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of channel pattern thresholds allow the developnent of a model bralded
stream w1th flow characterlstlcs and equlvalent dJmensions of a natural
. - river. Usz.ng afoonstant dlscharge and. flume slope and malnta_mlng
‘ , approxmate equillbrlmn w1th an adjustable sed_unent feed the (forms and
processes of na’wral grainel bralded rlvers are reproduced - |

Beg:.nmng fran a stralght trough braJ.dlng 1s 1nlt1ated @'

developnent of a serles of alternatl _‘ ‘ bars anc'i soour pools which: produce )

bends of 1ncreasmg amplltude leadl flnally to channel lelSlon.

These moblle, lobate%ars whlch advance downstream by. accretlon on a

- "lee—51de avalanche face, togeﬂler w1th the scour pools w1th whlch they

' are necessarlly closely assoc1ated are the fundamental elements of the :

| channel pattern Ghannel mlgratlon and dJ.vz_s:Lon is a response to bar

i formatlon and these adjusbnentsa leave portlons of the orlgn_nally moblle
bars to be exposed and eroded. Canplex units’ bullt frcm these lobate

) forms show varylng degrees of preservatlon of the orlglnal depos:.tlonal
unJJs Such canplexes dlsplay a bew11der:mg array of forms ar:leng |

: ' elther frcm systanat:.c mgratlon and accretion of units as in the case

of same medlal and p01nt [bar ocmplexes, or in-a less systematic fashlon ‘

because of charmel aVuls:Lon , .

Channel d_’LVlSlOI'l is normally by avuls:.on or by 'division on an

actlve bar suﬁface ThlS is caused by vertlcal accretlon leading to

the central portlon of the downstream extram.ty of the lobe beocm.mg

1nact1ve and eventually exposed F

L _ The forms :Ldent:Lfled in the flume channel are s:.mllar to .

iv



“ .
those ;seen in- the Sunwapta Rlver, Alberta (a gravel bralded stream)
well as publlshed 1llustca1p.ons of both k;ralded and 1ow smuos:.ty

meanderlng streams

L

' Surfaoe sort:Lng of sech.ment shows several 1dent1f‘.1.ab1e

| patterns Notably bar lobes show a finlng downstream on thelr surfaces

S and an, accumulatlon of ooarse materlal at the base of the a :

faces. “The. pattern may rela’te to the vert:lcal sortn_ng o ':..the avalanche
‘1face Wthh bLIlldS downstream - Soour pools show no lag depos1ts at peak
flow but as flow decllnes a coarse layer 1S/the flrst to accumulate.
Other 1ocal sortlng patterns J.nclude the accumulatlon of very flne _ .
deposxts where weak seoondary currents are eV1dent and the accmmllatlon '
:~of ‘coarse veneers on exposed bar heads.v} Sedlment sortlng patterns
md_lcate that mechan.lsms other than a- sunple lag pr1nc1ple must be used
explaln mahy elanents of 51ze sortlng patterns ‘ . }
e Hydraullc geanetry meaSurements of stable channels chosen at
‘randan gave exponents of 0.619, 0. 261 and 0 120 for Wldth depth and
Veloc1ty respectlvely. These ccmpare well w1th publlshed data frcm
streams in non-ooheswe materlal Lfsuxg d50 as the prlnc:Lple scallng.- '
factor the model channels and data frcm the Subrkapta Rlver plotted 1n
the same reglon of graphs of relat:Lve depth and relatlve w:Ldth versus
"d_unensmnl&ss dlscharge ThJ.s is enoouraglng in terms of the quallty-

| of the n'odelllng and glves added credence to the deszilptlve mformatlon.

l
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D depth o : ‘_ _ | | an
Dm model depth |
Dp prototype depth
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dsg grain size which 50% (by weight) of sample is

finer than
dgo graln size which 90% (by weight) of sample is
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- ; recognlzed three fundamental plan—forms bralded meanderlng and

In erntarporary fluv1al gecmorpmlogy, channel pattern 1s

recogmzedasanmportantrreansbywhlcharlver channelcanadjustso

as to approach equllJ.brlum ‘with respect to several 1ndependent varlables, '

particularly dlscharge, sediment load and size, and valley ‘slope, . over

‘comparatlvely short perlods of time (tens of years 1n sd'nel*fcases)
‘Studies of channel pattern have included several attenpts to: class:Lfy
."what is essentlally a oontlnuum of patterns.’ Leopold and Wolman (1957) )
stralght Schumn (1963) de\flsed a cla551f1cat10n hlghllghtlng the )
relatlonshlps bebdeen morphology -and sediment type based.on the pro-
port.lons of suspended and bed load carried by a rlver, while Popov '

- (1964) and more recently Kellerhals et aZ ,“(1976) atte}pted a more
refined classrflcatlon lmklng monphology and process. There is “
llttle dispute, however, that a braided rlver, while dlsplaylng a. g
range of forms, ‘is essent;ally "one that is d1v1ded into several
_channels which succe551vely meet and red1v1de.". {Leopold et ‘qZ. 19611,
Cpan. |
- Despite the fact that braided‘rivers Rave. been. recognlzed for
many years they have not recelved the ‘attention which meandermg
channels have and thus our understarmm of braided river ppogesses

F
falls beh.l.nd that of meanderlng rlvers. Scme studJ.es of bar formata.orn

channel m:Lgratlon and hydraullcs ex15t (Fahnestock 1963 Hjulstrom, -

1952 Krlgstrcm 1962 Church, 1972 HeJ_n, 1974) but these have tended
to raise more questions than theyt have solved Geolog:.cal research has
centred on dev15_1ng ,facles__models “for ya variety @f braided stream.

¢
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'dePOSJ.ts (Mlall 1977) o o ‘

rrorphologlsts and the problems of,, bralded rivers seem to present an .

“modal w1th the sane hydraullc and“ morp}x}loglc characterlstlcs as a’ natural ]

e "graue‘l prmded stream oould be produced Seoond, to descr:.be the pro—

~ . - { - . !

The 1ack of J_nformatlon on bralded rlver\processes may be

|
partlally the result of the dlfflcultles enoounteiej;fjid studles of
‘brald_mg, partlcularly on proglac1al streams. Fahne (1963) ' Smlth N.D.

(1974). and Hein (1974) descrlbe sane of these problems (and hazards)

{
whlch arlse frcm the fact that at hJ_gh flow mﬂges J.n morpholowgzg

- \plaoe extremelv qulckly and often at rates whlch make useful measure—‘

) P“ents J.mpossz.ble to obtain. On the other hand while iddividual bars |

are dlfflCLth to traoe, the oonstructlon of larger complex deposn_tlonal
_unlts takes place over several months or yérs making it difficult to
bu.'le up a camplete plcture of eVents

Hydraulic nodellmg has occasmnally been employed by geo—

ideal opportun:.ty for study in a» oontrolled laboratory system to provide
1deas which ‘can then be applled to natural rJ.vers Channel pattern
problems have been approached by means: of rrodel studles prev1ously (e.qg.
Schumm and Kahn, l972) but have oconcentrated on pattern thresholds
rather than processes occu.rring in a giverf‘pattern. Because of the

neoessary reductlon in sediment 51ze, the modelling of sandy rivers

presents problems w1th the oohes1veness of the fme—gra_med sedmment

) requlred 'I‘he modelllng of gravel is much s:mpler, however, as it can

be achleved w1th medlum-ooarse sand It is the n‘odellmg of gravel B
bralded streams with Wthh thlS study is oonoerned

'Ihe object.l.ves of the study were, f:.rst to determlne vmether a

R s ’U"
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'oesses operatmg in the rlver - bar formatlon and destructlon, channel




,mlgratlon, comple;{\flat wnstrucuon, sed:ment sortlng and link t;ée
. mto a catprehensn.ve account of bralded rlver act_1v1ty at a. varlety of
scales. And thn:dly, to obtan.n mformatmn on the hydraullc and

' morphologlc characterlstlcs of the nﬁlv:.dual anabranch@ in orda: to

‘estab:ush whether hydraullc smu.lltuie obtained and determ.me whether

labocratory channels r&spond m the  same’ way to changmg independent

varlabla as the natural channels

]



N

|

CHAPTER 2. CHARACTERISTICS AND CAUSES OF BRAIDING

/ 2 1 Introductlon

&

o

" Research has indicated that although oonsmerable varlatmn

exists- braided rivers do share certain cammon sedJmentologlcal and
 hydraulic characterlstlcs By reviewing these characterlst-.lcs it should
be possmle to bull&up a picture of the nature of braided rivers in
. gene.ral and of braldlhg in gravel in particular with which the features
‘ofthemodelmaybecanpared At the same time, examination of
meanierlng/brald:mg thresholds arg the causes of braiding may yleld
same 1mportar_1t 1nfonnat;ion with implications for establishing a braided

pattern in the model.

2.2 General Charactafistics and Distribution of Braided Rivers

Research tq\ date has suggested same general c:.rcumstances
under which braldlng' can be expected to occur and in mrn has suggested
why braldlng should be associated with certain types of envirorment.
Ieopold and Wolman (1957), Fahnestock (1963) and Schum and Khan (1972),

. in partlcular, have demonstrated that braldlng occurs on steep slopes
in non-cohesive material with -a high proportion of sediment carried as
bedload. Generally speaking, for a given bankfull _dischafge, braided
rivers are expected to occur on steeper slopes ﬂ"xan meandering and

. rstralght channels (Leopold and Wolman, 1957; Lane, 1957; Henderson,
1961, 1966). Braided rlvers are characbe.rlzed by low suruos1ty channels
with high width/depth ratios (as high as 800 in same cases). The nature
of the hydrograph, th.ch in many bra_Lded rivers fluctuates rapldly over

~ & large range, is often mentioned as an -important featyire of braided
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rivers (for example, Doeglas, 1962; Fahnestock 1963; Smith, N. D., 1974) .

These attributes suggest certain types of emrlrorment in which braided
Fivers should be common. ‘Chur‘ch and Gilbert (1975) _'_i'rﬂicated that a
basic cause of Braiding could be th?ﬁght of.as a locai inability to

- transport the Jmposed sedjment loadyand .such a situation may be found '
* in many sand or gravel rivers transportmg sediment along thelr beds or
"in areas assoc1ated with decllnlng \ogmpetence such as alluv1al fans or
deltas and ephemeral streams experlenmng flash. floods. Thus we might
expect braiding in many areas of the world a;ud the publisﬁed examples
A‘show a range from small gravel proglacial .streams on steep slopes to

huge rivers such as@e Bralgnaputra transportlng sard and silt.

2

2. 3 Hydrolgz
. Braided rivers show a w1de range of type;:. ef‘hydrologivc

, reglme dependent on their geographic location but one characteristic
which is commonly commented on is the tendency .for braided rivers to
| show more variabilify in discharge t\han other stream types. Thus Miall
(1977) in referring to an analysis by Wright et .c‘zZ.., (1974) asserts that
of the rivers investigated those daminated by braidiné have a hig:.her
flood-:;;eakedness, higher. total discharge range and higher rnontilly K
dischargevariabili'ty than the others. It is certainly true that some '
bralded rivers, espec1ally préglacial and ephemeral examples, show wn.de
and rapid (diurnal) fluctuations in discharge (Arnborg, 1955 Church,
1972; Sm.1th, N.D., 1974), but'it is still not clear what relevanoe these
hydrologic characteristics have to braiding itself or to the details of
-the processes occurrmg ih braided rivers. Indeed it has still not

been established whether we can ge.nerallze and say that high dlscharge

£

o



- variability is a neoessa.ry characteristic¢ of braided rivers. )
. ;o o

2.4 brpholggz

| S 2.4.1 Pattern varlablllty As part of a oont_muum of cha.tmel patterns
%{*,

rivers whlch fall int6 the category of brald.mg range« consuierably in

‘ appearanoe from the large sandar plarns de by Hjulétrom (1952)

"to those verging on a smgle sinuous channel Jn addlth'l, braiding in
_gravel may tend to be rather dJ.fferent J_n fom fram that in sand. X'Jith— ‘-

in a part_lcular rlver, however, the pattern can also. change through the

influence of slope, sed;unent size and bank resistance. Caseyf/ehalges/
franrneandermg to "braiding over short d_lstances are oommon (Mackin, 1956,
]”_eopolél and Wo]man 1957) , and in the same way the brald_mg pattermn may
change. r"hus Y~JlllJ.ams and Rust (1969) have desc:rn_bed how the Donjek |
River, in the Yu]\on, shows three dlfferent patterns (" 21g-zag , stralght
"braJ_ded and rneander:Lng w1th mternal bralds) overla short distance but.
were unable to reach any conclusxons about the reasons for the changes. \
l‘he Amite River (McGowan and Garner,J 1970) and several low .;lnu051ty rivers
in Scotland (Bluck, 1976) show brald;ng tendenCLes wh:Lch are mhn_blted
by ban]xs resistant to erosion but seem to have bedforms similar to those -
found in same bralded rivers. .Falnestock (1963) has also shown that a
glven reach of a river may ‘show changes in pattern with t.une (J.n thlS ;
 case frcr\ meandermg to braiding and back: aga;n) related to the dlscharge j A
and sed_u'ent load m any given perlod - Thus, there are all shades of -
"braldlng but they share certain common features

2. 4 2 Channel netwo;k topology and topography_ The oomplex of channels

“in- bralded rlvers does “have some order in terms of the form of/the

R
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mately equal 51ze (Fahnestock 1963 Krumbeln and- Orne , 1972 Rust
1972; Boothroyd and Ashley, 1975) At low flows-'these may'be- the only

channels actlve. } oy L he _' o ~
Krumbeln and Orme (1972) and Howa.rdez‘: al., (1970) have shown,
by producmg ccmputer s:mulatlons of bra:(ded r1vers w1th the same ,topo—
lOgJ_cal characte,rlst.lcs as na‘tural rlvers, that the network is controll—
o ed by apparently randcm prooesses Wthh nevertheless produce same -
“ regularlty in the network. " One of the more notable features is the |
~ - ——presence of regularly spaced contractlons or nodes in the network where
several Chammels rejo:Ln and then lelde aga_m It is poss:Lble that the :
. nodes are spaced in. scme way related to the wavelength of the bends in
the channels although no analysis of thJ.s kind has been carrled out
Colsnan (1969) and Chlen (1961) have reported these features in the
: Brahmaputra and Yellow Pq.vers and have danonstrated that they act as
| mportant dontrol points J.n Channel mlgratlon. o
‘ WlllJ.ams and Rust (1959) and Boothroyd and Asley (1975) n.ave

v

. suggested that a helrarchy of channels of different sizes may be

| : 1dent1f1ed and that in addltlon a serles of topographic levels related
to different frequenc1es of J.nundatlon are also camon. Some levels
ate so Lnfrequently mundabed that they could be regarded as terraces.
Such ten:aces have been descrlbed in several proglaCJ_al rlvers

(Fahnestock 1963 Wllllams an(i Rust 1969 Church, 1972 Knighton,

: 1976) ‘and they lend support to Leopold an:'i Wolman's (1957) conclus:.on '

+
i



E dep051ts partlcularly in tern‘s of the preservablllty of various .

- features .

be an eq\.ullbrlum oondlt.lon. . In fact, tlmis.leafis o a 'diffi

| extrapolatlng pr&sent day processes observed Ain 'equlln_brlum or degrad-
. e W .' ';a

atlonal envn.rorments to the a:nterpretatlon of anc1ent aggradatlonal L

2. 4 3 Channel and pattern mlgratlon. ) Altl'mghchannel migration is
‘ necessarlly related to channel processes and bar formatlon, scme :
‘ aspects can be b:eated separately. .’I‘wo baSlC‘ mechanlsms of mlgrat:\.on

ex1st, lateral erosion and avulsmn. Lateral eros:.on J.s\ very evident -

~ ,/ : L,

©in bralded streams (Hjulstréi'n, 1952; xngstrcm 1962 Fahnestock, 1963;

'wlnlams ard Rust, 1969; Church, 1972) but flgures for typical rates of
,erosmn are rarely quoted. Measurements are avaJ.lable frcm the .
'Brahmaputra and Yellow Rlve:: (duen, 1961 Cbleman '1969) boﬂ'l of
WhJ.ch show rates of several thousand feet per year w1th bank erosion -
- ‘being nost effectlve on the falling stage Chlen (1961) has nobed the
mfluence of the- spacmg of nodes on’ channel mlgratlon and braldJng
The w:Lder the spacing of the nodes the greater the freedam to mlgrate

laterally and the greater are the opporumlt.l&s for further flow

"d_1v151on (Fahnestock 1963 Krumbeln and Orn'e, '1972) . The second -

mlgratlon process AW n, occurs. by aggradatlon w1thln) a cha.nnél o
' causmg spllﬁng ‘of Wate.r over into an. ad]acent abandoned channel or-. &“?f \'
cuttl.ng ‘'of a new chan.ne\l Lateral erosmn can also play a role here |
AvulSJ.on, therefore, produc&s much more rapld and larger shlfts in '
channel pos;.t:.on and is less predlctable than lateral mlg'ratlon. Chlen
(1961) has suggested that durmg high dlsdmarges avuls,lon may be rrore

cammon while at lower dlscharges mlgratlon is pr1mar11y via Late.ral

Ly : A
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B erosion. Avuls:.on has also been descrlbed in proglac1al bralded streams .
((hurchand Gleert 1975) Not only may 1nd1v1dual channels Shlft but
often the whole t:hannel systan may show magratlon in one dlrectlon. ,
‘Th.ls general pattern sh:Lft is very common: in bralded rlvers on alluvial’
fans (Gole’ and Chltale, 1966 Boothroyd and Ashley, 1975) o
2.4:4 Bars. As ‘the pr:mary sedlmentary feat\;res :Ln bralded rivers the
-various types of bar have been subject to oon31derable study by. both
geamrphologlsts and geologlsts and}the result has been ‘a certaln amount
of confusmn ‘because of .a plethora of bar types and bar cla551f1cat.10ns. :
ThlS is partlally a problem of dlfferlng cla531flcatlons and names

- -be:mg aimed at solving rather dlfferent problems, partlcularly anOlV-
J.ng the gecmorphologlcal tendency to see the external form of the bar J_I’:

| three dJmensn.ons and the geologlcal problan of reoognlzmg bat types ,
wh.lch can be 1dent1f1ed J_n two dlmensmnal exposures showing pr:.marlly

| the 1nternal structmre. Desplte attempts to produce same order among
the chaos (see for example, Mlall 1977) there .'LS no’ evidence of the
adoptlon of a umversal termlnology for, bars in bralded rivers:
Confu510n also arises when dec1d1ng what const.ltutes a bar. in the first
plaoe Generally speak:mg however, a bar can be regarded as a bedform
wtuchmayormaymtbeexposedatapartlcular stageandwluchhas |
ch.mens1ons of the same order as the channel(s) m which (or bebdeen
whlch) it occurs (Allen, 1968). 1In Jat:kson s (1975) termlnology they
are mesoscale features What is J.ni:erestmg is that in recent years J.t
has becane 1ncreas:.ngly cammon to regard bars (and lndeed channel
pattern as a whole) as dynamlc feat:mes related to hlgher dlscharge
eVents and in the same ‘framework of lnstablllty as other smaller scale

bedforms. Themportanoeofthehydrodyr\amlcsofbarsasthecauseof

o
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channel instability, migration and channel division is beginning to be
réoognized (see for example, Rust, 1972;.Hein, 1974; Boothroyd amd
Ashley, 1975). "The result is that we are left with two rather different

views of channel bars - one considering them as static depositional

— k]

- features splitting up channels and shaped by stream erosion; the other

seeing tl;en as dynamic b.edfo‘ngs‘. Perhaps these two different perépec’c—-
ives have caused or at lemst contributed to scme of the oconfusion evident
in stidies to date.

2.4.4.1 The wmit bar nﬂ;voer‘ﬁ. "Fhe‘ idéa of unit bhars was proposed
by Smith, M.D. (1974) in an at.terlpt to distinguish andc“ﬂnenha]. depositional
featureq which mlght ‘be prcserved in the geolngical record. They are
regarded as the smallest recognizable bars of a primarily demm tional
character, 7.2. they show only minor modification hy erosion. ’Ijhesr.:-
units can then be viewed as the building blocks for more camplex bars
wi th mu] H,\—s:,agje erosional :nd depoéitiov\é.l histories. meortxlnai;épy
the four types o_f. unit bar: longitidinal, transverse, d’iaf';‘na], and print
bars do not apparently have clear -1ifferen~es which enable them to be
d;i.sting.ﬁshed in ancient deposits. Problems Also arise hac%n%e nther
workers recngnized longitidinal barg it in geveral instances suggested
that erosional remnants of other bars which are elongated parallel to.
the flow should almb@ ca].led‘lhhdituﬂinal bars (see for example,

Boothroyd and Ashley, 1975). hile agreeing with Smith's general idea,

Hein (1974) and Hein and Walker (1977) suggested from a genlogical point

of view that it may be more useful to distingnish, for example, bars

‘with avaiéhché. facesand those wffmw . W'anver fheles.q ; the idea of wnit

( hd

bar% remalns a usef‘ul one for the puxposoq of f‘vrgam Zing M ,Hnnku\g

aboat, the Qttw-hlro of braldcﬁ stren deposita.



Apparently with the unit-bar ooncept in mJ_nd MJ.all (1977, p. 12)
proposed an "all encarpa551m, but simple cla551f1catlon" whlch
although it may not entJ_rely live up to.this descrlpflon, still provides

a useful basis for sunmarlzmg the eousthg llterature on bralded river
bars and is used here.

2.4.4.2 Long'ituginal rmd diagonal bars. The term longitudinal
bar has been used on many occasions (Leopold dand Wolman, 1957; Williams
and Rust, 1969; Rust, 1972; Church, 1972; amith, N.D., 1974; 'Hein, 1974; |
th-év%ﬁ, 1974; Boothroyd and Ashley, 1975) and is usually a[;plied to
bars whlch arp approximately diamond- shaped in plan and elongabed
parallel the flow. They ocrrmonly owe | thJS shape maore to erOSlOn ‘
than to deposition (despite Smith's (1974) cla551flcatlon) . The term
apparently cwes its origin to Leopold and Wolman (1957) who first
described the mechanlem of formation which begins with a local decrease
in ocmpetence”in the ceptre of the channel (for whatever reason) produc-
ing deposition of the coarsest fraction of the bed load. This then
serves as a trap for other particles and the bar builds downstream and

vertically while the channels on either side tend to-ipcise and lower the

water surface, thereby exposmg the bar Slnce thlS orlglnal descrlptlon, )

- . - e

the proc*ess has been recdgnlzed in several studles (Ore, 1963; Schummm

ar;cl Khan, 1972 —-‘both flume experzments; Williams and Rust, 1972; Smith, N.D.;
1974) . The longitudinal bar tends to b most common in gravel braided
streams, indeed all des;crip‘tions seem to be hmlted to gravei S.treams.

Their internal strmcture oonsists of massive, anmidely horizontally bedded
gravels indicating construction fram sheets of gravel in transport (Rust,

1572 Hein, 1974) . They rarely show foreset margms Grain size tends

tr decrease amrru:fream and upwatds al.though t:hm qlmp]e trend-is often
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_oanpllcated by later events The depos:Lts tend to be grain-supported

open—work gravel. Smith, N.D. (1974), Church (1972) and Hein (1974) also

describe a diagonal bar formed in.a similar way to longitudinal bars

but characterized by flow cblique to the general stream flow direction.

They are common in-bends and at channel junctions but apparently have no

other features which may distinguish them fran longitudinal bars.
Krigstrom (1962) recognized similar features in channel bends but gave
them no specific name.\ K

2.4.4.3 Linguoid and transverse bars. This second .category of
bars is most cammonly assoc1ated with, but by no means: lJmlted 1;0
sandy rivers. ‘Norsare they 1limited toA braided , rlvers: McGowan and
Garner (1970) and Gustavson (1978) recognized sunllar roms in gravel—
bed meandering rivers, while Karcz (1972) and Hicken (1969, 1972) have.
suggested that point kaars (point 'dunes') may be built J.n sandy; single

channel rlvers by this kind of bedform

C For gravel eréI‘S, Rust (1972), Klunéc (1972), Smith, N,D. (1974) and

+ v

Hein (1974), have all desch_bed transverse type bars occurrlng in well—-“

defined” channels, while Fahnestock and Bradley (1973) recorded the
passage of such forms in the Knlk RJ.VQI, Alaska The mportant featu.re
‘of both lihguoid- and transverse bars is the:Lr gently dlppmg stoss face
ard 'steepvl*ee avalanche face. Transverse bars tend to have straighter
crests than linguoid bars but those described in gravel rivers show a

lobate or fan-like appearance downstream of scour chutes. Fahnestock

(1963) observed sn.mllar features in the Whlte River and referred to tban

- Sy

oo

as "noses" while Culbertson-and Soott (1970) mom.tored the rrovenent of ©

transverse bars down a oomreyance channel w1th a sand ‘bed and suggested

t-.hat coalescence of dunes may be responsible for their formation.

