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ABSTRACT

Ttre deqradation of- the Seine River Diversion in
the Province of Manitoba has resu.l-ted i n ntunerous enqi-neerino

problems" The purpose of this thesis ',¡¡as to study tl:e ero-

sion of the channel- and to assess it.s present s+-ability.

Data on longitud.inal and tralrsvei:s.a1 profileS of

the channel- 1-ras beel'r presented to show the variaticns of the

oriEinal bed. elevations and cross sectional. shape over a nine

year period. The relation of rvicl.th-depth rati o to the per-

cent silt-clay in the perimeter of.the channel and a part of
J-ts hydrauli.c geomei.r-,z at sorne cross sectj-ons are presented.

and ind.icate that tire :.r ;ginal- Cesign was far from a stable

shana- Trlrc r.hannel- did not suit the ctraracterj-stics of self-

formed al-luvial channel s afid. -i-t progressively adjusted its

slope and cross sectio¡l tcward a more stable state. A com-

parison of aiterrrative designs for the channel has been made

v¡ith the orjqinal design and indj-cated that the original de-

sign sJ-ope was mucir c()o steep" Stabilizing the present chan-

nel- by means of graC:-cnt control structures has i:een d.j-scussed"

Irfore fiel"d measurem.ents have ben recolTunended"

a1l-
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C¡IAPTER Ï

INTRODUCTION

Over ttìe years, disastrous flooding occured along

rivers drair.,ing @e Southern Manitoba" Among others, the

Seine River flowing off the eastern escarpment of the former

glacíaI lake Agassiz and draining the lowland Area of Ste-

Anne and. Ile des Chenes was a particularly troublesome stream"

It has a draj-nage basin of 660 square miles that extends for

a distance of nearly sixty mil-es southeastwards from the junc-

tion of the Seine with the Red River in St-Boniface (rrcuRe 1"1)

Initial reaches of the stream faIl fairly rapidly to Ste-Anne,

but below Ste-Anne the slopes are milder and ttre Seine meanders

considerably. It was in the region from Ste-Anne to the Win-

nipeg area that frequent overflow took place over the agri-

cultural lands. ïn 1955, a review of several flood control

proposals for the Seine River was undertaken by the Canada

DepartnLent of Agriculture, Prairj-e Farm Rehabilitation Adminis-

tration (P"F.R"A.) to determine the most feasible scheme that

could alleviate the flood situati-on in the Seine River basin"

Careful engíneering and economj-e consiclerations !,¡ere later

given to their recommended proposal and some alterations were

mad.e to produce in 1960 the actual Seine River Diversion" Ït

consists of an excavatecl earth channel to convev water from



2

the Seine River one mj-Ie upstream of Ste-Anne, due West, pãs-

sing through a reacir of the ,.fohnstone DraÍn and. the Manning

Canal, discharging into the Red River two miles North of St-

Adol-phe "

After the diversion was used, d.iverted. floods were

very harmful for the stability of the channel and. appurtenant

structures" The flow caused intensive erosion of ttre channel-

bed. and g'ave rise to local sliding of banlcs" Ttre bed scou-

ring and bank cavinq have resulted in numerous engineering

problems with concrete ford crossings, bridges and transported

sediments. The ford crossi-ngs have been undermined and con-

sequently failed. Considerable scour occured at bridge pi-ers

and abutments resulting in the failure of two bridges. About

90% of the sedj-ments that have been picked up from the channel

bed and banks Ïrave been transported to the Red River dov¡nstream.

T'lee principal objective of this thesis is to ex.-

plai-n ttre regime of the diversion channel supported by d.es-

criptive data and photographs. The first part of the stuoy

deals with the design procedures and original characteristics
of the diversion" Following this, a general discussion is
presented. on the adjustment of the channel " Analysis is made

on the variâtj-ons of the hydraulic characteristics - width,

depth and vel-ocity- with increasing discharges at given cross

sections and on the influence of the sediment type on the

shape of the channel " In the last part, a comparison of
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alternative designs for the channel- is made with the original
design and an investigation as to stabilizj-ng the present

channel is presented



CHAPTER TÏ

ORTGTNAL CHANNEL DESTGN

2 "L Desj-gn Discharge

T-he Seine River Diversi-on v/as designed to permit

the complete diversion of fl-ows d.uring flood. stages, allowing

the low suÍtrner flows to pass dorr"n t]re river" For this pur-

pose, a control d.am was constructed. across the -qeine River

a short distance downstream of the diversion entrance. Ttre

control offered by t-his dam is such that during a flood the

conduit gates are closed and. all Lhe flow is diverted, lea-

ving only local d.rainage in the river throughout St-Vital- and.

St-Boniface. During peri-od.s of l-ow normal- fIow, the opened

gates pass the total flow through the conduits. fhe conduits

and. the diversj-on inlet vrere designed so that the flow below

1BO cfs remains in +-he river channel to serve the landowners

downstream" fhe l-avout cf the diversion entrance and control

structures are shown in PHOTOGRAPHS 2.L and 2"2.

At the tj-me of the -ì-nvestigation in 1955 ( S¡ f

cords of peal- flows for tiie Seine River were available

22 year period, 1915 to L937, ât Ste-Anne and for a L4

r f€-

for a

year

lNumerals

responding items in

J-n parentheses, thus (3) , refer to cor-

ttre list of references.
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period, J-942 to 1955, êt Prairie Grove gauge located. about

four mj-les West of Lorette in the municipality of Tache " Ttre

peak flows of the missing five years of record., 1937 to I94L,

were estimated by comparison with the Roseau River, a neigtr-

bouring stream" T'he recorded d.ischarges at Ste-Anne vrere

transposed to Praj-rie Grove and ttrus, the recorded peak dis-
charges at tl-at station were continuous for a forty year

peri-od. During that period, the maximum daily discharge ob-

served was of 2B4O cfs. It was expected that the maximum

di-scharge that coul-d have been recorded for th.e same period

of time at the di-version entrance would. be l-ower due to the

smaller drai-nage area" Using the Meyer-Davis formut-a:

0 = lOO b lA

wtrere: Q = peak discharge in cubic feet per second.

A - draj-nage area in square mile

b = coeffi-cient characteristic of the watershed and.
equal to I"27

The discharge rel-ative to the drainagie area above Ste-Anne

was estimated to be 2240 cfs and of the same order of frequen-

cy" It was decided to use this Cischarge as the rlesign flood

for the upper reach of the diversion and increase the dis-
charges throughout the length of the waterway due to changes

in draj-nage area and l-ocal inf l-ow (¡'fCunE 2.L) "

Excavation works of the channel started in 1958 at
the downstream end of the diversion and proceeded in the up-

stream direction. Duri-ng the construction of the middle reach,
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a severe storm generated a flood. which reached a peak of

3300 cfs i-n the Seine River at Ste-Anne- It was ttrerefore

d.eeided to redesign the upper reach of the channel with this

maximuln flow recorded to date w-ith a frequency of exceedence

of. 3"7% (ffCUp'E 2"2) . Tt:c constructed. sections downstream

L'ere checked to make sure that the channel cou1d. safelv Ïrandle

the increased rLesiqn fl-ow.

2"2 Design Method

For the preliminary design, the waterviay from Ste-

Anne to the Red River I,^Ias divided into ten reaches, the length

of eacTr being dependent of the prairie slcpes" The dimensions

of the cnannelr vlifl¡¡ and. depth were computed according to the

M¡nni nc r e fll-rç fOfrnU'l a With a -'! im-ì r-jnn- r.el-OCitV Crite;:ie Of¡¡s¡¡¿l¿r¡y !¿v ¡Y

4 feet per second for erosion protection:
^ 

t^ l

o = 
1;49 aPz/ 53=i

wherez Q = design discharge

A = crcss sectional area of flolv

R = Ïrvdraulic rad.ius

S = Ïwdraulic qradi ent

n = "-o"ffi"t"r.a of roughness

It was decided that the channeJ- would be of a trapezoidal

section with a 6:1 side slope. Design disctrarges used for

the computation of the water surface profile increase re-

gularly from 3300 to 6700 cfs. Ttre coefficient of roughness,

specif-ically known as Manning's n was estimated to 0'025"
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fhe size of the channel- in each reach !/as computed by using

Lhe various prairie slopes as the propcsed hydrauJ_ic gradient
throughout the diversion. On tTre basis of these foregoing data,

nine typical cross sections were d.esigned. (rrcuag 2"5). nhe

bed- width and depth of the channel were rounded off and ad-

justed to keep ttre vel-ociti-es around. 4 feet per second.

