Ls often approximately the average depth, thls may

not be the case in the nodel. The ratlo may be determlned

by calculating the hydraulic radius in each case. The ratio

wt11 be domlnated by the vertlcal scale, ensuring that the

Manning's n will be l-ess than one. The ratfo wirr onry be

one fn the case ÀH = ÀV =1, f.e. a full size mode1.

rn the case of a river model, the scales are generally

chosen so that the nodel may be made more smooth than the

relatlonship ln Equation 3.29 requires. rn the model cali-
bration p rocess, the roughness may be increased by atÈaching

small stones or concrete cubes wlth glue untll p rototype

condltions are reproduced. Alternatively, smal1 metal rods

may be attached to the model which extend to the free sur'
face. Turbulent flow must be produced ln the nodel. At
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Least two known prototype flow conditions must be reproduced

in the model during callbration tests. More information is
needed ff the prototype bed and bank roughnesses are differ-
ent, or if signlffcant berm flonr occurs above the main chan-

nel.

Structural mode 1s ,

type of

as discussed in the followfng chapter,

are a special fixed bed model. Scales are und i s-

possi-

on the

torted and surfaces are generally nade as s¡nooÈh as

b1e, since the effect of roughness is lnsignificant

performance of most short spillways.



Chapter IV

EXPERIUENTAL I{ORK AND TESTING PROCEDURES

4.I }IODEL DESIGN

Tr¡o models were used to âssess the hydraulic performance

of the proposed drop structures. The structures tested ü/ere

based on a design done by the I,Iater Resources Branch with

sinplificatfons nade to the geometry as described tn the

fol-lowing section. Tests to determine the structure ratlng

curve and discharge coefficients rùere nade on an undistorted
mode1. A dístorted model was built for purposes of compari-

son s¡ith the undistorted model and then used to assess

ehanges in the roughness and permeabillty of the dístorted

structures.

4.I.1 Undlstorted Sectional Model

Tnro models were used to examine the hydraulic perform-

ance of the struct,rres. A two dlnenslonal model was de-

signed to represent the fLow ecross most of the crest and a

three dlrnenslonal nodel was used to study flow over and near

the sldeslopes. The undlstorted model was designed to make

detafled tests on the hydraulic performahce of the drop

3s
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structures. In order to nake the study more general , the

geomet,ry of the I{ater Resources Branch design was slnpl-ified

by naking the crest ¡.ridth and chute cross section uniform.

rn addltion¡ ro excavation below the exlsting stream Ìras

consldered. Since the structure !üas to be considered in

isolation, the channel slope and the geometry fn the i¡nmedi-

ate vicinity of the structures had no sÍgnificant effect on

hydraulíc p erformance. Thls permitted the modelling of the

structures ln a rectangular flume wlth a horizontal bottom.

In addtt ion, the chute cross sect ion üras made cons Èant

throughout the length of the structure. As may be seen ín

Flgure 4.1, in p rofile the simpllfted structure therefore

became a trapezoldal channel (chute) through a relatiüely

wide and steep sLope (shoulders). In cross section the

structure cons lsted of thrô sectf.ons as shown ln Figure 4.2.

The

two

fl-ow pattern

dimens ional

over most of the crest qras assumed to be

while the flow on and

be three dimens lona1.

near the sideslopes

rùas expected to

In proflle, the two dlnensional nodel essentially con-

sisted of a triangular rockfill wef.r ¡¿fth an lmpermeable cu-

toff wall- ln the crest. It !Ías decided to construct the

model in a flume with a ¡vidth of 0.90 m, a height of 0.75 m,

and a length of 13.4 rno The width of the prototype struc-

ture was not slgnificant sLnce a aectlonal model ¡vas being

consldered. The prototype crest height hras approxinately

2.O m and the length was 54 rro A length scale of 7 .S was
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used for thls nodeL. Thls scale ensured that the nodel was

easlly accommodated ln the flume. The same length scale was

suitabre for the three dinensional mode1, r¡hlch consisted of

the s ldeslop e area along wfth a short length of the chute

floor and a short length of the shoulder on opposite sides

as shown in Figure 4.3.

stones with a d uo of 2.3 cm were readily avaflable in the

Laboratory. The duo of the p rototype structures vras 24.0

cm. I,{ith À, =7.5, the prototype stone size would be L7.3

cmo If the stones remained stable wlth 7.5, the stone

stones tested

of the volume

ÀL

specifícatíon would be conservaÈive, since the

r¡ould have only 72% of the, diameter and 37.5%

of the stones speclfied.

The sectional model used

width of 70 cmo I{ith l¡ =7.5

theref ore I .5 rIt o

a shoul-der was added to

membraRe $ras extended to

had height of 20 cm and a

the prototype crest height Ì,ras

For the three dinensional nodel of the sideslope

di¡nens ional nodelt he two

region,

and the

fo1low the crest geometry.

4.1.2 Conp rehensLve Dlstorted Model

The

f lune

dtstorted model was deslgned to

model whlle

fit lnto the same

showlng the ent lre

hras the cons traint

as the undf s to rt ed

In this case,structure. the flume wldth



which governed the

type structure'was

ÀnÀv

The p rototype design discharge of 24

model discharge of 15.2 I/ s. Model

sign dlscharge r¡rere desired; 30.4 L/s

ed ln the flune.

4 4

3B

overall wldth of the proto-

the model wfdth was lirnited

m3 /s corresponded to a

tests to twíce the de-

was easÍ1y accommodat-

des ign. The

45 rro Slnce

to 0.9 m, a horizontal scale of 50 resulted.

Uslng a vertlcal scale ÀU = I0 resulted in a dlstortion

ratf o of f ive. This f e11 into the accep table range betT.reen

two and seven for such models. The total p rototype struc-

ture hetght was 2.5 m, so a vertical model scale of ten re-
sulted in a model height of 25 cm. This height was easÍly
accommodated ln the f1ume.

For the díscharge sca1e,

[4.1] 1.5 1.5so (10) 1501ÀQ=

The dimensions of the distorted model are shown in Figure

Since the purpose of drop

plus energy, the effect of

llc characteristics of the

the begtnnlng of the model

the effects of permeabtltty

ture would be slgntficant.

structures is to

surface roughnes s

structure was of

dlssipate sur-

on the hydrau-

lnterest frorr

study. It was anticipated that

on this type of rockfill struc-

It was therefore declded to test
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the effects of changes ln both roughness and permeabílity on

the hydraulic performance of the structures. Roughness and

permeability tests lrere performed on the dlstorted nodel.

For Èhes" ":ries of tests, the dlstorted geometry was re-
garded aa a ne\¡r three-dinensLonal structure, independent of

the prevf.ous tests. Distortlon was therefore not a consid-

eration in these tests.

Three degrees of surface roughness rùere considered for

the series of tests on roughness ( series R). The initial

model welr rùas smooth wood. Two sizes of stones were then

att.ached to increase roughness.