LN

~
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. nguord bars tend to be limited to sand bed rivers (Brice,
1961; Colln_nson, 1970; Smith, N. D. 1971, 1972; Boothroyd and- Ashley, 1975).
The linguoid bars. illustrated by Church and Gilbert (l97.>) should probably
be regarded as longltud_mal or corpound bars in this scheme. Cant (1975)
Walker (1976), and Cant and Walker (1978) have descrlbed related forms
in the South Saskatchewan River with foreset slopes obligue to the flow
direction. Galay and Neill (1967) have observed similar bars in the gravel’
rivers of Alberta, especially the North Saskatc‘newan. In terms of internal
structure there is probably little to distinguish transyerse and linguoid
bars, the predcxninant structure being planartabular cross-bedding. Sedi-
ment sorting on these bars has rarely been described but Culbertson and-
Scott (1970) suggested that sandy transverse ‘pars fine downstream whlle
Srruth (1974) ‘and Hein (1974) suggested the same for gravel transverse bars.
 2.4.4.4. Compound bars. These are larger scale features than the
- un:.t bar types dlscussed above They eon31st of a oanplex of unlt bars
and rarel Y. has any sort of systematlc dlSCUSSlOI’l of theJ_r formation been
‘attempted (but see K_'Lrgstrom, 1962 Bluc]\, 1974 l976 Cant and Wa]_ker,
1973) A varlety of nanes have been applled to these features - point
bars, side bars, lateral‘ bars, med;Lal bars and ‘braid. bars - (Allen, l968)
) They are constructed -from lateral and vertlcal accretlon of bar units
and also owe thelr external rnorphology to erosion.
2.4.4.5 Hydrodyrécumcs of bars. Vvhile several workers have alluded
to the fact that same bars may be regarded as dynamic’bedforms built
g durmg hlgh d.lscharge stages and ‘dissected at. lower stages, analyses of
the type oomnon for smaller bedforms have not been attempted ’I'h.ls is

because of the great oomplexrty and varlablllty of these forms artd also
\-



- 'bed-forms is still lack.lng
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because of the problems of mstrtm\ent.mg a rapidly changn_ng thred-

dimensional landform. Smith, N.D. (l§7l) was able to suggest a maximim

bar size for a given discharge on transverse .sa.nd bars on the Platte Riyer

but an’attempt to complete ’a‘sjfmilar analysis on tﬁe gravel of Ricking ‘

Horse River (Smith, N.D., 1974) was frustrated. Hein (1974) apparently had

more success in instrumenting transverse bars in the Kicking Horse River ut

limited her study to a simple two—d:unensmnal (along the axis of the | (

" bar) analysis which even so produced rather inoconclusive data beyond

relating bar. ﬁdgration rates to discharge fluctuations and rare of

change of velocity Thus- even ti)e nosr basic quantitative data on these \
2 4 4. 6 Comments on bar cZasszfv,catzon The above d‘i_scussion

has served to suggest same anamalies in the use of the word 'bar' and

'in the use of the various teris ‘applied to types of bars. There seems

to be same conquLOn as to whether we should oon51de.r bars simply as

Lo vexposed remnants following channel division or as bedforms produced byv

soour ‘and deposition ard which migrate laterally and downstream. We
sheuld .probab'ly see than as both of these, the former being later
stages ".of' the lobate klaedforms. However, to use the ‘same term for both
| forms (e.g. as in the case of 1ongitudinal bars) is bourd to cause
oonfusion. Pe.rhaps if it were recognized that these two bar forms,'
'whlch are actually different stages of the same depos1tlonal features,

existed we could arrive at a more reasonable classification.

2.5 Sedimentology of Braided Rivers
The braided stream depositional envirorment is diverse in its

characteristics. and extremely camplex in construction showing: a great



- transience in ﬂ'le oontenporary case wh1d1 is reflected in rapid -
vertJ.cal and lateral- fac1es changes in anc;Lent dep051ts The geolog-
ical approach has been to reoognlze spec1f1c fac1es ard facms assenbl— -y
ages in mode.rn and anc:Lent dep051ts and to relate these to each other, |
often using statistical technlques. A w1de rarge of sedJmentologlcal
stuches of modern bralded streams eXJ.st the larger number referring
to gravel streams. However, very few studles have involved a d:Lrect
v ocmparlsgn of a pa.rtlcular anc:.ent deposit w1th its likely modern
counterpart and only occasmnally (e.g. Eynon and Walker, 1973) has it
been poss:.-ble to_glve detailed descrlpt:_ons of individual bars and
associated deposits in pileistocene or ancient deposits.

Research in fluv_ial sedjmentology now allows a distinction
between meandering and braided river deposits to be made largely on the
basis of: | _> . o

1) the thickness of the coarse member of each cycle, '.

2) the proportion of_‘overbank depos_itsf
and 3) the abundance of foreset bar stratification.

However, it is also apparent that s:.mlla.rltles in the sediment- -
ology of low sinuosity meandering streams and braided rivers in similar
material may make it difficult to distinguish between them. Despite .
this fuzzy middle ground between meandering and braiding it} is possible
to campile a series of faci_es and facies-assanblagea typical of braided
rivers and to distinguish between gravel and sarﬁ rivers and perhaps e

recognlze same J_ntermedlate types. (Mlall, 1977) " In. terms of . @cternal

bar morpmlogy and formatlon 1t is apparent that a great deal of

: ..snmllarlty may enust bemeen sand a.nd graveI rlvers. * PR




ST rlvers,

‘, 2 5 1 4 Other fames.‘ These oonSlst of rlpple lam:mated sand

' _.vlrtually every study of gravel bralded rlve.rs and is- by far t'he

.dep051tlon in- the)absence of fJ_ne materlal) and cmdely hormontally

-

2 5.1 Bralded rlve.r fac1es and sequenoes and theJ_r mterpretatlon.

Mlall (1977) suggested several fac:Les ‘which oarmonly occur in bralded

'.'0'4'. - ._':

damnant facies in th&se streams Its structure, sortJ.ng and :unbr:Lc-

ation may vary but 1n general it is clast supported (,suggestlng

e > e, we P

' bedded It is conmonly regarded as g long1tud.1na1 bar fames but 15

probably the result of dep051tlon fram any kind of transport of gravel '

“in a sheet-like form (Rust, 1972)

2.5. 1.2 Cross bedded sand and gravel horizontally Zarmnated

: sand These fac1es are apparently the product of a varlety of bedforms
‘present in braided rivers. The large-scale cross_,beds are produced by

migration of the avalanche faces of vtransverSe/lj_nguo‘id bars, while

smaller scale units belong to dunes and the horizontal sand to plane bed
corditions. o S | E » ' ','

2.5.1.3 Trough cross- bedded gravel and shallow scour f‘bZZ These

,two are regarded as scour and fill facies. 'I'here is no: shortage of

' observations of small and large scale scour of varlous types in modern

rivers (Wllllarrs and Rust, 1969; McGowan and Garner, 1970; \Smlth D.G.,

1973; Fahnestock and PRradley, 1973; mstavson, 1974; hem, 1974)

:-relatedtobarsarxitochannelcorwergence saneoftmseobServedare ;

“'"'described manoxen.t deposlts (e g. &Cant and Walker,A 976)

and: clay and 5111; depos1ts characterlstlc of falllng stage and stardn:\g

~ b e

"?"'."‘ur., v s ' oo . - B
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2 5 l l Massv,ve gravel ThlS fac:Les hasbeen recogm.zed J.n - 3

| 'severaI }‘eet“deep and could ea51ly acoount for. the ‘soour features ’”-i'*fv A

‘e
-,_A "vu,.

n
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water. r"hey are an J_ntegral pa.rt of any bralded stream dep051t

- J—.g.-o..
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' Because we are dealing w1th a continuum of channel patte.rn

o‘."

' types and a w1<3e range of poss:.ble fac1es assemblages and sequenoes

.vm_t-l'u.n and between streams, the cha_racterlzatlon of typlcal bralded

W

. stream dep051ts ('b e. a cduprehens:.ve fac1es model) is unpossmle to

formulate at pi%sent (Cant and Walker, 1976) , but nevertheless l.t is

possn_ble to suggest m general terms the types of assemblages expected

v W o o

- 2.5.2 Sand rlvers ’ The sedJmentology of sahdy bralded rlvers has been
il ,.:mvestlgated }:gy a number of people (Colllnson, 1970 Sm.lth, N D., 971,
- -'.~l972 Wllllams, l97l, Cant and Ualker, 1975 1978- Walker, l976 and Boothroydj

“and. Askley, 1977) . Generally speakn_ng, the’ depos1ts ;re dcmmated b j dune -

and planar tabular or planar cross—bedded bar dep051ts. Ihall

' (1977) referred to this as the "platte" type (after Smth's M.D: 1971, 1972

, study of the Platte River) .. Miall (1977) also 1dent_1f1ed the "Bljou ‘

,Creek" type representmg sandy ephemeral streams SUbjeCt to flash floods

and dominated by thick planar bedded ‘sand unlts (e.g. Ichee et al.

1 1967; Williams, 19715

2.5.3. Gravel rivers. Numerous sedimentological studies of gravel

v N , '
rivérs exist (Krigstrom, 1962; Ore, 1963; Williams and T?ust, 1969; Banerjee,

1970; Klirmek, 1971; Costellor and Walker, 1972 Smith, N.D., 1974; Gustavson,

'l974 McDonald and Bluck, 1974; Hein, 1974 Boothrovd and Ashley, 1975;
y Y.He;Ln and Jalker 1977) and most agree on oerta_m camon features. In

o pa.r’c:Lcular, :Lndlvlduai bars tend to show fmlng—upwards and downstream

(alf-hough explanatmns for both are generally lackmg) Nasswe »
horizontal gravels w:Lth oocas:.omal crossbeds (Hem and Walker, 1977)

dc;miha.te tbe deposnts’ with. occaslonal planar and trough croSSbedded
sand wedges m the 1ee .of ‘bars’ and on otner reaotivatlons surfaoes = r S

-~ -
i * - 4 L e :
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and channels (Eymn and Walker, 1974) . Lag gravels in, scour holes may
also occur (HeJ.n and Walker, 1977) . Mlall (1977) referred to this as -
the. "Scott" type - a proximal braided stream. The deposits desch_bed .
by Wllllams and Rust (1969) seem to lie halfway betWeen the "Platte”
and "Soott" types in show:.ng a larger quantlty .of sand_ facies and
conSJ.stJ_ng of a serles of units shown.ng fining upwards fram massive
gravels to stratlfled sands and. flnally 51lts Whlle flnlng upwards lS v
comnon, the ocmplex;l.ty of bralded. streams means that sequences are '
often truncated and part.lally retbved mak:Lng cross—cuttmg surfaces and -
a rapld change of grain orlentatlons cexrmon Costello and Walker (1972) ’
Rust (1972) ' and Bluck. (1976) have 1dent1f1ed ooarsenlng upward sequenc&s
_in bralded rivers although the:Lr orlgln is dlsputed Costello and
Walker (1972) preposed that’ avu151on ({.e. an 1ncrea51ng ‘energy’ environ- '
ment) ,eould produce a coarsening upward sequenoe whlle Bluck (1976)
" ldentlfled coarsening upwards with mlgratlon of bar—head gravels over B
finer—bar—tail deposits. . . " | L v
It is possﬂ)le for ‘the change Jfrdn graVel to sand envmm\ent o
to occur along one river (especially on alluv1al fans) Thls change in:
grain size is usually accompanled by a change in bar types (towards the
linguoid form) and often a reduction in bed tOpography (Smith, N.D., 1971;
Boothroyd and Ashley, 1975). For this reason Miall (1977) refers to
the types as being proximal and distal respectively although there is
not neceséarily any. connotation of distance fram the source a/ttached to
these .terms while it -is possible to identify general stream types,
it seems dangerous at present to attempt a classification of the kind

attemptedbyMlall (1977) ‘because of the possmlhtles it presents for

L T

L proln_feratlon of type—deposn_ts “which' may‘onlg Jadd. to the present .
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a cohfusien. The -cla'ssificationfmafbe"u'séﬁll as a startinorganlzlng
the avallable information but as general fac1es models f_rcm whlch
- predlctlons can be made they are worrthle%s ‘There may also be a

: 'dangerous tendency to try and fit other deposits 1nto the ex15t1ng

v

l
\
|
i

- 4.5.4 DJ_rect:Lonal varlablllty -Toow sn_nuomty stre l ‘ihevitably show

| ”‘.lower directlonal var,labllrty than“‘fully meanderlng streams but there lS:
| also a tendency for dJ_rect_lons and varlablllty to be more erratic.

. bleferent ccmponents ‘of- the systan show dlfferentf varlances because of

the changes in flow direction. th.ch take place as dlscharge changes
(Collinson, 1970; Rust, .1975;“ Bluck, 1974, 1976). Thus for example,

| channels show a low varlablllty campared with rlpples This is useful

to sare extent because it may be possn_ble to dlstmgulsh sml%

.stratification types of different origins Z.e. fram different bedforms
cn the basis of directional varlability (Walker,, 1976) . o

"" " 4 . . . . [ [ .
we . ) -

2, 6 Characterlstlcs of Bralded Rlver Channels Ce e

Channel form is the result of the mteractlon between c;hannel
. boundarles and water and sediment discharge. fIhe factors involved are:
rumerous. ‘In the time period needed for the establishment of regirhe

" (Blench, 1969) or grade (Mackin, 1949), the main independent variables ,'
are the fluid temperature, ‘ard sediment particle density, the water |
discharge, bed materlal transport ‘and washload and the channel ~slope
(which may be dependent or J_ndependent) (Church and Gllbert 11975, p. 69).
—I.eopold and Wolman (1957) expressed the same. idea in terms of the inter-
action between nine varlables, dlscharge (amount and Varlablllty) .

sediment load (amount ard grain size), width, depth, velocity, slope



and bed reughnesa. In the long. term, cllmate, vegetatlon and geology ; L
S Hmust also be 001151dered (Schurrm, 1968) Unfortunately, at-present-w' s
i - there are not suff1c1ent relatlonsmps avallable to proVJ.de a unlque
L -, solution in every case (Maddock, 1969, 1970) with the result that
charmel form has been lnvestlgated not only frcm an etrplrlcal v1ewpo:.nt
' but alss’ ‘Frcm a orobaballstlc v1ewpomt (LangbeJ_n, 1964) and frcm the
‘point of view of mma_mlzatlon of . energy expend_lture (Yang, 1971) and
variance minimization (Langbelnand Leopold, 1961). In braided rivers
the instability of individual anabranches makes apblication of rng.ne N
theor\) or analysis o'f channel, form very difficult but it is probably
that the majorlty of channels do reach an approxnnate equlll.brlum for |

at least a short tJ.n’e

2.6. l Channel shape Channel shape 1s an mlportant feature of -

+ braided- anabranches and is essentlal to an understand_mg of brald_mg.

"‘he hlgh xudth/depth ratlos are carmented on in all studJ.es of

&5

. 'braldmg (e g Leopold and Wolman 1957; Fannestock, l963 I\llmek

- L .A,, FERIEE- ST bl -
O T e

e 1971 Church 1972) High w1dth/depth rat_‘Los are characte.rlstlc of
,channels in non—ooheSJ.ve _Sediment- with’ a“-hl’gh'proportion o'.f sediment. .
.carried as bedload and in which adjustzrent to the mposed load of water
and sediment takes place prlmarlly by increasing width (Schurm, 1960;
wOlman. and Brush 1961) . Width will 1ncrease until shear at the bank
decreases below same threshold (bed shea.r increases acoord.mgly) The :
tendencv for. excessive channel w1den1ng appears to be the um‘edlate ‘

" cause. of channel division. C‘hannel form ltself varies but in stralght
.. .. reaches tends to be trape201dal with concave banks and a flat bed

(Wolman and Brush, 1961 Fahnestock 1963) However, J_n areas under—

S s

gomg aggradatlon or degradat.lon, and in bends, the channel may take on a

R

-~



| netry of bralded rlver anabranches eXJ.st but only Church and Gllbert

L varlety of shapes (Fakmestoc}., 1963; Hein, 1974) . »Cd*ron‘ly; in wider
_ channels, the bed is convex takmg the form of an J.nc1p1ent bar.

2.622" }@aullc gecmetry A number of Studies of the hydraullc geo-

i (1975) have publlshed data for sand—bed rlvers. Of the studles avall—
X372; Bnlghton, 1976) the most J.mportant feature seems to be the o
unusually hlgh rate of increase in veloc1ty with dlscharge at a-

statlon Church and Grlbert (1975) and Knlghton (1976) have J.ndlcated
that -a high rate of change of veloc1tg is assoc1ated w1th ‘a large and

rapldly mcreasmg sedm'ent load and is, tnerefore, an adjugunent in

v:Y"

: ?',;:keep:mg w:.th the neoe551ty to mamtam a lugh belead “t.rahspbrt rati
" The rapld ‘increase in. veloclty w1th dlscnarge at—a—statlon is probably . §
”‘ﬁed in w1.th the abnormally hJ.gh rate of decrease of reSJ.stanoe caused |

by a reductlon in, form re51stanoe and the lower bounda.ry resrstance

offered b_{ a mob:Lle channel bed (Church and Gl]_bert, l975) Because -

-

of the nature of : the braided channel system it s not possrble bo* o
fon*rulate a proper downstream hydraullc geometry but a randcm sample "
of channels at bankfull dlscharge is closely equlval\_ent to a dovns o
~ stream hYdrauliC gecretry and the studiee available (e.g. Fahnestock, R
- '19'6':34).,_s'uggest'that the .veloci'ty exponent downstream is lower than
the "exponent: a't#a—Station and that the width euxpOnent increases .

scortingly. .

The changes in channel geametry at channel dlv?.sn.ons is also

of J.nterest but much of the ava.rlable data (Rubey, 1957 Leopold . and |

Wolman, 1957 Brlce, 1961, Axellson, 1967; Nordseth, f97l Church o

1-972) is contradictory. - This may be partlally.the result of different .

A . oL
SN



‘.-sedlment tj:ansport (Church and G:leert 1975) .

deflnltlons of parameters. ‘Rubey (1957) and Brice‘(19615 found that

W1d’ch decreased and depth ard veloc1ty :anreased at- channel lelSlons.

"Ieopold and Wolman (1957) and Nordseth (1971) found an increase in W1dth~

and a decrease in depth downstream frcm channel d1v1510ns Church

(1972) found little dlfference in channel shape above and below hannel
lelSlOnS suggestlng that anabranches adjust rapldly after flow
d1v1s1on. Church (1972) dld however, find a difference: in hydraullc
gecmetry between braided and: non_—bralded reaches, and Nordseth (1971)

<

also noted a change in the exponents of hydraulic geametry below

“channel division (notably an J.ncrease in the velocity exponent) .

2.6.3 Riffles and Pools. Braided rlvers often show a rlffle—pool .

® ,,..m‘,-q..\.:

; structure smular to that of mearxierlng streams w1th riffles being.

assoc:Lated w1th bars and pools formed as chutes or scour holes along—- oo

s:Lde or dams"tream from bars (Church and Gllbert 1975) It 1s not -

| Cclear, however \whether they functlon in’ the same way as their oounter—--‘

8
parts in meandermg rlvers partlally because their p051tlon and

existence are SO, unstable They are, however, Jmportant elanenj
f

L
In addltlon, scour holes at channel j\mé.lons are oarmon

N
(Fahnestock and Bradley, 1973 HeJ.n, 1974 Smith D. G., 1973 IVk:Donald
ard Banerjee, 1975). and often have bars dep051ted downstxeam frcm them.

Gustavson (1974) ocmnented on fJ_ndlng mysterious small scour' holes, -

) often on bar surfaoes, with no- apparent explanatlon for theJ_r formatlon

apart from scour around obstructlons such as ice blocks

2.6.4 Long profile. The only detailed analys:.s of the long profll&s

| 'of bralded rlvers, apart fram the cammon observatlon of changes in

local slope over bars and through channel divisions, is that by Church



,""'»' . factor,s oompllcate the problen . R

23 .
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-

(l97'>) He suggested that thé Baffm Island sandar shew a stepped
PrOfl.le on a larger scale than the bar—pool seguence. The flatter
areas are zones of extenswe depos1tlon and flow d:.vergenoe-- whlle the

steep areas are zones of eros:.on and oonvergent flow. G'mrch (1972)

»

’ proposed that thlS was & hjdraullc response to hlgh sed.'ment load

Whlch allows dep051tlon w1t1'iout reducing the general slope of the

. river. L ,7 ,

2.6.5 Channel behav:Lour andthecauses of,bra_'L j Thestmmaryof )

bralded river beha{\zlour and characterlstlcs beglns to glve Sus sone

: 'm51ght lI'ltD why ‘a- rJ.ver should be bralded. The llterature oontams

a serles of suggestlons most of wthh oentre around ‘factors such as steep
' .'slope, donunant bedload non—ooheslve bed and banks and large w1dth/

depth ratlos (Fahnestock l963) " The J_nterrelatlons of several of the -

rl ~o

¢
(I /

-
-

2 ’6.5. l Slope One of the fundamental factors mvolved in
.braldlng is related to tne fact that for a glven dlscharge bra_ld:l.ng
,tends to occur on steeper slopes/than meander:mg Lane (1957) and

Deopold a‘nd Wolman (1957) both derlved slope t.hresholds above whlch

‘-brald;\.ng«would oocur for a glven d.'Lscharge r"hese were. : ”
/8 = 0.010/*/0 ; (Lane, 1957) ST
_;ands=006fQ° o s (LeopoldandWolman 1957 @

Y

derson (1961 196'6) oonflrmed these flnd:l_ngs and proposed a refine—
ment mtroduc:.ng sedment 512e as a furt:her (and neoessary) ocxnponent.

.f‘.’. | 0 44 Dl. Q e 46 “ ;/,r_ . “.'," _ hv,:‘ (3) s

'Ifnls was derlved frcm emplrlcal da’da whlle a’ seoond equatlon derlved

| from oons:.deratlon of tract_lve foroe crlterla for stable channels gave-

s
" g G .
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— 0.64 DITEY ot | (4)
The-agreement between the two 1is remarkable and, according to
Henderson . (1966, p. 471), by no means comc*1dental In ot;her words, -at
steep /siopes a channel w111, in attempt.mg to reach a stakle cross~
sectlon, tend to brald
Ebcperm\ental work, particularly by Schwm and Khan (1972) and
Edgar (1974) has oonfirmed the influence of slope and also demmistrated
. that sediment transport rates. bed shear stress, mean velacity and widhh/
depth ratio increased with slobe and the ~hange fram meandering to
_braiding. In addition, exarples exist in which a transiti-n from
neanderinq to braiding along a single stream is accampanied by an
increase in slope (Ieopold and Wolman, 1957). .
Lane (1957) also proposed that excessive sediment lead (i.e.
an aggradational enviromment) oould also produ~e braiding. Saedirent
size also plays a role and the pv'ﬂperfgiormnli_ty:
Ogd N QWS (St 196?\ ()
serves to illustrate the i flience ~f & Aiment ]?;ad 9w o charne ]
slrpe Sy (1968) als svopose !t reYabkionahiye
0, M | (/)
which shrwe an increase in slope and width wi'h inareasing endiment
load along with an inereasc in band wave ! ath A A Ancreass in
qinunc% ry.
2.6.5.2 Tamme widih Exoe;sive channe] widening seems to he /i;”
central to the exp'Lanation of bmidj_ng.. npcenﬁ work: }\eq made it o

increasingly clear that an unstable mcreaqe in c‘hannel width is

“ o . et

.9
responsible fﬂr"\‘he d.lVlSlOn of a chanflel. Mg (1956) , Lan=~ (10%‘?)1, e
)i : N
Sehurm (1963) fnd more r:ecently plcmp (1976) and Kirkby (1976)

L
‘

e 3 4
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have ail shown that a rel-atively wicie, flat bed (i.e. with maximm
'shear stress on the bed) is the most cammon and eff1c1ent shape for a

. stream channel carrylng x’the majorlty Ofwiits sedlment as bedload .

Channel ,slope bank erodlblllty and the type of sediment are also

e

involved in produc1ng channels w1th high w1dth/depth ratios. Following
Herderson (1961 1966), Stebbings (1964), Yang (1971), Shen and Vedula
(1969) and Church and Gilbert (1975), it is possible to show that a Steep-
er channel slope (for whatever reason) tends to lead to high velocities,
higher shear stress on the banks and, therefore, an increase in width.

If the banks are relatively easily eroded t-hen width may i~né:reese to

a point at which depth and then bed shear stress are reduced. This will
lead to depesition of the coarsest part of the load towards the centre of
the channel and ma{y ultimately produce flow division. Alternatively, as
suggested by Church and Gilbert (1975), at high flow the channel may
adapt to the water Aand sediment load imposed upon it by selectively
scouring at certain points in the channel to create a deeper, n;rrmer
channel capable of sustaining higher velocities. Wilson (1973) propoged
that ae chamel width increases, a series of cecondary flow cells are
set ap which prodnce movement of hedload in such a fashion as tn
n]Hyv\ately produce channel division. However, the mechanism J_nvolved
hare is a little di fficult to erwvisage anv 1t-r: ~ampetency *-o provhice
chamnmel division is questi.onable (Hey and Thorne, 1075) .