Rating curves were cornputed. at dj-fferent interval-s to obtain
the elevations of the desi-gn discharges. These points r,¡/ere

joined by a l-ine to give ttie water surface profile of the

d.esign f lood throughout the diversion (pfCuRe 2.5) "

2.3 Desj-gnecl Characteristics of ttre Ctrannel

The diversion channel j-s approximately 22 miles in
length and the computed water surface etevations 'dropped a

total of 60 feet from the inl-et to the outlet. on the seine

River the 3300 cfs flood flow corresponded. to a gauge height
of 6"5 feet (¡'fCuRe 2.3) and approxj-mately to a geodetic ele-
vation of B2B feet" For the Red Rj-ver, these flood conditions

were those of the 1950 spring fl-ood which raj-sed the water

surface l-evel to the elevation 768 feet (FIGURE 2"4) "

The d.iversion bed width varied from 80 to 92 feet
j-n the upper stretch of the waterra/a1rr and. between 50 and 70

feet in the lower reaches" The transition of sections in
reach I'Io. 5 (FTGURE 2"5) is due to the change of d.esig¡r dis-
charges after the diversion was constructed up to that point"

Ttre average depth of flow varied between 5.8 and L2.2 feet.
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Mean velocities between 3.35 and s'"i6 feet per second \^/ere

expected. Qrkes were designed. to increase the capacity of
the floodway and. constructed with the excavated earth of the
channel. Al-lowance roads for servicing the canar and appurte-
nant structtrres v/ere graded on ttre dyke top" Al_l cross sec-

tions \^/ere provided with gently sloped berrns r ayed out at
the average prairie l-eveI. Ttreir wid.th varies between 15

and 425 feet and serve as froodprain for unexpected. high
f]oods " The sides of the channer- and berms were grassed for
erosion protectJ-on "

Two drop structures at the downstream end of the
diversion \^Iere designed to l-ower +-he flow 14 feet into the
Red Rj-ver. They were required to prevent erosion of the st-
Adolphe coulée and to prevent the fl-ood waters of the Red

River from backing up the channel. *" drop structures are

of the spillway chute type with an uncontrolred trapezoi-dar

wej-r" PHoTocRAPH 2.3 shows these structures as they appeared

after construction in 1961 -



CHAPTER TTT

REGTME OF TIÍE CI]ANNEL

3"1 FieLd fnvesti_g,ations

In l-963, ân erosion investigatj-on 'nras undertaken Ín
the seine Di-version wi-th a view to assessing the erosion dam-

age that have resurted from subsequent flows. More particu_
larly this was done with a vi-ew to assessing the means and.

steps necessary for the repair of the ford crossings at
various locations along the dÍversion (ffCUnn 2"Ð " Data

hrere obtained for purposes other than a study of the regim.e

of the channel and were for this i-nvestigation incomprete,
particularll' the data on channel_ roughness, sediment load
and rvater surface l-evel. fhese incomplete data and, also
data obtained in a l-ater investigation have been used to pro_
vj-de a picture of the variations of the long.itudinal and

transversal profiles of the channel. usefur r.erationships
have al-so been made to show the i-nteraction of the discharqe'
and sediment type on the channel shape.

The i-nvesti-gation consi-sted of a level survey of
the longitudinal- and transversar profi]_es of the diversion
channer and of a channer bed soil sampting and testing. Tt-re

soir bore holes were advanced with a 4't diameter scoop auger
on the channel- bottom at erevati-ons as near as possible to the
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d.esign elevations. Those drilled at bridge sites were ad-

vanced with a 4" diameter ffight. auger before and. during the

time of construction of the diversion" fhe description and

location of soil logs are shown in FIGURE 3.1" The samples

of soil were submitted to laboratory tests for iCentification

and classification purposes. Tlnese tests consisted of the

determination of physical pro¡rieties and Atterberg limits of

ttre soil and Lhe mechanical anal-ysis of grains" The results

of the soil tests are descrÍbed in TABT,I1S B-1 to B-33 in Ap-

pendix B, The cross sections lvere surveyed at approximativ-

ely every hal-f mile along the diversion and their plotting

has been superì-mposed. on the as-constructed sections so as

to show ttre cross sectional changes that resulted by

erosion of the channel (FIGURES 3.24 to 3"28). Their res-

pective positions have been marked on tl.e longitudj-nal profile

and plan view of the channel in FIGURE 3"2" The surveyed and

as-constructed channel bed profiles have been plotted to a

cornmon datum (frCUnn 3.2) so as to obtain an indication of the

variatíons of the channel bed slope and ttre degradation of the

channel

In June 1963, a storm in the La Broquerie region

generated a flood which reached a recorded peak of 1455"5 cfs

at the diversion entrance" T?ris was the first major fl-ood to

whicTr the Seì ne Di-version had been subjected and caused the

failure of the ford crossings. The llanitoba Department of

Aqriculture had these structures repaired for the harvest
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season but in Spring 1964, they t"i" again destroyed by washing

out of the foundation material" PHOTOGRAPH 3.1 shows tl.e ford

crossing C6 at Youville Drain as it was after the Lg64 flood.

The ford crossings were again re-reconstructed in 1965 and yet

in the same manner the 1966 Spring fl-ood put therLì rrut of use.

The rapid degradation of the channel and successive deterio-

ration of ford crossings necessitated the construction of sever-

al erosion contro] structures. In late Autumn 1963, a stone

sil-I as shov¡n in PHOTOGR-APH 2.2 was constructed a short dis-

tance downstream of the diversion inlet to re-establish the

proper division of fl-ows. After the L964 Spring flood and in

suinmers 1965-66, various bridge pièrs v/ere rock rip-rapped"

In Winter 1966-67, seven gabion gradi-ent control ,structures

of the type shown in PHOTOGRÃPH 3.2 were constructed in the

upper reach of the channel (rrcuRe 2 "L) " Ttrey were designed

for the purpose of diminishing the velocitíes of flow by

progressive red.uction of the hydraulic gradient" Three control

structures were placed a short distance downstrearn of ford

crossings with a view to providing protection. The various

field inspections showed that this reach of the channel became

more stabte after the installation of tÌrese erosion control

structures. In lower reaches particularly in the Oak Island

Setttement and upstream, the erosion of the channel bed and.

banks was not controlled and resulted. in the failure of the

abutments of two bridges in Summer L969" One of themz B7 is

located on the diversion (rfcuRn 3"2) and the other one, on
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the Manning Canal at its confluence with the diversion.

PHOTOGRÄPH 3.3 shows the si-tuation after failure of the left
abutment of this bridge" In Autrunn 1969, three other gabion

structures v¡ere constructed in this section of the channel"

In .TuIy and October 1969, another erosion inves-

tigation, more particularly with a view to study the regime

of the cTrannel, \^¡as und.ertaken. fhis investigation consisted
j-n a level survey of a total of 46 cross sections of the chan-

nel, and of a sediment sampling of the perimeter of 14 of

these cross sectlons" T'he plotting of the cross sections has

been also superimposed on the as-constructed sections to iI-

lustrate the ctranges that have occured. in the channel (ffCUReS

3.2F to 3.2J). Their respective locations are also shown on

the plan view and longitudj-nal- profile of the channel in FIG-

URE 3"2. Sediment samples were taken from the channel floor

and banks. A hand scoop was used to take three to four samples

of the surface top inch of sed.iments across the channel bottom

and were combined to give a composite sample of the channel

all-uvium. In the same wdlr three samples of sediment deposi-ts

ldere taken separately at different leve1s from the banks and

combined." In the laboratory, size analysis of each composite

sample vsas made and cumulative grain-size curves were plotted

(rrcuRes e"l to 8"14, Appendix B) "

3.2 Flow Meterino

From 1962 Lo 1967, the characteristics of the shape
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of the channel at stages correspondJ-ng to observed discharges

were recorded in five meteri-ng stations: M1 to M5 (ptCUnn 3"2) "

For each measuring station, the width of the water surface was

recorded and. ttre depth and velocíty of water r^¡ere measured at

r¡;r,rious d.ist.ances from the bank by the current-meter method"

The d.ata and computations made of these measurements are tabu-

lated j-n FIGLRE 3 "2 " The mean depth has been computed by

dividing the cross sectional area of water by the correspond-

ing width of the water surface" The mean velocity is the

quotient of d.ischarge Civj-d.ed. by the area of water section"

The changes irr rvidth, depth and velocity in response to chan-

ges in discharges \^rere observed to have certain characteristics

which apply to many natural rivers and artificial: canals"

fhese similaritj-es are described in Sectj-on 4"4 of Appendix A

and., from the current-meter data recorded in the d.iversion

channel- these hydraull.c characteristics have been analysed at

three meterinq stations in Section 3.6

In Spring 1969, discharge measurements and corres-

ponding gauge heights vrere recorded at metering station I'15 only

(TABLE III-1) . These d.ata have been also interpreted in Sec-

tion 3"6.