Three degrees of permeabtlity were consldered during the

series of tests on permeabillty. The inltial wood weir was

nade lrnperneable by sealing all jolnts with silicone. A

slngle layer of sÈones hras then attached to the wood, making

only the top layer of the structure perrneable. Flnally, a

comp lete1y p ermeable weir of the same geometry lras con-

structed.

4.2

4.2.1

UODEL CONSTRUCTION

Undlstorted Model

A trfal run p rior to construction of the undistorted rnod-

els indlcated that uncontrolled tallwater revels wourd cre-

ate a high degree of submergence of the structure at hlgh

discharges due to the f lat slope of the f l-une. rn order to
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obtain the most severe condltlons for stone stability, the

gr€ates t p ract lcal dtf f erence between headwater and tallrrra-

ter levels rüas desired. A low tailwater level nras main-

tained by placing the rnodel on a platform in the flume which

raised the entire structure 15 cDr as shown in Figure 4.5.

This platform lowered tallwater elevations substantiall-y at

all- discharges.

When the two p rototype structures Þrere observed ln Au-

gust, 1981, lt was noted that a pool of qrater r^ras held above

the upstreaa structure despite a very lorv discharge. Fine

shale and silt had filled the void spaces in the rockfil1,

rendering tt relatively lnperneable. To duplicate this con-

dltíon ln the mode1, silicone hras placed ín all joints up-

stream of the nembrane. Thls ensured that all Ì{ater going

through the flurne passed over the membrane of the weir,

elininating throughflotr ecross the crest cross section.

A sllfca sand bed trras placed downstream of the model to

provide an erodlble bed. The d ro of the sand used hras 0.21

rnrtro Tailwater leve1s were controlled with a vertical lift

tallgate installed tn the downstream end of the flume. Be-

cause of the amount of sand lost durlng prelinlnary tests, a

wooden sil1 was added to trap sand Ln the downstream end of

the flune. A V notch weir was f.nstalled at the upstream end

of the flurne to measure snall dlscharges.
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4.2.2 Dfstorted Model

The dlstorted model was constructed of I cm plywood and

installed in the flune as a unit, mounted on boards 3.8 cm

thick. This slight ralsing of the weir had a negligible ef-

fect on the weir hetght but pernitted the additlon of a lay-

er of stones ln the vicinlty of the structure and al-so re-

duced tailwater levels slightly. The wooden form rras made

impermeable by sealing all joints with silicone. The sides-

lopes upstream of the crest rüere difficult to fit r,¡ith wood;

tl-n ¡ras substituted to obtain a smooth transition.

I{hen testing wlth the smooth

flrst grade of stones tras glued

ture. Because the s tones \ùere

mm), contact cement sras applted

surface and\{e re p ou red ove r the

the upstream slope the

the crest, and the

nearl-y snooth.

stones !üere placed individually near

lower areas !ùere permitted to remain

After testing had been completed wlth a roughened weir,

the larger stones $rere glued onto the smaller stones. The

medfan dianeter of the larger stones was 23 mm. Pouring

these stones Lnto a layer of contact cement úras ineffective;

the sÈones lrere eventually all dtpped lnto the cement and

placed lndivlduall-y. Thls procedure was relatively expen-

sLve and tine-consuming, but the final surface p roved very

iii{l

wood weir lras compl-ete, the

to the surface of Èhe struc-

relatively sma11, (d 
uo = 8.5

to the wood and the stones

p res sed into the g1ue. 0n

(,.

@S MA¡êITÖBå

durabl-e.

/ r¡,. o ^rr'ì. : '1 ,, ì,i I .,.-
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4 .3 I-IODEL TE STING

Sirnllar tests I^Iere run on both dtstorted and undlstorted

models. Upstream water levels were recorded for both models

so that the rating curves could be developed. TaiLwater

leve1s !Íere also measured to ensure that the rrreirs trere not

affecÈed by subme rgence. I{ater levels along the s tructures
r{ere recorded f or some tests. Tests vrere started at a 1ow

discharge, usuaLly ln the range of 4-6 Lfs. For the undis-
torted nodels, the tallwater levels were raised as quickly

as possible by starting with the tailgate closed. Erosion

on t.he silica sand bed was therefore minirnízed. Testing

started after all air pockets in the nodel and its supporË-

ing platform !Íere ftlled wlth !¡ater and Èhe downstream siri-
ca sand bed eras saturated. SinlLar p rocedures tüere used f or

the dlstorted model, except that no precautions !/ere neces-

sary to prevent erosion of the downstream bed, since the

distorted nodel used a fixed bed. The discharge was set

near the desired amount using the upstream v notch weir for
flo¡ss less than 30 1/s and a venturi meter in the hrater sup-

ply line for dfscharges over 30 L/ s.

The rüater supply llne entered the flume through tr^ro

valves whlch rsere operated to make the flow at the lnlet of

the f l-ume as unlf orm as possible. The water then f lowed

through a baffle consf.stlng of short pipe 6ections stacked

parallel to the flow. Another baffle consisting of tT,ro
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steel graÈes was lnstalled downstream of the V notch weÍr.

The waÈer then flowed through the testing section of the

flume and dlscharged lnto one of two volumetric discharge

tanks. After passing through these tanks, the hrater re-en-

tered the laboratory sump. The !Íater was recirculated by

centrifugal pumps wlth capacities up to 65 I/s. Excess hra-

ter r^ras díscharged through relief valves and returned dí-

rectly to Èhe sump. The capaclty of the system was limited

by the flow capacity of the flume wlth the V notch weir in-

stal1ed. The 65 L/ s dlscharge e1íninated freeboard at the

lnlet end of the f lume. FLgure 4.6 shows a schematl.c rep re-

sentation of the laboraËory fåcilities used

After the dlscharge had been run for l0-15 ninutes to al-

low time for flow stabl-r.lzatlon, all point gauges $rere read

and the dlscharge !Ías measured with a volumetric tank.

Polnt gauges Írere located in p iezometrÍc wells outside the

flume connected by siphons to the headrvater and tallwater

pools. In addttLon, a poínt gauge mounted on a travelling

carriage vras used to deternine !Íater surf ace p rof iles and to

check head and tailwaÈer elevations.

check all bed and

Thls gauge Íras also

used to set and weir elevatfons. All

gauges and the discharge v/ere again checked after 5:10 urin-

utes

t han

t lve

to ensure flow stability. If readings had changed more

I nrn, the system was allowed to run until trg consecu-

sets of readings were withln the I mm llntt. Because

of the relatlvely snalL sLze of the system, stability was
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períods of tLme.
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qutckly and could be maintalned for long

Thts procedure was repeat.ed rrlth increaslng dlscharges

until a desired ltnit Bras reached or a structural failure

took p1ace. The upper dlscharge llrnit varied frorn model to

model; some tests !¡ere continued until the discharge capaci-

ty of the flune was reached. Photographs erere taken after

many runs¡ pârtfcularly those near the design discharges and

maximum dlscharges. Following a faÍlure or signifícant

movement of atones ln the chute of the undistorted nodel,

the bed profile Þras checked with the moveable polnt gauge.