The w1dth/deprth ratio also provides the basls of theoretical
studies .of channel stablllty by Engelund and Skovgaard (1971) and Parker
(1974/) wtnc:h mredict the existance of braiding beyord a certain channel
GAth and rv\ev =m0 predict the mwber of braids to he expected

PR P erndiTiT i The vole of bank eredibility is
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'difficult to evaluate because it is tied up in the other factors

contributing to channel width. Brice (1961) maintained that slope

.alone would not account for braldLng and that sedlment factors, part—

o

icularly benk erodibility, should also be oon51dered Mackm (1956)
quoted an example of channel pattern change fram meandering to braiding
along a single stream for.which the only. e;vailable explanation was a
change im bank material and its erodibility. The presence of gravel-
bedded meande.rlng _stream; with cohesive banks and sedm\entary features
similar to braiding (Mchman and Garnet, 1970; Bluck, 1976) suggest that
bank erc?dibility may indeed limit the development of braiding in some
2.6.5.4 Discharge vaviability. High variability in discharge
has already been discussed in relation to braided streams but same,
authors, especially Doeglas (1951, 1962) anrd Gupta (1975) have emphasiz—
ed its importance as a cause of braiding. The evidence available is
limited and contradictory, and it is not obvious how rapid
discharge fluctuations alone could produce braiding. It cannot account
for changes in pattern over short distances within a single stream and
it is interesting that flume studies run at‘o:mstant discharge Friedkin

1945;: Leopold and Wolman 1957; Stebbings, 1964; Wolman and Brush,

¥

'1961 Schurm and Khan, 1972) have all been able to produce satisfactory

braided patterns. In all probablllty, w:Lde varlablllty of di scharge

plays only a minor role in produc:mg braldlng.

2.7 Conclusions
while a large amount of information on certain aspects of
praiding is available, there is still an cbvious lack of data -concerning

\
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the details of the braided river processes and the causes of braiding.
Much of the hydraulic data and information on bar formation cames

frcmaverysmallmmberof sb:dlesandonlyoneattarpthasbeenmade_

to pool the avallable 1nformatlon to characte.rlze and ecpla:l_n the ER

behaviour of certain braided rivers (Church and Gilbert, 1975). The
use of a model, if reliable, may help to make available saneg"of this
. information mbre readily than fram the field and cover a wider range of

conditions of sediment size, slope and discharge.

ot aeniaW A o



CHAPTER - 3. .- MODELLING PRINCIPLES, EXPERIMENTAL PROCEDURE . ..
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3.1 Introduction - Hardware modelling in geamorphology.

,In 1967, Chorley (p. 63) cammented that,‘ "it is- a constant

of g'reaber' value in geamorphic relsearch."' Perhaps in response to

Chorley's remark the use of modelling has ‘played an

- source of surprise that hardware models -have not hitherto, proved to.be

N

important part in

gecnorphology over the last décade.a Th:Ls may also be attributed to an

j_nc:ea{sing emphasis on the study of landforming. processes.* Recently,

-

Ipsley~and Zimpfer (1978), evaluating the contribuﬁion of hardware

‘models, identified several advantages in their user

(1) "They permit the identification, isolation, manipulation and precise
measurement under controlled conditions of processes and variables
that, for one reason or another, cannot be investigated in the

field.

(2) They pexrmit the study‘of evolving gémbrphic systems,. of the
4 differences betveen equilibrium and non-equilibrium systems and
of the implications of stage of evolution on the distribution of

energy and matter within the system.

(3) They allow several processes Or aspects of the
_examined in a single study.

landscape to be

(4) They permit the study of various boindary and initial conditions.

-
(5) Careful observation of hardware wodels may reveal hitherto
unsuspected phenamena and open new lines of enquiry.

(6) They provide easy visualization of gecmorphic phenoﬁ\ena and thereby

aid understanding and education." (Mosley and

zimpfer, 1978, p. 457).

In other wordsithey may be a useful stimulus for theory which -

may be later tested.in the field. However, Mosley and zimpfer (1978)

o

‘are alsb caréful to point out same drawbacks to their -use which, apart

frm%t_he problems of a more practical kind, can be ‘considered to be:

R o
CRRaGDY
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_(l) "Inltlal and boundary oondlt.lors in the model may not be analagous
. to” those in nature, or may . influence model behav10ur to an - -
J_ndetermlnate or undes:.rable extent. ' :

L (2)‘ “Materlals ard,processes J.n«vthe model may be dissimilar to those _

if ‘natire; *and’ theére fidy be no "obvious-way-of ‘relating-model -
behaviour (e. g‘ rate of evolution) to that of the prototype.
In particular, it is difficult to relate model behaviour under
constant rates of operation of processes (constant energy and
materlal input) to prototype behawiour, where h_rghly variable
- rates-of -operation of -processes -are usuale

.""'“ "o P

(3) study of only one or two processes or uxieperxient varlables may
' mask interactions that occur m nature.v . :

B

(4) -As model 'size. decreases, there 1s a trade—off between precision™
of measurement and observat.lon, and accuracy of representatron of
the prototype (reali&m). Cofifidehce in the model results may.
“therefore decline. o o

(5) They cannot be the final ‘step in the develognent of a theory "
(Mosley and Zlmpfer, 1979, P. 457-458)

In fact, what in some cases may be regarrled as a dlsadvantage may in | £
'othe.rs be an advantage, and vice versa.
~One” area in wh;ch much of "the recent hardware model study has

been concentrated is that of. fluvial morphology.,v ThlS may ‘in .part be
’ attrlbutable to the existence of a long hlstory and well—developed
modelllng theory in hydraulic e_rxguleerlng. , In terms of Chorley s (1967)
classification these would be regarded as scale models although it is |
common for geamorphologists td prefer to regard the:Lr models as streams
in their own rlght rather than n‘odels of a spec1f1c prototype (1, e. as
portions of "unscaled reality”Chorley (1967) . In fact, we are dealingf'
“Aw:Lth a contimmm between the two and where the model sits depends large—
ly on the viewpoint of the researcher and the aims of the research

) Strlctly speaklng. for engmeerlng purposes a model needs to
satj:sfy three condltlons of similitude - geametric, kinematic and

dynamic (Henderson, 1966, p.489, 490). That is the ratios of all homo-

1ogous dnnensmns must be equal; the paths and patterns of motion in



' .the model mst be geometrlcally smllar. to thelr equlvalents in the

'prototype and the ratios ‘of all hcmologous forces must be the same

What this amounts to is that 1f_ a certaJ.n type of force is. effect:we J.n

: a certaln flow 51tuat10n, the approprlate duterlslonless number (e.g.

e e
I T

F‘roude, Reynolds) mist have “the- same value in. the model’ and. prototype

In fact, because of the camplexity of movable bed models in particular

At is 1mposs1ble to fulfll all these criteria sn.multaneously. Tradition-

ally englneers have employed scale dlstortlon and a certaln amount.- of:

.trlal and érror in order to obtain a model whlch is an accurate repr&s—- -
' entatlon of the prototype Nbvable bed models ‘also present the problem

that the tune scales for fluld flow and sedlment motion.are not necess-

arlly the same (Henderson, 1966, p. 498)
T In Vlew of these dlfflcultles, and also because the gecmorphol—

.0gist. is often ooncerned w1th more general problems of explalnlng

lnteractlons between varlables rather than dlscoverlng how a certaJ.n

reach of a partlcular river behaves under given circumstances, the

tendency in gecmorphology has been to follow Hooke 's (1968) suggestion

“that a more general p_rinciple of silnilitude, "similarity of process" be

employed. THis requires that the rmdel"*ful_fils three oonditions:
(1) Gro_s_s,scaling r_elations should be met
.~ (2) The model should' reproduce same morphologic
characteristics of the prototype |
) (3) '-The processes proaucing'“this charaﬁe'tistic in
the model have the same effect in the prototype
Such a model will be hydraulically smular to sane general

prototype and w111 allow conclusxons about the operation of processes,

the controlling varlables and the resultant landform to be reached and



3.2 Previous Model stidies: .of Fluv1al Morphology

v

glve order of magm.tude 1.nd_1catlons of the rates of operatlon of -
processes. Thus for example, Schumm and Khan (1972) were able to

denonstrate the e:clstence of thresholds in channel pattern related o

'perarlly to- channel slope but ‘the- appllcat_lon of these part'_lcular

. -4

thresholds to the natural Sltuat.lon is dlfflcult because of umcnown

scallng differences and because of” the- lnterference ,of other Varlables»

N, e “ o

excluded fram the model.

The advantages of hardware rnodels llsted by Mosley -and

Zimpfer (1978) suggest ‘several areas in which they can be used and in

‘the’case of fluvial morphology the types of pu:‘oblans tackled in previous

model studles may be convenlently cons1dered in three. groups.
The first concerns their use in overcanlng ‘the. problen of -
time in understandmg landforms evolving over many years. BY reduc1ng

the scale, the length of time needed for their evolution is accordingly

reduced, so allowing 'at_le__ast a description of the events involved in

their formation and speculaticmsas tc the result of changing a .
given variable or variablés. ~Thus Lewis (1941) and Schumm and Parker (1973)
have studied ter'race formation as a response to base-level changes; Shep-

herd and Schumm (1972) have investigated the incision of channels in

' resistant materlal and Hocke (1967) has modelled the developtrent of
f‘alluv:.al fans (see also the alluvial fan studies cited by Schuf?ﬁl 1977) .
‘This type of model, particularly those of dralnage besins is

’ subject to the greatest scale problens to the extent that processes and

. effects observed in the model may be campletely overridden by other

factors in the natural situation (Mosley and 2Zimpfer, 1978).

3} -
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Useful niforrnetiou bn" general channel form and new ideas and
hypotheses explaJmng _formv may beobtalned fran flume _models. Experi-
ments on channel pettetn (e.g. E‘riedkin 1945; Leopold and Wolman, 1957;
Schumm and Khan, 1972; Edgar, 1973) have been used to suggest the
ex_Lstence of thresholds goverm.ng channel pattern and have yielded
" information on the relationships between dlscharge, sediment character-
istics and channel form and amenéiohs,, (Wolman and Brush, 1961; Ackevs,
1964; Ackers and Charlton, 1970a) .

" Flnally, more detalled hydraullc problens such as flow in
berds (Hooke, 1975) or the form of scour holes at c:hannel ]unctlons
" (Mosléy, 1976) can be better instrumented in the laboratory and the
| variables corhlsidere_d' important can be manipulated separately to allow

an examination of the influence of each alone.

3.3 Modelling Procedure

3.3.1 Principles of hydraulic 'r‘nodellirlg. It has already been mentioned

that the basic principle of hydraulic modelling is that the dimensionless
numbers approprlate for a given flow 51tuat\Lon have the same value in
the prototype and model. In open channei flow the 51ngle most
J.mportant such relationship ;anolves the gramtatlonal constant and gives
the Froude mmber. In its basic form the Froude mumber is an expression
of the ratio of inertia force to gravitational force (pL'ZVZ/ p gL3)
By cancelling out the cammon weight and characteristic length terms we
.‘ arrive at the usual form of the Froude mumber = V/YqL. |

The second important relationship describes the ratio of
inertia force to;visoous force and is termed the Reyrbids rmmber. The
general expression for the:: Reyi'r)lds mmber is Re ='Vv—L—. The values

~

used for V and L vary with this type of Reynolds mmber. In open

L)



channel flowV andL aremeanveloc1ty anddepth of flow and the °
Reynolds mumber defines vhether the £low is lamirar or turbulent, the o
transition occurrlng at Re = 500 . Of particular concern in modelling

is the grain Reynolds muber Re; = E*__d_a_o_ which is important in the
- Shlelds criterion for lnc1p1ent motlon It is impossible to keep
‘ _Reynolas numbers identical in prototype and model but it 1s possrble
" to ‘keep them sufficiently high to-ensure that flow is fully ‘turbulent
and thus keep viscous scale effects very low.

One further effect of mportance is that of surface tensmn.

In prototype situations surface tension ‘effects are negllglble except
close to soiid boundaries. The only p‘recgution which can be taken in
models is to keep flow as deep and as wide as possible.

~

One further problem present in movable bed models is that
the low water velocities may be incapable of movmg natural sand and'
material with a lower density may be needed. Alte.rnatlvely movement

may occur but at hlgher Froude numbers than in the prototype
calculation” of the probable shear stresses in the model will serve to
establish whether bed materlal motion can be expected in the model -
The bed materlaJ. must be of approx:mately the same shape and size
gradation as the prototype. In fact, the ch01ce of bed material size

often determlnes the other model scaling criteria.

3.3.2 Modelling criteria for gravel praided streams. The modelling

of sand bed rivers presents difficulti&s because of the tendency for
model sedm\ent of a suitable size to be cohesive and because the

'satlsfactlon of the Reynplds crlterlon (see bediow) is more dlffrotllt
part.lcularly as small rlpples are camonly found in models using fine

sand. Modelling of gravel can be achieved.with non—cohesive sand



and 1s, therefore, relatlvely problen free. For this reason thls 'study‘
is oonoerned w1th gravel bralded streams and, in view.of the dlfferenoes
- between sand and gravel rivers d;Lscussed in the prev10us chapter
application of the results is lJm;Lted to gravel rivers. ‘
Assume any prototype length Ly, is reducer’i to a model length

Lm.. This ratio Lp/Iy is the scale ratio or length ratio L. Frcm this
: the folll‘cmi_ogm crlterla must be satisfied. f‘irstly, geametric similarity
must be obeyed in all length parameters, i.e. L, must be the same for all

equivaient lengths. Notlce that variables such as slope and relative '
roughneaS (D/dgo)‘ remain the same because they are dimensionless (L/L) .‘
Secondly, the Froude mmber must be the same in model and p_rotcitypé and,
in fact, it can be demonstrated that this must follow fram geanetric
similarity. 'I"his follows fram an empirical friction law for t'he"

velocity distribution such as: |

v 1lp : — .
o* T 2-511'1(E where ux = VgDS
11
if 2.51_n(a——D) =
30 | |
then V2 = ux?K? i
=2 _ ! )
Y = 9D S
72 90nS
i | (7)
=2 _ 2 Dp
) oo T 'miy
G2 > 2 %
. Fram the Froude relatianships m__" =
9 D g Dp
WhiCh gives %ﬁ = %‘: (Shaw and Parker pers. conm.)

Thus Fmrude smularlty must follow fran geametric s:.mllarlty
The spec1f1c g{:av:Lty and gradatlon of the model and prototype
bed material must be the same. " Finally, the particle Reynolds m:mber

must exceed that necessary to ensure rough flow, ©.e. about 50. In fact,
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values as low as Re* = 20 may produce - visoous scale effects (i e.

distortion due to a hlgh ov150051ty) of only 10 or 15 percent (Parker, pers.

3

-camm. ) = ' ™
leen these c:rlterla and due to Froude s:.mllarlty,

followa_ng scale ratlos result-

Velocity Vy = Ly

. ' _ -1 _ ' 0.5
Time T, = LyVr & =Ly
Discharge Qr = Vely? = Lfs/2

Dlscharge per unit-width  aqr = VrLr I_.rs/2

| ' In the modelling of gravel bralded streams one further ‘piece’
of information’ may be useful. Studies of full-scale and laboratory.
streams 1llustrate the probable exlstenoe of a threshold between
meanderlng and braldlng based prlmarlly on slope Parker and Anderson
(1975) suggested that when geanetrlc and Froyde s:mllarlty obtaln then
order—of—magnltude smllarlty of the factors governing the ex15tenoe,
or otherwise, c}f braiding also obtain provided some sedlment transport
e.kists The fundamental relationship here is that for braiding to occur
the :Lnequall‘ty D/W < S/Fr must be obeyed. Thus once the values of the
relevant variables are known it .is poss1_ble to predlct whether ‘braiding
yrlll oceur. ‘ i .
Given the li.mitatio'ns on size imposed by the *equipnent availé.
, able,' ard working from an 1mag1naxy prototype based on published data. |
on gravel braided streams with a mo_del scale of 100, we can estimate
the values of the relevant parameters as follows:
Prototype - dgg | =0.1lm-*
| dgg =0.2m
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=
]
ol
ul
o
=

D ‘ ‘=lm . . ‘\‘\/
S = 1072’
. $._ . ... tp
. Fram the friction law — = 2.5 1In (=— -
o S e s dgp
g = 3.14 m/s
: \
. DS = x0.01 _ o '
The Shlelds str:}esst 168 dso l65x01 ‘ 0.61 . N “,6;

which exceeds the crlt_Lcal Shlelds stress for large partlcles.‘

"Re, - ‘i"iﬂﬂ - OB IDR0Z = 6.26x10" at 200C

10~°
Model ds o = 0.001 m
dgp . =0.002m
' B a =l‘5 m
S D"_ - 0.01m
: F‘rcmArel'ations (8) i | \
I, =0.3l4m/s | ) - <
Gn =3.14 ’,X'lo-amz/sv' ' _
. Shield's stresses are dimensionless and therefore remain unaltered.
| Rer = /(9’-81X0f(£;_>_c2;0170.092 = 62.'6 at 200C : : .

Then Q‘= 4. 7 litres/s '
ThJ.s glves us an order .of magwutude 1mpre5510n of the grain

size and dlscharge to be used 1nd1cates whether we can expect sedJment

: IIDthI'l under these condltlons and establishes whether the partlcle

| Reynolds rumber correspor%s to fully turbulent flow. .
In fact, 1t is poss:.ble to reverse the whole ms and, given

a model which is dynamlcally and géametrically correct, the dm\ersmns

Pt



| L ,‘:37

can be extrapolated to allow carpar-ison with a gi\}envnaézral stream.
By dev1s:.ng a serles of dlmensmnless parameters for ch‘annel

d;unensmns it is pOSSlble to oanpare model and full—scale chamnel data

~ directly by plotting them on the same graph (see for example, Ackers f

s

and Charlton, 1970b) .

It should be realized, however, that the simultaneous exact
modelllng of fluvial processes of sedn.ment transport, flow resistanoe
and bank stablllty is impossible because a complete set of parameters
has yet to be deflned It is hoped that by obeyn_ng gross scalJ_ng
procedures scme of the detalls of the modelluvg w111 in effect take
care of thenselves ard at least glve approxnnate smularlty of process
even if details such as rate of ‘sediment transport are not exactly
scaled. The oat\parabll-lty of model features and full-scale- features

L2

will be discussed ‘later.’

3.4 'IherdelarxiEbcperunentalEqulpnent

Theexperunentswerecarrledoutlnarlvertray9mlongby
1.3 mw1de, equipped with a jack to ad]ust the slope. The flume was of

‘a non-recirculating type, water be:.ng fed ram the city swpply ard

leav:.ng through a tail-box mto ae;f"” ;i?V' SCharge was oontrolled by a

constant head tank which could be vam:‘m;%\%; elevat_Lon. Due tO a series
- of expans:.ons and oontractlons inside the tank the standgd relaJ::Lon—
ship between head and veloc1ty v = -{__) could not be relied on for
calibmption so this was 5 done mdependently using a large callbrated
container. The-weight of water dJ.scharged mto. this oontamer over one

mimte was ne%sured for a series of héad settlngs and a rating curve’

established from these walues. In the- event only one dlscharge was used L

®

£ b e e

PRy
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© throughout the experiment. The wéte.r jet from the head.tank‘ﬂ'discharged
‘u;;rfhme into a box fram which it entered the head of‘ the flume over jhf
the lip of the box (see Pig./3:.l.) . Although cn;de, this arrargement
proved satisfactory for this type of study but fore refinement,
pérfic'u]arly in introducing the water .to th;ghér}nlél,c is desirable.

Where the flow entered thei flume, Ary sedunpnt was fed from a
Syntran sediment. fead consisting quentially of a large hopper with a
vibrating feed slot at the base. The siddnent feed rate could he varied
hut: califsr-afinn,of the devies proved problematical beacause of the depend-
ence of the feed rate on the level! of sediment in the }1oppe;'. Therefore,
aﬁ_ effort was made tn ansure that the hopper wa.c\mnf-.innaHy topped- 1p
and the OFQGH vate was checked regularly and frermiently to keep it as
comstant as possihile,  Gadivent leaving the end ~f the flume was deprsit-
ad in the tail bvw from which it was remouved reqilarly, measured and
Ariedl for return tn the head of the flimwe., The grain size ﬂistr‘F"1f"i.or\
of a sample of ‘t'.ho innduystrial sand vwred, alwg with the Y.blm\;ayﬂ-
Aescrintive statistics, ars displayed in Fig 3.2 Thee ganvl ia well
sor texd with ' tot~1 yange wering mly liqghtly vvvvrr-‘z Fhar dne phi it
(1-2 ) an? 'hie ia Jewmr than the ciz o range of flipial grarel (e.a.
Smith, 1274) . The gvain: 2ve - v "1 o]]amvoving ‘i""‘ ~1'ipesidal e
chepe

Thronghrut the ~wnex it the digecharge v cadiment feed
rate werae kept oconstant N eni'able feed rate was Aarrived at after a
reriod of time during which the ameimnt f gediment collertad in the tz )

-

bax was mni Fored and «'hrri_nq whish Fime the - {vey jtaealf wag nvv.itaad

>

for chamrea in average alevatiom and glipe The aim was *n achieve and

maintain » Falance in faed vate anyl - Vlackian rate whicoh prduesl no

[,



F‘iguge 3.] Diagram of flume equipment and view of flume

looking ups trpam .
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change in elevatlon or slope in wh.'Lch case it ocould be assumed that the
‘rlver was in approxunate equlllbrlum Once the correct rate was
established a careful check of the sediment balance was kept to ensure
that equlllbr_lum was ma.mtanmed In fact the sediment collection rate was
never constant so that 1t was necessary to average ‘measurements over a
number of hours. Af’lcerlrunning.the experiment for several months, the
channel slope was checked at the conclusion of the experiment and was

found to have deviated little fram the original, papar£ fram the ud:avelop—
‘ment of a slightly' concave profile. | |

.'I‘he values of the relevant variables in the model were 'as

follows: :
Q=1.11/s 'ﬁ .. \
S = 0.013 - |
Qg = 0.01 /s or 1.7 g/s

W =1.3m (overall width of flume)

o
1

0 01l m

The water tenperature was’ always warmer than about 12°C
which gives values of Rex - 60 at 1 cm depth, and 45 at 0.5 am.
Given these dimensions and given that many of the model !
channels show Froude nmumbers close to 1, we arrive at:

D/W = 35 = 0.007  + S/Fr = 013 =0.013

D/B < S/Fr - therefore the channel should braid.

3.4.1 Measurement of ' topography and velocity. Bed topography was

surveyed using a point gauge mounted on a trolley which straddled the
flume and could be moved along the flume on rails which served as a
sloping datum. The rails were levelled to a slope of vapprd}dmately

0.013. Scales along the flume, across the trolley and on the vertical
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shaft of the point gauge gave a 3—dinnerlsiohal !ooordinate system on
which all measurements could be based. | |

.. Wherever poss:.ble (i.e. where flow was deep enough) velocn:x
measurements were made with a pitot tube which could be mounted on the
. trolley. The pitot tube makes use of the Bernoulll principle which can
be expressed as p + 53?’— = constant. In other words, there is an inverse
relationship bﬁween fluid pre‘ssure and fluid velocity along any r
streamline (assuming flow is steady and incanpressible) . Any decrease

in ve1001ty will cause a correspondlng increase in pressure. If any

'\‘-»-_object is placed m the flow the velocity on the upstream side of the

object w111 be zero, pressure will be at a maxunum and will increase

as the square of the velocity along the streamline upstream of the
obstruction. Th.‘l.s ‘ean be reoorded is a dlﬁierence between the .

hydrostatic pressure and the dynamic fluld pre.,sure The pltot

tube measures both the dynamic pressure parallel to the ‘streamllnes
and the hydrostatic head and fram this E velocity can be calculated.
Essentially the pitot tube consists of two L tubes (usually one inside -
the o’rher) . The inner tube has one opening directed upstream to record

the dynamic fluid pressure while the oufer tube has several apertures

arranged at regular intervals around the circumference of the tube to
record the hydrostatic pressure. By coi cting the two fluid- filled
tubes to a pressure transducer the difference in head can be fieasured.
e transducer glves a voltage reading which can be converted to a
velocity by the relation u = 0.732 /volts. The value of the constant
(in this case 0.732) will depend on the calibration of the transducer.
The calibration is obtained by imposing a known difference in head on

the system fram two oontainers of water mounted on a stand connected to



opposite sides of the pressure transducer, and then adjusting the
transducer readlng to make 1 volt equal to a difference in head of 1/10".
. Because of the effect on the readings of\aJ_r in the tubes and because of
a tendency for the calibration to drift sllghtly, the equipment was
checked and caln.brated before ard after each series of measuranents.
Wherethe flow was lesstha.naboutO Smdeepthepltottube
with an outside diameteriof 0.26 an (1/8") could not be used and in
these areas it was neoessary to rely on the tlm;mg of floats using a -

stop clock. The conversion of these to average veloc;Ltles is dlscussed o

~ below (sectlon 3.5.3).