3"3 Soils

The soil along the diversion route is typical of

the Southern Manitoba soils" It consists of highly plastic

varved c] ays of the great Lake Agassiz origin. In sequence c,f
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increasJ-ng depth, these glacial clays occur as a layer of

brown clay localIy known as 'rchocolate c1ay" and an inter-
mediate stratum of brown-grey clay known locaIly as "mixed

clay". Underlaying these varved c1ays, a glacial til1 con-

sistj-ng of silt, sand arrd gravel is encountered" Ttre upper

feet of this material are often mi-xed with the overlavino

layers of clay.

Ttre concentration of sil-t and clay in sediments

deposíted on banks was found extremely high; in fact, it
ranged between 86"9 and 98.9% (fael,n TII-2). In the upstream

vicinity of gabi-on structures, due to the trapping effect of
these erosion conl-ro1s (PHOTOGRÄPIS 18 and 2P , PLATE 3"11),

greater quantiti-es of sediment deposits wêre observed on

the channel- floor. Hov/ever, it did not seem that the par-

ticle sizes were much smaller (sS to 59, TABLE III-2) " In the

reach of cross sections -s13 to 516, ttrere was visual evidence

that erosion ttas carried. on down to a stratum that was either
Ïrardpan or gravelly clay (PHoTocRApH 38, PLATE 3"1-1) i coarse

grained particles covered the channel- floor" It seemed that
vegetation has accelerated the deposition of fine silt in
sections SlB and S2B (PLATES 3.i-1 and 3"12) . fn cross sec-

tions 522 and 526, there v.'as a remarkable similarj-ty in the

composition of bed. and bank sediments. This was certainl-y d.ue

to the effect of the constructed gabion structures in that
reach of the channel in Autumn 1969. Threse structures have

raised. the water surface l-evel and caused. the washinq out of
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fj-ne particles of the bank material that deposited on the

channel fl-oor l-ater " Farther downstream, retardation of r-he

flow caused. by backwater effects of drop structures D1 and

D2 allowed the deposition of fine parti-cules in suspension

in a more or less uniform repartition eithår on banks and on

the channel floor (TABLE III-2) "

3"4 Degradation of the Channel

Ttre diversion works \,vere completed. in 1960 and the

first flow in the ctrannel occured in Spring 1961" The flows

intensively eroded Lhe ctrannel bed and banks. For descriptive
purposes, the Seine Diversion has been divided. into five
reaches; the length of each has been cÏ¡osen upo?. marked simi-
1 arities of ttre adjusted cross sectional pattern of the chan-

ne1 " They are shown along tl.e longitudinal profile of the

channel- in FIGURE 3.2 and on indiv j-dual plan V j.ew accompanying

the plates showing d.ifferent sections of the channel "

Until 1963, ttre erosion has been more intensive in

the Oak Island Settlement and in the upper reach (FIGURE 3"2)

resulting j-n a progressi-ve reduction of the channel bed sIope"

fhe erosion of the i-nlet control at the confluence of the Seine

River and Seine Diversion (PHOTOGRAPH 3"4) has complicated tle

situatj,on so that ttre division of flow at that point could not

be carried. out as was originally conceived" However, it seemed

that the installation of gabion structures in Winter 1966-67

Ïras control-led the channel bed deqradati-on in that reach" fheir
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efficiency is distinctly marked in FTGURE 3"2 by a rerative
d.rop of 2 feet deep of the average channer bed level down-

stream of gabi-on structure c?. rn that reach of the dj_version,

the eosional forces have developed a U shaped channe1- as shown

i.n FTGURES 3.24 and 3"2F. There were however scme islands
approximatively 100 yards rong made of sÍIt material-s that
formed in the chairnel between bri-dges 82 and. B3 as may be seen

in PHOTOGRAPIí 2A on PLATE 3"2 and in cross section s2 on FrG-

URE 3"2F" rn that same section of the channel, the erosion
has carried on down to the glaciar t.il-r stratum. The depth of
scour decreased in 1969 from B% to 5 feet at the rower end of
the reach, reducing the ori-ginar bed srope of o.0ool-2.

rn reach No. 2, the burk of erosion occured more

recently (rrcuRe 3"2) and the erosi-ve attacks were concentrated
on the Ieft. (south) side of the channel bed (¡,fCUne 3.2c) . A

comparison of the 1963 and 1969 cross sections shows that the
u shape lvas not in 1969 as welr deter-mi-ned as it was in 1963.
T?re shifting of the erosj-on to one side of the channel_ bed

may be Cue to the l{or+-hv¡estward orientation of the d.iversion
which was found to be perpendicular to the d.irection of the
dominant wirrds. Perhaps, this orientat.ion is more favorabl_e

for the accumuration of snow on the north bank in winter time.
The formatj-on of snow pack can, to a certain extent, protect
the north side of the channer against erosion produced by

early spring fl.oods" During field inspections of the channel
i-n May and June 1969, non*excessive vel-ocj-ty of flow were
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observed in the secti-on that extends up to the ford crossing c4.
The stage of flow shown in pHoT@RApHS 5 and 6 on PLATE 3.6
corresponded approximatively to the as-constructed channel bed
level.

Ttle evidence of greater bed erosion in reach No. 3

(FTGURE 3-2H) appeared. to be concomitant with the narrowing
and the reduction of the width-depth ratio of the constructed
sections of the channel " Ttre initiar- u shape ser-f-formed sec-
tion as shown in FTGURE 3.2c and. in pHoToGRÃpHS 5A and 6A on
PTJATE 3.2 has progressively deveroped toward a more elriptical
shape" Both sj-des of the channer have caved uniformly as shown

in FïGURE 3.2H and in pHoroGRApHS I and 9 on PLATES 3.6 and 3.7"
Th-is prcgressive change of sectional form began with the erosion
of a low flow channer as shov¡n in cross sections 22 and 24.
T"he depth of degradation vari-ed. in 1969 between 7| and. 10 feet
deep" Local- slides along the left bank of the channel were
observed during the various fiel_d trj_ps -

Ttre section of the channer- corresponding to reach
I'{o' 4 incl-udes that length of the diversion route which passes

through the oak rsland. settlement; a low land. area of rel-ativ_
ely hiqh ground water table level_. Until 1963, the erosion
was intensive over the entire bed width and gained a reduction
of the original bed srope by the removal of a nick in the origi_
nal profile (ffCURn 3"2). The resurveyed. cross sections of the
channe] in 1969 (rfCURe 3"2I) showed that duri-ng the last six
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year period. (1963-69) tne south ¡.rr:. of the channel in the

Oak Island Settlement recessed cf several feet when ttre north-
ern bank d.id not show any significant recession" The con-

centration of the erosive attacks on the south bank and the

slumping of bank material j-nto the channel staruec ín 1964

and continued to date" The development of the ctrannel and.

ttre progressive caving of the southern bank is visualized
through the PHOTOGRAPHS 7A, BA and 1l- (PLATES 3.2 and 3"?)

