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BOUNDARY SHEAR STRESS, SEDIMENT TRANSPORT AND BED MORPHOLOGY
IN A SAND-BEDDED RIVER MEANDER DURING HIGH AND LOW FLOW

v W.E. Dietrich* J.D. Smitht and T. Dunnett
ABSTRACT

In a small sand-bedded -river-meander, velocity, boundary shear stress, water surface
topography, bedload, bedform and suspended load transport fields were mapped during Spring
snowmelt season over a four-year period, 1976-1979. Discharge, controlled by irrigation
outflow, was about 0.7 bankfull flow in three of the years. In the drought year, 1977, the
discharge was only about 0.2 bankfull. At the higher stage, the total boundary shear stress,
computed from the depth-slope product, was 55 dynes/cm®. Velocity profile measuremens

‘was 30 dynes/cmz. We also computed the boundary shear stress causing bedload transport with
4 recently developed model that uses single-velocity measurements near the bed, and at the
high stage, this averaged about 15 dynes per cm® near the bedform crests. For the lower flow,
the total boundary shear stress was about 26 dynes/cm while bedform and bedload boundary
shear stress averaged about 22 dynes/cm”. The boundary shear stress responsible for bedload
transport alone was on average about 12 dynes/cm? in this case. Although there was a reduc-
tion by one-half in the tota] boundary shear stress with reduced stage, the boundary shear stress
available for bedload transport decreased by only 25%, Commensurately the total bedload tran.
sport decreased by only about one-half from 129 to 58 gm/sec. During lower flow, net deposi-
tion in the pool and erosion on the flank of the high stage point bar formed a bed morphology
geometrically similar to the high flow form. This produced a distinct flat-topped point bar cu
into the convex bank of the high stage sand reducing the amplitude of the point bar relative to

of bedform to bedload-transporting boundary shear stresses. This ratio, equal to about two, is
predicted by the Smith-McLean equation. As in the high flow case, the zone of high bedload
transport follows the outward shifting zone of maximum boundary shear stress through the

Introduction

The bedform morphology of sand-bedded rivers changes continuously with stage fluctua-
tions. Not only do bedforms such as sandwaves and dunes adjust their form to changing flow
conditions, but also large-scale features such as bars and pools alter their geometry. These
changes may significantly affect the magnitude of the boundary shear stress available for
bedload transport and, in more practical terms, the navigability of rivers. Understanding how
large-scale bed modification occurs with stage fluctuations is an important step toward delineat-
ing the processes that ultimately control equilibrium bed morphology.

Two examples of cross-sectional changes in river meanders are illustrated in Figs. 1 and 2.
Anding and Pierce (1) mentioned that an important concern on the Mississippi River is the ten-
dency for point bars in sharp bends to build toward the outside bank during falling and low
stages. Figure 1 shows that during a rising stage on a Mississippi River bend, the flow may
erode at least partially the aggraded pool and point bar face and deposit sediment on the point
bar top. At this particular site a chute channe! also tended to form near the inside bank (1).
At a much smaller scale, the same pattern of deposition and erosion occurs during stage change

————
*Depariment of Geology and Geophysics, University of California, Berkeley, CA 94720; tGeophysics Pro-
gram, and ttDepartment of Geological Sciences, University of Washington, Scattle, WA 98195,
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Fig. 1. - Changes in cross-sectional form with stage in the Ajax Benq St’udy Reach, Missis-
sippi River (2). Symbols are to denote separate lines, not to indicate place of meas-
urement.
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Fig. 2 - Changes in cross-sectional form with stage in the Mudd.y Qreek, Wyoming study
bend (4-7). Symbols are to denote separate lines, not to indicate place of measure-
ment.

ing. Fig. 2 demonstrates that during a falling stage the point bar tpp is
Z?oxgd:gdcir:: %O?X{%Trﬁ}ice aid pool aggrades. In both chz.ir.mels the general cross-sectional
form is preserved by a systematic pattern of erosion and deposition.
The purpose of this paper is to explore the consequences of bed morphology.adjustmem
on the magnitude and distribution boundary shear stress and bedload transport at high and low
flow in a sand-bedded river meander.