3.5 Experimental Prowdure and Data Collectlon

The river was self—formed The e.xper:ment was started fram. a
straight channel 1 an deep vb‘y 25 cm wide with a flat bed and concave:
_upwards barks cut. down the centre of the flume. The sand was gradually
soaked and then the dlscharge increased to the required level. This one
stream was used throughout the experment but the flow was turned on and \
off repeatedly with only mlnor alterat_lon of the features formed at hJ.gh
flow (e.g. dlssect_l.on of bar margins and-~slight refllllng of. scour pools)

3.5.1 Sedm\ent samEllng and ana1y51s. The grain size ‘data used in the

study oon51sts of a ‘series of samples used to obtaln roughness data ‘for
channels and to investigate the ]sortmg of sedlment over the depOSlt.lon—
al surface. The samples’ analyzed .consisted of:.-
‘1) samples('of bed materlal fram 34 active channels,
2). eight pairs of samples fram the upstream ends and
downstream margins of transverse bars, |

3) five pairs of samples fram scour pools and channels
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immediately downstream,
ard 4) miscellanecus samples to :Lllustrate otner aspects
of sorting such as vertical charges within a smgle
bar and avalanche face,. laberal sort_mg on bars ard
- downstream of pools and sorting assoc1ated with
channel division and . abandom\ent ‘
Because the gralns sampled were so small and because they
were taken largely under water the most effectlve way of collectmg
samples was w1th a small bedload type sampler (Fig. 3. 3) _ By running
the sampler along the bed surfdce a bulk sample of the surface layers
could be ocollected in the mesh attached to the back of the sampler.
As a means of measuring bedload this device is unreliable but was
adequate for oollééting a representative sample for use in a-size
- analysis. Co . - \ v
| The grain size distribution is based on the measurenenl: of
lndlv1dual grains under a microscope using a micrometer slide and -
calibrated eyepiece. The projected long (a) ad 1ntermed1ate (b) axes
were measured to within 0.025 mm. Prov:.ded the grains lie with theJ_r
short {c). a};es normal to ‘the slide surface, these pro;ected axes
oorresporid".to the actual aq ard b axes. Obviously gome error Will be
introduced here because the tilt of the c axes is unknown but it is
unlikely that‘ a tilt of a few degrees will have a great influence on the
‘visible grain dmensmns All the samples are subject to the same
error (assuming they contain, the same range of grain shapes) so as long
as comparisons are oonfined to the flume samples this error is not
serious. For each sample approx:mately 100 grains were measure& (large

' samples were progr&SSJ_VEly broken down to glve 100 grains) and the b
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: Lo v o o / ' :
axes were tallied into % ﬂ classes. Thingiives a frequency distrib-
ution by number ard in order to make the distribution equivalent to a

-

suevé sample @L e. a distribution by welght it is necessary to
mult_Lply each graln size by a3 where d,is the intermediate (b) dlameter
.. (Kellerhals and Bray, 1971). To convert individual grain dimensions would be
time %c,aonsurmng so the procedure employed was to multiply the frequency

in each class by the cube of the average diameter of that class (in

mm) . An example‘is giver‘r below:

Size Range (mm) ' [} - fn a3 m(fnﬁ3) %
0.595 - 0.707 0.75 - 0.5 . 4 0.272 1.09 .9
0.708 - 0.841 0.5 - 0.25 15 0.465 6.97 - 6.1
0.842 - 1.00 0.25 - 0 26 0.781  20.31 17.6
1.01 - 1%185 0 - =0.25 37 1.322 48.91 iy 42.5
1.186 - 1.416 _0.25 - -0.5 11  2.202 24.22 21.0
1.417 - 1.678" L—o,5~- ~0.75 2 3.706 7.41 6.4
1.679 - 2.00 -0.75 - -1.0 1 6.224 . 6.22 5.4

- S 115.13 '99.9

o

Cumulative percentages were then plotted on probability paper
and @, P16, Foos Pgus Fgg obtained in order to calculate the Folk and

Ward (1957) statistics:

Mean, My = (F,6 + fsp + Fau)/3
Sorting, o = By - F16)/4 + Bys ~ $5)/6.6 "™
. _ (B + Bgy) - 285 (85 +Bag) - 2.9
Skewness; o, = é(ﬂ Hﬁw) + 52(}595 - ﬂST =

A

The conversion to distribution by weight should not be regard- .

ed as producing an exact equlvalent to a sieve distribution. Samm

(1964) has pointed out sawe of the errors involved as a result of
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differences between actual and projected b axes, irregular grain shapes,
" error 1nt,the use of. the ‘conversion d3 Wthh deperds on the shape of
grams and the assumptlon that the specific welght of all grains is the
sare. Thus, again, it should be emphasized that the distributions
ﬂé obtalned are only a type of distribution by welght which bear a close

but unknown (and pmbably variable) relation to a sieve curve. The
/

errors should be approxunately the. same for all the flume samples
because they are “drawn fram’ the same basic populatlon, however, only
general dlfferences and trerds can be oanpared with data frcm full—s:Lze

rivers.

3.5.2 Channel geametry. 1In order to establish a hydraulic gecmetry

for the braided anabranches a series of channel cross—sections (34 in
total) were measured to cbtain the relevant parameters - width, depth,
cross-section area, slope, mean velocity,’ dlscharge and active width.
This requires that the channels measured be camparatively stable, 7.e.
show no aggradation, degtadation or bank erosion. ThlS is in conflict
with the natural instability of braided river channels About twenty
minutes in which little change occurred was neede‘d-_ln order to camplete
the mcosurement of each channel. Not surprisingly" such conditions were
rere. In addition to the stability criterion the channel reaches also
had to be fairly straight, “ree fram the influence of the flume walls
ard have a vlarge proportion of the bed (80 percent or more) showing active
sedlment transport. Under experimental oondltions it is much easier to
‘{pick‘;_‘(‘):ut suitable channels and check them to ensure that they camply

‘with these criteria tha: is the case in the field, but the rapidity of
changewhlchlsso aseful mscmerespectsmakesthesekumdofmeasure—

ments rath%r frustrating. However, it is evident that similar

A
<



_ measurements in'the field are fraught with much greater problems and

possmble errors (Fahnestock, 1963)

) 'I'he procedure for data oollect.lon, once a suitable reach had
been identified was to mark the cross-section perpe.ndlcular to the flow .
using a sect_lon of metal tape ‘measure mounted on a Stlff wire spanning
the channel and planted in.the bed at either end. The pitot tube was

then positioned i the line of the cross—section to measure both

velocityfband channel dimensions: At each vertical the depth was

established using a piece of fine wire mounted above the horizonta®

" portion of the pitot tube to give a water surface elevation and then

‘lowering the tube so that its lower surface: just' touched the bed. 'By

knowing .these two elevatlons and the distance between the bottam of

the tube, and the end of the wire the depth oould be qulckly calculated

and the pitot tube raised to 0.6 of the water depth/ (measured fram the

surface) to measure the aver_age‘ velocity. The accxlraoy oﬁ this measure-
ment depends on the form of the veloc1ty profile. Ideally two or three
velocity measurenents in each vertical are desuable but t_lme allowed
for only one. After allowing a minute for the tube to adjust to the
new velocity a voltage readlng was taken. Generally the voltage
fluctuated over a range of 0.4-0.5 volts but by keeping'a careful check
it was possible to pic_k.out a representative value fram the'middle of
the range observed over ofie minute. The use of a capac1torr helped to
damp the fluctuatlons although it, le.ngthened the- response tJme - The

velocity is a funct.lon of the square root of. the voltage SO’ that over the

' range measured a gl,‘y“}én voltage fluctuation® represents a dlfferent

‘on but in fact over most of - the range (l 5—2 5 volts)

this dlfferenoe’i‘ is not great and a difference in voltage of 0.1 volts is

’

e
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closely equlvalent to a veloc1ty of about 1 cm/s, i.e. les than 5 peroent in -

most cases. Thegiepth and veloclty measurements were repeated for at

| least 5 regularly spaced vert.lcals in each cross:sectlon, glVlng a spac— .

ing of 2 or 3 cm deperding on thechannel w1dth Width was taken'vfran

the tape measure. Dlscharge was calculated using the mid-section method

| (Gregory and Wall:.ng, 1973, P. '132) .. Given an error in depth of 5 percent .
(3 mm) in 1 cm and an error in width of less than 5 percent, it is reasonable
- to think that channel CI‘OSS-S€CtJ.OI1 area and dlscharge measurements

: .oould be, subject to a curmJlatlve error of 10-15 percent.

Water surfaoe slope in the reach was obtalned fram Water

S

) \ '
elevatlons 10 an up ard downstream of t‘he cross—sectlons using an

average of 3 measurements, across the channel in each case. Error arises

here fram the existence of transverse water slopes Wh_‘LCh should be
A\

accounted for by averaging 3 measurements across the channel ard -fram -

W

ripples and standlng waves on the surfae? th.ch may reach an amplltude

of 1 m or more. Apparent slopes had to be oonverted to actual slopes

P

by taking into account the fact that the measurements were taken frcm a

o

sloplng datum and fram channels oblr@e to the flume walls in many cases.
3.5.3 Scour holeg. _The dlmensn.g% oﬁ‘ scour holes were oollected with
the intention of deriving relatlons between these dnnens:.ons and
possz_ble controllmg varlables such as angle of 1nc1dence, and relat.Lve

® ¥
dlscharges of oontrJ.butJ.ng channels. !I‘he scour holes are generally of

a fairly complex fonn and the oontrlbutlngv channels are rarely stable ,‘;:)
enough or deep enough to make the gauglng prowdure descrl.bed above
possible. ‘aAs a result, the -amount and quality of the data obtained did

not allow an analysis of the type originally envisaged.

The basic prooedure involved the use of the point gauge to .
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-
. measure the maximm depth (water stirface to bed) of the pool, the -

w:LdthatthJ.spomtandthelengthfnantheheadtothepomtwherethe ﬁ

bed slope reversed. The angle- .6f incidence of the two oontrn.butmg
channels wds measured using a protractor with two pon.nters whlch could
.' "be rotated to run parallel with the main current in: each channel.
Channel dJ.mensmns were surveyed using the pomt gauge and average
velocity was ohtained using floats. Ave.rage veloc1t1es. were each based
on 5 measurements. 'I’he oonversmn of these float veloc1t.1.es to a mean
veloc1ty 1nvolves the use of a correction factor which usually lles in
the range 0.8 to 0.9. The four veloc1ty profiles measured gave values
of the rat.lo of velocity at 0.6 depth to surface veYocity in this range.
As a check the float method was used on same of the stable channels for
"which pltOt tube- measurements were also available. The conversion

factor for ‘these channels ranged frcm 0.71 to. 0 99 w1th an average of

e

'85 Thus a value of 0.85 was used Wh_'LCh may glve an error of over

1C oeroent in scme cases.‘,_ B

3.5.4 Other data. In addition, the point gauge was used to rfueasure a
varlety of cross-sectlons and longitudinal pro‘flles of scour holes bars,
channels and of the whole model rwe.r )\ photographlc record mcludlng

“time-lapse film of channel changes and bar format_lon Was also obtained.

‘&’



CHAPTER 4. DEVELOPMENT, CHARAC‘I'EIRTSTICS AND PROCESSES ‘¥

THE BRAIDED RIVFR MODET

4.1 Intréduction

* If we are to Fully urderstand geamorphologincal phenamena

at a quantitative level it is essential that we firet obtain a go~?

" qualitative familiarity with the p;oceé.sesuinvolved- One of the
problems in studying braiding has been the difficulty of ohservina the
relevant processes and having tn rely\‘\on what Lewin (1976b) referred to
as "enl ightened inferences as to th\e) pat¥e.rn of movement derived fram
observations of the sediment i_rrvn].l\"fed." Part of the motivation for a
model study was te allow A more camplete description of the hehaviour
of braided rivers and so giv: a more satisfactory starting point for
quantitarive stndiee. T+ in .’Y*mi that this chapter provides such a

hnae,

T . -

17 Tnitiation and Bvolution of the Braided Pattern

7\;-_ the beginniny of the e:cpori;t\ent the flow campletely filled
the ipitial chamel (7 ¢ + a depth of about 1.5 an) and ~wertopped
the bank= glightly. Tt was im‘mrli'iately arparent that this channel was
unstahle and within a few minutes 'he bed began to show the first
signe of the formation of a serieg ~f al ter{uating bars. This occurred
first at the head of the flume but within anihowu' the entire channel
showed a sequence of alternating bars and semur ho]‘.;s‘:and same minor
hank erosion. The bars wre lobate in form with well-defined avalanche
faces on their downstream and <hannelwnrd margine. Small inactive 'l

troughs developed be' o 0 Fhe Yarg ' channe! banks The thalweqg

n2

catiamr e

s

M metes e
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sketches in Chapter Four.
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meandered through t-his:sequence ‘o'f bars and scour holes Bars were
spaced: very regdlar‘ly, at:out l.m apart at first, giving a meander wave-
length of 2 mor 8 channel wn.dths . Fig. 4;2 shows ﬂlealternatlng

. Several reports of 'sindlar features in flumes and natural
rivers have been published. ‘Wolman and Brush (l~9'61) referred to these
alternatlng bars as pseudameanders and Hickin (1969, 1972) has glven
detalled accounts of the_Lr form ard the hydraulic geanetry of the
associated channels dlong with descriptions of equivalent features in
the field. The engineering literature contains several studies of
alternating bars including those of Einstein and Ii (1958), Einstein
‘and Shen 11964) and Chang et al., (1971). Model studies of channel

pattern by Karcz (1971),- Schum and Khan (1972), _dgar (1973),

Parker (1976) all includg descriptions aIid/dr illustrations of alternat-

1

ing bars. Their occurrence in flwne-"chai'mels appears to be associated
with fairly high slopes, w1dth/depth ratios greater than about 12, ard

for natural ma*:erlals Fm1de rmanbers close to one {Wolman and Brush,
1961; Chang et al., 1971). E‘lnste.ln and Shen (1964) repoirt similar
occurrences in lak®ratory expermtents by Vanoni and Brooks (1957) and
Kinoshita (lf956gChang et alua (1971.5 , however, obtained a similar
pattern at much 'lower Froudé mmbers with a bed materilal of plastic
beads. This is to be expected because the less dense plastic requires

lower velocities for its transport and for a given depth a lower

velocity produces a loder Froude mmber. In natural channels

initiation fram straight channels often involves an altemmating )

pattern (Keller, 1972; Lewin, 1976{(a)). Karcz (1972) abserved & very well

I t

Q@
defined pattern of alternating bars and scour holes in ephemneral stream

L.

2

)
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 Fiqure 4.2 Channel pattern after one hour. Note distinct
alternating bar pattern and sinuocus thalweg.
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beds in Israel. Observations by Schumm and Khan (1972) indicated tl'lat
in the al:sence of very fine cthesive sediment; and at a suf ficiently
steep slope-*'('0.0lB-_Q.OlG),”_ the alternating bar patterm may be modified
to a fullybraided pattern. a -

A corplete discussion of the origin 'ef tne alternating bar
pattern cannot be attenpted here but a few brief omments will serve
to indicate the sort of mechanisms involved. In 1958 Einstein and Li
were able to show that secondary flow is to be expected in straight
tarbulent flo&;l laecause of the tendency for lines of constant velocity
to be parallel nelther to thanselves or the boundary It has became
increasingly prevalent to regani the formation of large scale channel
features as being the result of the largest of a family of turbulent
eddies present in a natural river channel whose dimensions are on a
' scale camparable with that of the cross—seCtien of the flow, Thus,
Einstein and Shen (1964) and Shen and Kamura (1968) discussed such a
mechanism and indicated the importance of channel roughness in generat-
ing such seoondary flow elements. Yalin (1971) demonstrated that a
systematic dlsturbance caused by the behaviour of these large eddies
must result in the generation of identical disturbances alternatl_ng
downstréam and spaced at regular intervals. These velocity perturb—
ations produce disoonti_ﬁuities in sediment transport and hence. changes
in bed elevation. 1In the case of meanders these 'fluctuations would
occur at approximately 21rw, 41rw, 6nw ..... .

The alternatmg bar problan has also been approached via K
stability analyses (Anderson, 1967; Engélund and Skovgaard, 1973; |
Parker, 1976). These rely on the generation of systematic oscillatiorxs
in the rate of sediment transport geherated by oscillations in velocity

"

<



|

within the flug.d rather than by randam turbulence effects. If velocity
and sedfiment txansport oscillations are slightly out of phase then
dndulations will be generated which, rather than being damped out, will
increase in amplitude. Once established, the bends produced by the
alternating ba\t(‘s\ increased in amplitude through bank erosion and tﬂ'ée
channel width increased gradually (Fig. 4.3). wWidth increase tended to
work upstream fram the lower end df the flume As width increased, depth
decreased and the higher portions of the bed became'inactive. General-~
ly, the oentre of the downstream margins of thebars were the
first to show s:Lgns of abandorment ard exposure. 'I'he flow was diverted
to either side of the§e areas, reactivating the troughs arlsmg frcm the
original alternatlng bar pattern and producuxg new bar lobes, gradually
camplicating the pattern and exposing prev1ously active port.xons of the
bed (see Fig. 4.4). It is interesting in this context to note that
Einstein and Shen (1964) found that an increase in the width/depth
ratio of their flume channel produced a change fram a single to a double
diagonal bar pattern and Parker (1976) provided a tl.ieoretical analysis
to show that!/an increase in width/depth ratio could lead to the develop-
ment of multiple mearxiering tendencies within a'single channel, Z.e.
braiding. |

After four hours, the whole width of the flume had been re-

worked and a camplex of bars and channels was evident. Generally,

)

one major channel and a number of small Eharmels occurred at

any given cross-section. At this stage it became obviocus that the
width of the flume itself was a serious constraint dn full pattern
development but camparisdon of the flume featur&s with natural rivers

suggested that they were largely unaffected by this. Wherever channels



Figqure 4.3 Channel pattern after two hours. Note sinuous

Fy
chamnel.
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Figure 4.4 Channel pattern after four hours. Alternating bar

pattern broken don to give braiding.
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came J.nto oontact with the flume walls large scour holes developed w1th
deposition mmedlately downstream At t.unes such features exerted a
significant influence on everts downstream but the descriptions which

follow deal entirely with' developnentslfﬁree of this wall influenpe.

4.3 Features of the Fully Developed Braided Pattern

4.3.1 Bars

The types of bars oonsidered at this stage are essentially’
,varlatlons of the alternate type J.nvolved in the orlglnal pattern
de'velopnent. They show a lobate form w1th or w1thout a well-defined
avalanche fa’ce, vary in thlckness fram a few grains to 1 or 2 an, are -
all dynamlc features controlled by and in turn lnfluencnxg the flow, :
| and carmonly serve as important ‘transportation surfaces for bedload
because they occupy a large portion of the.channel width when active.
Good field descriptions of the form o%v' these features are few but Hein
| (1974)  and Smith, N.D. (1974) have desctibed scme- of their characteristics
fram gravel braided rivers while Collinson (1970) and Cant and Walkbr
(1978) provided good illustrations of similar forms in t}le sandy Tana
and South Qaskatchewan rivers respecmv;ly McGowan and\ Garner (1970)
and Gustavson (1978) described such features fram the point bars of
meandering gravel-bed rivers while Rust (1972) suggested their import-
ance in the sedimentology of the braided Donjek Rlver In addition, -
Boothroyd and Ashley (1975) provided good illustrations of such features
but apparently failed to recognize their significance .

These features are apparently equwalent to the transverse
and diagonal unit -bars of|§ﬁ;‘.th, N.D. (1974). while their formation can be

~plained '~ one basic mechanism, their form shows ~onsiderable variation
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. . , , N
ard any one bar 1smodlf1ed by changmg flow conditions as it grows.
In other words, the varie1.:§./ of ‘form is J_nfmlte, but a basic distinction
between two general types can be made; those which are symmetrical
(transverse) in shape with respect to the chamnel and those which are |
.+ asymmetrical (diagonal). Cant and Walker (1978) also chose to
dlstlngulsh symmetrical and asymmetrical bars. l‘
The symmetrical bars are, not surprisingly .given tl\"ievéarlplexf
ities of the channel pattern, oarQarétively rare. They occur wherever
there are fairly long straight reaches and are most common in -portions .
of the main channe™hich @ct’iegdv.-d__ifac';lonally across the flume. In this
case their length may be as great as 1 meter (‘about' 4 channel widths).
Thege( bai*s na.rrow downstream so that while 'ag'gradation tékes place
acféss most of the éﬁamlel, non-aggradatianal tréughs occur on éither
side of the bar. The whole of the downstream margin consists of an
avalanche Aface. The bar surface becomes the channel bed and carries . -
almost the entire sediment load. Camonly as the bar extends - down- ki
"stream, the upper portion develops a well—de'fin_ed'ac»tive chénnei along
its axis while the flanks show less active sediment transport (Fig. 4.5).
Cant and Walker (1978) described similar features in the South Saskatch-
ewan River. These extended diagonally acr‘oss.'the river and were termed
-diagonal bars. | i
Asymmetric bar development is much _more camon. This is
largely because straight channel segments are rare and within a bend
sediment transport and .erosive capacity; will not be uniform across the
channel. Thus asymmetric bars closely resembling the al%:ernating bars
described earlier often occur immediately downstream of any scour hole

positioned away fram the centre of the channel. The foreset face which

@



Figure 4.5 E Symnetrlcalbar Note incipient diviwsion at its-

" downstream end.
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is pfesent in the thicker bars faces across ' the channel dnd flow is
diverted towards the opposite bank where the resultmg cuculatlon may
produce another scour hole and bar facing in the opp051te direction to
the first (Figs. 4.6 and 4.7). AL times, where interference. from tributary
chani'lels is absent, a series of these formed at regular intervals and
their modification occurred in the same manner as the orlgmal bralded
pattern.“ 'I_‘he‘less well-defined bars, only a few gralns in thickness. do
- mot always exert a strong influence on the flow and are often obliter-

ated by a change in flow conditions before they can develop further.

4.3.2 Develo t of bars
'The'se ars can therefore be regarded ;s dynamic bedforms
'whose ultimate origin (i.e. conditions for their existence) may be
explained through theoretical analysis of the flow but whose formation
and maintenance under natural. oor;dltlons can be better related to
specific local changes in flow e. g expansion. Any locai reduction in
velocity will 1nev1tably produce a decrease in sediment transport
capacity and hence deposition. It is possible to identify seve:;al_
situations in which this might occur:
1) Downstream of scour holes, v
a. involving the juaction of two or nbre channels in
which the channel downstream bisects the angle of
<ncidence (see p 86 ). The reduction in sediment
transport capacity %s the flow leaves the scour hole.
produces a symmetrical bar. 7
b. in bends or resulting fram oonfmenent of flow by a

. ¢
bar uPstream. Again, sediment transport capacity



- Figure 4.6 Alternating asymmetric bars and scour pools.



69



71

declines downstream and deposition of an asymmetric
bar resylts. | |
2) Downstream of flowexpansion,
a. where a steep or confined channel segment emerges
1nto a less oonflnedrea'ch |
.. b. where the flow in a scour hole is wanihg in strength BN
| andonecharmelbeglnstodam_nateandbulldabar
m%’xe pool, reduction in capacity is a result j
. - ‘ of an abrupt increase in depth. |
3) wWhere flow is overtoppn_ng banks and beginning to form
a new channel. In this case the reduction in ‘\‘/elocity and
depth pnoduces' deposition on the overbank surfacegrﬁtial- ‘
ly,in' the form of a shallow sheet or lobe which is. %
_/ enlarged as more of the flow is directed into the area
(Fig. 4.8 and 4.9). ‘
It is common for bars to show a second shallower' lobe‘which may
consist of coarser or finer materlal than the orlgmal ov®r which it advances.

Occa51onally it?is. poss:.ble to ldentlfy dlsoont.l_nultleé in

" the bed which appear to be incipient bars but whloélbusually disappear ' \j
after only % few_ minutes. They are usually associated wz,th a water-

2,

surface wave pattern oon31st.1.ng of two sets Jt dl nal waves mter— “
¢ secting at about 90°: The bedforms follow this pat apd l_consist of

steps lor 2 gra_ms ‘high’ obllque to the channel. aOccasmnally two - ®
#
. such steps form a Vv p01nt1.ng upstream Einstein and Shen (1964) and
' : @
Chang et al., (1971) both mentlon this kind of bedform Guy et al., «

'l \

(1966) show a network of such forms on the bed an 8 foot wide flume . ‘

N
TS N . ; _—
\&_‘ ‘_'_'low depths. Chang et qhQ?l) propbsed that ewas a jurp

- 4"y
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Overflow bar. Produced by secondary circulation in
bend and evertopping of banks.
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Figure 4.9 Qverflow bar in Surwapta River, Alberta.
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fram supercrlt;cal to subcritical fl& across this boundary and
therefore a sharp change in sediment transport characteristics.

