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Mr., C, F, Ingsard] Chief
Division of Hydraulic Research
Bureau of Public Hoads

18th and F streets, N, W,
Washington 25, D, C,

Dear My, Izzard:

Transmitted herewith are an original and two copies of the report
"Analytical Study of Local Scour,"” by F. M, Chang and

V. M. Yevdjevich, report No, CER62FMC26 for ContractCPR11-
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This report is in essence a draft and after your review I would

appreciate an opportuaity to discuss the contents during my trip to
Washington next week.

A basic research proposal on the Mechanics of Local Scour will be
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The study was conducted by the first author, ¥. M. Chang, Research
Asgsistant, mmmmema V. ¥, Yevdjevich, Professor of
1 Engineering C@WMHﬂmﬁty. mmmmma

Mﬁ&mﬁt&; Dr. D. B. Simons, ﬂm
Survey stationed at Colorado State University, and Mr. E. J. Plate, mm
w mmmaﬁmmmmamm

mmmmmmﬁmwmm. e’ !amé.
Chief, Division of Hydraulic Research, U. 5. Bureau of Public Roads, for
guidance in direction of this study.




Since July 1557, the Bureau of Public Roada, U. S, Department of
Commerce, has spoasored a research project on local scour in alluvial
channels at the Hydraulics Laboratory at Colorado State University under
leadership of the late Dr. B, K, Liu. A report which assembled three years
of study was submitted to the sponsor in February 1861, Since that time,
the first author, who was also second author of the first report, has con-
tinued the analytical study of local scour under the supervision of Dr,

V. M. Yevdjevich.

The current report is in effect an addendum to the report, "EFFECT
OF BRIDGE CONSTRICTION ON SCOUR AND BACKWATER," previoualy
submitted to the Burcau of Public Roads. This addendum includes review
of additional pertineat literature not included in the previous report; dis-
cusses further the results presented in the earlier report from dimensional
considerations; describes the physical hydrodynamic aspects of local scour;
of the local scour phenomenon,

At one time a theoretical analysis of the scour phenomenon was
prepared for inclusion in this report, However, after much discussion
between engineering research staff members at Colorado State University
it was decided that a physical description of the mechanics of local scour
would be more meaningful and valuable in this report, especially since
development of theoretical expressions were based on fundamental assuinptions



I. INTRODUCTION

Local scour in an alluvial channel, caused by obstructions in the
stream or constriction of the banks, is a subject which has attracted many
researchers. Much of the results from various studies are empirical and
qualitative in nature with little theoretical clarification of the mechanics of
scour, thus the regults have limited applicability to field design problems.
Generally, a specific empirical relationship, describing in some manner
location and geometry of scour, is limited to siream channels having very
similar characteristics to the laboratory conditions from which the relation-
ship was developed. Also, lack ef fundamental knowledge of meodel-prototype
relationships for alluvial chamnels creates some doubt as to satisfactory field
application of even these specific cases.

Loecal scour, by its nature of development, is a three-dimensional
problem and because of constantly changing boundary conditions, occurs
under unsteady flow conditions. Differential equations describing the
mechanics of fluid and sediment motion under these conditions, are com-
plex and it is for this reason that past research has been largely empirieal
airaplifying assumptions as to limit general applicability of the resuits.
Nevertheless, these studies provide valuable insight to visualization of
iocal scour phenomena and must not be overlooked in future studies.



local scour, Some, like Lacey (7)*, Inglis (8), Blench (9), and Ahmad (10)
| WMMM Laursen {8) used a total
mmwmammwm
channel to develop a formulation for scour depth from known physical stream
and contraction geometrics. From experiences in the laboratory he concluded
independent of sediment size and average stream velocity. A discussion of
observed similarity in changes of stream flow lines caused by obstructions and
were the principal cause of scour and developed scour relationships sccordingly.
A. Keutner (3), experimentally showed the existence of a lateral
water surface profile when a pier was placed in a stream channel. He
nose, and determined the magnitude of the lateral water surface siope., He

%mawmammawumma



erreneously thought that the slope of the water surface, normal to the pier,
to be the cause of scour, rather than the effect from changes in flow pattern.