To p reserve patterns created by the flow condftions, each

serles of tests ended by closing the taflgate to brlng the

tallwater leveLs up. The flume was then allowed to draÍn

slowly over severaL hours.

Plates 7 ar'ð,8 show the undistorÈed thro dLnensional nodel

before and after testing. Plate 9 shows the undlstorted

three dinens lonal model before tes ting. plate l0 shows the

same rnôdel at the maxLrnum diseharge tested and plate l l

sho¡ss the nodel foLlowlng this tes t. plates I 2 I B show

the models used to assess the effects of roughness and

permeabiltty. Plate 12 shows the smooth inperneable wood

model whlle the top layer permeabl-e nodels roughened with

stones having reÞresentative dianeters (duo ) of 8.5 mm and

23 mm respectively are shown ln PLates l3 and L4. In each
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of these tests the model ts shown operating at the design

dtscharge. Plates I 5 and I 6 show the roughened top layer

permeable nodel (d so = 23 nn) operating at the maxinum dis-

charge tested. Plates 17 and lB show the completely perme-

able nodel (d so 23 mm ) operating at the design dlscharge.

4.4 I.IATER SURFACE PROFILE MODEL

Physfcal nodels rùere used durlng the study to investigate

the hydraulic characteristics of the structures ln lsola-

tion. The results gave no fndtcation of the effect of the

structures on fLow characteristics in the channel. rn order

to sÈudy the irnpact of the structures on \rrater surface pro-

files and velocities, a nathematical nodel was used. The

HEC-2 Water Surface Profile progran !Ías run for three condi-

tions the idealLzed channel before the installation of a

af t.er the cons truc-

after the pools up-

ch anne I

qrere f i1led nri th sediment.

The simplified channel used throughout the tests consíst-

ed of a slngle cross 6ection repeated along the entire chan-

nel l.ength. Thls cross sect f on lras derived by overlaying 33

surveyed cross sections whlch rrere provided by the I{ater Re-

sources Branch, and averaglng by eye. Bends rrere not con-

sldered ln the slnplified problen. In contrast, the natural

stream channel lras f.rregular and contaf ned many bends. As

structure, the same

tfon of two weLrs,

stream of the wel,rs

imrnedtately

same channeland the



sholrn in F f gu re I

located on bends

In addf t ion; the

weg crosslng back

2, some of
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the prototype structures vrere

in close p roxlnity to bends.and all

natu ral

we re

channel lras bralded , wi th the thal-

and forth across the canyon.

The HEc-2 program nas devel-oped by the us Army corps of
Engineers Hydrologic Engineeríng center. The first version
was developed ln 1964; the versfon used wâs issued in Novem-

ber 1976. The program is 9 r400 lines long; a descrlption of

the entlre program is not aval-1ab1e. The users manual (Hy-

drologic Engineering center, lg76) provldes an excellent de-

serÍp tion of the many op tions avaLlable for the p rogram as

r¡e11 as the input requirements. A brief description of the

ínput data and inportanÈ options is presented here.

rnput to the program consists of a discharge at a refer-
ence cross sectlon where flow parameters and channel charac-

teristics are known. An estimate of the ehergy slope and

waÈer sutf.ace elevation or a known water surface elevation
at the reference cross section and the Mannings n of the

channel is also requlred. All channel geonetry is refer-
enced fron the p revLous cross sectLon.

Multiple proflles may be run for the same geonetry by ln-
cludlng a table of dlscharges to be used. Thls op tion fs
h igh 1y

ptled

recommended, sfnce the program wt11 then only be com-

once. Thts results ln very substantfal savlngs in

perniÈs the Mannings n to becomputer tfme. Another optfon
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varl.ed horizontally and vert fca11y. The dlscharge mây be

increased or decreased at a cross section to model branches

or confluences. rrnperial or metric units are chosen for the

entire program with the speciflcation of a single option.
Many optfons are available to control output. rf the nunber

of cros s sect ions used exceeds five, a p rofile is p rinted
automatically. Any or all input cross sections may be plot-
ted to show the water surface.

For each of the three series of tests run with the node1,

six tlf scharges were used. In addltion to the 24 n 3/s deslgn

dl-scharge, discharges of 6, 72, 18, 36, and 4B rn 3/s urere

used, giving a testlng range f rom 2sy" to 2oo"Å of the desf gn

discharge. The first 6eries of tests used the sinpliffed
channel without any structures. Thts series rep resented

conditions before construction of the v¡elrs. The aecond se-

ries used the same channel wfth two idealTzed r¡eirs repre-
senting the condltlons immedtately following constructlon of

the weirs. The third serLes of tests used the same channel

and weirs r¡lth the upstream pools filled to the leve1 of the

crests. The bed therefore extended horizontally trpstream

from the wef.r crests to a polnt where the normal bed slope

re-emerged. Thfs geonetry represented conditions wfth the

pools f f 1led rülth sedLnent.

I.Iater surface prof lles

dlscharges in each series

rüere obtained for each of the six
of tests. Additlonal data nas ob-
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tained at each cross aection for each dlscharge and geom-

etry. This additional data included average vel0citles,
cross sectional areas and energy slopes.

4.5 ANALYSIS OF TEST RE SULTS

Thls section describes general aspects

the results obtained with all models,

mathematical. This materfal is lntended

troduction to the detailed analysls and

sults which follo¡+s in Chapter V.

of the analysis of

both physical and

to serve as an in-

dlscussíon of re-

of de-

rep re-

4.5. I Phvslcal Model Tests

The developnent of a rating curve for the ídeallzeð. pro-
totype structure r'Ías a primary purpose of the physical r¡od-

el1ing p rogram. To obtain the rating curve, information
fron both the thro dinensional and the three dfmensional un-
dtstorted models rùas conbined. since the same tength scales
were used, the models had the same crest height and. longitu-
dlnal slope and hrere nade of the same materlal. comblnation
of the results r¡as therefore a relatlvely strafghtforward
process. An example of the technlque used ls shown tn Fig-
ure 4.7 .

For any partlcular head, the first step consfsted
termining what portion of the enÈire structure nas

sented by the three dimensional modeL. The remainlng crest
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width from the center line to the portion represented by the

three dinensional model was multtplied by the unlt discharge

(q) corresponding to Èhe same head from the tsro dinensional

model" For very htgh discharges the shoulders were overtop-

ped. The shoulder region had the same geometry as the sec-

tional model excep t that the elevation of the ttcrest" eras

raised by the height of the chute. That porËion of the

shoulder width which was noÈ lncluded ln the three dimen-

sLonal nodel lras therefore again rnultÍp1ied by the unit dis-

charge for the correspondfng head from the two dirnensLonal

mode 1.