Einstein and Shen (1964) indicated that such patterns are distinct "
fram the a}\tarnati;x; bar pattern and that the mechanisms .involved are
probably rather different. - . . g
It may be teadily appreciated that deposition of sediment

within a channel w111 cause same form of adjustment within that channel
so as to accommodate the Jmposed discharge. The deposition of bars
tends to reduce depth and bed slope and, in same insta.nces, water surface
slope A typical profile of a bar might therefere res'emble Fig. 4.10
and we can envisage a series of such bars produc1ng a stepped profile
analogous to a pool and rlffle sequence o;fIa meanderlng channel (Fig. |
4.11). Same of the bar profiles surveyed show a measurable elevation
(1~1-.5 mm) of the water surface immediately’ downstream of the avalanche -
face of the bar because of the sudden transition fram shallow to deep

flow undex subcritical flow conditions. The Steepening of the water N
| surface over the toe of the bar 1nd1cates a draw—dcmn of water over
thls area and he.nce dlssectlon of the end of the bar on a falllng stage
Churcb, 1972). 1t is the adjustments which the channels make to the
depos»itidﬁ of bars which lead to the abandorment of channels, exposure

of bars and hence fdnnati’on of the braided pattern .

’ Be;fore considering the range of adjustments, and hence the
‘ oonstruction ot the braided deposits, it is necessary - to consider
: ‘another element of the braided rlver system i«dmich_is important to the

understanding of the river processes.

¢



Figure 4.10 Longitudinal profiles of simple bar lobes.
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| 4.3.3 ‘Scci:r holes
As J.ndJ.cated already, secondary flow elenents produc:Lng local

. seour are Jmportant in bar constructlon. Informatlon on scour holes in

‘ braJ.ded rivers 1s generally laclu.ng although thelr exlstence approxl
mate dimensions and possible s:.gmflcanoe have been oarme.nted upon
several times (see p 16 ). Laboratory experiments by Mosley (197_6),
under controlled conchtlons pravided useful infermatien'_.‘qn ‘lthe varia};l'es"
controlling the dimensions of scour holes but those observed in the . v j

flume channel were genei‘a'lly‘ of a more qcinplex form. .

. 'In essence we can cons:Lder three basic types of soour;
channel junctn.on soour, soou.r associated with ésynmetrlc bars, and scou.r&

. . » , &

produced by sheet flow over abandomd surfaces.

: 4 3.3.1 Channel conﬂuence scOur

gentler upward slope dmmstream of the oentre of the scour. Carmonly

small’ suhnerged levees form on either side of the channel irrmedlately
downstream of the cer:)tre of thé scour hole. Obse;vatlons show a move-

ment of bed material dlagonally outward frcm the wntre of the /scour

hole on elther side producmg these 1evees as materlal is carnai up the
J.nward facmg slope and avalanches’ down the outet face (see Flg. 4. 13)

o/ : C
o
. . .
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Figure 4.12 Vertical (a) and oblique (b) views of typical channel
junction scour pool. B

A

i
.






o .channels oonverges at the upstream end of. the pool and then plunges

- : . - . - | -. < 5

»
N

Injectlon of dye into the flow revealed a seoondary flow :LdentJ.cal to _

that descrlbed by Ibsley (1976) The. >vater from the wo oontr:.but:.ng

vdownward and outward along th ebed as it moves through the pool pro—
j ducmg two hellcal flow cells w:Lth oppos1te sense of rotatldn (see l

. ‘Flg. 4 ~l3) ' When strongly developed the lS comparatlvely little

nu.xmg of the water from tne two channels t there is obvious turbul-

1}

v

- ent eddy‘ activitya(t the interface of the two cells. Maximam erosion_ '
~ occurs.at the zane of flow attachn‘ent.Where the two- downward currents
‘ irrpinge 'cm-'w‘the bed E:s'sentially fjxis simple scour form resembles two

‘meander bends back to back and shows the super—elevatlon of the water

¢

. surface ev:Ldent in meander bends

Treatmg the soour holes in, the sane. way as meander bends,

- - the” strength of the seoondarv current (expressed as the ratJ.o of the

square of the veloc:Lty in the plane of the cross-section to tae square _

of the ngu.n current aveloc1ty) has been shown to depend on three lmpor—

tant varlables Brlefly, these are -a decrease in, strength with J_ncrease— .

: _J.ng deptl4/w1dth ratlo, lncreasmg rat:Lo of the radlus of curvature

of the hend to the channel width, and an increase J_n strength w1th
mcreasmg angle iof. devlat;on of the curve (Chow, 1959,_ p. 441). The
super-elevation of ‘the water surface. relates to these va.riables in a

similar fashion, :increasing with velocity and “decreasing with an increase J.n
- 'the radJ.us of curvature/w:.dth ratio. 'In a controlled exper:ment Ibsley (1976)
: deternuned that the two prn_nmpal oontrols ‘on the depth of socour J.n these
junctions were -the angle of incidence of the two channels (whlch is
eqm.valent to the angle of deviation of the curve) and the proportlon~ \

of the flow carried in each channel. A hJ.gher angle of incidence (up



© Figure 4.13;;' ‘a) Plan of channel junctlon scour s}mmg flow paths', -
| b) Flon struct:ure ln centre of pool
o o Flow stxucture mmedlately dmrnstrean of pool
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N -to be of 1mportanoe ' An attempt to obtam the relevant measuré‘nents on

l‘ )

scour holes 1n the flume model Was largely unsuccessful because of the

However, observ— :
B B

' '_ the depth

"short perlodaof tJme durlng whlch they ranaa_ned stable..“

- ,:_ i_at.rons suggested 'dmat there was a relatlonshlps be we o
_ 'lof soour and the angle of 1nc1dence ' Flgure 4 l4 glves th_'Ls relatlon— .
v" 'Shlp J.n graphlcal form.,v The relatlonshlp shows a laf‘ge amount of

: scatter probably because dl_ '-"erenoes m total dlscharge have not been

" '-taken 1nto account An attenpt '

allow for thlS by scalmg scour depth

w1th the depth of the contrlbutl.ng whar els d:Ld llttle to Jmprove the

relatlonshlp It should be p01nteded out however, that the range of angles -
':_nvolved covers exactly the range on Mosley s dlagram over Wthh the B
scatter 1s greater . No clear relatlonshlp ex1sts between the relat.we
: dlscharges of the channels (@cpressed as the ratJ.o of the larger to the .
smaller channel) and the soour depth but thls may be due to the error
1nvolved in the dlscharge measurements usmg tJ.med floats , :
' Prov:Lded oondltlons ranaln unchanged long enough we would _
. expect there to be an eun_lJ.brlum size for such soour holes. Once ..
thls has been reached eros:.on oeases and the scour holes s:unply beccme
B areas of sed:ment transfer redlstrlbutlng materlal eglled frcm up— .
| 'stream It 1s probable that bar formatlon downstream of the soour hole is
' orlg:.nally supplled frcm the scour hole J.tself Once establlshed the
bar beocmes an area for depos:.tlon of materlal eroded fran further/
upstream | o

Cw

: Inthes:.mplecasetherelsatendency, glventwochannelsof

A
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:Lgur\eihlg - Migration of scour 1-and,

NG

N |
Eﬁl‘:\saéymnetrlc bar d
dan;» nce of B.

(b)

(cj

V-Sco'ulr hdle\"prod.ﬁoed by

A captures greater -proportion of diserxarge and
scoﬁr hole rotates in respanse. Aggradation and
bank erosion déﬁnsﬁean produce ing of
banks at C.

'bischarge. in both channels declines but B becames
dominant and lateral migration ’o.f the whole system
builds bar complexes parallel t';a'b'cﬂl B and C and

prdduoes' a series of bars (1, 2-and 3) downstream

‘as scour hole adjusts to changing flow conditions.



(c)

(b)

“(a)
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. finally constructlng new

R

equal strength for the scour hole to orlerit 1tse1f so as to blsect the .

angle bebdeen the two channels. In any other 51tuat1.on the orlentatlon

tends to parallel ﬂqe stronger chamlel.‘ Thls tendency for the scour Lo

pool to adjust rapldly to the prevalllng flow condltlons may result in~

some 1nterest1ng events.‘ FJ.g. 4 15 shows a soour pool,respondlng to a
change in the relatlve strengths of the 1nc1dent channels by chang.mg ,

1ts orlentatlon, mlgratx ir response to. an 1ncrease in the relatlve

) strength (discl'iarge) o'f it 4 channel (fac1ng downstream) , and -

,"s and a smaller pool as the total dlscharge

asslines.

Infll]_lng of scour holes OCcurs in one o£ two way$ "The

f:Lrst mvolves the construct.lon of a delta—lJ.ke bar across the pool as

| the secondary current loses stre.ngth because of a loss of contrn.but:mg

flow. Alternatlvely, scour pools may be obllterated by dlssectlon of ‘the V

headwall as one channel becames dcmmant secondary flow dles away and
g

the channel moves toward the normal equlhbrlum proflle ‘

s

4.3. 3 .2 Asymmetmc scour

Any k:Lnd of seoorx:lary flow element 1n a channel will tend to

produce dlfferentlal sedlment transport and local scour and flll Thus o

many bends show small pools agalnst their outs:.de bank and the formatlon

" of asyrrmetrlc bars is necessarlly assoc1;\ated w1th scour of a portlon of

the bed (see: Fig. 4.6). Because such soour occurs only in oné part of
the channeL usually close to the bank, and because of its association
w1th asynmetrlc bars, thlS type of pool can be referred to as .asynmetrlc.
4.3.3. 3 Wa*mng onw scour )
Observatlons on gravel bralded oumash by Kln.mek (1972) ’

Fahnestock and Bradley (1_9%3) and Gustavson (1974) have 1ndlcated the



'v.‘.“‘:e.}{lsw‘l@ of oomparatn.vely small, aln'ost hetuspherlcal scOur holes,"ﬁ

M
- -,'often w:Lth small bars downstream found on tb}e exposed surfaoes of ’

ocxrplex dep051tlonal flats. Explanatlons of such features usual].y

,-___f;mvolved boulders, melt out 1ce, or smllar flow obstructlons. Soour

holes developed J.n the flume conform well w1ﬂ‘1 Gustavson s (1974) descrlp— i .

: '1-'l:;3‘-t10n in partlcular, _They are almost cn_rcular in. plan w:Lth a: sllght elong—-bﬂ" "

. atlon at the downstream end They have levees s:.mllar to those of

e

' "",i".‘_channel ]unctlon soour depos:.ted J.ntredlately downstream Small bars |

4 4 Modlflcatlon of Bars and Construct:Lon of BraJ.ded Rlver Dep051ts
C 5

- of the matern.al scoured out are depos:Lted mmedlately dmmstrean"__"""" a1

The:,r formatlon lS appar tly assocrated w1th wamng flow in areas b -'
- 4recently abandoned. _ Snall channels or trough?s cause ooncentratlon of o
' _shallow sheet flow and at thls oonvergence po:.nt turbulenoe lS

. suff1c1ent to erode these small pools (see F:Lg. .4 16) Because of the:Lr

hs;.ze the structure of the flow in these pools J.S d;\.fflcult to see but

" they appear to- be related to the channel junctlon soours although the

ontr:.butmg flow 1s of a more dlffuse nature. SR ': - S B

0 H .
a

- ; g "‘he development of a nodel of longer term changes, through the
' 1dent1f1catlon of characterlstlc prooesses, is perhaps the area in th.ch
“"“.a model study holds the greatest advantage over: fleld work. In .

._'-partlcular, the reduct.lon of the t1me scale is :mportant in th:Ls respect

""In fact, such descrlptlon of the evolutlon of bralded rlvers 1s almost

: ent:.rely lack:.ng from publlshed fleld studJ.es. : ften it 1s neoessary to '
- rely on descr:.ptlon of bar forms to J.nfer an evolutlonary pattern s

(Bluck, 1974)-. Studies by Kr1gstran~ (1962), Fahnestock (1963), He:.n (1974) '



Flgure 4 16 Wam.ng flow scour lefuse flow cornverg&s and
| produces turbulerwe and scour atl and deposn.tmnv of
small bar &anstrean (2) |
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and Smith, N.D. (1974) provided information on short term (3 or 4
f-days) changes but so .far only Cant and Walker (1978) have&crngdled
. anything approaching‘a crn@mehensive'account‘gf braided‘riverAprocesses‘

- e

over a longer period of time.

,4 4,1 Adjusbnents to bar dep051tlon .

- “ollow1ng thelr orlglnal depos1tlon 1nd1v1dual bars’may be.
’subject to a numbar of nodlflcatlons because they obstruct flow. There
appear to be two basic adjustments to bar 'deposition, the flrst lnvolves
channel migration or division resulting in abandonment of a portlon 5; '
'(usually the central sectyon) of the bar. This process’ 1s descrlbed ln. ,
‘ more detall below The second involves the 1nc151on of a sxngle channel
into the bar surface. It is cnnnon, as bar growth occurs for a sectlon of
‘; the flow over the bar, usually a harrow central strlp, to reach a flow
condition close to. crltlcal and deyelop a pronounced train of standlng
waves and antldunes This is apparently the result of the concentratlon

T oo —
of the flow in one part of the bar margln'g1V1ng a greater sediment .
transport capacity in this area and hence headward erosion and incision.
A narrow trough cut 1nto the centre of the bar surface gradually widens
-and deepens, captures most. of the flow and thlS results in the abandon-
,vment of the flanhs.of the original bar (see Fig. 4.17). Some‘publlshed
"photographs (e.g. Klimek, 1972, Fot. 4) are suggestiye of this kind
of behav1our but only Church (1972) seems to recognize'its occurrence:A
_ Church (1972) explalned the process as the result of the channel o
attempting to return to equilibrium follow1ng the blocklng of the
channel by the formatlon of the bar ”he shallow flow over the bar
gradually loses sedlment transport. capac1ty and the restoratlon of

- deeper flow. allows the sediment tn be transferred through the reach.

-



Figure 4.17 ' Incision onv active bar surface.
| (a) Large fully act.lve bar lcobe with shallow flow.
(b) As depth decreases scour cl'mte (1) develops
along bar axis lonerj_ng the water surfaoe and
leaving bar margins inactive and eventually

exposed ‘(2) .
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Hein (1974) and Smlth, N.D. (1974) both reoorded 1.nc:.smn of bars J.n a sun—

llar way but in both instances a reductlon in dlscharge produc.mg draw-down

of water over the bar marg:m was. c1ted as the prmc1pal reason for mc1smn.,

&

'4.4.2 lateral migrationand avulsion )

e ', o As:.ndlcated by Krlgstrcm (1962) latexal erosion is extremely
important in braided rivers and the ﬁll.;me proVides instances~of. several
ways in which it may occur and of the kinds of debosits resultj.r\!d‘.fmn
it. | ‘ |

In ‘the model lateral erosion rates of 10-15 cm per hour werd”
‘recorded, whlch is. equivalent to a rate of 1-2 m per hour in a full-size.
- (assuming a model scale“of the order of 100). Migrabion of
channels occurs under a number. of c1rcumstances usdally assoc1ated w1th "
bends and asymnetrlc bars or channel junctlons and produoes some
distinctive bar forms. Fig. 4.1&a) :Lllustrates how modJ_flcatlons .
followmg asynmetrlc bar constructiorr.may produce charmel mlgratlon and
constructlon of a distinctive type of deposit. The deflectlon of the
main. current by the bar 1eads to scour agasnst the opposn:e bank and
erosion of the bank. The downstream extremlty of the bar tends to
have the shallowest flow and.as the channel w:Ldens sthis area is
gradually abandoned - At low flow these bar's are modlfled by dissection
of the avalanche face and Fig. 4.18b) shows an example from the
Sunwapta R:Lver, Alberta. Inmedlately downstream of the bar the seoond—'-
//‘w currents in the scour pool move material back towards the ms:.de of
the bend and deposits them either as another asynnletrlc bar or im ‘
the form of gently dipping sheets two or three grains thick with .
stepped fronts facing the inside of the bend. If this type of

process is repeated a deposit cdnsisting of a series of abandoned



Figure 4.18 ~ (a) Asynmetric bar deflects flow-towérds opposite
; bank causmg bank retreat, chaxmel mlgratmn and

ult_m\ately abandonnent ‘of the downstream end of the

| (b) Dissected asyﬁmetric bar, Sunwapta River, Alberta _
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}"lobes and cverlapplng sheets may be constructed (see F:Lgs. 4. 19 (a) (b))
:Ocmnonly the abandoned lcbes are 51tes for the dep051t.10n of~a veneer ’

of coarser partlcles before becam.ng abandoned a:uplet%ly. ‘

A M:Lgratlon assoc1ated w1th channel junct:.on scpu: occurs as

"; »the relatlve dlscha:tges in the contrlbutJ.ng channels ,

' result ln the constructlon of dep051ts s:.mllar to those ust desc:;:.bed

\

'w1th the cverlappmg sheets beJ_ng represented by a. serles Qf ?@{ '
Jmposed bars (see Fig. 4 15) o S 3 ' '

Bar and channel mlgratlon may also canbme to P

R avulsio'n.; Bank erosion and ‘the rals:Lng of the water surfdce by depos—
_lt:Lon in the channel may result in w%)pplng of the akks under many

c1rcumstances but most cam‘only thls occurs on- the cut51de of a bend

downstream of the apex 1n a manner s:.mllar to chute cut-cffs in

meanderlng channels. e

“ 7
_4.4.3 Channel d_'LVlSlon ST e e

The depos:Ltlon of bars may also~ result in channel lelslon.
' o
"Th.e fundamental d:Lv:Lsmn process descrlbed by Leopold and Wolman (1957)

‘was dupllcated on occasmns in the flume but usually only in the reach

' at the head of the flume In other words, 1t the process by

Wthh J;utlal lelSlon occurred but, dcwns ‘ ivision associated - .
with bar lobes was more prevalent. Note also that the mltlal pattern .
'developmerrt mvolved bar lobes rather. than the Leopold and Wolman (1957)
proceSS process has already been descr:.bed and events in. the

flune follcwed I_eopold and Wolman s (1957) descrlptlon Che L
point. whlch was not emphas;zed by I.eopold and Wolman is that where the o

“U-‘m".

. twor channels rejom dmmstré&m of the bar: rmcleus the lcw angle ‘Junctlo"h .

B g . PRt - I
e ".\-M‘ L . .

&
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Figure '4._1'9('?5) C’;ha_‘nriel migration :a_longside asymmetric bar and

. : R S L T . i .c.\‘ . e .
| = . . construction of overlapping sheets.

. e s

Rt
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Fi\g‘hre 419 (b) "Abandoned lobes and overlapping sheets,
! Sunwapta River,Alberta. ’ » ’
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P S S (SR
produces a 1ong shallow scour hole. , Although the:r 1llustratlons (I'J.g.

35, p. 47) clearly show the presence of such a feature, they apparently

attached no Jmportanoe to its Ixmedlately upstream of. the scour hole

the weak secondary currents Jn the bends construct shallow sheets w1th

l' the:.r lead_mg ‘edges facmg one another across a shallow trough (see

T e - ~

Fn.g 4. 20) C‘na:mel mlgratlon may add to these orlgmal sheets in the ‘.-;'-.

M mer 1llustrated ln the sectlon on lateral mlg'ratlon. ‘
Constructlon Qf bar lobes may lead both dlrectly and J.ndlrect—
T ly (by avulsion) to-channel dlvn_sz.on Generally, the centre of the
: downstream margin of synmetrlcal or asyrrmetrlcal bars is the hlghest
and shallcwest Anythnng which causes a fall m the water surface or
,decrease in depth (e g J.ncrease m Wldth, reductlon of dlscharge) may
then result in thlS portlon of the bar becommg mactlve flrSt. It is
‘. here that the greater amount of dep051tlon of bedload will occur to
- form the nucleus of the de9081t.. The flow w1ll then SPllt round thls ,’
»nucleus often resultmg in the destructlon of the avalanche face and
» the develormant of new bar lobes, usually w1th foresets ornented
ity"obllquely to the ch@el, facmg away fram the nucleus ThlS process
“hias been described in some. detail by cgnt and Walker (1978)
llnactlvesurface often acc;nmlates a further veneer of " sednre.nt before
becommg completely abandoned and expo;ed (Figs. 4.21] 4. 22). Notice that
in fact “this’ d.lVlSlon on the ‘bar surface is actually s:unllar in |
prmcmle to the I.eopold and Wolman (1957) type o
These fJ_rst two processes constitute primary anastomos:.s in

o, . .

‘ r'ChurCh'S (1972) temmo‘i,ogy Secondary anastamosis Jnvolves the

' _ reoccupatlon of prev:Lously abandoned channels by water overflomng frCm

actlve channels. Both lateral erosmn and aggradat:ron w1thJ.n the .



1 .

. | R ;

~ Figue 420 ) I.eOp016 and Wolman. type charmel dJ_VlsJ_m' Note: 5].‘ t.' FRRRRES

depos;.tmn on msme of bends and scour at chame“l

junctmn .






Fiqure 4.21 Flow division on bar surface.

(a) Well-developed bar shows flow diversion and °

sobur on hoth sidés.'

b) Scour and flow diversion produces erosion of banks
and as the bar aggrades the centre (\% the down-
stream face becames mactfve

(c) Flow division ocauplete. Inactive arra completely

\

‘exposed and develops cnarse veneer. New channels
de"rélop bars (1 & 2) and asymmetric scour (A and B)
and begin to add further depositional units to the

central éxposed area (3).
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Figure 4.22

1

Flow dJVlSlon on bar qurface in Sunwapta RIVP]’

Flow is away from the camera.-

»~
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channel contrioute to this process. Avulsion usualiy begins with

shallow sheet wash over the abandoned surface with concentration of flow
yoe '

into depressionson the surface. Usually an abandoned channel retains

little of its orlglnal form, being filled m by minor bars, as

flow decllnes As flow increases over the. surface part of the bedload
may be carried out of the main channel and begin to build a shallow
sheet across the old surface (Fig. 4.23). Coammonly this stage is
accanpanied by headward erosion at the dwnstream erd of the exposed
surface as the flow begins to concentrate along a particular route.

ThJ.S ultlmately results in the incision of the channel abandoning the

:Lmtlal sheet depos1ts at the head of the new. channel

e When fully establlshed it may be dlfflcult to detennlne how

. a partlcular flow d1v151on occurred but one formed by primary anasto-

mosis will tend to show an ldentlflably systematlc structure to ﬂme

o exposed area bebneen the ;:hannels wh;Lle lelSlOI’l by avulsmn will lack :

4

4.4.4 - Constructlon of larger uhlts

L sy Havmg developed a descrlptlon of a varlety of e.rosmnal/

'depos1tlonal forms and processes we can . now, examlne more oompi& unlts

. ,and ldentlfy the sequence of events leadlng to their present form.

Clearly, slight varlatlons in the processes ope.rat;ng _produce an infinite
variety of forms, but it is possible to illustrate the sort of sequence
of events whlch may occur. w1th reference to same well—deflned ‘bar

N

complexes th.ch ex1$t These resenble ‘the medlal and 51de bars of

Bluck (1976). ' ' ' : B . .

~

U0 77 Figure 424"shows a medial bar camplex formed near ‘the head

T

‘of the flume. Observations of this camplex in particular, and of other



 Figure 4.23 Avulsion features. Aggradation in main chanﬁel allows
| overflow to left and as flow gains in strength bar (1)
.is-bui1£ écross the overbank area. Headward erqsioﬁ‘, .
scars (2) are comman as renewed flow alters the channgl &"/

e - ... .profile.
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Figure 4.24 Medial bar camplex. Structure shows: -

a) Camplex of convergent lobes,  abandoned channels ‘and
- small scour holes. [ |
~b) "Present active bar lobes (A and B) ,pr_o_dticing

further channel migration and sedimént accretion.






115

jsim:.lar forms, suggests the follow1ng sequence of events leading to 1ts
construcfion: Inlt:Lal flow d1v1s10n was of the Leopold and Wolman (1957) type
" but other similar ocmplexes were mltlated fram division on transverse | : \
pars. Inltlally, then, we. have a small ecposed nucleus with two chamnels
B w1th asyxmetrlc cross— ectJ.ons rejonung downstream in an elongated .