B. Tison (5}, reasoned that local scour resulted from development of
secondary cireulstion due to curvaiures in the stream lines around a pier,
It is interesting to follow his development. When a pier of arbitrary shape
is Jocated in a stream chanmel, the curvature of the stream lines in the
icinity of the pler can be deseribed at any point as having a center of
curvature o with aradius p . (See Fig. 1). Near the river bank, the
pier is assumed to exert no change in the direction of the stream line c-d.
of changing point velocities along a vertical line. By applying the Bernoulli
equation along a line A-B , in a layer of flow near the water surface, Tison

B
54%*%[ —I’—L u~5¢-‘%-, {2-1)

in which

z = g point in depth of flow above the bed,

P = pressure,

A | = gpecific weight of the fluid,

¥ = point velocity of flow,

8 = distance from A to B .
mymmewammummz
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where V' is a point velocity near the stream bed, and A' and B' are in
the same vertical lines as A and B respectively.

The variation of pressure between B and B' follows the hydrostatic
law, so that

P
tp vl n gy ¢ (2-9

By combining Egs. (2-1), (2-2) and tl;i). "
2, +-§-é-~ (!‘,«&%) = -:-{[ -!’:- ds - f -%i “:l . (2-4)
A A
in which V 1is greater than V' .

From Eq.(2-4) it follows that the water surface cannot be parallel to
the bed surface thus vertieal velocity components are developed to create a
diving motion which attacks the stream bed. Tison concluded that local scour
depends on the magnitude of the vertical velocity component as described by
the right-hand term of Eq. (2-4). If p is small, which means curvature of
the stream line is large, greater components of vertical velocity will be
developed and a grester scowr hole will resull.
of plers but with the same cross~sectional pier lengths and widths, He
found that streamlined pler noses produced less acour than a square-cornered
pier.

C. Ishihara (4), approached the problem from a viewpoint similar
to Tison's; that secondary circulation created by obstructions in a stream
intensity of secondary flow in texns of centrifugal force and lateral water
surface slope developed in the vicinity of the obstruction, and by accounting



for variations of point velocities in a vertical section of the flow, he
developed an expression for scour force per unit of stream width at the
outer edge of curvature.

When a particle of unit mass moves with a velocity, V , along a
Wm&-d:‘?s p « the particle receives a centrifugal force
m;mma%- . In general, flow in an open chanmel has a
vertical velocity distribution similar to that shown in Fig. 2. Hence, the

If the lateral water surface slope in the zone of curvilinear flow is
defined by v ?

e »
81‘ : gy * (2-5)

where

= lateral water surface slope,

= gravitational acceleration,

= fluid density,

and if the velocity along a vertical line normal to the flow is constant, each
unit niass of fluid would follow a curved stream line. However, since a
vertical velocity distribution does exist, twmﬁmtgx’ particle)
above sievation 2 = 3_ is acted upon by & foree of @L. -5--) and since
¥ is greater than V .MMmemmd
curvature. ammw # = & moves toward the center of
curvature because of the force (—3—-*3&) The upper layer of flow,
shove 2= 35 ,memmm&m In order
hMﬁMdm. a gecondary circulation is created and the
related the intensity of secondary flow to an arbitrary quantity dC defined

L]
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as follows:
g L et
i (B ei S oo
3’ s L]

which dimensionally is force per length squared. By applying Laval-Rapp's
_equation for the vertical veloeity distribution (12):

1/a

_

s e
z,=H -;h-

Equation (2-8) can be Wk
8) (%)

B = depth of flow,

‘!" = yelocity of flow at the water surface.

bank of the atream to be proportional to the gquantity:

i
i



whence the scour force per unit of width, /{ , at the outer bank can be

expressed as
K» 6, -, f o (2-10)

K = the scour force,
&y * an experimental coefficient.