In this wâyr the total dlscharge for one side of the r¡od-

el could be determined by adding the discharges for each of

the three âreas - the sideslope area represented by the

three dinensional model and the sectional chute and shoulder

areas represented by the same thro dimensional mode1, since

the drop structure rùas aymmetrical. The f inal step of the

procedure consisted of doubling the resultant dlscharge to

account for the second half of the node1.

A ratl-ng curve vras later developed in the same r"tay for a

second pafr of models wiËh a l5: I longitudinal slope.

Once rating curves rrere available for the models and

thelr equl-valent prototypes, several comparl,sons were possi-

ble. The comparl-son between the 20:1 and 15: I longltudinal

slopes rùes of great practical interest, sLnce the longítudí-
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nal slope affects the volume of the prototype structure and

hence lts cost.

The combinatLon rating curve discussed to nolr was devel-
oped for a chute with a trapezoidal cross-section. The sec-

t ional model alone was usêd to determf.ne the rat ing cr¡rve

for two addttional chute geometries whlch lrere then compared

to the trapezol dar geomet.ry. The equivalent rectangular
chute had the same hefght and cross-sectíona1 area as the

trâpezordal chute. A sma11 rectangular chute which had the

same width as the bottom of the trapezoidal chute Íras also
consldered. Thç difference between the trapezold.aL chute

and snall rectangular chute was the cross-sectional areas

over the sideslopes. The sum of these trlangular areas v/as

then compared to an equivalent triangular wef r. The purpose

of these comparísons was to determine whether or not a slm-

ple theoretical- method could be found to approxfmate the

performance of the model structure's rating curve.

rn profile, the central chute section of the rreir was

triangular. The secÈfonal model results were therefore com-

pared to ã theoretical trlangular proflle, as urell as sharp

crested and broad crested profiles.

The effects of changes ln chute depth,

roughness were fnvestlgated by changing

f rom 7.5 to 10. These comparLsons $rere

weir height, and

the length scale

made fn terms of

dfmensionalunit discharges based on the results of the two

(undfstorted) model.
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since the same structure had been modelled wíth both dfs-
torted and undlstorted models tt lras possible to compare the

effect of scale dlstortlon. Data fron the dlstorted model

also allowed comparisons of three degrees of roughness and

permeabfllty.

For each of these

change on the rating

comparisons, the effect of the geometry

curve of the structure was obÈaíned.

4 .5 .2 Mathemat L cal Model Tests

The HEc-2 backwater p roflles nodel was used to assess the

effect of the structures on the entire reach of the stream.

rn the f irs t tes t, the orígina1 channel raÈlng cu rve r¡ras de-

termined by uslng six discharges Ln the ldeallzed channel

wlthout structures. The dlscharges used ranged from 6 n9 /s
to 4g n 7s;.the design discharge was 24 n3/s. The channel ge-

onetry used ln the test is shown ln Ffgure 4.8. The second

test determined rüater surface profiles for the same dls-
charges with tl^ro ldeal Lzed welrs installed. The channel

used ls shown ln Ffgure 4.9. rn the thlrd test, the same

dlscharges !Íere used with a nodif ied channel. The bed $ras

extended horlzontally upstream from the crest of each weir
to the polnt where the natural- slope Lntersected the flat
bed. This sltuation represented condltions wlth the up-

stream pools ftlled'nrlth sedlnent and ls shown ln Flgure

4.10.
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Two Btructures rüere sufficient to nodel the entire reach

because the condLtions betrrreen each set of wefrs were as-

sumed to be the same for the ldeal Tzed problen consldered.

The channel cross sectLon was constant throughout the reach

and al-1 structures rrere identical. since the bed slope r^ras

constant r the spacing requlred between pairs of sËructures

!Ías also the same. only thro weirs and the appropriate
length of channel separating them qrere therefore required in
the mathematlcal rnodel; additlonal length vrould have been

repetitive.

In each test, the qrater

for the purpose of comparis

the proflles showed fmmedia

nificantly submerged by the

welrs. Subnergence to grea

surface p rofile

ons bet¡veen tests

tely that the wei

pools created b

ter t n 807" of

rüas of interest

. In addl t íon,

rs hrere not sÍg-

y the downstream

he height of the

structures would have affe cted disc arge conditions at the

crests so that condltions downstream of the weirs woul_d have\\\
exe rt ed some control over conditiong .upstream of the weLr's.

cornparisons betrrreen vrater surface profiles for the same

dlscharge tndtcated the effects of the structures on flow
condltions ln the channel wlth and without the structures
fnstalled and wíth and without the upstream pools fflled
with sedLrnent.

Average cross

calculated by the

sectl.onal velocities

model for each lnput

and flow areas were

cross section. These
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values, aLthough not used ln this study,

ln assessing erosion and sedlment transport

t ions t es ted.

¡^rould be of valu e

under the condi-

A detailed dlscusslon of the results obtalned wlth al1

nodels follows ln Chapter V.



Chap ter V

RESTILTS AND DISCUSSION

5. I PROTOTYPE RATING CURVE

Model and prototype rating curves were developed usfng

the technique described in Sectlon 4.5.1. The prototype

ratlng curve for the structure with the 20zl longitudlnal

slope is shown in Figure 5.1. This curve is well supported

by experimental results up to the shoulder eLevatÍon; only

one point kras obtalned above this height. A sharp break oc-

curs ln the rating curve at the shoulder elevation, reflect-

tng the greatly increased crest length available vrhen over

shoulder flow occurs. The head required to pass the 24 n3/s

deslgn discharge ls 0.728 m. The design discharge ls there-

fore conflned to the trapezoidal chute'.

In the design proposed by the Water Resources Branch, a

normal dep th of 0.45 rn was deternined f n the chute, assumf-ng

a Mannlng's n of 0.046. The critical depth of the design

dlscharge is 0.526 m. The steep longitudinal slope (5"/.) en-

sures fLor¡ ln the chute will be supercritfcal for values of

n below 0.060. The assumed value of n=0.046 therefore ap-

pears to be reasonable'and the O.3O m freeboard allowance ln

the chute fs adequate. As a matter of interest, flow at the

54
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desfgn dlscharge ¡¡f11 be contalned wfthln the chute lf n <

0.1I ' although the f low ¡sf 11 no longer be supercritf.cal.

Lfttle freeboard (0.02 n) fs available on the up stream slde

of the crest at the desfgn dlscharge. Although drawdown

near the chute would lncrease thla value, overtopplng of the

crest would be posstble at the sides of the channel at the

deslgn dlscharge.

5.2 PROTOTYPE STABILITY AND FAILURE I,f ODE

As dlscussed fn sectlon 4. l. I, the volume of the stones

used ln the models hraa only 37.47 of. the volume required for
geometrlc sfnllarlty. Despfte the relatlvery sna1l stone

eLze used for the model, all structures tested remalned sta-
ble at dlscharges considerably above the deslgn dlscharge.

As the dlscharge rgas fncreased, pronlnent stones on the

chute floor vlbrated untfl they galned a more stabLe posl-
tfon or were dtslodged and rolled down6tream. A very sma1l

portlon of the bed exhtblted thfs behavLor.