Study Site and Field Methods '

Muddy Creek is a lowland tributary to the Up;?cr Qreen R‘iver in western Wyomlléx.g. Il)ur-
ing the spring snowmelt runofl irrigation outflow is diverted into the channe]lg;%wlgx;)gg ?}z:_g
periods of nearly constant discharge. For three of the four years between - f A c)g
discharge was about 1.1 m”/sec, and in those years the bed morphology thrqugh the stu' y r%a
was identical. Channel and flow propertics were measured carefully during these high flow
years and the measurement procedures are described elsewhere (4-7).
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In 1977, drought conditions prevented significant irrigation and the flow was considerably
lower, equal to about 0.3 m?/sec. As illustrated in Fig. 2, the low flow conditions led to sub-
stantial morphological changes in the channel. In this low flow year, the discharge was Jegs
stable; for example, during the 10 day study period a brief rainstorm caused the stage to rise
rapidly by 9 em and then decline over two days to the original flow level. Measuremens
reported here were made before and after this discharge fluctuation when the stage was compar.
able. The brief fluctuation caused no major changes in the bed topography so the field data
apparently record processes in near-balance with channe! form,

Boundary Shear Stress

The boundary shear Stresses corresponding to three scales of resistance in the channe|
were evaluated. An approximation for the pattern of total boundary shear stress, 7, was com-
puted using detajled measurements of water surface topography (see Fig. 3) and flow depth in
combination with

ThmpghS W

Here p and g are the fluid density and gravitationa} acceleration, respectively, 4 is the depth of
flow at a position on the bed and § is the downstream slope of the water surface corresponding
to the depth-measurement. As noted by us in a separate paper in this volume, Eq. (1) does not

The boundary shear stress, 7,., associated with resistance generated by mobile bedform
(dunes, sandwaves and ripples), bed particle motion, and stationary grains (skin friction), was
computed from velocity profiles made at dune crests with electromagnetic current meters. For
the low-flow year, the analysis was the same as the high flow (4,5), but the current meter
differed. During this experiment a9 mm diameter, spherical, two-component electromagnetic

velocity measurements in a zone 2 to 5 cm above the bed. In this near-boundary zone, the
flow tends to be approximately steady and uniform, hence the ‘“Jaw of wall” can be used to

U
U= —=lnz/z v 2
Tor = p(l{v)z (3)

where u is the velocity at a height z above the bed, « equals von Karman’s constant (0.4), and’
27 is the roughness parameter. The square of the shear velocity associated with bedform resis-
tance, u., gives an estimate of the boundary shear stress, Velocity data from 59 scparate
profile at six cross-sections during the low flow experiment were fitted to Eq. (2) and shear
stress was computed. '

The boundary shear stress responsible for sediment transport, 7,,, must be less than the
other two. We have estimated 7 ss from a single, near-bed velocity measurement by developing
an expression that predicts the hopping height of bedload particles and the tesulting resistance
to flow (z,) and using this predicted roughness parameter instead of z; in Bq. (3) (5, Dictrich
and Smith, in preparation). Based on boundary layer theory we estimate the average height of
the internal boundary layer near dune crests to be 4 and J cm at-high and low flow, respectively
(8). Velocity measurements closer to the bed than the heights exclude the influence of form
drag over the dunc. In the high flow year at eight cross-sections, a total of 116 velocity meas-
urements at 3 cm above the bed over dune crests were used (o compute 7,,, whereas in the Jow
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Fig. 3 - Ratio of local boundary shear stress to average for the entire reach for two sections
. across the Muddy Creek study bend during low flow.

flow year 92 velocity measurements taken at 2 cm above the bed at seven cross-sections were

used.

“Table 1 and Fig. 3 compare the magnitude and distfibu(ion of three scales of bound?g
shear stress for the low flow conditions. Values repc?rtefi in Table 1 represent the_ave;rag? or
the study reach. As cxpected, 7, is less than 75, Which is smaller than r,,. An e;umsa c“c;1 e
form drag effect causing the differcnce between 7, and 74 can be made using the Sm

McLean equation (9): .