9A and 12 (PLATES 3"3 and 3"7) lE and 2E (PLATE 3"10) which

show the same section of the channel- at different time inter-
vars. PHOTOGRAPHS 3.5 and.3E show a cl-ose-up on a locar in-
trusion of ground. water through thå south bank of the channel

in the oak rsland settrement. These local inftux of ground

ï¡ater saturate the bank materj-al which is dried up during

sunì.mer months " The wetting and drying process associated

rvith the frost actÍon of Lhe winter and spring thaw probabry

cïranged the properties of the soil maki-ng up the channel be-

cause the top six inches was completely dessicated and broken

up into small- cubes with no cohesive propriety. Any flow in
the channel even at very low velocities can remove this friab1e
layer" rn fact, it has been found. in previous investigations
(L4 ,23)' of the factors influencing the erodibility of stream-

banks and in a study (1) of the effecLs of the frost actj-cn

on winnipeg cray that changes i n moisture content and cycles

of freezing and thawing considerabry reduce the strength of
cohesive soils and their packing including a group of related
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proprieties such as: porosity, density, structure, and. cement_

ing" PHOTOGRÀPHS 3.6 and.4E strow tl.e effeet of this action on

the south bank material" Farther d.ownstream in the same num-

bered reach, at the confluence of the Manning canar (cross

section 532, FIGURE 3"21) there was noticeable shifting of
the erosion to the left (south) side of the channel_ bed only.
T'his cross section read.justment coincided with an increase of
the as-constructed channer width. Ttre change of erosional
pattern was initiated before 1963 as shown in cross sections
33 and 34 on FTGURE 3"2D and proceeded since then with the
ad.dition of sediments on the ooposite side (cross sectj_ons

s34 and s35) " This change in the adjustment of the channel

form may as well be observed in pHOTOGRAPHS 13, 14 and 15

on PLATE 3"8"

PHorocRApH 3"7 shows an aerial view of the fifth
reach of the diversion that extends from tralfway between

bridges 811 and 81,2 Lo the upstrearn drop-structure Dl_. 'r'¡

general, along that reach, the degradation of the channel

occurred on the left side of the bed only, (¡'rcuRn 3.2J) ,"_.
sulting in the formation of a row frow channel_ parallelj-ng
the toe of the southern bank as shown in PHOTOGRÀPHS L] to 20

on PLATE 3"9. Probabry during the recession of froods, the
water shifted lateralry across the channel and built up by

deposition that portj-on of the base on which it rrowed " sev-

eral rotatj-onal fail-ures occurred along the southern bank

(pHorocnapu 3"9) " The chunlcs of soil- were then submitted to
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the erosive action of waters and sup,olied sediments to the

bed and suspended 1oad. of the ctrannel.

3.5 Shape of the Channel- in Relation to Sediment Type

ïn 1g60-61-, S -A. Schumm 
(L6 

' !7 ' 18) in r"stigated
the relationship that exists between the percentage of sil-t-
clay rn the perimeter of some alluvial streams and the strape

of their channels" His investigation is briefly presented in
Section 4"3 of Appendix A and, from the sediment data collec-
ted in the perimeter of the fourteen cross sections along the

diversion in October 1969, a comparison is hereafter made wíth

the characteristics of stable channel- sections put forward by

Schumm" Ttre percentages of silt and clay in banks and channel,

SO and S" in TABLE III-2, have been taken from the cumulative

grai-n-size curves of each composite sediment sample and the

vreighted mean values of silt-clay (M) in the perimeter of each

cross section ha-Je been computed. with the formula d.erived at

this effect. fhe width and depth of the channel- have been

determined from the 1969 plotted cross sections" The channel

depth has been estimated from observations of the depth of

scour on banks and measured from the lowest part of ttre chan-

nel to a l-evel representative of the self-forrnatj-on of the

shape of the channel- " The short dashed lines j-n each sampled

cross section show +-he measured wid.th at that section" Cal-

culations of w-i-dth-depth ratio (F) are presented in TABLE fII-2

with all other data on the cross sections and sediment. In

FIGURE 3.3 the width-depth ratio (F) has been plotted against



2T

(M) for the fourteen cross sections and the regression rine
characteristic of stabl-e sections of aIl-uvial stream channels

Ïras also been drawn in that figure to show wÏ¡ere the four-
teen points lie in reratíon to that l-ine" T]l:e scatter and

location of points all above ttre regression rine in the zor.e

of aggrading cross sections disagree with tl.e criterion of
aggradation and degradation of ctranners advanced by schumm.

The lack of correlation between (l') and (M) suggests that the

constructed sections of ttre channel- w-ith an i-mposed width to
depth ratio I/¿ere not at all representative of the self-formed.

section of stable channels in all-uviaI materiars. An inves-
tigation in this matter has been made by plotting (rrcune 3"3)

the fourteen values of the computed ratj-o of top width of the

constructed sections of ttre channel to the corresponding

depth (rael,g rrr-2À) versus the same wei-ghted mean va]ues of
percent silt-clay ìn the surveyed cross sections. The cons-

tructed top wid.th i-s also indicated in each sampred cross

section. It may be expected that the sediments carried through-

out the mass of flowing water wourd. have been roughly of the

same type after construction. From this expectation, one may

observe in FTGURE 3"3 that the points re'presenting the present

sections of the channel are getting closer to the line charac-

terj-stic of stable sections of schumm. fhis figure shows

that any adjr:stment of the secti on of the channer toward a

stable section under the same character of sediments could be

done by decreasing the width to depth ratio; that is, by
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erosion that tras occured in the channel

toward such an ad.ìustment.
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width or both. Ttre

so far seems to lead

3.6 Hyd.raulic ceometrw of the Cl.annel-

With the current-meter data collected at metering

stations lvl2, iU4 and M5 between 1962 and 1967, analvsi-s of

variations of width, depth and velocity with increasing dj-s-

charges have been made separately for each of these measuring

sections " Ttre recorded d.ata on water surface widttr, mean

depth and. mean veloci-ty have been plotted against disctrarge

on log-1og paper and straigth regression lines Ïrave been

drawn by eye through the various sets of points representing
j-nciividuai year of measurements. Each variable is therefore

expressed as a funct.ion of d.ischarge "at a section" in the
/ ^\same manner as Leopold anC Maddock \>t have d.one in 1953 for

many rivers in A¡nerica. A brief sr.trïmary of their investi-

gation is presented. in Sectj-on 4.4" FIGURE 3.4 shor¡¿s the

rel-aLions of the variables -Ws, D, V- to discharge at meter-

ing stati-on t42. The cross sectional shape of the channel

was at that time (1963-64) similar to the cross section No"1

i-n FIGURE 3"2A" The derived relationship of each variable to

discharge is gJ-ven by the equations:

o 16
ws=25 0""'

'ì"39Ð = O.23 Q"

V = O.I7 eO'44
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The values of exponents and coefficients of these equations

have been computed from the graphs. The sum of exponents b,

f and m and t'he product of coefficients a, c and k are res-
pectively 0"99 and 0"98" Ttre rate of change of depth with

increasing discharges (f=0"39) \^¡as practically the sarne as

the mean value of 0"4O computed by Leopold and Maddock for
many river cross sectj-ons. However, the b val-ue of 0"16 was

considerably greater than 0"04 value found on Brandlzwine Creek
(22) and the expected value for any other channel sectj-ons

with cohesive bank materials" Ttris marked difference is due

in large part to the gentle sloping side of the constructed

trapezoidal chatrnel " Ttle constructed section has been eroded

and now it approaches the approximate shape encorintered in
cohesive soil-s. This cross sectional ctrange is like1y to

reduce the value of the exponent b. The rate of increase of

mean vel-ocity with d.Íscharges (m=0.44) r,vas fairly high and a

straight extrapolation of the regiression line gi-ves mean vefo-

cities as high as 6 feet per second for discharges of the same

order of magni-tude as the design discharEe" Tl.is is indeed. an

extremely high velocity of water in alluvial channel-s"

FIGURE 3"5 presents the hydraul-ic geometry of the

channel at meterirrg statÍon M4 for the years 1965 and 1967 "

It. may be seen in this fÍgure that the points representing the

1965 i,l.cw characteristics, in the vetocity and width to dis-
charge graphs fali in a fairly good. alignment. Ifowever, the

depth to d.ischarge rel-ation is ill--defined and no further
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analysis of this graph wil-I be pursued. The gabion gradient

control- structure G2 constructed downstream of bridge B3

(¡'rCunn 3"2) in I¡finter L966-67, created backwater effects

through that measuring sectj-on and. upstream in the channel.