Fallure occurs ln the

20zl longltudfnal slope ar

three dlnens lonal rnodel ¡stth the

a head of 11.49 cn, corresponding

to a head of 0.862 n on the p rototype. Estf.matlon of the

dfscharge at thts head requfres extrapolatlon of the ratfng
curve shown ln Ffgure 5. l. The correspondlng prototype dls-
charge would be fn excess of 40 rl/" and most lfkely near 4g

3

a /er o! tr¡fce the deslgn dfscharge.
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The method of failure fs illustrated in Figu e 5.2. The

toe sras f irs t lor¿ered by the removal of both s one and sand

at the do¡¡nstream transltion bet.ween the structure and the

sand , bed. Thls caused s teep enÍng of the 4z I s idesl-op e near

the toe, leadlng to fLow concentration aÈ the botton of the

chute. Flow concent.ration in turn removed more material at

the toe, completlng Èhe cycle of events leadlng to fallure.

I,lhen sufficient ¡naterial had been removed fron the bottom

of the structure, a sudden progressive slope failure occured

along the chute f1oor. Thls failure lnitialLy extended ver-

tically to the solid floor under the nodel. The faílure

qulckly extended upstream until the depth of stone prevented

exposure of the solid f1oor. Antidunes were formed on the

reworked chute floor downstream of the fallure.

The method of failure was slrnilar to that descrlbed by

Srnith ( 19 7B). Smith's f allure ¡oode also involved an up-

stream progressive fallure of the longitudína1 s1ope. The

prlncipal difference bethreen the two modes rìras the point at

rvhlch the failure stopped. smf.th's structure used a uniform

stone thickness along mosÈ of the longitudinal length, wíth
greater depths of stone occurring only in the vícinity of

the crest. The faflure therefore was not halted untll the

crest area \das reached. rn the design tested in the present

study, the trlangular proflle provlded a sufficient depth of

stone to halt the failure wel-1 short of the crest.



5.3. I Effect of Downs tream Slope and Welr ProfLle

5.3 EFFECTS OF GEOUETRY CHANGES

Several- changes ln geometry rùere

course of physlcal model_ testing.

changes, several theoretical râting

shapes rrere compared to the observed

during testing.
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investigated during the

In addi t lon to thes e

curves from common weir

rating curves developed

some reductlon in construction

smaller volune of rockflll re-

saved by the constructlon of

used for bed and bank protec-

the toe of the atructure.

Two

e 11i ng

ly and

ent ire

downstream

p rogram.

later a

structure were

slopes \{ere tested in the physlcal nod-

The standard 20zl slope was tested initial-

15:1 slope trras tested. Rating curves f or the

in Section 4.5.1.

The perf ormance

sinilar to that

charge, the head

f e renc e be Èwe en

20:l structure is 0.004 m or

ance of the structure with

therefore would be vlrtually

dard structure, a1Èhough

costs would result from the

qulred. Alternatfvely, rock

the snaller structure could be

tion Lmmediately downstream of

developed for each slope as explaíned

These curves âre shown in Flgure 5.3.

of the structure with the 15:l slope is very

with the 20zI slope. At the design dís-
on the 15: I structure is O.724 m. The dlf-

thts head and the corresponding head on the

0.55i4. The prototype perform-

the 6teeper longitudinal slope

ldentical to that of the stan-
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A comparison of the unlt discharge rating curves from the

standard 20:l longitudinal slope model and theoretical broad

crested and sharp crested weirs is shown in Ffgure 5.4. The

comparison tras made ln order to deteruine whether or not

characÈerístics of the structure to be tested could be p re-

dlcted from easÍ1y derlved theoretical ratíng curves. Since

the geometry of the triangular profile tested lay between

that of a broad crested and sharp crested weir, it was rea-

soned that either of these well known profil-es could be used

to approxLrnate the triangular structure for prelirninary de-

slgn purposes. As may be seen in Figure 5.4, the sharp

cresÈed profile provided the better approximatíon for higher

unit dlscharges (q > 0.7 , a r,rhere g 
d is the design unlt dís-

charge). For q ( O.7 gd, the model rating curve fe11 almost

exactly halfway between the theoretical rating curves. At

the design unit discharge, the head predicted by the sharp

crested welr was 0.15 cm or 1.5% less than that measured on

the mode1. At the same discharge, the broad crested weir

overestLmated the head requlred by 0.6 cm or 6.17".

5.3.2 Effect of Chute Cross Section

Three chute cross sections rrere fnvestigated with the

physical nodels. The purpose of the investlgation was again

to determine whether or not the hydraulic performance of the

structure couLd be predicted by a similar model wlth a more

sirnple geometry. In additlon to the studied trapezolda1-
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chute cross section, tr^to rectangular chutes theref ore trere

considered. The equivalent rectangul-ar chute had the same

depth and cross sectional area as the trapezoldal chute.
The reduced rectangular chute had the same depth and botton
wtdth as the tÊapezoldal chute. The difference ln cross

sectional area betrùeen the trapezoidal and reduced rectangu-
1ar chutes therefore hras the area over the sideslopes on the

trapezoidal chute. since the additlon of these tr.ro areas

produced a triangular chute, the posslbility of representíng

this area with a v notch ¡¡elr was also investigated.

The trapezoidal chute rating curve was devel_oped from the

combinatlon model tests for the 20zr longitudinal slope as

previously discussed. The rating curves for the trÀro rectan-
gular chutes lrere developed from the tvlo dimensional nodel

a1one. a.ll three rating curves are shown in Figure 5.5,
along with a diagran comparing the cross sections used for
each rat lng curve. The equfvalent rectangular chute p rovid-
ed a good approxímation for the trapezoidal chute, varying
by 0.13 cm or r.57" at the design model discharge. This ac-

curacy fs sufffcient for prelininary desfgn purposes. The

reduced rectangular cross section ratlng curve did not accu-

rately predict the rating curve of the trapezoidal_ chute

node1. The reason for the poor approximation was the 1_onger

effective crest length provided by the sideslope areas.
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In view of the foregolng dlscussion, flow passlng over

the shoulders of Ëhe trapezoidal- model was clearly signÍfi-

cant. rn order to determlne whethe not this flow could

be approximated with a V notch r¿eir, the rating curve for

the over shoulder flow was plotted wlth the rating curve for

a V notch wef.r as shown ln Flgure 5.6. The theoretical

curve was developed fron analyses presented by Smith (I978),

and Brater and King (1976). The probable reason for the

discrepancy betrreen curves is that the theoretical curves

are based on thin pl-ate v notch weLrs, while the model curve

ís lnfluenced by friction and geometry sinilar to that of a

broad crested weir.