Tison's and Ishihara's viewpoints agree that the main cause of scour
is the secondary flow developed by curvature of the stream lines. Tison
through the flow as well as laterally across the flow to arrive at the total
energy in the secondary cireculation. If Ishihara had used a more precise
definition of the water surface slope,

H
i » 5 e
“

he would have arrived at a scour force of

"R e
/<'§;§~;ﬁ;-§- [ -E;-hdp. {2-12)
1

It is rather interesting to discuss the possibility ummwm
{2-4) and Eqa. (2-10) or (2-12). umummmﬂ. itis
mmummmwummwmm
potential flow. Flow in the vicinily of the scour hole, however, is three
dimensional, moreover, the flow is uasteady since the boundary changes with




HI. DIMENSIONAL CONSIDERATIONS OF LIU'S EXPERIMENTAL RESULTS

Ldiu and his associates (11) approached the problem of local scour using
dimensional analysis and developing #s a result of experimental studies, an
constriction as followa:

“ "1 &3' v's B, 4, M‘t Gy ’6’ g 8, 8, 2, G, t) (3-1)

where in corresponding dimensions,

= depth of scour measured from the original bed surface,

mean veloeity of approaching flow,

chammel width,

M-.

™ = fall velocity of the bed materisl,

'Fﬁ - MM;

g = gravitetional acceleration,

= dynamic viscosity of the fluid,

a = width of obstruction measured normal to the approach

@ = gkew angle of the obatruction with reapect to the flow
direction,

G = shape factor of the obstruction,

t = time,

L B
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By combining the variables in dimensionless » ~terms they arrived at the

following form:
tv | v’
il . ol ke . 2 ok ,
Tl.%.c.s;ﬁ-:.‘.{:.,,’) (3-2)
Experimentally, Liu et al, found that scour depth could be related to time by:

&
d‘aa‘u[t -e '/ - ;ﬁ'} . (3-3)

h‘ 2

am = maximum depth of scour,

e = base of natural logarithm,

e = empirical coefficient,

t, = time factor determined empirica
. * time required for 4. mumh é

m(bﬁmhMM”M”MM 4
the stream does not transport significant bed load, t;m is infinite and
Bg. (3-3) changes its form to

g
"% [‘ e J . (3-4)

in which

is, when t=o, d =0 and i‘#iﬁr when t= o , andgives satisfactory
resulis at intermediate times if proper values are assigned to coefficients

¢ and t‘ « From experimental results it was found that ¢ could be expressed
in the following exponential form:



n the exp - in order to expedite time to arrive at
Qﬂ“ " ammwmmmmmmm
Flow was admitted into the flume gradually so as not to disturb the scour hole

Data obtained in this manner indicated that for a constent Froude

‘ o (‘-%.)if 2 . i

1 results for a vertical wall abutment model is shown in
m* s,.m ¥ is the Froude number. A straight line which is drawn
through the data by "eye” can be represented by the equation




i

’ (3-8)

. {3-9)

M " P V"h b . {3-10)

Thus, 4, is proportion 'wwu)*’* . The effect of sediment size on
mmwmmwmm &Mw.,asma.mm
The coefficients A and B in Eqs. (3-5) and (3-6) can be expressed

wmm mm 38, 35.» 40, 41,
?3« m, ?‘q mw{muwm, yrrel mm The com=

mwmw«m»mm.
Waﬁmm us@m The computed values of 4, and d fh
wmmmmwam& mmam
measured values of d_/h_ for the 33 runs ave graphically e«
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Fig. 7. The majority of the points lie within & 10 percent variation band

when applied to model conditions, cannot be used with confidence in situstions
flow characteristics or gediment propertics. A more basic understanding

of the mechanics of local swur is necessary before a general formula can

be developed which would be equally applicable to laboratory and field conditions.
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IV. GENERAL ASPECTS OF MECHANICS OF LOCAL SCOUR

mmemumxummm

i. Local scour in a river section takes place whenever there is a
constriction or any substantial flow disturbance in & river reach, such as
bridge piers and sbutments, spur dikes, river training structures, sunken
large objects, ete. The scour is characterized by a deepened river bed in
2 limited river reach. Thia is a concept of local seour in a broad sense.