_‘soour trough From thlS pomt lateral m:.gratlon of the type descr:.bed

' m sectlon 4 4 2 is. responsrble for. the oanple.x fomatlon. Thls.leaves s

several 1dent.1f1able features A S °

> I a partlally mfllled central trough often shomng
waru_ng flow type soours. ‘
blfurcatlon producmg a secondary nucleus and coarse
veneer upstream of the orlglnal one. v L
3) oonvergent elanents consisting of -former channels
infilled by sheet deposits. . ,
."4) overlapplng Bheets produced by lateral mlgratlon N
parucularly in the downstream portlon of the bar | o
5) bar lobes of the present actwe channels. .
The upstream half of the canplex terds to show remnant bar lobes while
the downstream portion isi apparently daminated by overlapping sheets. "
Migration of thls kind involving only one channel would
‘produoe a lateral bar (polnt bar’)) of similar construction (see Fig.
419 (b). One other possible mecham_sm for the construction of these
kJ.nds of complexes 1s 1llustrated in Fig. 4.25. Development of an
asynmetrlc bar in. the upstream reach leads fn_rst to construction of a
, bar in. channel A dovmstream but bank eros:Lon caused by the upstream bar

"gradually daverts Qlod away fran cha:mel A leadlng to dissection of the

R



Fig.ure‘ 4.25

| SRNERE

iy

Channel migration process building either medial %‘ point
bar canplex. ‘
(a) Flow divides and establlshes channel through A,

(b) Bar dep051t3.on in maln channel (l) produces smuous
»

thalweg, seeondary currents and bar depOSlthn in A
as well as scour and. bank eros:.on at B

(c) Extensmn of bar 1 diverts flow away frcm A and as
flow declines dissection of bars and partlal mflll—

ing of scour pool follows. P .

<
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features formed at h_lgh flow and the partlal mflllmg of the scour

..___-- /=,,,~

L structure of depoats J_n relatlon to the adjacent channels. Clearly o

.o
PR
M VEREPYEY

_ ‘holes._ Avu}.sn.on on the out51de of a bend would have the san'e effect of

"deprlvmg the former channel of flow : ~ : -7

One further lllustratlon (Fig. 4 26) ShUvJS‘a oomplex produced

'_ih..‘by the progress;we downstream mlg:ratlon of a- channel .eutting - d_'Lagonally
‘across the flume r"hese closely resemble bar: oomplexes J.llustrated by

: 'Krlgst.rom (1962) and Bluck (1974, l976)_. "‘he deposit oons:Lsts of

sheets and a se;;ies ‘of bar lobes and, if the situation is stable,
the area may be: oonsmtently reworked -as perlod:Lc avulsion reoccuples

dlfferent portlons of the oanplex producmg mJ_nor changesa;q ltS

' structure

.

Exposure of any canplex flat ma 4 be by mcmsxon of“the maan -

- - channel or sudden avuls:.on abandonlng that ~portion. of ‘the * rlver. A
Bar complexes of systematlc construct:Lon 7, e. depos:.ted from a

""'-_',,“'_smgle ordered sequencxe of events may be d:Lst:Lngulshed frcn those

@ of

) "_'T mlexes d ped by a serles of dlfferent eVents by exammmg the

o,,w

a bew:leerlng varJ.ety of smgle bars and ocmplexes ex:.st m varﬁus

stages of. dep051tlon or dissection but ‘the descrlptlons above should

\ ’

‘Serve as an 1llustratlon of the kinds of basic forms and processes

T 'lnvolved and the way .1.n whlch tbey may’ canbme to oonstruct braJ.ded river
_depos:.ts , ' '_ o RECIN o ;

4 4. 5 AheJ_ra.rchy of forms? | o

The dlssectlon of oomplemes could be v1ewed as’ a larger scale

"

P T
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Flgure 4,26, . Diagénalacanple'x.‘.:_ ' Produced By siiccéssion ‘of bar . |
" migration and avalsion’ in main. channel. . '
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S

.vérsian of the dissection and abandorment of individual bar lobes.

But, cbservations over exctended perlods of time sugl;est that there is
higher order of activity, on the scale of th_e Qavelength of berﬁs and
camnplex ‘flata which prodﬁces z:ilternate aggradation and degradation
. both in Ia spatial dﬁemion and through time at any one point. Fig.
4.27 shows one manifestation of this 1n the form of a larger fan-like
depoé;it w1th several srrva,l,l channels and chubes beginning to dissect

its surface andoanpete for dominance. These zones of aggradation and
| degradation alternate downstréam and shift downstream in the same wAay
bars migrate down the channel. Any one zone may experience

alternate aggradation and degradation through time and this may be
.expected to produce oonsistént (f“luct:uations in sediment yield over a
given length of time and Fig. 4.28 showé a typiédl sediment yield curve
for one 35 hour period. "I‘he evidence presentedvby@hurch {(1972) for the ‘.
éxistence of a stepped profile on sandur surfaces may he a further
manifestation of this higher order pro?:ess. The length of the flume was

insufficient to jdentify any such regularity in the long profile.

4.4.6 Rates of movement

No attempt was made to obtain detailed information on the
fétes of operation of various ‘proresses but observations and time-lapse
photography provided same general figures with which ]:;ub] ished data may

be compared. Tt should be remembered that flume processes operate

contimoously at channpel-forming flow which is not the case in natural
e

rivers. However,the natural processes are active only -at high flow ﬁ"w

periods and the flow in the flume can be thought of as a» series of -such

high flow events strung -toge’the,;.;,/»ﬁng%}laprooesses operate
. DU @ R .

2

© R e ¢ )

wirt T



Figure 4.27 Large fan gcmple.x. Downstream of scour pool developed
in a fan<like form fram a series of bams and channels

migrating across the surface.
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‘on at Jeast two time sceles. ‘Sn%all scale features - bars and scour holes‘-

form and decay J'.n- ohiy a few minutes Typlcal mlgratlon rates for foreset

»ﬂ-bars -are =of the @rder of* 0 5 cm/mln These gcmpare wn_ﬂ'xbobserva*tlvons b .
@ ? .

by Heln (1974) of small scale bar changes occurrlng in 3-6 hours at

higi? flow and mlgratlon ratesof 1.22-4.18 cm/mm. With a scale ratio

of .56:100 processes shegld occur 7-10- times -faster- in the flume- (see . |

Cha;ter 35 and the approximate rates qt:oted‘ above _agre'e Hrseasonably well

with thlS In the same way the lanje‘: scale bar developments which

take place over ‘severalf'hours‘in the flume might be expected to take

several days of dlscont_muous flood discharxges in a natural river.

’.There are no data avallable to confirm this extrapolation, or to aocurately

estimate much longer—term form evolutlon.

4.5 Conelusions . i

Thus, by understanding the interactionof bars and channels and
by reoognlzmg a series of basic prooe’ssés it is possible to reach»some
conclusions as to the construction of larger scale featﬁres. Tt has
been shown that the tendency of the cha{;mals to deposit large bedferﬂs‘, R
as e result of 'fundanentaal ir;stability or a change in local flow
conditions, leads to the developnent of braiding. [The active lobate
 bars and associated scour holes are at the oo;e of the development of -
braiding and an understandihg of the sedimentary processes involved
* in their formation could go a long way to de;ieloping‘ a general model

- of braided river sedimentology.
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Because Of the oanplexltles of br"alded rs\ers descrlptmn s .
ard explanat.lon of the detalled dlstrlbutlon of sed;.mé\t 51ze w1th1n a
. reach 1s problemat.loal.- General downstream relatlons 1n gravel outwash
are well known but surprlslngly llttle data ex15t ort local sox_:tlng
- patterns. Where ‘such patterns have been J.dentlfled theJ.r explanatJ_on
'has proved dlfflculﬁ partlally because rarely lS 1t s:mply a case”of a
. d:Lfferenoe in crltlcal shear stress for dlffere.nt gra;\_n 51zes A

‘brlef sunmary of sare prmf'lples of sedJment transport will ald in an-

= ,Lmderstand.mg of the. later dl.:CLISSlO‘n

-2 e SR Fren

5. 2\Aspects of SedJ.ment Sortlng :

WA e In gravel bedded bralded streams 1t is apparent that a large
proport:Lon of the sednment load 1s carrled as bedload (e g Church, ‘
1972 gives flgures of 80 peroent by volume of' the total load) The bedload E |

ns:Lsts of a mobile carpet of gra:ms of a range of sizes roll:.ng, _
sliding and saltating along the bed. Ever\ with a large size range
there is very llttle di‘fferenc,e in the ctitical tractive force for a-
lar_ge proportion of the bed material so that there is a, tendency for a-
1argeport101;/oftheloadtomveatthesametm\e ,' I
The problen of the initiation of rrotlon has been approached
- ’Aln two' dlfferent ways. The analytlcal approach of Whlte (1940)
consxders the equlllbrlum of a single graln with respect to two forces
- a fluid foroe tending to entrain the grain and a grav1tat.1.onal force
resisting entraimment. t is assumed that both act through the centre _ /
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of grav:Lty of the gra_m but the gram vnll mVe by plvot.mg round a

flxed pomt Thus the analys:Ls mvolves cons:.deratlon ofthe balance

-

: ’between two moments rather than forces. The shear stress needed to

lm.tlate the motlon of a ‘grain therefore depends not only on- the -size

IR Y

e e e

" of "the ‘grain-and-its .submirded spec:.fl’c"wialght but "also on ‘the angle ce

of pivot and hence.on its exposure. -‘

" The second experimental approach is exemplified by the results

of Shlelds H.lS results are usually dlsplayed in: the form of a

dlagram of the ratio of shear stress and grav1tatlonal foroe versus the B
d .u

, bounda.ry Reynolds number (Re* = d u* ). The boundary Reynolds number is

v ,
effectlvely an expre551on of the graln sn.ze m relatlon to the thlc}mess of

' the viscous sublayer and is mportant in the drag and lift actlng -on the

grain.

Both these appmaches use the same va.rlables and both produce'

the same ba51c result Thus Shlelds- c_rlterlon can. be' converted to a'

' stralghtforward plot of grain size versus shea.r stress and the two are

alrnost dlrectly proportlonal (Blatt et al., p. 91 Flg 4 6). However,

many field studies of sediment motion have suggested' that Shields'

criterion is by no means oombletely reliable and actual valués of

critical shear stress may be a factor of four elther side of the value

pred&cted from Sh:Lelds' relationship. The reasons for these varlat;ms-

lie, firstly, in t—he effect of sediment sorting and bed oonficjliratioris

. on’ the exposure of gra:ms -and the crltlc‘shear stress Also, JnltJ.atlon

d-

of motion depends on mstantaneous values of- shear stress’ whlch may" be
four times greater than average values. Church (1972) has also pomted

out the effect of the state of the sed:ment on the critical shear stress.

Underloose (or armoured) material will reun_re higher shear streSses than



;

»predlcted whlle overloose sed.unent W111 experlenoe mot.ron at% lower values cee e
‘of cr1t1cal shear stress than predlcted fram Shlelds' crlterlon. l’n
‘ 'fact the deflnltlon of the oondltlon of the ccnmenoanent of trar'}sport is
perhaps the greatest problem Note, also, that on a steeply sloplng
surface lnltlatlon of motion will occur at muc:h lower shear stresses
than J_ndlcated by Shlelds cr;LterJ.on because of an added gramtaiz.lon—'m

al oanponent and once materlal 1s in motion transport w111 contmue on*

T
_ a flat surfaoe.

=8 o~

t

In fact, conditions may be so dlfferent fram those 1nvolved

. 1n the theoretlcal and sunphﬁed experlmental approach that under same

J.rcmnstanoes the relat:.onshlp may be turned upside’ down and larger

. .,gralns will move more. readlly than the smaller ones. This arises fram

the influence of the angle of pivot of the- gralns and also fran the

_ fact that shleldlng of smaller grains by larger ones may occur. * In '

' partlcular, where large gralns rest on a bed of smaller particles, their

angle of pivot may be much lower than that for the smaller gralns and they

| " may, therefore; be moved more easily. Chang (1939) proposed a second

and rather differen't_ explanation for this phencmenon in which he

demonstrated that the larger gralns may be exposed to a hlgher velocity
because they project further into the fldow. The effect of this differ-
ence in veloc:.ty may exceed the effects of the dlfference in crltlcal

shear stresses for t-he tno partlcles and produce motion of the larger

graln at lower mean veloc1t1es than the smaller one. Straub (1935)

observed the preferentral mcvenent of larger partlcles in-flume*
'acperm\ents in whlch a size gradatlon frcm f1ne to coarse developed
downstrean durmg the experiment. Russell (1968) quotes Byrne (1965p)

frcm wind tunnel experlments on thé detachment of gra:ns 0.3-0.A5 mm

ta

#
<
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vm dlameter, in which he ooncludes that: ". The exposed larger
partlcles in the dlstrlbutlon are the mst unstable and will be the
first to move as the surface drag is mcreased.

B Sm_ularly, Everts (1973) refer_s-to the tendency for larger
‘grains to move more ea:sily. over a fine bed than grains ef the same
-size. as. the_bed, and Church and Gilbert (1,97»5) report sevevral 'other
casee ot the breferential movement of' coarser grains under certain
circumstances. B | |

s Not osnly is it possrble for the coarser grams to be
mobilized first but once in motlon they.will move: at’ higher. VelOCltleS
(Meland and Norrman, 1966, 1969). “On a fixed bed there is a direct
relationship between particle size and velocity but on a mobile bed
whe‘re other factors, notably bed stability (Z.e. the ability of
the bed to support the larger particles), play a role, the maxirr
velocity occurs in the coarser sizes but below the maximum 51';e
range. Meland and Norrman (1966, 1969) emphaSJ_zed the mportance of
sorting which occurs while the load is in transit and point out that the
greatest amount of sediment transporﬁ oc‘eurs at velocities well in excess

’of— critical for all campoenent s‘izbes henog diminishing the importance of
processes such as wn_rmowmg out of fires at velocities below critical
for the larger grains. In addition Meland and Norrman (1969) pointed
out that sorting in a vertical® plane may also occur dur:ng kransport.
Thus the very Finest grains tend to filter down through the J.nberstloes
into the lower layers. At the same time the largest grains tend to fall
into low points on the bed such as dune troughs and also to move at the
base of a traction carpetbecause of inadequate support offered by the

bed.
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In.explaining obseryed-sediment“sbrting patterns it is necessary to

be aware of and to make use of these cbservations. ° Ty

5.3 Sortinghin Braided Rivers
" The literaturevon braiding has tended to be oriented towards
tovtypes of grain size analyses. The first considers the general sorting
»'pattern cn the surface of outwash fans (e. g' Churchy 1972;'£oothroyd‘
and Ashley, 1975) and the second geological, approach has tended to
emphasize gross vertlcal changes in grain size rather than localized
within-unit horizontal and vertical-trends. Generally, grain size
distrihntions in braided rivers are highly complicated and characteris-
tlcally show abrupt transitions from one size to another However, recent
studies have recognized scne ordef in the apparent chaos. NOte‘that
we are referring only to sorting in the gravel size range because sand
and silt, although jmportant to the detailed sedimentology, were not
represented in the flure river. |

e

~The most *‘important studies- of the sorting of'grain sizes in -,

gravel braided rivers have been by Hein (1974) and Smith; N.D. (1974), .
Krigstrém (1962) and Bluck (1974, 1976) do fake some reference o
sorting patterns but.the majority of studies have tended to concentrate
on grain characteristics others than size, such as orientation.

The data available refers largely to sorting on theisurfaces
of transverse bars which.compose a large proportion of gravel braided
river*'déposits.- Both Hein (1974) and Snith, N.D. (1974) }fomd fairly
cxm51stent downstream—flnlng and upwardrflnlng within well—developed trans-
verse bars. Trends on bars obllque to the flow are not as. clear but Hein
(1954) ‘:suggested that the si7é distribution may be governed by the

slope ~thetervin this case,,’Bluck (1974, 1976) observed that many



cdnplex bars show an upsttealn (bar head) gravel deéosit with an abrupt

tranSltJ.Ol’l to -a downstream sandy tall -For gravel meandermg rlvers ‘

_ Mchran and Garner (1970) found very poor sednment sorting on chute bars,

which they sugg_ested was the _result of rapid depomtmn during perieds -
of hlgh activity. | | | o | |

While many active unit bars and single stratigraphic unJ.ts

i w:.tth bralded dep051ts show fining upwards (Williams and Rust, 1969

Rust, 1972; Eynon and Walker, 1974; Hein and Walker, 1974 Smith, N.D. ’ §974)

‘ ooarsen_mg upward units have also been ldentlfled. Thus Hein (1974)

| presents data show:.ng\ as many coarsenmg—upward and flnlng-upwa.rd '

v sedme.ntary features, while 50 percent of exposures show no: obv10us size
trends at all. The coarsening-upward sequenoe described by Costello and
Walker (1972) fram palaeo—outwash involves several units and is there—
.foxe of a rather different type than the Slngle bar trends.

Explanatlons of the trends observed have relied largely on
dlfferentlal transport and wumowmg of fmer sed_unents (Hein, 1974)
although Smith, N.D. (1974) has proposed “three possible mechanisms by which
the firiing trends of transverse bars might be' produced:

1) Lateral migration of gently dipping bar margins
which show a trend frct;\ fine to coarse fram top
to .bottan. |

2) Waning discharge.

_3) Migration of avalanche faces which show fining
Upwards. Such ‘f‘ining upwards is a well-known
phenamenon but depends apparently on the rate of
supply of sediment (Blatt. et al:, 1972) .- The'

slower the rate the better the sorting.



5. 4 Sortlng Observed in the Nbdel

The size dlstrn.butlon data oollected fram the flume were used

w:.th the mtent of: .

1) cxmparlng the patterns with those descrn_bed fran
natural bralded rlvers. o
2) describing: any “other oons1stent trends in 51ze. s
3) testing the feasibility of proposed sorting mechanlsms
Unfortunately the third of these objectlves was restricted
by the fact that the depth of flow over the bars made the use of a
pltot tube of a smtable size mv.poss:.ble henoe no useful quantltatlve

data on flow‘over the bars was- obtalned.

-5.4.1 Bars N
The data for the sorting on transverse bars oon515t of 7 pa.lrs
of samples fram oentre of t‘he upstream end ‘and the downstream margm of
’ the bars, an elghth sample J.ncludlng samples from the edge mlddle and
base of a bar, and two palrs of samples (ofte' fram an avalanche face and
one fram the interior of a bar) o illustrate the vertlcal sorting |
Fig. 5.1 summarizes the results of the ar\alysis of the down-
stream fining trends. There "is a clear difference in both size and
‘sorting between the upstream coarser samples and the flner downstream
samples.. A usefu]_ non: —paranet.rlc statlstlcal test for est:abllsh— S
ng whether there is a 51gn1flcant dlfferenoe in the means of ‘the two
populatlons fram wthh the samples were taken is the Mann-whitney -

U—-test. It J_nvolves ranklng all the values fram both samples, assigning
each to their respectlve sample and countlng how many of the values of

one—sample precede each of those of the seoond sample. The test shows

T
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that ‘when treated as a group, themeans of the downstream sample are _
Slgnlflcantly smaller (at the 0.05 smgmflcanoe level) than those of the upstream
sample. All ‘dle downstream samples are better sorted than the upstream \, |
fsamples whlle skewness ‘shows 1o dlsoernlble trend However, when B
treated as palrs (upstream and downstream “for each bar) six of the’ elght
' bars showed the dovmstrean sample to be more negatively. skewed than the
upstream sample. When plotted on the same mean. versus sort.mg diagram
as the channel samples the upstream samples plot in the same area as
. the channel samples (Flg 5.2) . NotJ.oe that most of the channel
isamples are! arser and less well-sorted than the sieve sample of the
‘sand lntroduced to the flume wh.lch indicates the ;f‘asence of a coarse
pavement lrp the channels not apparent emept fran measurenents. 'U
The vertical sortlng patterns show a trend towards better
| sortlng anj? lower mean 51ze 'upwards on both avalanche faces and w1th1n
the bar (s Table 5. l) The sorting Wlthln the eighth ‘bar follows the
| pattern dr#m in Fig. 5.3. While flm_ng upwards is. evident at both the
head and the tail, there is a ooarsenlng downstream at the base rather
, tha.n the flnlng apparent m értuth‘s rQ.‘?ﬂtl) dlagram (hlS Flg. lS) How—

ever, the problen 1s that xt 19\1_%;&. icult to be certain that the

Lok
Z’ \'_ﬂ," i

sarples taken within the bar are diat its base. Notice also that
I )
the fining downstream at the surf/&ice ls%nly evident .on the dom':s

half of the bar. The transversd bars therefore follow% trends

+

-

. presented in natural rivers.
-3 !

5.4.2 Soour Pools o 0 '

Hein and Walkeru(1978) stated that follown.ng a period of hrgh , .
| B
discharge only a ocoarse lag ranalned on the surfaoe in scour pools x

IS St S
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In order to test whether this lag developed while the scour holes were
fully developed 5 pairs of samples frcm pools and the channels

| immediately downstream were taken fran aCthE’ channel junction ioours.
One ‘further sample fram a scour during waning flow was also taken.

The cumulative curves‘ fram nthe pools and channels seem to
plot very"close to each other (Fig.‘ 5.4) ard U-tests showed no signifi-
cant differences in means, sorting or skewness between the two groups
of samples. However, pair-wise camparisons are su?gg‘estive ofﬂrbettfer
sorted and more negatively skewed channel’ samples although the sample
size is far too small to give any conclusive results in this respect.

A\
- Therefore, at peak flow there is no evidence for the development of a

lag in the pools but‘ﬂte low flow sample is significantly coarser.

(see Fig. 5.5). One point of interest evident fram the cumlative
curves but not brought out by the sample statlstlcs is the presence of
a very fine tall maklng up only a 3 or 4 percent by welght of the pool
samples but representing a large portion of the sample by number.

Such grains are almost entirely absent fram the downstream samples and

»

from other channel samples.
5.4.3 Other Patterns
Additional miscellaneous samples revealed grain size /
distributions of interest:
1. Lateral sorting on levees - samples from the edge of one bar, the
margin of a channel and fram the 'levees' downstream of scour
holes showad the sediment in‘ these areas to be significantly finer
and better sorted than the channel samples (ske Fig. 5.2 and entry

3, 4, 5 in Table 5.1).



Pigure 5.4

CQuulative grain size curves for typical scour pool at
full and declining flow, and for channel immediately

downstream.
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TABLE 5.1

. CHANNEL J -.16

Miscellaneous Sorting Data
Median  Mean
(¢) . (¢)
. - Avalanche Foreset
TOP ~-.24 -.313
BASE -.80 -.770
2. Vertical Sorting Within Bar by
TOP | =12 127
MIDDLE o =19 -.183
BASE - -.55 -.583
3. Waning Flow Scour .
LEVEE N -1 -.100
POOL . . - -.78 ~.663
4. Channel Junction Scour , .
‘CHANNEL CENTRE =239 . -.493
CHANNEL MARGIN ~.32 ~.343
5. Channel/Levee
LEVEE ‘ -.09 -.083
CHANNEL, . -0 -3
6. Channel Division I
L. CHANNEL, = - -.525 -.518
R. Sﬁiﬁﬁﬁﬁv \ -:40 . -.48
CENTRE - * : -.90 -.88
7. Abandoned Sheet
UPSTREAM . -.35 -.40
DOWNSTREAM = -.85 -.81
8. Abandoned Channel |
“BAR -.78 - =.740

o ~.138°

141

Sorting ~ Skewness

(4)

" 365 -.481
.261 +.434
.225 -.112
.229 +.062

.537 ~=.053

240+ +.128
.265 . +,635

479 -.32
.360 - -.186
.225 +.049
.357 -.123
356 - +.07%
. .349 ~.358
1,310 +.259
.377 -.269
.346 +.256
.358 +.274

.335 +.046
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2. Channel division - samples frcm the upstneam area of exposed bars
showed a veneer of sedmnentnmchcoarserthanthatoftheadjacent .
channels. * Observations. suggest that this is a feature developed o

A after channel division has occurred (e.ntxy 6, Table 5. l)

3. | Wam.ng flow - as flow declmes over a surface there may be a
tendency for. the larger grams to move more ea511y and collect at
the downstream margins of thln grav_el sheets (entry 7, Table 5. l)

4. It is canhon, particularly'as flow declines, for a bar consisting
of materlal much coarser than the channel material to be depos1ted
w1thJ.n the channel produc:.ng a coarsening upward trend There is
no evidence that this occurs con51stently, rather it deperds very

ch on the local circumstances,: partlcularly the material avail-

able (entry 8, Table 5.1).

. " va'._
It is these patterns which seem to show more clearly the e

result of the pref‘erential' movenent and k\igher veloc1ty 'of coarse

material .