fhis explains why thc Jpring i-967 currenL-meter data devj-ate

from the respective lj-nes and. are not representative of the

natural behaviour of the channel. These structures were de-

signed to redttce the velocities of flow and, by the position

of the point. representing the L967 measurement of the vel-ocity

in the velocity-d.ischarge graph,' this goal is fairlv lrell- a-

chieved. For the purpose of studying the regime of the chan-

ne1 under natural condi-tions, the values of the L967 measure-

ments will be disregarded." The rate of variation. of mean

veiocities with increasing discharqes (m=0"85) was fairly

high and the relationship glves water velocj-ties of the ord.er

of magnitude of 12 feet per second. for discharges even smaller

than the design discharge" Tl.e eroding power was accordingly

extremefy hig'h. The water surface breadth increased. very ra-

pidly with d.ischarges; its rate of variation (b=C"51) was

not for the same reason stated previously characteristic at

all of the one encountered i-n self-formed alluvial channels"

The relation of width, d.epth and velocity to dis-

charge at meterinq station M5 is shown in FIGURE 3.6 for the

1962 to l-967 year period. Four regression lj-nes Ïrave been

drawn through the various sets of points in each graph to strow

the variation of these relationships from year to year" There
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is considerable scatter of poJ-nts about the respectj-ve lines

and the shifting of their position anC j-nclination indicates

ttrat the rel-ation of these variabl-es was not stabl-e throughout

the perj-od cf record" Part of this instability probably re-

sulted from the scour and temporary fill of the cttannel in

perioCs of high waters and to the section control made by the

rock riprappi-ng of bridge piers in S'¡mmers L964 to 1966 " The

Iatter reason explaì-ns why the lines d.rawn through the 1963

plotted points are set off in the graphs. This local inter-

ference changed. the original conditions of the flow and j-ts

hydrauli-c characteristics so that ttre measuri-ng section became

no longer reatly representative of the average lîeach of the

channel-" For the same discharges under the backwater effects

of the constriction, the depth and v¡ater surface breadth were

increased. and. ip,ean velocities reduced" Ttle rate of variation

of these varj-ables was more particularly different in l-966 and

1967 " This probably depend.s on the changes in confj-gurati-on

of the cross sections due to subsequent riprapping in Summers

1965 and L966. To same discharges, corresponded. j-n Spring 1967

a higher rate of increase of mean d.epth and. therefore of water

surface bread.th and a lower rate cf variatj.on of velocity than

in Spring 1966 " The Spr:i.ng L969 discharge measurernents at

that same metering station resulted. in a plot of the relation

of stage of fl-ow versus discharge i n FIGURE 3.7 " The break in

the curve at 600 cfs flow inCicates that the stage-discharge

relatj-onship hlas rlot yet stable.
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T'l:e record.ed data was insufficient to analyze the

Ìrydraulic geometry of the channel in a downstream direction"

The discharges having the same frequency of exceedence l{ere

not recorded at many metering stations. fhe condition of

constant frequency of dj-scharges at all cross sections is

very important for ttre comparison of the hydraulic charac-

teristics along the length of any channel-.



CIIAPTER iV

ALTERNATIVE DESIGNS FOR TTIE ORIGINAL CTTANNEL

4 "L Channel Design l4ettrods and Applj-cation

The design of stable channels in alluvj-a1 materials

Ïras been the object of intensive research duri-ng the past cent-

ury and various procedures for designi-ng them have been d.e-

veloped " T'hese method.s are categorized as belonging to one of

the following design criteria: maximum permissible velocity,

critical tractive force and regime theory" The concept of

the "stable channelrr as defined in Append.ix A is.the basis of

these theorj-es" Each design technique is also summarized in
Appendix A. Ttrey have been applied to the design of the di-

version ctrannel with the original conditions of soil and

prairie l-evel in the design route. A trapezoidal section

having a 4¿I side slope has been chosen and the same design

discharges have been used" It was expected that for the type

of soil making up the channel, and taking into account the

very low val-ues of s-i-de slope encoun"ered in self-formecl stable

channels in coÏ¡esive soifs and the investigation made of the

stabil-ity of river banks in the Wi-nnipeg area(2), a designed

bank slope of 4¿I could be stabl-e against sliding at the con-

dition of having a stabl-e channel bed slope" The design pro-

cedures for the upÞer reach of the channel are hereafter

27
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e>q)Iained.

Using the Sj-mons and Albertsonrs charts (Section

A"2, Appendix A) for canals having cohesive bed and banks,

the characteristics of the channel are for a di-scharge of

3300 cfs:

From FIG" 4"6, the hyd.raulic radius:R = 9"5 ftrl rr A"7, the average depth :dA = 11"0 ,l

fr rr A"B, the wet" perimeter :P = I27 "O rt

rr rr A. 9, the average width :hT = 1L5 " 0 t¡

fr f' A"lO,ttre top width :tr{1, = 727 "3 rt

f r r¡ A. 1-1, the arèa of water :A =1200. O fL2
from product Wxdo rr r' :A =1265.0 tl

il il pXR" il. il :A =12OB"0 rr

tlre average area of water sect'i on :AA =L225 "O rl

from continuity equ: V = ç/AX ^ rV^ = 2.7 fL/s
from FIG" A.72, the value of RzS :RzS= Q"004

For the Cesi-gned. average and top wiCths dnd d.epth of the water

section, ttre side slope of a trapezoidal channel is L"!2¿L"

For ttre selected trapezoidal section having a 4: 1 sj-de sJ-ope

and the sarne designed averag:e width and depth, :n" correspcnd-

ing wetted perimeter and trydraulic radius have been recomputed

with tlee equations:

ì ^i /¡ 22Y = þtZCi¡ r' L f I

iÀ

P

where: bed width

parameter of the side slope equal to 4

From equation (g), p = 161-.5 feet and from equation (10) ,

R=7.6 feet. with this value of R and R2S =0.004, the

(e)

( r0)

b=

z-
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correspond.j-ng value of

brief, the redesiqned

the channel slope was O.73x1O-4.

channel ctraracteristics are:

In

For the average width

for the average depth

for the slope

= 1t-5.0 ft

= 1l-"0 ft.
- O .73x7O-4

..1

"e

According to ttre Blench's regime equations (sec-

tion 4"2), the calcul-ated channel characteristi-cs are:

For the average width

for the average depth

for the slope

= L21"8 ft

= 9"3 ft

= O.1O5x1O-4

:d^ö

;S

fn his equations, tne side factor f, Ïras been estimated to
o.2o, the bed factor fo to o"9o and the water temperature to
6Oor.

Usi-ng the lr{ann'ingts flow formul-a:

wiLh a predetermined maximum mean velocj-tv as

stability, the design procedures consisted of
steps:

1/a
v = L_A-g R'/ 'S1

II

a criterion of

the following

a) The average prairie slope: S = 9.76xIO-4 has

been used in the formula as the proposed hy-

. draulic gradj_eni "

b) For the kind of soil involved, the Mannins's n

has been estimated to 0 "O25"

c) From TABLE A-1 and FIGURE A"1 for clays having

a void ratio of 1"0, a l-imiting velocity of
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2"5 ft/s" Ïras been selected and a correction

factor of L.2 for an expected depth of flow of

8"0 feet has been chosen from FIGURE A"2. fhe

limiting velocity for the design rvas therefore

3.0 fL/s"

T?re values of the variables $, ry and V trave been substituted.

into l"lanni-ngrs formula to give a hydraulic radius value of

2 "O9 f eet " The parameter W and d.4 of the cross sectional area

of flow have been computed according to equation (9) and the

following ones:

À_ Q
V

P= å-R
A = (b r Zxdo) dA

From Equation (1f¡ "fr n (1_2.¡ 
",, ,, (9) & (L3)"

il ll ll l¡

( 11)

( 12)

( 13)