Z. Local scowr is restricted to 2 narrow area produced by the
effect of structures and is confined very close to the structures. Stream
jeta, secondary currents or any other type of change of velocity distribution
occurring in a limited area, and their impaect on the erodible bed are
immediate vicinity of bridge plers, bridge abutments, at the heads of spur
dikes, culvert outlets and at the ends of splllways. The scour hole is
usually deep. This is the concept of specific local scour.

aummmﬂ.q..xmmamm«‘mmm
large chamnel), the flow becomes three dimensional in the region close to the
obstruction. It is, therefore, difficult to justify an approximation of the
stream flow in the vicinity of these obstructions by two-dimensional flow
patterns. The three-dimensional aspect must be congidered as the basic
mmmammsmammmﬂm
uummn«um mmmuam (m
the atream does not move the particles on the bed, or the bed-load transport
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is constant, w\hwtuﬂm.mnum,mm An gbstruction
introduced in the stream will locally change the shear velocities at the
bed, and local scour takes place. Scour is a function of time, and very
often a large period in time is necessary before a pseudo~equilibrium
state ia the scour hole is attained. A pseudo-equilibrium status occurs
in a scour hele or at any river section when the inflow and outflow sedi~
MMWWWWM The transieat period from
beginning of scour to a pseudo-equilibrium state is characterized by un-
mmmm.mnmmmmwmmw
changee, The changes in boundary form also effect changes in velocity
aad presgure distributions and sediment transport rate. An unsteady
flow state in the scour regioa may exist evea though a general steady or
uniform flow occurs in the stream, Because the sediment supply
increases downstream from the region of local scour, an adjustment in
mmmwmmm
egime, During the unsteady flow regime in
:m.mmwmmwmmam
and sediment discharges, During passage of a {lood uader a bridge or
through a culvert, local scour holes generally increase in size becauge
of increases in discharge and stage, beside the time eifect, and the scour
hole is partially refilled by the inflow bed load transported during the {low
recession period. The unsteady state of local scour is, therefore, accestua~
mmmmmummmmmw
mmmmmmheﬁm: {a) parameters which deseribe the
flow regime, mhnmn,ﬁowqu&. variables related to velocity
istributions, sedimeat transport, ete.; (b) parameters
which describe the constriction factors; and (¢) parameters related to the
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composition of bed material and bed-load material, The study of local
scour is complex because mest of the above three groups of parameters

vary and are related to four-dimensional flow variations, the four

mmammmmﬂmmm opposite currents,
large and small eddies, The intermittest and pulsating phenomena--a crea-
tion of eddies and vortices, their temporary decay, re-creation and decay,
and s¢ oa--appear in a given raage of flow conditions. All these phenomena
change as scour progresses and with changes in (low conditions {unsteady
flow). The constrictions usually cause secondary currents to develop because
of centrifugal forces and stream jet {lows, especially diving flow jets close to
and along the obstructions., The general resulis are that shear velocities at
the bed become augmented, Prediction of local scour depth under givean {low
counditiona is dependent on predictiva or kaowledge of shear velocity distri-
buticas at each phase of scour progress, as well as the transport potential
for sediment removal, The shear velocity changes constantly with time as the
mhﬂcmwu&nmm:m.wmmmw

(a) WﬁMWNIﬁMMMWWWW&-m
ilow; which is complicated by the different regimes of sediment transport;

{b) Sediment cutflow from the scour holes or sections; a sediment inllow-
outflow equation belps to determine either a positive difference (scour pro-
gress), or a negative difference (the scour hole or section iz being refilled
progressively); and (¢) Eifect of sediment erosion or deposition in scour

holes and sections on the immediate downsiream chanuel reach,



is

memm mmmmummmm
relocities are aot decreased by a deepened scoured section, or the resis-
mwmwmmummwwwm
Thmai%mwm&mmummmﬁw
phenomencn. B has been noted in many experiments, that the side slope
aaw%wcmwwwwmmmcmwmuﬁa
ment under water, It has been cbserved also, that the impact of diviag jets
or secoadary currenis inteasilies the sceur in a limited regica, ussally under-
cutting the base of the slopes. When the undercut is sufficiently large and deep,
a sheet of sediment slides down the slope filling the undercut, and provides
progressively greater area for jet impact, mmmkmmm
trassport of this material out Mthnmmm.mamw
cess &wtm The r&hﬁm small area of intensified