5.5 Sorting Mechanisms

In the absence of neasurarents, much of what follows must " ‘
be of a speculative nature.
5. 5.1 Bars | B 3

Although the downst::eam fining trends were. well established,
Hein (1974) failed to denonstrate convmc:.ngly that there was a’
wmnow:.ng out of fines from the bar head deposits (or diffuse gravel
sheets) and depositicn infediately downstream. Measurements of shear
velocity and esta.mates of shear stress showed no cons:.stent trerds

downstream and. attaupts to apply Sh;Lelds criterion to- statlonaxy and

S B T

PRV R

el



143

A )

mov1ng grains proved unsati factory. NevertheleSs, Hein (1974)
'Qﬁ ’ g é’ N

proposed that | the. upstream d/eposrt ‘was mdeed a lag while "dlfferenual

transport" ocould also play a role in--‘»the' sortlng mechanism. '. Apart

- from this, she does not acoount fmr}the flnlng-upwa:cd ev1dent in many

Pl

. bars smith's (1974) suggestlon'tﬁa*s;sa d‘@?ﬁne in dlsc:harge may be:

o,

& 4 o !
observed over bars-in which discharge was apparently fairly constant.

mlportant remains a possibility altl'mgh"ﬁ ‘the flume sorting was ="
We ‘are left with one remaining cause, fining—upward avalanche faces.
Since the transYerse bars show well developed avalahche face'"sg;gqe.
samples collegted from their downstream margins'will be taken fram the
| tops of foresets and] indeed 'th'e two types of samples fall in the same
region of Fig. 5.2. ‘The fact that the fining trend only beglns iﬁ the
- downstream part of the bar (see above) may also be significanr: Perhaps
what We are seeing is a tendency for all sizes to move ac':ros'sq the bar and
to avalanche dq/;m 'tl;e avalanche face but the 3éoarse gralns congregate

at the bottom of the face while the finer material is trapped higher up.
If the avalanche face increases in height as the bar develops <then
sortlng may only begin'once the face has _.reached a given height i.g.
after tﬁe bar has extended same distance downstream. Samples fram the
bases of | avalanche facés:show Athat the eoarsest material reaches those
areas so that its absenoe on-the bar surface is not.caused by a failure
to be moved frém the bar head region. Clearly, further sampllng is

needed to confirm this. However, this does ‘hot explain the progressi\}e
downstream fining on Smith's (1974) bars (see his Fig. 11, p.216) .
Unfort:unately; there is no indication as to whether these bars ha\;e
avalanche faces or not and- his general model of sediment sorting (Fig.

15, P 219) contains no indication that avalanching is respohsibl'e for

o 4

-~“,¢!~ ek 7S
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the patte.rn l_llustrated. Thus, while proposing sorting on avalanche ’
faces as a.possible nechanlsm, he; produoes no evidence to test the

| Jidea and"vlfa'pparently favours. other mechanisms in many Zasés. But, the

vertlcal sorting mechanlsm remains a reasonable explanation of dOWn-

stream flru.ng on same bar lobes at least.

*5.5.2 Pools |

As mentioned previously it seems that a coarse lag only
develops in. scour pools during the waning flow stage. During peak
flow the pools are apparently campetent to transport any materlal
which may be transferred J.nto them. The lag may be covered by fJ_ner
— material as refilling occurs. Reoently there has been some discussion
{ ,to why the pools and riffles of meandering rlvers should show finer
and coarser bed material respectively, while under n%st flow conditions
veloci_ties are lower ‘in pools than riffles (see, for example, Keller,
71971_) . The ekplan;ation appears to lie in the greater competence of
pools at— high discharges allowing the removal to the next riffle of

any material 1r1troduced fram a riffle upstream The meander pool and
scour hole of the bralded river appear to be sz_mllar "and therefore
excavation of mearnder pools in gravel may reveal a coarse lag
imnediately above the scour surfaces.

In fact, the fine tails of the pool samples si;xggest that it
is the very fine material which is trapped in the pools“, not the
largest grains. Alternatively, the fine mate’rial msy be sed:ment
which has been progressively washed to the lower layers in the

deposits and is only exposed in deep scours. v

S
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ij;g&;epos'its and the coarse veneer at exposed bar heads and in the early

Ny
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5.5.3 Iateral sorting
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*

The trends descrn.be& on éhannel levees, channel, lelsmn

a.nd exposed surfaoes may be expla:.ned by two related mechanisms.

stages of avulsion. ‘The two are a

grains have greater inertia and move more easily over fmer surfaces

fn_rung—upwards across point pars.

. These are exempllfled by two sortJ.ng patterns the fine levee

response to the fact that the larger K

We can envisage two situations in which these propertles

may be significant. Whenever the main flow oontmues in an approxi-

mately straight line, but where weaker setondary currents might e'xlst

alo;'.xg the bed away fram the main current, we might anticipate that

the smaller grains with a lower mertla will be more susceptible to

transport by the weaker divergent current (Fig. 5.6a). Thus where

flow expands (on a bar) , OF 2. secondary current develops (downstream

of scour pools) fme materlal will

accumilate either as distinct

ridges or as gent\ky sloping benches. The fact t—hat the smaller grams

are *iyhter aiso aLlOWS them to be

1ovee than the larger *raJ_ns

transported hlgher up onto the

~ there the main flow turns the finer grains may be more easily

taken wu:h the current while the larger grains with a greater inertia

mll be turned less easily and may

t* out51de of the bend (Fig. 5- 6a) -

Al

o occurs the coarse materlal nay run

pecame trapped in shallow water on
Thus, where a channel division

upontothebarheadmbetweenthe

channels while the ‘ ine material continues downstream. Similarly if

/_.,

and also to. the late'ral' balancmgnechanlsm ccmnonly used to account for

e M

)
Ty L T

L RFE
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Figure 5.6 .~ Lateral sorting mechanlsms
(a) In flow expansion.
(b) In bends. .-
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avuls:Lon occurs at the outsnie of a bend it is the coarse materlal

'wh.Lch will overtop the banks fJ.rst and travel farther :Ln the shallgw | .

¢
flow. Thus, a dlfference in the way\gralns of different 51zes react to

g:Lven flow oondlt_lons 1s central the explanatlon of several sortmg
P S, L '
: patterns . \ - - / _ '

O

5.5.4 Abandoned surfaces

-

* In shallow waning flow: secondary sort.mg of material as a
result of the preferentlal movanent of coarse graJ_ns is also ev:Ldent
., Thus abandoned surfaces -show sheets mth coarse downstream edges and
channels may be filled with coarse mate.rlal because it is. the only

material in motion under these condlt_l_ons. o : : az .

5.5.5 Antidunes ' ‘ \
With flow at fa.lrly hlgh Froude mebers (1-1. 3) in many flume
channels antldunes occur quite frequently ’I‘he_lr ~am;;;_fb,.tmde is usually- .
2-3 m and’ yayelength, 1-2 cm.  Antidunes are ccrmon in braided
rivers but the only evidenceof their _preservation is the. ob_servation
of transverse ribs of alternating coarse and fipe sediment found on
same bar surfaces (McDonald and Banerjee, 1971 G.lstavson, 1974 Booth—
royd and Ashley,"l975) . Because of the’ dellcacy of the ant:.dunes L
sediment collection fram.the flume, examples pmved 1mpossrble but-

-observations suggested the presence of coarse material in the troughs

".‘ ‘.:-"’. -- ““ - | »*' | | - X A . [ : 148'

and fine material on the crests. If .this pattern is preserved then transverse ribs

. could indeed result but it is probable that'most of the examples of -
this type of sortj__rx;m.lldbedestmyed;~ This does, however, serve as a

' good illus&ation of another way in which vertical sorting of sediment

. may occur, in a mamner suggested by Meland ‘and Norrman (1969) .

\

4} 
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5.6 Conclusions - . | .

This brief investigation of"'the ar‘eal sorting of sediment
in the flume chammel has shown, first, that even at this scale .
significant differences in grain size occur fram place to place across
thé Liver and that in general terms the sorting patterns observed
fOllOV;I those of full-scale rivers. Thus the transverse bars approxi-
mate the Hein (1974) and Smith, N.D. (k974) models, although there is somg
questidns as to whether the basal l:—:iyers fine downstream. In addition,
the development o:f a coarse lag J_n pools—or; the falling stage is
indicated and tr\xe imrmrtanoe'of secondary currents and the different
properties of grains in transport have been shown to be nnport;ant in
the development of scme nther wmsisten£ areal sorting patyterns In
terms of mechanisms the Shith, N.D. (10'7‘.4) model of fining-upward
avalanche faces seems tn be the most probable explanation of the trends
fourd in transverse bars while m this and other instances an emphasis must
be put on eithkr preferential motian of coarse particles or differendes
in response of different sizes to the flow ~onditions. What is mo=st
s:nrpn’.s-ing ia that clear size qu‘tJ_n;; patterns Aevelop despite the

very narrcw »ange ~f grain sizes in the fl'me sand.



CHAPTER 6. CHANNEL FORM *

6.1 Introduction " ' : .

If the mechanisms by which river channels adjust to changes
in discharge, sediment load, bed and bank material and slope can be

understood it becames possible to explain not only why a river should

adof:t a particular pattern but also-to predict under what circumstances

it will assume that pattern. In,ﬂthe past model studies have been used
to demonstrate the existence of pattern-thresholds related particularly
to slope (Schumm and Khan 1971) but if models are to be of use in
‘,quantlfyl.ng these ;elatlonshlps it is important that the model charmels !
bear a close similarity to natural channels of an eflivalent slope , |
discharge and grain size. Whlle the s:.tm_larlty;.should J_nclude aspects

of sediment transport as well as channel gecnetry, data avallable fmm

this study allow only similarity of the latter to be assessed. As self-

formed stable channels these braided anabranches should adjust in
precisely the same manner as natural braided anabranches and, when
su;'Ltably scaled, data fran medel and prototype should coincide. The
sixnilarity of channel form is thus one stage beyond. the process model-~

ling discussed in the previous chapters.

6.2 Channel Flow

4
) .
Befare proceeding to a discussion of channel form it is

important that the nature of the fiow in these small channels_ be
described in order to demonstrate that Reynolds numbers are in the
turbulent range a:}d that Froude numbers are close to those of natural,
steen gravel, ‘braided channels. Data fqr all channels are presented in

150
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Appendix 1 and a brief summary is given here.
Reynolds m.mbe.rs for the flow as a whole were calculated using

Re = _vé vValues range fram 1300—3600 with a mean of 2203 and standard

deviation of 536. HendeJ:SOn (1966) mdlcated that in flow over a rough

‘§surface values of -Re of approximately 103 are suff1c1ent to give

-turbule.nt flow w1th only minor viscous scale effects (see, faor example
his Fig. ll—2, p- 492). The values cbtained fram the model channels
therefore satisfy these conditions. Similarly, particle Reynolds
numbers (Fe* = ——3-9—) are also high and can be ignored in terms of
sediment entrainment. The range of values is 43-112 with a mean and
standaxd deviation of 62.5 and 14.7 respectively. Inspection of
Shields' diagram shows that these low values of Re* are likely to have
only a minor J_nfluenoe on the entraimment funct_lona o

~ In open channel flOd the FrQude mmber is the most Jmportant
flow relation and Froude SJ.IILllaIltY‘lS the most impartant modelling
criterion to be satis;fied. Unforﬁinately data with which to c?hpare
the model results are sparse. Fahnéstos:k (1963) gives values of Froude
nunber which cover a large range J_nclud::ng sqpercritié:al flovs. Rice
(pers. comm.) ports that alt.ﬁouéh f‘roude nurbers in the proglacial

Sunvvapta“Ri , Alperta, are below critical large standing waves are

cammon at peak flow. Similarly, Fahnestock (1963) reports antidunes fram
' <

the White River and other published photographs (e.g. Klimek, 1972;
Boothroyd and Ashley, 1975; Church and Gilbert, 1975) suggeﬁt that flow

near or above critjcal is not uncammon in these steep, shallow channels.

Froude nunbers from the flume channels range fram 1.03-1.28, jput in v1$w of

error in the measurement of dépth and velocity, the accuracy of these

values mast be questionable. Nevertheless, the occurrence of Standing *

&

\.

¢~
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waves and antidunes in many channels '('a‘lthoug'h ne\'zer*during measurements)
&Sugg@t that :chese: nurbers are mtha carrect range. - Thus flow at

channel fonﬁing discharges is apparently consistently at ar above

critical. The influenoe of the frdude mumber on channel form is

difficult to establish bllt Rouse v(l965) indicated that in the range

0.7-1.2 flow resistance related to the Froude nmber could be fairly

51gn1flcant (e.g. he recorded a 2-fold increase in resistance at

critical values campared. to those well below or abo critical) . Tl':e Froude

nunber is clearly Jmportant under these cnrcumstanoes but although the :

model values are falrly high they do not reprdsent unusual oondltlons .

in nature.

6.3 Channel Shape o | | v

The anabranches all show similar cl:oss—sections which consist
of A flat bed occupied by a moving traction carpet of grains with
concave upward banks (see Fig. 6.1). Width/depth ratios average 31.3
with a standard deviation of 1o 1 &nd range fram 11.9-64.6. This
campares with Whlte River data (Fahnestock, 1963) w;th an average of
24.5 and values frcm small sandur chann€ls (Church, 1972) in the same
range (llS .16—67.9) . 'lhls wide, shallow cross-section and flat bed are
apparently a resposnsé to{.the non-oohesrie materlal Sundborg (]_956) '
Lane (1957), Wolman and Brush (1961) and Schumm (1963) have cbserved
that channels with a highbed 1oad tend to show this form. Lane (1957)
and Wolman and Brush (1961) indicated that for an increasingly wide
channel, the shear on the bed is J.rx:reased at the expense of that ‘on
the bank Thus, in non—-cohesive material, at a given discharge, slope

and flow resistance, the chamel will widen until bank shear is

o
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insufficient to produce further erosion,at which point stability is
reached. Parker (1978) h _successfully derived reglme equations for
stable 'g'ra_vel channels with mobile beds using a .theoretically' derived
bed-stress distrlﬂ;ution—based on the lateral trans'ffﬁel: of mamentum by
turbulent di ffusion. Pickup (1976) showed that frdn consideration of a

standard sediment transport equation (myer—ﬁeter;-ﬁauer) there is an

- optimum width, at a given discharge, at which bedload transport capacity

w

»lS a max imum. Beyond this width the declme in shear stress resulting

e

‘fram decreasing depth counteracts the increasing load carrled by the

wideF channel. In fact Gilbert (1914) apparently originated this
concept when he dlscussedanoptumm "form ratio;' at which bed lead
transport is a maximm. In a similar vein Wilcock (1971) proposed' that
a higher width exponent in the hydraullc geanetry favours a high rate
of increase of campetence with discharge: - Thus, “he geametry of these
bed load chamnels is apparently a response to the nature of the bed
and bank materials while the actual dimensions may be related to a
tendency to adopt the "optimum or bed load transport maximising form at

the discharge which, over time, the most bed load is- transported" (Pickup,

1976, p. 371). However, in non—cohesive materials, at steep slopes, this

4

tendency may lead to the adopticn of width/depth ratioé which produce

channel instability and in-channel deposition.

6.4 Hydraulic Geometry

“Since Leopold and Maddack (1953) first coined the term
hydraulic geametry to describe . the changes in width, depth and velocity .~
with changing stage at a channel cross-section and downstream at a given

discharge frequency, studies of hydraulic ‘geanetry have proliferated.
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Now that a large amount of data exists Park (1976)2and Rhodes (1977)
have collected and organized this J.nformatlon in an attempt to identify
differences in hydraulic geametry on a regmnal scale and also to
explain the differences in exponents and demonstrate theJ_r 1mportanoe
on .channel response to changing discharge. At the same time there has '
been same ériticism of the procedure itself, centred particularly on the
use of simple power equations for “which there is no physical justific-
ation.” Richards (1973, 1976), in particular, has advocated the use of
polynamial equations vhile Lewis (1966) and Thornes (1970) both
recognized non—llnearlt_les and breaks in data In partlcular Lewis |

.

(1966) shcwed that it was not possible to fit a stralght lme to data

A
s

[

coverJ.ng a w1de range of flows> Snall channels with dlscharges less
than 1 cfs. showed different expone.gt’cs fram ‘the larger channels.
Meanwhile attanpts have been made to arrive at theoretical hydraulic
geametries using a Variety of approaches both, stochastic (Langbein,
1964) and physical (Smith, T.R., 1974). | a

The model channel datawere collected on a randcm basis so
that strictly speaking, they camparewith neither at-a-station nor down—
stream hydraulic geanetr’ies; ngever since all channels wére sampled
at channel forming dlscharge the data are of a form ccmparable to down-
Stream hydraulic gecmetry,. although the posifion of slqae m terms of
its dependence may be debatable . Fortunately, in addltmn to many
published downstream hydraullc gecmetrles there exist same mV%tJ.gat_lons
of braided rivers in which datawere collected in the same randam manner
as in this study (Fahnestock, 1963; Church, 1972; Rice, 1979) and these <
will form the basis of the comparisdn of model and prototype data.

The equations for standard hjai‘aulic gecxnetry cbtained from
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. the mode], usmg least squares regression are:
W= 0.47 Q- 619 :~r2 = 0.65 sig. = .01 (10)
D = 0.144 Q-?Gl’ r2 = 404 sig. = .01 11y -
o v=14.53 012 2 = .91  sig. = .01 a2

T—tests of the constants and exponents showed 51gmf1canoe values of
0.01 also The data and regressmn lines are pletted m Flg. 6.2. The
relatjonshlps between discharge and slope and dlscharge and flow
resistance (Darcy-Weisbach ff, Fig. 6 3) were not s1gnlf1cant but the
'equationi'sﬂ are as follows:

s'= .0148 Q~-93° 2 = .00136 o (13)

i
Il

£f = .289 Q"-2% - r2=.0324 (14)

- The scatter on all plots is very noticeable and 1s probably
the result of both measurement error and the influence of variables
‘other than discharge. But, attemptsv to jmprove the r2 values using
slope and grain size gave llt'cle improvement in. the level of explan—
ation. The failure of slope to improve the r? values is partlcularly
surprising but as mdlcated prevmusly the slope measuxanmts were |
subject to COnSLderable error. As a smple descrlptlve and canparative

deV1oe the power equatlons are adequate for our purposes. Although

more oanplex relationships between the variables may exist there is
llttle justlflcatlon for fltt;mg more ocmplex lines to the data in
view .of the scatter evident on the graphs. Also there are no publi
data with which to campare polynamial equations fram the model wit§
those fram a prototype.

Table 6.1 sumarizes the hydraulic exponents fram other
empirical and theoretlcal studies. While the low velocity g fht is

camon to most studies there are obvious’differences '
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Mean Velocity (cm/s)

Mean depth:(cm)

Width {cm)

10

100 200 30 400 500 600 700 800900 1000

Discharge (cm3/s)

Figure 6.2 Hydraulic gecmet"ry of model channels.



Figure 6.3 Water surface slope and flow resistance (Darcy-Weisbach

resistance factoE) versus discharge for model channels.
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of the mcrease in cross-section area with dlscharge. 'Generally speak-
the agreement isg close, with both emplrlcal and theoretlcal down-
‘stream hydraullc gecmetrl%.. ']he t:do ccmparable sets of data fram
proglaClal gravel Streams ‘(Fahnestock, 1963 Rlce, 1979) show lowe_r
w1dth exponents than the flume channels but in general te.rms the flume
channels show the same k_md of hydraullc gecmetry, T.e. w1dth exponents
'close to 0.5 or higher and veloc:Lty exponents 0. l—O 2. |
\‘ A more useful exerc:Lse than the stralghtfoxward ccmparlsoh of
exponents ‘can be carried out usmg the data fram the Sunwapta River

(Rice, 1979). These data were oollected in a manner s:.mllar to the

. flume data, w1th adjus‘anents made for measurements below bankfull

dlscharge arrd for velocity measured using floats. Each reach was gauged
at three stations and an average value for each p(araﬁméter calculated
from these th;Fee statlons Water surface slopes rarged fram 0.002 to
0.016 (i.e. similar to those in the flume) and dsg fran &m to 70 rfm'
.By calculating dimensionless width, depths. ard dlscharges using ds,

as the principle scaling factor it is poss:Lble to campare directly the
dJ.mensmns of the model and ~pmto_type‘ channels '(Parker, pers. cam.).

The three dimensionless varibles aredeflned as:

B* = w/dsg A o as
B* = D/dsy | e (16)
L= Q : (17)
m_o ~ds 2 ‘
Least squares regress:.on for the model channels gave:
.~ B* = 3.66 Q*O 505 g2 o 0.638 sig. = 0.01 - (18)
% = 0,37 Q#0.3% r2 = 0.636 sig. = 0.01 (19)
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for the Sunwapta data:

B*

1,1.43._Q*0-37’=? 2 = 0.908  sig. =0.01 (20)
H* = 0‘4v66 Qk0.338 r2 i,,‘d.ésg sig. ¥ 0.0L’ (21)
and the two sets of data canbined: * & ,
B* = 8.16 Qr0-40% | r2 = 9.89' | ; sxq = O,di ()
HA = 0,395 QH0-352 2 =0.926 - 'S;lg.‘ =001 (23

Flgure 6.4 “shows the two sets of data w:Lth then: respective

regressmn lmes. Clearly there is consulerable overlap of the data
pa:ctlcularly in the case of the. Sunwapta data, the p051tlon -of - the

best fit regressmn lines may be affected cons;Lderably 1f part of ‘the.

data ,}s-@{cluded fram the regression. .Trms, for: example, using only

points with Q* in the range 10 3.10" (i.e. covering the same range as"

the_model' data) produces: - o B °
‘Br=1.99 *0.578  r? =10.753 sig. = 0.01 (24)
Cop* = 1.11 Q*O.ZZI rZ = 0.699 -+ sig. = 0.01 (25)

While the B* v Q* line approachee more closely that for the flume data
the H* v Q* line is further away | | | |
In order to asoertam the smu],arlty; or ot-hexwme of the o
| regression lines it is possn_ble to odnpare the a and b coeff1c1ents
along with their oonfldenoe lnmlts.; 'Ihe calculatlon of cornfldence
limits u§mg the standard error is g:Lven in Appendix 3, along with the
actual values obtalned In sumary it can be said that fOI both B*
and H* there is overlap of the confidence limits of the b coefficients
.’ fram all four sets of data (all data ccnbmed flume, Sunwapta, and
Surwapta Q* - 103-10“) while in the case of the a coeff1c1ents there _

is not always overlap but in all cases the cmfldenoe llmlts glve

possible values which are very close to one another Clearly the



Figure'6.4 = Camwparison of 'dimensionless hydraulic geametry' of
model channels and Surmwapta River data. / .

1
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regression eéi{uations fraom the model .and prototype glve dimensiohless
hydraulic geametries very close to on; another.

Current’ explanations of the cause of braiding cehtre attEh—
tion on the w1dth/depth rat:Lo of the channel (see p 24 ). The earlier
observations of Leopold and Wolman (1957), that a stream in equilibrium

({.e. no aggradation or ?egradation) braids at slopes above a certain

threshold, was confirmed in later studies %dende.r\son, 1961; Schumm and

) . .
Khan, 1972) and this ties in with the fact that’'at constant discharge

and sediment size  the width/depth ratio increases with slope. The trend
should have been observed in the flume ‘/channels but, hecause\ of vari-

ation in grain size ard oonsiderable range of discharges, there, 1s large
scatter in the relationghips bet:deen depth ard slope and w1dth and
slope (see Fig. 6.5). Notlce, also, that w:Lth the flume :et at a ngen '
slope the slope of individual anabranches is oonstralned 1.e. they are

not campletely . free to adjust thelr slope.' However, the regressions, : B
although by no means s:.gnlflcant do gJ.ve a negatlve exponent for

depth versus slope and a p051t1ve exponent for width versus slope

(W= 21.06 + 90.135 S, D= 0.764 - 3.225 S). "The ‘relatlonshlps can be.

‘made more orderly by fJ_rst usmg the varlables H* and B*

(defined above, P 116) to allow for varlatlons in graln s:Lze, and

7 S

seoondly by splltt:Lng up the ,sample into several groups acoordlng to’

~ discharge. In this instance Q* Was used but in fact the values of .Q would

have produced grouplngs ‘only le.ghtly dlfferent frem those used. 'Fig..

6 6 clearly shows the influence of allowing for dlscharge and regress-

ion lines for the J.ndlv1dual groups ooan_rm the negatlve trend of
depth with slope and the J.ncrease of width w1th slope at each dlscharge
level (although only the two mlddle groups Q*'— 1000—2000 and Q* =

[
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Figure 6.6 Dimensionless width and depth versus water surface %Iom. '

/ : Data stratified using four discharge groups.
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2000—3000 have samples la.rge enough for a regressmn analysis). Again,

the regress;Lons are not significant but they do serve to illustrate

»

that despite the scatter the expected trends ‘are evident.
: N, ﬁ

.'6.5 _Flow Resietance , | .

| In these flat—bedded gravel channels muct of the £low
resistance is invested in the partlcles on the bed. Church (1972)

fourd that where the Me,l bed remainea inactive-even at fairly high
flows the resistance decreased extremely quickiv with increasing |
relative roughness at a station, but he suggested that the ex:Lste.nce of a
- ymobile bed ocould have a marked effect on this relationship.