A =l1OO.O fL2
P = 526"0 ft
dA= 2 "L fLb = 508"5 ft

The channel was found too wide and shal1ow, the bed width was

therefore given a nev¡ dimension: b = 80"0 feet" From equation

(13) and for the sarne cross sectional area of flow, the recal-

cul-ated depth was 9"38 feet, The corresponding values of the

wetted perimeter and Ïrydraulic radius v,Iere from equations (9)

and (fO¡ P = 157"3 feet and R =7.O feet" The required channel

slope v¡as for tl-e adjusted seetion equal to 1.9x10-4. To sum

up, the redesigned characteristics of the channel are;
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For the average width

for the averag'e depth

for the slope

= 717.6 ft

= 9"4 ft

= 1.9x10-4

o -t¡T

: d.o

.c

fhe first step in designing channels by tl:e method

of tractive force consists in selecting an approxi-mate chan-

nel section" flre estimation of the average v¡idth has been

made by using the Lacey's wetted perimeter formula (Section 4.2)

which gives values nearly equal to the top width in wide chan-

nel-s" Ttre average depth of flow Ïras been estimated equal to
the hyd.raul-ic radj-us and sel-ected from the Simons and Albert-
son's charts. The channel sÌope has been computed according

to the Du Boyst tractive force equation (section A.2) with a

limiting unit-tractive force of 0.1 rb/ft2 obtained from Fïc-
URES lr.3, A.4 and. 4.5. Ttre computed channer characteristics
are:

For the average width : W = 115"9 ft
for the average depth : dA = 9"5 ft
fortheslope :S = 1.69x10-4

Ttre sarne design procedures have been applÍed to the

design of lower reaches and the characteristj-cs of the redesigned

channel have been compared with the original ones, Results are

summarized in TABLES fv-14 and rv-18" The alternative design

methods j-ndicated that the originaÌ width of the channel was in
generally ciose agreemen+* with the val-ues of the redesigned one.

However, the reilesigned slopes were by far mil-der than the
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original and present ones" This would therefore require drop

structures or low check structures to be pÌaced at frequent

j-ntervals along the channel in order to reduce the hydraulic

gradient" A preliminary investigation in stabilizing the

ctrannel by means of low slope control- structures has been

made in CHAPTER V"



CITAPTER V

POSSIBLE MEANS FOR STABILÏZÏNG

THE PRESENT GIANNEL

Because of ttre cri-tical need for an effective corr-

trol of ttre degradation of the channel-, êo attempt Ïras been

made to stabilize the channel. In many cases of streambed

stabirization (10,11,15,2o) , bed. sil_ls have proven to be ef-

fecti-ve i-n controll'i ng channel bed degradation through i'educed

velocities created bv the increase of water surface elevations

induced. by the sill-s.

The actual experience wi-th gabion gradient control

structures in the Seine R.iver Diversion has shown that these

installations Trave control-Ied the channel slope sj-nce no ap-

preciable degrad.ation has taken place during the two years

they have been in use. Their flexibil-j-ty makes them particu-

larly adaptable to tTre local scour because the foundation

material is g;enerally composed of erodible fine silt and c-l-ay.

AIso, in order to prevent a further reduction in the original

ground water table level in the adjacent agricultural lands

it is suggested that the water surface slope be controlled by

means of a series of sil Is with smali energy loss over each

structure rather than using hiqh d.rop structures that could

perform the sarne intended function" To prevent further
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degradation and to give the channel a stable slope requires

that the height of tl.e crest of transverse bed sil-ts above

the actual channel floor be so designed and, the successive

stabil-izatj-on structures be so placed along the channel that

the design velocity in the stabilized reach woul-d be equal

or small-er than the velocity values in the recommended "stable

section" of the channel- (TABLES IV-14 and IV-]-B). Eventual-ly,

sediments will deposit in the pool upstream of structures and

create a new gradj-ent equal to the regime s1-ope that terminates

at the toe of the next structure upstream" FIGURE 5.1 shows

a sketch of the final stage of -uhis stabilized conCition"

For a preliminary design of the vari-ous distances between

structures, the following formula has been used:

where:

t- h
u- ñùa -ùs

L = distance betlveen structures

t¡ = height of structure

S"-present ctrannel slope

Ss=stable channel slope

According to this formula, computation of spacing and number

of three feet hioh drop structures have been made in TABLE V-l"

Trl-'ì c nrol i mì rr-ary ,nu""arnation reveals that síxteen low drop

structures are required corresponding to an average of about

one structure a mile" T'l:ey may consist of gabion structures,

rock sills or reinforced concrete wei-rs" Ttre decision as to

which one to use or a combination of them should be based on
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ttie inherent adaptability of each, the accessibiJ-ity of tl-e

cÏ¡annel- to equipment and the availability of materials"

The cost of this stabilization system shoulo nor-

malIy be compared to the cost of a high velocity lined canal-"

ïhe use of revetments as stabilization means have not been

considered here because at first glance, Ltreir cost would. have

been prohibit-ive "



CTTAPTER VI

CONCIJUSIO}TS

Ttre regime study of the seine Diversion channel

and comparisons made at ttre same time between its character-

istics and ttrose of stable channels in alluvial materials

indicates that the channel was far from stabte" T'he channel

with its given width, depth and slope was not representative

of the "self-formed channel" in cohesive soils which under

the same conditions of flow would have been deeper and- have

had a much mj-Ider slope" Its designed average width was

reasonably close to the width of the stable channel with the

exception of ttre side slope that was about four tj-mes too mild"

In any event, the field investigations showed that

ttre diversj-on channel progressively adjusted' its slope and

cross section so aS to become more stable" An effective con-

trol of the channel bed degradation requires a series of l-ow

check structures designed. to reduce the hydraulic gradient''
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CTTAPTER VIT

RECOIU},IENDATTONS

In order to properly locate and. design the height

of the stabilization structures, it is recorTìmended to make

field tests to deterrni-ne the present tractive resistance of

ttre channel- material " fhe test procedure ruoul-d consist in
measuring with a vane borer tlie in-situs shear strength of

the top surface (O-4 in") of ttre soj-l- making up the channel.
t.\

fhe apparatus proposed by I"S. Dunn\o/ in l-959 is recommend.ed

in this matter. '.

2). In second instance, it is recommended to conduct

a ground water investigation along the left bank of the chan-

nel- in the Oak fs1and Settl-ement" The purpose of this inves-

tigation is to find. the rel-ationship t}-at may exist between

the amount of bank recession and some characteristics of the

bank material and of the ground water flow through the left
bank. Several lines of wel1s perpendicular to this bank would

be of particular interest to measuring the l-evel- and gradient

of the water table, the permeability of the soil- and the a-

mount of ground water draining into the channel for different
stages of flow in the channel.

3) " To know more about the regj-me of the channel-, it
is recommended to install gauge recorders in the l-969 surveyed

37



38

cross sections. Those'water markers would serve to define

the water surface profite and the hyd.raulic roug.hness of the

channel at different stages of flow. fn about five cross sec-

tj-ons well distributed along tl.e channel, sediment load and

current-meter measurements should be made at the same time in

order to make a complete and accurate analysis of the "hydrau-

lic geometry" of the channel" Ttre present gauging sections

are not appropriately located so that the recorded data were

good for the purpose of computing discharges only"
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Appendix A

STABLE C}IAi{I'{EL CONCEPTS

A1



.Ét" r CONCEPT OF TJ]E STABLE CHANNEL

The definition of a stable channel_ in al1uvia1

materials is assocj-ated with the concept of graded streams and

canals in regime. rn 1948 J.H. ¡a""¡in(13) gave a defj-nition
of the grad.ed stream that was later revised and applied to the
regime canal by L.B. Leopord and T, Maddock Jr. Tn summarv

it is:

"A river or a canal- in regime is one in which, over a period
of years, the slope and channe] cheracteristics: wid.thl depth
and roug'hness ane delicateiy adjusted to provide, with the
avail-abre discharge, just the vel-ocity reo,uired for the trans-portation of the load suppl-ied to it,'

T'he regime canal is a system in equiribrium and has a stable
channel; that is, over a period of years, its bed and banks

are not scoured by the moving water and cbjectj-onabl-e deposits

of sediment do not occur in it.

t't ¿



A"2 STABLE CHAN}¡EL DESTGN TF]EORTES

PERMTSSIBLE VELOCTTY THEORY

The permissibl_e velocit'y design procedure consists
of designing the channe] for the maximum r.zelocity which the

alluviar materia.I can withstand. without movement of the gran-

ul-ar particles" fhe l-imiting verocity will prevent severe

TABLE A-J-

MAXIMTM PERMISSIBLE CANAL VELOCITIES

Clc¿rru-atcr
\\¡atcr t¡aus-
porting ðol-
loitlnl siltsIlatcrial

l-inc stnd, colloicìal. . . .,
Sencly loam, no¡rcolloichl . -......... ......
Silt loanr, noncolloithl .