A theoreÈical equation has been developed by s¡nith (1978)

speclficall-y for a trapezoidal crested weir. Thls equation

lncludes terms for both fLow regíons considered in the pres-

ent study. The equatlon of Ëhe ratlng curve is as follows:

[5.1] Q = I.70 BHI'5 + 1,27 tan(0/z>n2'5

The first term is the equation for a broad crested r¿eir

and accounts for flow over the rectangular

an equatl-on for

p ort lon of the

crest. The second Èerm ls V notch r¿eir

flow over thewl th

4

sides

an angl e . This term accounts

of the crest. A comparison of thls

for

rating curve and

in Flgure 5.7.

of theoretíca1

the

Two

one developed by model tests is shown

reasons are apparent for the dlvergence
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and model curves at higher discharges. As already dís-
cussed, the performance of the rectangular portion of the

chute ls better represented with a sharp crested weír rather
than a broad crested weir. rn addition, the v notch equa-

tion ís not an ldeal approxLmatlon of the over shourder por-

tion of the flow. since both portlons of the model pass

dlscharges at lower heads than the theoretlcal curves pre-

dict, the combined model discharge requíres considerably

less head than the combined theoretical curve p redicts.

For design purposes, the best approximation to flow in

the trapezoidal chute therefore appears to be that glven by

the equivalent rectangular weir. The performánce of this

weLr could ln turn be predlcted by a sharp crested weir of

the same width. The steps in predicting the ratíng curve

for a trapezoidal chute would be as follovrs:

1. Determine area of trapezoidal chute and divíde by

chute height to obtaln wtdth of equivalent rectangu-

1ar hreir.

2. rating curve for a sharp crested weir of

calculated in Step l.

Determine

the width

A prototype ratíng

to the rating curve

5.8.

curve uslng thls procedure is compared

developed from model tests in Figure
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5.3.3 Effect of Scale

The effect of scale on the prototype ratlng curve r{ras

studied with the th'o dinensLonal model with the 20: I longl-

tudinal slope. A change in length scale from 7.5 to l0 re-

sul-ted in a prototype structure with a hlgher crest and a

longer profile, although the sLopes of the proflle remained

the same. The size of the roughness el_ements also in-

creased. The rating curves resulting from each scale are

shown ln Figure 5.9. Although the hydraulic performance of

the structures ls sinilar throughout most

range, it may be seen that the l-or¡er weir (

of the testing

= 7.5) passes.\,l
more discharge at a given head. The reason for the differ-

ence fn curves lies in the scale ratios used in the axes of

the graph. The ratio of length scales is 7.5/10 or 0.75.

Thts ratlo relates al-1 head measurements for the vertical

axis. The unit dlscharge ratio l_s not the same, since the

scale used ls | =q

curves 20.54/31.62 or 0.65. since the original model values

are being multlplied by dtfferent ratios, the p rototype

cu rve s d ive rge .

5.3.4 Bffect of Scale DfstortLon

structural models are normally built without distortion

so that three dimensionar flow patterns may be mainÈained.

Llttle inforuat.ion ls avallable on the consequences of dis-

ÀL
1.5. This makes the ratio betr,reen the



tortlng the scale ratlo.

tortion on the structure

a model was bullt wlth a

To test the effecÈ of such

under cons lderat lon in this

horizontal scale of 50 and a
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a dls-

s tudy ,

verti-

caL scal-e of 10. The dinenslons of the model- are shown ln

Figure 4.4. The model was not identlcal to the undistorted

mode1, since an lmpermeable wooden shell was used under the

stones rather than a slngl-e cutoff at the crest. The shel1

r\ras covered with one layer of stones wh,ích rras glued to the

wood, naking slop e failure inpossible. The effect of perme-

abllíty below the top layer therefore was assumed to be in-

significant. Accordlng to Olivier (1967), most flow ín

rockffll structures occurs ln the top layer of stones.

The stones used for both distorted and undístorted models

chuteTo obtain Ëhe same

scal-e of À, = 7.5 rras re-

The roughness ltas Èhere-

since the vertical scales

Rating curves for the prototypes corresponding to both

models are shown in Flgure 5.10. The curves are very sini-

lar and boÈh predlct nearly the same head required to pass

the deslgn discharge of 24 r3/s. Unfortunately, the sinilarí-

ty between the curves ls largely due to dlstortLons in the

model roughness r¡hlch rùere caused in part by the selection

of different vertical scales ln the models.

r,rere the same size (duo = 23 mm).

depth r.rtth both models, a length

quired for the undistorted model.

fore not scaled geometrically,

used in the models Írere different.



Roughness may be scaLed on the basis

grain size (Sharp, 1981). Manipulation of
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of Mannings n or

the Mannlngs for-
mula yields:

ts.2l nnln, = (tplt.r) L/6

Graln size ls scaLed gçometrically r¡ith the length ratio:

ts.3l kp/kn = Lr/L^

The undistorted model used a length scale of 7.5, leading

Èo an n scale of 7.5.I/6 o, 1.40. For the distorted model,

a vertíca1 length scale of 10 led to an n scale of l0 L/6 
=

I.47. (fne vertical scale doninates roughness effects in a

dlstorted nodel). The tÌ{o models therefore used n scales

¡shich differed by approxl-mately 5%. Basing the roughness on

the grain size criterion of Equation 5.3 leads to grain size

ratios of 7.5 and 10 for the undistorted and distorted mod-

e1s respectively. The grain síze ratio therefore varied be-

tlreen the models by 332.

5.3.5 Effect of Roughness

The effects of roughness vrere investigated with the dís-

torted model, which for thls purpose could be considered an

entirely different prototype structure, since this series of

tes ts hras not connected to prevlously discussed results.
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Dimensions of the model are shown ln Flgure 4.4. Three de-
grees of roughness hTere considered smooth wood, and a wood

sufface roughened lriÈh stones having a duo of g.5 mm and

stones having a uuo of 23 mm. probrens !rere experrenced in
deternÍníng the correct datum for thls series of tests,
slnce some !üater flowed through the layer of stones glued to
the cres t . The datum f or all three curves r¡ras f ínally cho-
sen to be the top of the rvood crest. Thls choice r,ras based

on the assumption that the amount of hTater flowing through
the stones r^ras a more important consideratlon than the

amount of cross sectional area occupled by the stones. The

rating curves shown in Flgure 5. I I indicate that this as-
sumption rüas poor, since the curves differ by approxímately
the thicknes s of the stone layers . This result indícates
that the amount of flow through the stone layer at the crest
is very smal1 relative to the amount flowing over Ëhe

s tones . This wtll be discussed further in the folrowing
sectf.on.

I,Iater surf ace elevations at several p oÍnts along the
chute vrere measured at various discharges for a1l three de-

grees of roughness. The ¡nost consistent results nere ob-

tafned through the chute centerline, where the elevation was

neasured at the crest and at stations l0cated 30 cm and 55

cm downstream. Nominal velocities at the cross sections
were calculated from the depths and the energy grade lines
lrere determined. The overall energy loss per unit of chute
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length on the smooth wei r Ìras 0.05 cm/cm, although the los s

was not consfstent along the length. The 8.5 mm stones pro-

duced a consistent loss of 0.20 cm/cn and the 23 mm stones

produced a reasonably consistent loss of 0.25 crn/cn. The

energy loss therefore increased wlËh roughness, but in a non

linear menner. Insufficlent data Íras available to determfne

a quant itaÈive relationship bet¡rreen roughness and energy

loss. The results obtained suggestea that a longer slope

wlth more cross sections r¡ould be required to better define

this relationshíp.