Resistance to flow in open channels is usually expressed in an equation
such as Mannlng's g o

’

. (26)

\

vV = R2/3'S.1/2/n'
which was derived énpit'mally ot in a similar ferm using the Darcy-
'Weiebach friction facto_r:. |

V « /gRS/fE or = 8gDS/v? . A .27

Keulegan's (1938) logarlthma.c flow law to describe the
velocity profile in turbulent open el flowgis also theoretically

correct as a resistance tion for jmensional flow:

v

e R N - N L (28)

’ Church (1972) suggested that a mor generallzed expression of the type

channels and further J.ndlcated that this could be expressed as:

e Vo pc* ‘ _ .
* 5 =Ci3 /8/ff R (29) g
The relat.lonshlp to the Darcy—We;stach ooe_f1c1ent is deriv-«
. —ed fran C\ /v2 and v = 8gDS/ff US]_ng Strickler's relat.lon for
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roughnéss due to.apa:ticle size in gravel streams (n.= 0.038 dO.‘]'_6‘7) '
‘we find that the Manning equation, when allv resistance to flow is
provi_ded b}_'/m the pa.rticles on the bed, can be expressed ’as: .

/8/ff = 8.4 a— Q. 167 where d = dyp '(30)

Not only is the size of partlcles impbrtant but thelr spac—l
ing apparently” influences resistance also and when closely packed may
presént -an ‘apparently smooth bed to the flow. An‘active carpet of
ma&:eirial may produce the same effect and so influence the reéistancé \

| Lelationship, All the mdel chamnels showed live beds and for this
reason we might expect resistance to change very little with D/dgq
ain canparison'with a channel with an inactive bed and, therefore,
approach more closely the Mannlng relation (eq 30) The regfessioh
equation for the flume data (see Fig. 6.7) suggests that this 1s the
case! _ . ‘

: - ofg/ff = 8.13 (——) 0.25 " . -
The re51stance for a given D/dgo in the nodel channels is lower than
predicted by Str:lckler s or Keuleg‘an s law and tl%s may be due elther
to the presence oé a mobile boundary or more likely to the restrlcted'

P

range of grain sizes on the model anabranch beds.

6.6 - Channel Stablllg | S | —

)

z.rker (1976) proposed ‘that d;annel division commences when

the Lnequa ty D/W £ S/Fr ceases.to be satlsfled Calculat::.on f D/W

and S/Fr for ‘the stable flune charml@{haﬂs that all the

this; relatlonshlp Those approachlng the critical values
are (inevitably) .thos_e with large width/depth ratios or D slopes;, as -
would be expected |

However, generally the loss of stablllty is: expressed
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not by straightforward division_ following mid-channel deposition but
by the construction of bars and associated channel scour. Channel

division then follows fram these develo;ments. While t-he theoretical

fw:.dth/depth ratio applies to the stable channels it does not preclude

channel .division at values apparently below critical through the
reduction of depth and loss of sediment tra.anort capac1ty "following
bar development. In thlS respect it is mterest_mg to note that the
channel fram which the braiding commenced (D/W = —0 04, S/Fr = c0.013)
was originally within the stable 51ngle channel reglon of Parker s

(l976) diagram (his Fig. 4).

6.7 Conclusion f ' _ ; ~
By" following approximate-scalihg relations it is possible to

produce a braided rlver model whose self-formed anabranches resenble

‘closely those of a full-scale prototype The hydraullc geometry of ..

the channels 1s smular to that of natural rivers in non-cohe51ve
material. and is typlfled by a rapld increase “in w1dth with dlscha(.\’?g >.

By scallng the channels appropriately it can ¥ shown that the model

and protOtype channels show similar dlmensmns. Flow re515tance .

.-

. changes only slowly with dlscharge and relati roughness, either

because of the llve bed which presents a smooth boundary and reduces

)f\‘

'VJ

tcf)e 1nfluence of grain size on res:Lstance or because of the small
A N ,:"

‘ /.
ff range of graln_slza; present.
2 ’ .‘ ’QQV N . -
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CHAPTER 7. SUMMARY AND SIONS

7.1 Introductlon

In view of the ocmple:clty of braided rivers and the Co.
difficulties encountered in field mvestlg_atlons of full-size bralded
svtream processes (Fahnestock, l963 Hem, 1974; Smith, N'D., 1974) they’
present an ldeal subject for study in a laboratory model in which
observatlons of .events are-simpler and in which the values of

-

variables such as dlscharge and slope can be chosen and varied at-will.
Such models have proved extremely useful in fluvxal geomorphology ’
particularly at a qualltatlve level Attempts to compare model and
prototype at _a Wore quantltatlve level are rare, but provlded same
basic nbdellirxg"principles ‘(geametric and E‘roude snnllarlty) are obey—
ed and Reynolds effects are negllglble, there is no reason why sel_f—
formed rpodel streams should not be canpared dlrectly with full-scale .
|

erGIS at a quantltatlve as wel}has qualltatlve level In other words, \\

1

| it should be possible to go beyond Hooke s (1968) process modelllng
While ocmparlsons in this study were limited largely to descrlptlve
y{ rmat.'Lon, the data on t»he dnmensmns of 1nd1v1dual anabrandhes
serves to demonstrate the quantltatwe s:_mllarlty of model and proto—
type Clearly however there is a long way to go. before similarity of,
say SedJ.ment transport is establ:.shed althou gh there is probably at
~ least order of maqmtucﬁ smllarlty even in the fa:Lrly crude’ model
discu_ssed here. The results fran thls model can be sunmarlzed under
three headiigs - pattern deve’loppent;, sed:ment sortlng and channe}.

A
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7 2 Patbern Development
e ‘When started frorm a straight. trench braldn.ng was mltlated

frcm a series of regularly spaoed, lobate, altematn_ng bars sm.llar ,

to those descrn.bed from several flume and fleld StL‘dleS of both meander—

'J.ng and bralded rivers. The common ori’gm of braJ.dJ.ng and meandermg

is implicit in reoent theoretlcal studles of channel pattern (e.g.

Parker, 1976) At the same t.1me reoent llterature has pomted to a simi- \?
larlty of sed.unentary features in braJ.dJ_ng and low—smuos:Lty meandermg
rivers in canparable materlal and thlS tends to confirm the w

—

braiding can. be cons:Ldemed as a modlflcatlon of neanderlng at high

w1dth/depth ratios and/or low relatJ.ve roughness (D/ds 0) -

o . The full braided pattern develops when the bends in.the

sinuous thalweg increase in amplitude and the s develop to a point*

‘where they begm to obstrucL the flow. The hifhest (usually central)

portions of the downstream extremity of the bars beoome too shallow to
transport bed 1oad and £rom nuclel around which flow leldes producmg
two or more active channels in any. one cross—sectlon Thls is oontrary
to Leopold and Wolman's (1957) des\crlptlon of the initiation of

I3

bran.d.mg but Wl dlmsron of thlS type was also observed at. tJIIES

LN

durmg the expernnents. Once establlshed the pattern 19 ma_mta:l.ned by

. the tendency for the channels to oontlnué to develop these lobate/

| tabular bars wh;Lch produoe cha:mel mgratlon and flow dlversmn and

‘dJ.Vlsmn. » 'I‘hese dynamlc lobate bars are the pr:.mary expressmn of sed:lment

: ’depOSJ.tlon and alc(mg w1th sootcr pools, should be regarded as the prlmary

. element of" the bralded pattern They often act as major sedlment

transport surfaoes and.their dcmnstream or lateral mlgr?lon results
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frdn dep'osition at their margms which show avalanche faces with'a -
' helghtofhalftlmchannel depthormare (1, e uptoaboutlanm
this mbdel) These bars respond o and in turn produce cha.nges in the

flo pattern and in thelr primary form can be diyided up into those - T

L _ whlch are asyrrmetrlcal (the most catmon) and those Wthh are. syrmetrlcal

‘ in form w1th respect to the maln current dlrectun.‘z In prev10us B
termlnology these wouldvbe referred .to as linguoid or: transverse bars
' (M:Lall 1977) and are equlvalent to the dlagonal and transverse it
bars of Smlth N. D., (1974) Once they become partlally or wholly lnactlve ’
-abandoned or dlssected they may leave s:.mple longltudlnal rannants \

and dlagonal rlffles or beocme part of sqne more ccmplag dep051tional

E-

structure It J.S mtportant to dlst.mgm.sh between_thesa actlve bars

v the con.fu51on evident 11& the use of, for ‘
, | o _ o

,.li ]bar' . ’ ) 8 7

ede1th vupstream scour and in many cases the developnent of p nounced
pools. These may’ be of Ewo prmc1palstyp&s R / "
o~ :
1) Channel Junctlon Soour - develops Where two or more chanyéls ocon- ) I
| : Verge producing seoondary flow cells w1th downward motron in the
centre and apward and outward mota.on downstream Bars and small
submerged leveas develop dcwnstream as a result of scour of
‘sed.ment and in respons:e to the flow pattern establ:.s{hed
2) Asymnetrlc scour - assoc:.ated w1th asynmetrlc bars and also found

in channel bends A strong s:mgle,hellcal Flow cell produc&s
.. ( . e . . 3
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scour and results in bar deposrc.lon mmedlately downstream.

These basrc forms, with a va'rlety of dlfferences in

177

detalL,

constitute the building blocks for more camplex dep051tlonal units.,

Several processes are operat_we in the develognent of these lateral

<

and medial camplexes and it is possible to recognize deposrtlonal forms

and relate them to these processes and thus', in same cases at

build up a plcture of events frcm partrcular forms as well as

least,

observe

the actual processes at work. The same ba51c processes of channel

mlgratlon, division and avulsion, along with the scour and bar

constructlon, deposition on the inside of bends,and the llke may be

identified in all camplexes. Same point bar and medial bar ccmplexes

are recognizable as being built during one continuous series of events

while most result fram several- events and hence show both erosional

and depositional features.

The whole system can be VJ.ewed as a heirarchy of forms with ‘

' the scour and deposition sequence occurring on at least two or three different”

scales. Sequences of aggradat.lon and degradatlon at a scale compar-

able with the bend wavelength mayp{?responsible for the hfluctuations

in sediment yield observed in the flume and may relate to the

longitudinal proflles of the sandurs studied by Church (1972)

stepped

Observatlons of approximate rates of bar mlgratlon show at

least an order of magnitude agreement with comparable rates

rivers.

'I‘he observatlons of the manner in which the braided

from natural

‘pattern

developed and the similarities . to the initiation of meanders 1n

similar material, as well as the sedimentological features which low

simiosity meanders and braids have in cammon, again brings into focus

w!
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_ the oontlnuum of channel pattern Not only,«rls there a contlnuum 1n

_plan form (Leopold ‘and Wolman, 1957) but also a parallel oontJ_rmum J.n
SR
 terms of. channel processes and sed:mentology Not only do bralds and

meanders in s:\_mllar ma'oerlal (in tl‘m.s case, gravel) resanble one s

another but, also, Lecent work by Cant a.nd Walker (1978) m the sandy
South Saskatchewan ‘River provides desc:rxptlons of bar formation which
agree very closely w1th those from the flume cha:mels In terms of
external bar form,at least, sand and gravel bralds app:rently have ”
samething in oam‘on,suggestlng that bars in both sand and gravel

orlglnate in ghe safne way (namely as- tabular lobes of _sedlment) .

7.3 Sediment Sorting

<

Durlng constructlon of the bra:Lded river )depOSltS a certain

amount of sort;mg of sedm‘ent by - 31ze is* 1nev1table and although super—
: t'icia‘lly rather chagtic there is same recognlsable order to the’

dlstrlbutlon. The 'fact that same: of the patterns observed in the flume
" have also been descrlbed from natural \rlvers is encouraging in terms
~of the success of the modelling, all the more sO when it"is remenbered

that the sand used in the flume had a fairly restricted size range.

of prmary J_mportance is the downstream—rmlng observed on many active

par surfaces. Its origin remains unclear in the absenoe of satlsfact—‘.

- ory measuranents but the most likely explanatlon would seem to be that ~
which relates the sortlng to the development of upﬂards-flnlng on the
svalanche faces of these bars. 'Recently the 13iffuse gravel sheet' |
model of the origin of bars and bar stratlflcatlon in gravel braided
rlvers has been proposed to explaln their initiation and: develogment
(Hein and Wa]ker, 1978) . Thls model requlres that the fmer particles

“

are wmnowed fram an original by poorly sorted sheet of gravel two or



179

three grains, thJ.ck (such features were observed in the flume) thus RN
produc1ng flnlng downstream across the bar surface. As yet a thorough
1rK/est_1gatlon of “the' 'dJ.ffuse gravel sheet' n‘odel has not been

attempted 'I'he small number of samples taken frcm the flun‘e:whlle

——.

agreeing w1th the surface sort.mg pattern of the 'dlffuse gravel sheet'
model also show very coarse materlal -at the base of the avalanche
. faces of the bars sugges.‘tlng that the Flow is capable of ' transporting
these large particles across the bar su.rfaces. If-this is the case“

perhaps we should look for another poss1ble sortlng mechanlsm of Wthh

the most llkely is assoc1ated w:Lth the vertical sort_mg ev1dent on the T

avalanche facés. If th_‘LS is the actual mechanlsm then we mlght expect _
: only those bars w1th well—developed avala.nche faces to show a clear
-downstream flmng A resolution of thls problen, 1n fa\?our or agalnst

/
the 'dJ.ffuse gravel sheet' model would be a useful contrlbutlon to the

»~
understandlng of gravel stratification.

The larger scol,p: pools whén actlve, show no sign of a coarse .
lag but do have a small amount of extremely fine materlal Wthh is
absent from most other samples These flnes may have been gradually
- washed down to depths which only.the scour holes reach. Once £1ow in
" the scour pool begins‘ to decliriéf in-strength, coarse materlal accuml-

ates at the bottom and the pool is _'gradually infilled with finer

\ particles.

Lateral sorting is also very apparent. Where secondary
currents are strong enough to carry bed materlal it is cammon to flnd
only the fmest sedment taken by these currents and deposits of fines
~can be found at the margin of bars and channels (where flow- is expand-

ing) and downstream of scour holes m\the levees constructed by the

R Sy R A e E
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secondany flow oells. Under certa.m c.u:cumstanoes the gréater J.nert]a R e

R e ;

and ease of movement of larger ;{artlcles lS also respons:LbleJ,_fbr sort- S.,_z

‘ J.nt Thus ’ for exarrple, at channel dJ.VlSJ.ons and where flow beg:ms to

overtop the banks in bends /1t is the ooarser materlal w1th the greater
[

inertia which fails’

lnactJ.ve snrface: ,

'E - be Carrledmto th_e ngy channel is tnecoarser materlal whlch moves

R more eas:.ly in shallow flow over fJ.ner part:Lcles. L

1 S In expla.mmg the sortmg pattems it is J.r*portant to

) cohs1der the forces actJ.ng on grams once they are J.n lTDt.‘LOI'l, as well

as the foroes oontrlbutlng to the ln:Lt:Lat:Lon of motlon, and the fact

'that larger partlcles may be. more ea511y moved than finer ones -

SJ_noe they are the mam companent. of bralded river depos.lts lt

) 7’; is perhaps most Jmportant that the dlstrlbutlon of graJ.n ‘sizes 1n actlve

;o bars be fully understood o _ ‘\__

7 4 Channel Form

v ' ’ ’

& Channel dJmensmns and dlscharge measured in 34 channels at

‘fapproxnnately eqtuln_brlum revealed a hydrau.llc gecmetry s:.mllar to that

of other strean“s ?or{—cohes:we material but ‘with a rather hlgher

Wldth exponent than is ocrmonfy the case.. ‘Ithe hydraullc gecmetry is

equlvalent to a downstream type and the values obta.med were close to .
@ ﬁlose of theoretical and anplrlcal dpvmstream hydraullc geometrles in

non—cohe51ve materlal When scaled approprlately, usn.ng dso as the

principle scalJ.ng factor, the data agree closely with s:.mllarly scaled CT

prototype data frcm the Sunwapta River, Alberta, ThlS aga:.n lS

- encouragn_ng in terms of thereallty of the model. | -

Reynolds nunbexs for all channels were hJ.gh_ enough to be o

turhw:.tﬁ?theflowandlscarrledupont@the -

, _when avuls:.on ocumences the flrst :sedmlent,‘to‘ R




ooy 'Aare not abnormal for shallow, p channels

o assured of fizlly turbulent 1ow and v1soous scale effects were o

...consequently num_mal F;o nUmbers, although all supercr;.tl '

| , All the charmels show D[W v S/lﬁ?Walues below crltlca‘I for o

bra:LdJ_ng and thus tend to cdnf:.rm Parker‘s (1976) crlterlon Pattern

mstablllty Orlg:mates n‘al'n]_y as ajresult Of bar fOI'mat:Lon and whlle .. ’ ‘_. v‘ R
! ‘.themdth/dépth ratlo rema.l.ns at. ‘the oentre of the brald;mg threshold ‘_: '

1t lS camon for the decrease m depth as a result of bar dep051tlon, - @ ‘
EA S

o to produce phannel le;LSlon. In othe.r words there e two forms of

'_lnstablllty - the f:l.rst mvo’lves an mcrease in :""'dth/depth rat_lo to

s }‘allow the developnent of regular veloc:.ty '

v

i /_bar development md' the second ﬂan mcrease J_n w1dth/deptn ratJ.o at
constant dlscharge whlch produces deposrclon m the centre of the
cha.nnel. Both lead to chahnel d_lVlSlon and henoe braldJ_ng Rarely does -

' '_a channel remaln devo;Ld of bar developnent to allow braid_mg from thls'.-'

9.

'second source although 1t 1s ccmnon for th.‘LS type of mechan:Lsmto pro—

‘duce. the first channel d.lVlSlOI‘L m al bralded reach In other words S

"‘-0

'channel dlvn.son assocmted wn.th acta.ve bar lobes .'LS far more cammon -
P .

than the clas51cal Ieopold and Wolman (1957) type
: ,,.‘,-.7 5 Concludmg Remarks

’I’he extent to whlch 1t has been poss:Lble to model gravel ,

. a

bra1<hd'x rlver processes in a small flume pomts to. th.lS approach as

K

‘1 bemg of oons:.derable value in the future. ‘At the same tJ.me the present

"model 1s a llttle cruiie m sane respects and 1n partlcular .unprovements

: to the =ed1ment feed and dlscharge systans are des:.rable . Mean—
4vwh.11e, in terms of the nodelllng 1tself a 1arger range of Sédlz“ent

"_s:.ze, a larger flume w1dth and deeper flow (7, e. an- lncr_ease J.n the

Uy



' of the model :Ln thls study lJ.es ;Ln the understandmg at a qualltatlve

| well as easmg sane neasurenent problems

level of the assanblage of processes responsmle for the bew11dermg

E i ,.1 - _i . _.‘v, ‘ )

'_.;.V..
,

. sue of the model) would help Jmprove both the standard of modell:.ng as_

' ¢ e

.;p" .

Whlle model studles may not be as adventurous as fleld wbrk

' array of deposit:.cnal forms present m bralded rlvers.: Ccmparlson of : -

the forms in the nodel w1th descrlptlcnSaand 1llustratlons frcm RRRE

o natural rlvers show the accuracy w1th th.ch the model reproduces these

forms 'I'he model also holds promlse m consuierlng problems such as B

the mfluence of slope, sed1ment slze

magnltude as those of prototype rlvers. " quant¥tatlve smu.larlty

\and fluctuatlng dlscha.rge cn the

{

- vcharacterlst.lcs of bralded rlvers.- But, 1t has a;Lso been shown that by
4 _obeymg bas1c modelllng crltErla 1t i poss:.ble to produce gha.nnel
’ gecmetry Whlch 1s very close to that of prototype rlvers and channel

- -mlgratlon and bar m:Lgratlon rates at least ln the same order of

S

' of the more: detalled aspects of; for example, sedment transport rates N

has. yet to. be ver:.fled Perhaps the greatest value of the model lles ' o l .

in the clarlty with th.ch processes can be observed a.nd the prov131on

o of a perspectlve wl'nch allows a better pn.cture of events to be assem—

bled than- 1s posszlble in the fleld.; Thus, the n'odel is a source of ldeas”

o be tested in the field. R ST & |

\ : B -}‘."‘ .

'they can certa_miy be equally frultful Perhaps tfle greatest advantage' R - I

- N “ v . . . .
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APPENDIX 1. SUMMARY OF SUNWAPTA RIVER DATA - 1 ,
Discharge ° Width "~ .Depth . "= . . S ,\V' ' -
(ad/s) . (m) Cm dso'ﬁnﬁ\ SR OLE  B* H*
7.38 13.46° . 0.35 26.91 \\l.GOxlO“  500.18  13.00
2.48 - 7.16 0.22, .39.67 )\ 2.61x10%  180.49  5.55°
3.97 6.02 1 0.49 .. .- 55.71 1.51x10% . 108.06 - 8.79
1.53 6.10 . 0.20. . - :35.75 - 2.22x10%  170.63  5.59 |
3.12 - 7,42 00270 37.27 4.00x103 199;qg 7.24
0.42 o 4.84. 770 0.15 34.29 . 3.56x10% - 141.1 4.37
1.97 ©7.87 0 0.25 69.55 3.86x102  113.16- = 3.59
0.98 5.84 N S ' 68.59 00x102 . 85.14 | 2.92
1.89 5.94 0.28 46.85 \1.21x103 - 126.79 - 5.98
14.16 18.90 - 0.45 37:01 /1.84x10% 510,67 12.16
1.00 - 6.60 0.19 51.98 (t4.69x10%  126.97  3.65
9.23 19.51 - 1 0.30 ‘41.64 \ 8.47x10% - 648.54  7.20
CL.22 7.57 1 0.18 20.82 71x103 ~—863.59  8.65
0.87 4.17 °0.19 33.59  1.53x103 124.14 5.66
- 1.34 7.87 0.17 25.99  4.96x103 - 302.8L  6.54
o 3.25 8.99 0.26 32.00 6.50x103 .°280.94  8.12
0.83 5.08 0.17- 19.29 - 7.54%10%  263.35  8.8L - .
0.45 6.30 -0.13 '36.76 . 6.00x102 .. 171.38  .3.54. -
0.33 L 4.47 0.14 - "34.29 ’5.41x102 - -130.36. 4.08
2.73 - = 6.56 0.31 20,97 1.95x10% . 312.83 - 14.78
8.51 16.08 0.47 13.00 2.84x10%-~ 1236.90  36.15
0.40, . 5.03 0.15 17.75 5.00x103 . 283.38 -
1.62 '5.64 0.27 .- 16.00 . 2.70x10% . 352.50 - 16.87
1.78 9.07 0.26 17.15 ¢ 2.22%10%- .528.86 15.16
x 0.57 6.63 0.12 ©°19.03 - 5.70x103 = 348.3%:  6.32 -
0.58 5.64 0.16 12.73°  1.93x10% - 443.05 12.57°
1.14 7.09 0.19 8.28 1.14x105  856.30 22.90
1.36. _ - 7.70° 0.20 . 8.57- 1.36x10° 898.50  23.30
4.48°  © 18.90 0.37 - 10.93 -2.24x105 1729.18 33.85
5.65 13.57 0.42° 13.93  1.41x10°  974.16 30.15
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Appendix 3. Calculatlon of Confidence Limits ofra and b Coeff1c1ents

' (see Doornkamp and King, 1971)

a and b coefficients are established with varying degrees of confidence
. - . v .

b'according to the 1evel~df correlation and‘the size of the sample.
. . 2
. - O¢ .
Varl?nce of b TR

ae?

il

. - g
variance of the residuals ( s . S

v Xi any value of x

X = mean.of x

+ Standard error of b /variance

O¢ -~
Z(xl-—x)2 %

]

Standaga error b

2

" Usually only an estimate (S2) of Ge is used giving the estlmated

standard error~of b = ————£i~——j;

L (xi-X) 2

Assuming reéidualyvalues (Ei) are normally aistributed then it can be
. shown that 100 (1-0)'% confidence limits can be established for b by
mult1ply1ng=standard error of b by the t—value for (n-2, l-%a) where
thlS~lS (1~%0) % points®of a t distribution w1th (n—2) degrees of -
’**fréamln _
The -level %q‘is takeh.since the test is one tailed i.e. ﬁééd to
establich only a difference between b and o} not the direction of the
3 différgmé. | |
S;me applies to a
.

) "
Standard error a = .S
¢ _ . nr (X _X) 2 C¢

%

a- t(n—2 l—%a) standard error a

let a = 0.05 therefore,l-%a= 0.975



Example:' :
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If b'= 0.5, the standard error, of b ='0.085 and the t-value

for n—2 degrees of freedcm at the 95% confldenoe 11m1t 1s.

2.3, then

b—05-0196at 95%oonCce11mlt !

; _standarderrOr of = 0.03, - o

If a=3.5, a = 0.05 and (l—%a) = 0.975, ‘then’ ‘he t-value
for n-2 degrees of freedcm is agaJ.n 2 3 then

=35to0060 R
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