'\lluvill siìts, Ironcolloithl....
Orclinrr'¡' fi r'rn loarn
Yol<'arrir'rsh....
Stifl <:lr¡', r'cr'1' colloirlal
.-\lluvi:rl silts, r'oìloirl:rl
Shllcs ¡ntl h:rlcl¡riurs.
f inc gu'cl
Gratìctl lolm to cobl¡los u'hcn no¡rcolloirLLl . .

Gladccl silts to cobìrlcs rvhc¡r colloid¡rÌ ......
Coarsc grnvcl, rroncolloirlal
Cobblcs anrl shirrglcs.

t),

f¡rs
10,

tb /f.t,
l'"
I tt/it'

| 0.075

I o.ozs

I 0.11
I 0. r5

v,
fps

0.020
0.020
0.020
0.020
0.020
0.020
0.025
0.02õ
0.015
0 .0.]0
0.030
0.0'30
0 .025
0 .035

0 .027
0.037
0.0+8

2.50
3 .00

I .00
2 .50
2 .50

3.7o
6.00
2.õ0
3 .7õ
-1 .00
{.00
5 .00

0.0+E
0.075
0,075
0.2G
0.26
0.67
0.075
0 .38
0..r3
0.30
0.91

3.i:0
3 .50
3 .50
5.00
ã.00
6 .00
5.riO
5 .00
5.50
6.00
.5 .5{}

0. i5
0. r5
0. -16

0. -1û

0.67
0 .32
u.ut)
0. s0
0.67
l.t0

source: ven Te chow(s).

erosion of the channel; its values have been recorded in
straight channels constructed in different kinds of soil.
TABLE A-1 shows the permissible canal velocities reconmended

f,\5



A4

by S. Fortj-er and F.C. Sconsy(7) and the corresponding unit_
tractlve force values converted by the u.s. Bureau of Reclam-

ation" FrcuRES A"1 and A.2 show the curves based on the u.s.s.R.
data of permissi-ble vel-ocities for cohesive soils and the ap_

propriate correctj-on factor taking ê.cr-u'u.rrt of the effect of the
d.epth of flov¡"

¿

I
o.s
v.Õ

o 
^7; c

o

o
So.

o.4

o.

456
Permissíbte ve Iocities, fos

FIGURE 4"1 - Curves shorving
U "S .S "R. data on permissible
velocities f or cohesi_ve soils.
Source: V.T" Chow(5)

FrcuRE Åiä"i'"élirrr"=
showj-ng U"S.S.R. cor-
rections of permissi-
bl-e vel-ocity for cohe-
sive and non-cohesi_ve
materials 

"Source; \¡.T. Ctror (5)

TRACTTVE FORCE THEORY

The tractive force de.sicrn thr-..eory is formul_ated on

the basis that stability of bank and bed material_ is a func-
tion of the abirity of the banks and bed to resist erosi-on re_
sulting from the drag for:ce exerted on them by the movj-ng water.
ïn uni-form flow, the tractive force is equal to the effective
component of the gravity force acting on the body of water pa-
rall-el to the channel bottom. rts maxi.mum val-ue in wide channel-s

Sondy cloys (sond <50%)
Heovy cloyey soils

E

I
-Ã
ri

E

F
ð

"i
õI
9t
3l
-iõl

Leon cloyey soils

o.B o.9 i.o Lt rz I
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is given by the Du Boys' tractive force equation:

t=.fDS

Y = specific weight of water

D = depth of flow in the channel

S = slope of the ctrannel.

(1)

where:

Curves plotted in FIGURE 4"3 relating the permissible unit-

tractive force to the void ratio of cohesive materials are

those obtained from conversion of U"S"S-R- data on safe

1-ì-miting velocities" Many investigators trave made studj-es

o.ol .3 4 5

,,*ì +qlf¿ u-

in

o.2 0,3 0.4 0.s 0.6 a |.21.5 ?

N+

oo

¿+o
+
+ ^^-

Voids rofio

FIGURE 4.3 - Permissible
tractive force for canals
cohesive materiais "
Source: V.T. ç¡c:ç(5)

involving fiel-d observations, flume tests and shear Lests in

specially desì-gned apparatus to measure the scour resistance
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of cohesive soils related to their physicat proprieties. A-

mong others, E.T. Smerdon and R.p. Beasley(2l) after a series
of flume tests correlated the critical tractive force causing

noticeabl-e bed. degradation to the soil- propri-eties such as:
plasticity index, dispersion ratio, mean partj_cIe size and

percent of cray. The rerations of critical tractive force
versus plasticity index and percent clay are presented in
FïGURES 4"4 and 4"5.

Nl-
lr

tf,
a!J

1-'

tJ
o
Eo
t¡-

ttj

=l-()
É
F

J

I
F.

()

PLASTICITY INOEX

FIGURE 4"4 - Critical Tractive
Plasticity index, after Smerdon

Force
and

versus
Beasley Q7) ,

Ca

J()

l--z
trj
C)

c
t¡J
o-

FIGURE
Percent

ro8 o.ol o.ot5 o.o¿ o.o3 o.o4
cRtTtcAL TRACTIVE FoRcE , T. ,

li.5 - Critical Tractive
Cl-ay, after Smerdon and

0.06 0.o8 0.r

tøs / rt?
Force versus
Beasley (27) .

Tc = o.oo54(tw)o'84

--t-
I
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REGÏI4E TTIEORY

Ttre regime theory ori-ginated with the anaÌysis of
stabl-e ircigation canals in rndi-a and was introduced by R"G"

Kennedy in IB95 when he presented his empiricat equation for
the "eritj-cal-'r mean velocity. In 1919, E.S. Lindl-ey32) ver-
ball-y expressed the regi_me theory:

"when an artificiai canal- is used to convey silty water, both
bed and banks scour or fi1I, changing depthr Çradient and.
width, untir a stage of bal-ance is attained at which the chan-
nel j-s saicl to be in regime".

The development of the modern reg'ime theory is, however, due
/ô\to G" Lacey\o/ when in L929 he pubtished his reginre equations

based on measurements of channel character:istics made on

reaches of rndian canal-s that had achieved a stable cross

section. These equations are: '

v= 1"15Jf R (2)

P=2"67 91 (3)
F t^

-5/ 5¡" - Trus çL/6 (4)

Where: V=mean velocitv
;R = hvclraulic radius

P = wetted perimeter

Q = discharge

f = silt factor.

These equations were later modified and. improved by several

individ.ua-ls, namely C.C. Inglis and T. Blench. elench(4)

separatec the effect of the sides and bed of the channel bv
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means of the side an.f bed factors" HÍs regime equations are:

(s)

3f=---;
- rlrq W
cra= \l;=---yrb.

tr5/6 t=I/L2
3.63 q ar/6---T-

S-

(6)

(7)

where: W = average width

d4 = Average d.epth

f- - 'haÄ f=n]-nr 'lo^an¿{in^ ^f bed SedifnentSuu}/u¡rs¿r¡Y

f= = side factor depending on bank material

v = kinematic viscosity
g = acceleration due to gravity"

I4ore recently, D.B. Simons and M.L. Albertson(19)

presented several relations based on field data olotained from

canal studies in India, Pakistan and the Western United-States"

Reproduction of several of these graphs are shown in FIGURES

4"6 throuqh A.72.
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A,3 f S CONCEPTS OF TTJE SHAPE OF ALLUVTAI,

CI{ANNELS IT{ RELATION TC SEDTMENT

rn investigating rivers of the Great p]ains in
united-states, s.A" schumm found that the type of sediment
encountered on the bed and banks of arluvial channers exer_
ted a control on the cross sectional form. rn his study of
channel d.evelopment in 1960-61(10,17,J.8), he sel_ected a large
range of streams in cifferent crimatic regions and areas in
which di-fference in tithorogy within the drainage basin did
not affect the stream and coll-ected data on sediment charac_
ter and channer- shape at many cross sections that were ur.-
timately determined to be stable or acti-very being aggrad.ed

or eroded" He stressed the impo::tance of the effect of sedi_
ment type on channel shape and demonstrated the rel-ationshi_p
that exists between the sha,pe of stable cross sections ex_
pressed as a width-depth ratio (F) and the weighted mean per_
cent si-lt-cl-ay composing the perimeter of the channel. rrhe

weighted mean percent silt-cl-ay is designated by (fu¡ and cal_
culated as follorvs:

r\'1 =
S.xWg+S5x2Ds

(B)Wg +2Dg

sc = pefc€ntage of sj_lt and clay in the channel-
all-uvium

=.pêfcêrrtage of silt and clay in bank atl-uvium

where:

q.