5.3.6 Effect of Permeablltty

Permeability effects \¡rere investigated with the distorted

nodel, again assuming that the distorÈed geonetry coul_d be

consldered as an undlstorted model of à dÍfferent structure.

Changes made to the strucÈure to alter roughness also a1-

tered permeabtllty, maklng the separation of these effects

difff-cu1t. The smooth \,rood model was completely ínper*ro"-

able, while both stone covered models r^'ere permeable in the

top layer only. In order to test a third change without in-

volvlng changes to roughness, a completely perneable struc-

ture \{as built with the 23 mm stones to the same dimensions

as the other ¡¿eirs. Compârfsons are therefore possible be-

t\^reen the completely lnperneable and top layer permeable

weLrs and the completely permeable structure. Rating curves

f or all three structures are shorvn in Figure 5.12. The
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curves for the fnpermeable and top layer permeable weirs âre
the aame as are shown in Flgure 5.11, except that the datum

for the top layer permeable structure has been rarsed by 23

mm to the top of the stone layer. This r^ras done to make Èhe

datums comparable for the top layer permeabre and conpletely
permeable rrelrs.

A1-though roughness is a factor in the rating curves
the inpermeable and top layer permeable structures, it
be seen that litt1e flow occurs in the slngle stone layer
the cres t. livier (19 67 ) lndf.cares that a large portionô

throughflow takes pla ce in the upper rockfill layers. I,lhile
thís is true at lors dlscharges, the condltions tested in
thfs study used dfscharges high enough to ensure that over-
flow was much larger than throughflow. Flow through the top

layer of stones therefore became insigntficant. The com-

pletely permeable structure passed 7 L/s as throughflow
rsithout overtopping the crest and faí1ed at a diseharge of
22.6 r/ s. The failure occurred suddenly after condítlons
appeared to have stabilízed. I^Ihen throu ghflow takes place,
failure is encoura ged by outward fLow on the downstream fa ce

for

may

at

of

as well as the tractíve force of the o ve rf I OI¡71n g water.

rn order to quantify the effects of permeability, further
tests would be requlred to separate the effects of roughness

and permeabilfty.
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5.4 INITIAL BACKT.IATER EFFECTS

Three series of tests were carried out wlth the HEC-2

backwater mode1. The first series used a straíght channel

without structures the initial condition. Discharges of

6, 12, 18, 24, 36, and 48 rn3/s urere used. The same dis-

charges were Èhen used ln an identical channel with t\do

structures inserted. The geometry of the structures vras

identlcal to that tesËed in the physlcal model tests. ThÍs

serles modelled conditions inmediately after the ínstalla-

tion of the structures. The final serles used the same dis-

charges and weir geometries, but was rnodified by the assump-

tion that all storage space upstream of the cresÈ was fi1led

with shale. This series approxímated conditions after sedi-

mentatlon had occured upstream of the strucÈures.

5.4.1 SerLes Initial Condlt lons

Series A involved a steady flow in a uniform channel, as

shown ln Figure 4.8. As rnight be expected, identical veloc-

ítles, depths, and areas of flow $rere calculated at each of

the aeven cross sections used, indicatíng normal flow condi-

tions rüere occurríng for each of the s ix discharges used.

'The model therefore effectlvely deterrnined the channel rat-

ing curve. Thls ratlng curve is shown in Ffgure 5.13. The

slnple conditl-ons tested ln Series A qTere a trlvfal test of

the poqrers of the HEC-2 mode1. However, in addition to de-

A-



veLoping the lnitial channel rating curve,
vlded a shakedotrn run of the model prior to
the more conplex geometries ln the following
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the series pro-

the testfng of

serf es.

5.4.2 Series B Condltions
ÇonBtructLon

Inrnediately Fo11 owine

seríes B rntroduced the rockfill structures into the
channel tested rn series A. The structures !rere inpricitry
assumed to be írnperneable and a uniforn roughness was as-
sumed for the structures and channel (n = 0.04). The geom_

etry of the channel and structures ls shown in FÍgure 4.g.
The use of tr,¡elve cross sectrons pernltted the moderling of
tlvo complete structures as well as up stream and downstream

sections. A rating curve tr7as devel0ped at cross section 6,
whích rras located 4.9 m upstream ,of the crest of one of the
structures and away from the drawdown zo,-e as shorvn in Frg-
ure 4 -9. This rating curve is shor¿n in Figure s.14. For
comparison, the ratlng curve developed by the physical rnodel

tes ts is also shorvn. The sinilarity between the curves is
good untLl the shoulder elevation ls reached. The physical
model results consistently predict slightly better hydraulic
performance than the HEc-2 node1. At the design discharge
of 24 n 3/s, the dtfference ln heads predicted by the tvro

models ls 0.05 m or l"A.

MaxLmum velocltles in the channel system occurred in the
chutes of the structures. At the design drscharge, a maxr.-
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mum velocity of 2.20 n/s was calculated at Èhe crest of the

structures. Channel velocities downstream of the structures

generall-y rernalned belon 2.0 n/s at all discharges. Veloci-

tles through the pools were reduced to below 0.5 n/s imnedi-

ately downstream of the structures for most discharges. The

only exceptions occurred at dlscharges above the design dts-

charge.

A profile of the

24 n 3/s is shown in

water surface at the desígn discharge of

Figure 5.15.

5.5 I{ATER SURFACE PROFILE I.TITEOUT POOLS

Series C in the HEC-2 serles

Series B with

of tests used the channel

the pools fi1led level- to

sediment. The geometry

Sixteen cross sections

ofand weir geometry

the cres ts of the

involved ls shown

were used.

fl-ow

the

s truc tures wi th

ln Fl-gure 4.10.

A rating curve for the structures Íras devel"oped at cross

section 5, whlch was the neârest section upstream of the

cres t. Although the sect Lon r^ras only 2.25 m f rom the cres t

and therefore ln the probable drawdor^rn zoner êxperlence r^¡1th

series B indlcated that the HEc-2 nodel was not sensitive to

drawdorrrn o rn series B, 1íttle dif f erence Ìùas observed in

characterlstfcs at

c res t . The rat ing

5.16 along with the

of 4.9 m and 2.8 m

Seríes C ls shown in

distances

curve from

from

Fig-

theure rating curve from Series B for
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purposes of comparLson. The curves correspond c10se1y at
alL discharges, indlcatlng that the loss of the pools to
sedirnentation has llttle effect on the hydraulic performance

of the structures. since veloclties in the chutes \{ere su-
percritical, depths and velocltLes of flow produced in the

chutes rre,re ident f cal at alr dlscharges ln series B and c.
Channel velocities betr^¡een the structures and the d.ownstream

pools hrere also unchanged in both series. velocities over

the pools in series c increased due to the reduced cross

sectional area. velocities rùere reasonably constant aË ap-
proxf'mately r n/s over the ehannel sections where sedf.menta-

t ion had been as sumed. The water surface p rofile generated

by the design dfscharge in series c is shown in Figure 5.17.