N Co H A ") @
Gl T ntl 0
(I n - i

T, 1+2x2)\‘na3 Zo} }

Here 7,41 and 7, correspond to 74 and Tbs) H ar}d A are tpe bedform ﬂe;g;::tu:;ia?r:g
wavelength; z, is the roughness parameter associated with ™ CD.IS a drag zoe ot equal fo
0.212 for separated flow and 0.840 for unseparated flow, a; is a boun arci'l\aaye igven in
cocfficient equal to 0.0995, and « is von Karman’s constant. Values of H(A an X { OSOI -
Table 1. The roughness parameter 2,y determined empiricaily, was equal to about 0. .
The flow separates in the lee of bedlorms, so (= 0.212 should be used.
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Table 1. - Estimates of boundary shear stress

Discharge, in A, in H/\ Ty il Tonin
cubic meters meters ) dynes per dynes per dynes per
per second square square

centimeters centimeters centimeten
(1) (2) (3). 4 (6)
0.3 1.05 .07 12 26
1.1 - 147 .07 15 55
Table 2. - Predicted boundary shear stress ratios
DiSChafge. in 1,,,/1',,: 1[,//1’[,, T[,,/‘l’[,/ . Tbl/‘rbf
cubic meters observed predicted observed predicted
per second '
(1) (2) (3) 4) (%)
0.3 1.8 2.2 1.2 1.3
1.1 2.0 2.3 1.8 1.5

Predicted ratios (Table 2) from E
and high flow, a small difference consi
and calculations. Eq. (4) can also be u

are not included in this calculation; therefore,
have used H/x = .016 and .028 for low and h
and .171 for low and high flow. The roughness
city profile data. Table 2 shows that the pr
observed ones, and that they are within 20% of
iction underestimates the measured shear stre
slightly higher, suggesting that curvature and
smaller at this reduced stage.

In Fig. 3 the ratio of observed local bounda
1 is plotted according to position across the chi
part of the bend (section 18) the pattern of

Some of these differences are discussed in our othe

Previously we have
stress field computed from Eq. (1) and determined
siderably in the upstream part of the bend. Int
structure of the boundary shear stress fields ar
still exist. For example, the cross-
further toward the outside bank for =
3 and low flow data from other cross-s
zone of maximum boundary shear stre

has been documented for the high flo
(8,10).

cross-stream v
stress, as computed from Eq. (1) djffers greatly from that fou
above, the convective acceleration terms in this part of the ch
been included in Eq. (1); inclusion of these terms would yiel

r paper in

q. (4) are about 20% greater than observed for both low
dering the approximate nature of both the measurements

sed to estimate the ratio of total boundar
to the shear stress corresponding to form drag over bedforms,

vature and the inertial terms arising from the three-dimensio

Yy shear stress 7,

Tsr. The effects of channel cur.
nality of the bar-pool topography
it should be an underestimation. In Eq. (4) we
igh flow, respectively; A = 25 m and z, = 13§
parameter values were computed from the velo-
edicted values decrease with stage, as do the
the observed. As expected, the high flow pred-
ss ratio. The low flow prediction, however, is
three-dimensional bed topography effects are

ry shear stress to the average reported in Table
annel for two cross-sections. In the upstream
ariation in total boundary shear
nd for r,, or 7,,. As mentioned
annel are significant but have not
d a different structure to the field.
this volume.

pointed out that for the high flow case as well (4), the boundary shear

from near-bed velocity profiles differed con-

he downstream part of the bend, the general
e similar, although in detail important differences
channel position of maximum boundary shear stress is
b VEISUS 7, and 7, versus 7, (Fig. 3). In addition, Fig.

ections show an outward shift through the bend of the
ss causing sediment transport. Similar outward shifting
w case (7) and has been observed in flumes by others

" pedload transport. This bar-pool topography with a point b:
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) ort : h the
w[mcnl’Tmn'si; flow. the zone of maximum bedload transport shxftec:j lou(tivv{arr:i1 st:;?tugt his

, [)\.‘lrr:nlgh: '%-naximl;m boundary shear stress zonel(7). %aet:f::xmb; ; gorztion and geometry
dend Wi . by us in this volume. ;

e other paper by . w-flow year. In
sage are rzpc:irt:i?n :,r;(;geo“ly with near-bed velocity mcasuremegts mr :)h:e l& e ho):x S nter
o r?c&re itudy reach, bedform geometry was repea‘edlyf rle; or;i:dl:a‘c'ie trangport field could be
parts 0 ; ition { data from which an estimate of the I At eight
wals to provide additiona oden bridges placed across the channel.