.É\I5



Dg = sþ¿¡¡.1 depth

Wg = channel width

ïn his equation the channel depth is defined as

depth to the l-orvest part of the channel from the

fírst terrace or bank above the channel floor or
limit of deposition of erosj-on alons the sides.

Al_4

the measured

edge of the

J-ira rrnnâF

The channel

È
I

.t-.-

ts
t¡J

Ir
ts

;

"'t l 'o '' I o'o

. IYEIGHTED MEAN PERCENT SILT-CLAY /,4

FTGURE 4"13 - Refation of width-depth ratio to weighted Mean t1.\Percent silt-cì.ay fo:: stable cross sections, after s"A" schulmuq

-l-
J-

I

ti
tl



AL5

width is the measured distance from one edge of a bank to the

corresponding el-evatj-on on the opposite side, ât a distance

above the ctrannel floor determined by the channel depth" fhe

correlation between the values of width-depth ratj-o and the

weighted mean values for the percent sill-cla1z in the channel

and banks of stable a1luvi-al stream channels is shown i-n FIG-

URE 4"13" T'Ìre regression line was deterrnj-ned graphically and

bears the following equation: F = 255 M-1"08. The correlation

shows that channel-s contaÍning l-itt1e sj-It-clay are relati-vely

wide and shal-low; whereas, those composed predominantly of

silt-clav are relatively narrow and deep" St-reams develop a

channel- form that is consistent with e¡:odibility of the bed

and bank mate::ial and the veloci.ty and sTrear distributions.

Soils contaíning a faj-r amount of silt and clay a re cohesive

and. tend to resist erosion; hence, channels in this type of

atluvium are observed to be deep and rrarrow since they can

withstand high shear and the cohesj-veness of the soil pre-,zent

bank sliding" On the other hand, there is l-ittle or no cohesion

F]GURE A"14
Cross secLion

T\zpical Channel
in Granul-ar Soils

in sandy and graveJ-

sily eroded and the

FIGURE A"l-5 T\zpical
Channel Cross Section
'in Cohesi-ve Soils"

therefore, these soj-ls are ea-

are removed immediateJ-y.

materi.als;

loose grains
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Channels in granular soil-s are relatively wide and shall-ow"

Tlee angle of repose of grains is important in determining the

shape of these channels. FIGURES A-L4 and 4"15 show the typic-

aI shape of channels both in cohesive and. non-coÌìesive soil-s"

Schumm a-'ì-so investigated theenosional- and depos-

ition process of unsLable streams in the study areas and com-

pared the channel and sedi-ment characteristj-cs with those of

stabl-e sections" The mean values of F and M for the cross

sections determined as aggrading plotted all above the regres-

sion li-ne characteri-stic of stabl-e sections and those values

for degrading cross sections plotted below the same line" It

has been suggested that the relatj-on between the mean values

of widih-depth ratio and. percent sil-t-cl-ay ma)' be used as a

criterj-on of channel stabili-ty" Aggrading channels plot well

above the reEression l-ine; whereas, degrading channels plot

below Lhe line"
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HYDRAULIC GEOIUtrTRY OF STREAI\{ C}ANNELS

Ttre vel-ocity, width and depth of flowing water were

observed to change as the discharge increases at any cross sec-

tion of a river" The qrat¡h of these variables as function of
tlre di.qc.harrre "at a seCtion" constitutes a nart of what L"B"u e ìJur I v! ,t¡.

Leopold and T. Ivladdock Jr. \v) calted the 'rHyclraulic Geometry"

of stream channel-s" They plot as straight lines on logarith-
nrlc paper as sholvn in FIGURE 4.16 and general-l.v increase with
increasing discharges as simple power functions expressed

rco
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mathematical-l-y bv:

Ws=aQb

D=cef

V=Kem

wtrere: W= = water surface width

D = mean depth equal_ to a/W"

V = mean vel-ocity equal- to e/A

a ¿ c, k, b, f , m = nulrerical constants "

a'The relationships between these constanrs are:

ack = 1.0

btf+m = 1.0

Ttle constants a, c and k represent the inte.rcepts of the

l.ines describing the rel-ationship of varj-ations in di-ccharge

to width, depth and vel-ocity and are respectiveì-y the value

of W", D and V at discharge of unity" The constants b, f
and m are the slopes of the ttrree lines on ttre graph and their
sum mu,st equal unity. Ttey represent the relative rate of in- .''.:

crease of width, depth and velocity wj.th increasing discharges i

they are therefore determined by the shape of the channel, the

slope of the water surface and. the roughness of the wetted

ncri rrreter - Tlfej f tzaIUeS es.sent.i a I I w rJes¡ri ha .i-Ïro rreometr1z ofu sruvr uooç1¡urq¿rJ sçÈçI+vç L¡rç 9çvr.LUU!J V!

the channer and resistance to erosion associated. with the

composition of the bed and banks materi-al, and the transpor-
ted load. Ifanlz analysis of rj-ver cross sections have been

made for a rarge varieties of Rivers in the Great plains and
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the Southwest of United States, in.V have provided a clear, v¿ ¡vJ

indication of the average values of the exponents in ttrese

equations" Each of these values at a section averagies:

b = 0"26

f = O"4O

m = 0"34

These mean values are presented such that one may visualj-ze

the relative order of magnitude of these exponents" It does

not imply that the values of b, f and m at a particular cross

section of a stream should be closely simil-ar" The type of

soils encountered in the perimeter of the channel. exerts a

¡narked influence on the cross sectional form" In fact, a

wide "dj.dr-shaped" channel as shown in FIGURE A,"14 has a rapid.

rate of increase i-n width with iñcreasing discharges and

therefore, a high value of the exponeirt b, On the other hand,

a 'rbox-like" channel with straight sides such as encou.ntered

in cohesive soils (pIcuRE 4.15), has a lorv val-ue for b and a

relatj-vely high value for f " The values for b = 0.04, f = 0"40

and. m = 0.52 at a station on Brandr¡wine C.reelc(22) v¡ith cohesive

bank materia] are an example of this infiuence" Analysis of

variatj-ons in wid.th/ mean depth and mean velocity with mean

annual discharge as d.ischarges increase in the downstrearn di-

rectj.on have been made for various river sysiems tlirough

United States and for irrigation canals in Ind.j-a in order to

determine how these variables change along the length of stream



channels. These

stati-ons within

relationships were

the river basin and

derived from

are shown in
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From these curves it may be seen that there is considerabl_e

similarity in the slope of the l-ines among the various rj-ver

channel-s and unrined. irrigation canars. The average varues

of ttre exponents of the power functions describing these

relations for river basi-ns stud.i_ed are:

b = 0"5O

f = 0"40

m = 0..10

ït may be concl-uded from the analysis made by

Leopold and Maddock of the hydraulic geometry of stream chan-

ners at a secLion and i-n a downstream direction that for dis-
charges of equal frequency, the mean wiCth increases more

rrniÀ]tz 't-L=n J-'!ra mn=n Äan.t-\ (b r f) in a ðOWnStfeam dj_feCtiOnur¿ç trrçurr qçP utl \u - L I I¡J. q

and 'Lherefore, the width to depth ratio increases. Con-

comitant to the increased rate of change of width downstream,

the rate at r,vhich the mean velocity increases is reduced

(m = 0"10 < m = 0"34) " This important conclusion drawn from

t-he arralysis of hydraulic characteri-stics of various river
s]¡stems wirl- be a useful tool j-n determining the character-

istics of the redesiqned channel in CHè.PTER IV"
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