5.6 APPLICABILITY OF STRUCTURES

At 1 physical and mathematicar model testing done in this
study involved sÈructures ín a stralght uniform channel. rt
is therefore inpossible to predlct in detail hor¿ Èhe proto-
type structures on I{l1son creek will perform, slnce these

structures are locaÈed near and even in bends of the stream-
bed. Results of the study lndlcate that the structures
tested would functLon as effective gradfent control struc-
tures in stratght uniform channels such as irrfgatlon canals
or dralns. The wef.rs are able to substanttally reduce ve-
locitles where pools are formed and contLnue to functfon
(although Less efficiently) after the pools are filled with
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sedLment. The loss of the pools upstream of the structures
has little effect on the hydraulic performance of the ¡veirs
thenselves. For maxlmum effectfveness, the heights of the
structures Ln a series should be chosen so that the backwa_

ter effect from one structure extends to the toe of the next
up stream structure, thus reducing velocitles along the en-

tlre channel. Results of the lIEc-2 serles of tests indicat-
ed that channel velocities of 1.0 Z.O n/s remalned in
reaches ¡¡hich were unaffected by backr+ater. These velocl-
tíes wouLd be erosive on streambeds such as I,Iilson creek,
slnce erosl,on has occurred on I.{ilson creek at a mean channel
velocity of 1.5 n/s (design conditions ).

sedinentat ion p roblerns on l.Iilson creek are largely the
result of bank erosion fn a meanderlng channel caused by si-
decuttíng at the bends. The structures tested ln this study
are useful for bed p rotect ion onry, and wtlL p rovide very
little bank protect ion. Although flow dep ths will increase
and nominal velocf ties wlll decrease as a result of the

structures, the current at the bends, although reduced, wÍ11

cont l-nue to erode the outer banks regardless of the dep ths
of f1ow. The I{llson creek gradient contror structures can

therefore not be expected to have a significant long term

effect on erosion and sedimentation patterns. A reduction
ln downstream sedlmentation uay'be antlcipated while the
pools fill with sedlnent and the streanbed seeks to regain
its natural slope. Glven the relativery sna11 voluure of
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sedlnenÈ storage provided by the pools and the extreme range

of !üater and sediment discharges observed ln this type of
stream, the duration of the possfble lnprovement v.rtl1 be

short. Períodlc removal of the sedlnent from the pools

would maintaln the effect Lveness of the structures as sedi-
ment trap s.
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Chapter VI

CONCLUS IONS

The physical model tes ts indicated that the roekfíll

structures tested will remaLn stable well beyond the

design discharge. When failure occurs, the failure
node is progressÍve, starting at the toe of the

structure and proceeding upstream unÈi1 the depth of

stone is sufficlent to prevent renoval.

The hydraulic performances of the model structures

with 20:l and 15: I downstream longítudinaL slopes are

not signtficantl-y dtfferent in the range of discharg-

es tested. Further investígatíon would be of value

to determine a mf.nimum accep table slop e f or such

structures.

The rating curve for the tested trapezoi-daL chute can

be approxi¡nated wlth sufficlent accuracy for prelini-

nary deslgn purp oses by a sharp cres ted welr havlng

the followlng equation:

t 0.61 1+0.0É 3/2

2

3

[6.1] a 2.95 B

where B l-s the crest

H ls the head

I^I ls the r¡eir

Hl
w

length

on the

height
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we 1r
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The crest width B nay be determined by the following
equat ion:

1,6.21 B = b + D x SS

where b ls the bottom widÈh of the chute

D fs the depth of Èhe chuÈe

SS is the sideslope of the chute

Further testing ls required to confirn this approxi-
mation f or other geometrf.es.

Further testilg _| =_1_g_9_ejg.g_rX,_LO__s-_ep-a-r-a,r.€--ana-.q.ua¡_rJf y

the effects of roughness and permeability on

drop structures.
I

5 The HEC-2 nodel in icated that the structures tested

could reduce average channel velocities in the pools

above the welrs from approximately 1.5 n/s to between

0.5 and 1.0 n/s at the deslgn discharge of 24 rt/" .

The structure rating curves given by the physical and

mathematlcal models agree wel-l over the range of dís-
charges up to and includlng the deslgn discharge.

6. The ftlltng of the pools above the Èested weirs with
sedLment does not signfficantly affect the rating
curves of the s tructures. vel0cities are reduced to

approximately 1.0 n/s over the filled pools, but re-
maln at erosive 1evels ( 1.0 2.0 n/s) ln reaches not

affected by the poo1s.



7 The structures tested nrould be

control ( bed p rotection) ln

nels. They cannot be expected

sLon in meanderlng streams.
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effect ive for gradlent

straight uniform chan-

to elininate bank ero-
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PLATE S
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It3

Plate I l^lilson Creek - Reach through Alluvial Fan

Plate 2 Dov¡nstream Prototype Structure - Spring 19Bl
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Plate 3 Pool Upstream of Ðownstream Prototype Structure Look-
ing Towards Crest - Spring 19BI

Dry Pool IJpstr:eam of Dor¡mstream Prototype Structure
Looking Towards Crest - August I981

Plate 4
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P1ate 5 Profile of Downstream Prorotype Structure - August
T98I

Plate 6 Profile of Upstream Prototype Structure - August l9Bl
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Plate 7 undistorted Two Dimensional Model prior to Testing

Plate B sllica sand Bed Dov¡nstream of Mo<lel Followíng Testlng
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Plate 9 Undistortecl Three Dimensional Model Prior to Testing

Undístorted Three DimensÍonal Model at Maxímum Dls-
charge

Plate 10
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Plate 11 sil-Íca sand Bed Dovmstream of Model FollowÍng Testing

Smooth Impermeable Dístorted Model at Design Dls-
charge

Plate 12
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Plate 13 Roughened Top Layer Permeable Model at Design
Dlscharge (d50 = 8.5 mm)

Ptate 14 Roughened Top Layer Permeable Model at Deeign
Dlscharge (d50 = 23 mm)
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Plate 15 Roughened Top Layer Permeable Model at Maxímun Dls-
charge Testecl (d5O = 23 mm)

Side Vlew - Roughened Top Layer permeable Model at
MaxÍmum Discharge Tested (d5O = 23 mrn)

Plate 16
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Plate 17 Completely Permeabl-e Model aÈ Desígn Díscharge
(d50 = 23 mm)

Side Víew - Completely Permeable $odel at Desígn
Discharge (dSO = 23 rnm)

Plate 18