ts were taken from wo . t the bedload
made. Toetz;slu;%n;e;; bedform migration observations were used to construc
sections, a

. 5 ugh
e ﬁel: high flow case, the zone of maximum bedload tranﬁpgr: s?:‘fge:iig;\:‘ggge‘rhgg tge
As in the : d in transport travelled to
i i . Over 80% of the bedload i ion 14). In the down-
i ()I:)‘gz.f 4&2 centerline in the upstream part of the bend (gsectttlznouts)ide bank) of the
e b::rtion of the bend, over 50% travelled to medlgft (le:::rthz point bar top, rolling and
siream ' -bed outward flow o >
; i Shoaling and near . faces of bedforms, and
centerline (section 23). ) sloping avalanche faces
; i and on the cross-stream . s-stream
Mla?\cm?t?:ng;zr‘:o;;gnf:c:bliquely-oriented bedforms all contributed to the net cros
troughwisc

' i in the Yalin
e boundary shear stress responsible for sediment transport,f-re[i,s,h:vz:cltxis::lislin e
o tion to compute the bedload transport field at each o o gections o8 o 58
b?dload low flow cases. The average bedload transport t."or the eig L sections WS e for indi-
mg}/ls::(}(:: :vhe (;xigh and' low flow, respectively. Tl;le ﬁredlgtigwbeai;?v? an:-i mp; T el o s
o i hed the observed at high an averdge WS fata
vidual st o M espocti 3% smaller than observed (Fig. 5). ‘
espectively, less than ! . e
gn}/s‘ec sa::wgoir% r;{gsecs, rarep the ave‘rage of all r%eagurement:elgns;gvr;el;\; :)diZth;l; el idine
ol e 0 d transport field was ge - R
cture of the bedloa . predices
?tcm:t)stsl;e g\?ﬁ( f)t; ltlhe bed particles in transport must shift outward through

nd the boun-

hough the total discharge in the channel decreased by a fac;?rr;t; Sfo;er;eased o

o ot reduced by one-half, the observed bedload transpo e e enetion in Fig.

o Shea'r stre?s m 129 to 58 gm/sec. The data in Tabl'es 1_ and 2 and e o nigh flow

gbgt\xlgtg%:stt":zséx;)?anation for the relatively small reducu:ge:jn Sl‘);;iiic‘::ml ; s cau.se e

i r
the pool is deep and the top of the point bar has agg S doe 16 thefmeant ﬂ;\:
tive-acceleration force ternm

irecti -drag on the flow. Large convec f erms

tihreclnon(gfn%zt:rﬁyao?;-g}fa&og?the tgdtal boundary shear stress 1s expended on large-scale
evelop (6).

3
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Conclusion .

In cases where the bed morphology in a river meander is in near equilibrium with the
discharge, the general patterns of boundary shear stress and bedload transport at high and low
flow are essentially the same. The bedload transport maximum shifts from near the inside bank
toward the outside bank, tracking the outward shifting zone of maximum boundary shear stress.
Similar observations were made by Hooke (8) in his study of boundary shear stress and bedload
transport in a laboratory river meander.

Important morphological adjustments must occur during a stage change because of
topographically-induced convergences or divergences of sediment transport associated with
downstream variation of the boundary shear stress. During stage decline these imbalances will
lead to deposition in the pool and erosion of the point bar such that the average form of the
cross-scction tends to be preserved. The reduced form resistance may lead to relatively small
changes in the boundary shear stress causing bedload transport. It is now common practice to
incorporate a procedure for computing the resistance due to mobile bedforms when attempting
1o compute the bedload transport or channel depth in a reach of river based on average channel
properties (3). Our observations suggest that in a sand-bedded river, bar-pool topography
exerts a considerable form drag at high flow, but at low flow, due to morphologic adjustments,
this resistance may be much less significant. This stage dependent large-scale form resistance
also should be accounted for in bedload transport calculation procedures.
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