\ wmmm«;mmm-
m&mwmmmwm m&tmmgmammﬁ

ut of scour hioles, The removal of sedi-

mwmmmmm‘
of the local scour hole or seation, is eifected to a large degree by turbulence
MMuwwmwm“M’mmmmwm'
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V. RESEARCH METHODS IN THE STUDY OF LOCAL SCOUR

mmmwummakm«muw

(1) Analytical studies; (2) Basic experimental studies; (3) Applied experi-
mental studies; and (4) Field obaervations and studies.

The complex scour phenomenon described ia the precediog section
experimental approach, or by observations in sature. Analytical approaches

m&memmmwmmaxmm.
secondary currents, application of the Beranoulli equation, and the like., The
limitation of all these approaches is that they use simplifying assuwmptions of
a very complex problem, The theories bave not been able to adequately des-
eribe the mechaaics of scour, and have not as yet been found feasible for
practical applicaticas.

The potential possibility for analytical treatment of local scour is
encouragiag, bat the complexity of the phenvmenon will require a period of
study before suitable and applicable theories can be developed, This is pro-
bably one of the fields of fluid mechanics which will require very close inter-
Wﬁmwmwmﬂm basic and applied experimental

mmmwmwam&aﬁm. such as aynunetrical
jet erosion and erosion areund a cylinder in a stream.
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The outlook is good for & more complex treatment of the local scour

wmmmmmmm& ﬁmmwwrmmm

A 4 gxperimental studies, TMNWWWW
ummewm. mwm very oftea supported by
W.ﬂmwmwmmm&tgmam»

The hydraulic model studies have been carried sut usually in 3 limited
range of Froude numbers which has been characterized as the maia dimens
slonless parameter. The boundary conditivas were generally such that cou-
formity between model and prototype has been difficult to explain, R would
seem that applied experimental research by ftself, without basic experimental
and analytical research as directive and corroboration with observations ia
aature could not contribute substantially to the understaading of mechanics of
local scour, or to selution of practical scour problems under natural

mmﬁmwm,wmmmumw %km
pally because most of the observations were made after the {lood wave had
passed., This is a static situation and the scour hole is viewed ouly as an
erosion problem,. It is a known fact that some failures of structures by local
scour occurred just o short time after flowd peaks, The maximum scour depths
are associated with maximum water levels or discharge with 3 time lag
depending on two phencmena, rate-of-change of flood discharge and the cor-
responding rate-of-change of local scour depth. A flash {lood of the same
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limited to measurement of scour depths at one or {wo points in the scour
hole with pericdic survey of the scoured area, usually after a flood wave

Systemaiic cbservations of lueal scour developuent in nature, for
many phenomena in the mechanics of scour and in the secondary effects of
scour, as well as to produce data which could be compared with applied or
basic research experiments, These observations would also provide good
Wummmmmw

. Ress i ch. In general, it appears from the review of

mmammrmmmwmhwmswxmm
scour, applied experimental research has been predominantly stressed, The
maximum benefits from previous studies and to proceed in a logical manner,
greater emphasis should be placed oa analytical and experimental studies.
wuuwmmwmmwmmmmmu
of the research, The two studies jolutly are termed basic research. A
Wsemmmmmmawm
should be planned to augmeant present knowledge. This is aotl to dmply that
applied experimental research should be discontinued; neither is it intended to
imply increased efforts in applied research.

Mt&mﬁmmw mmww
equations of local scour should be derived, regardless of their complex form,
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These derivations should be based on phyaical phenomena observed in
basic szperimental studies for specific cases: obstructions in the middle
of a stream, obstruction from one or both sides of the stream, their com~
binations, jet impacis at the outlets of different structures, etc.

It can be expected, that the fundamental forms of basic partial
different relationships between streams and obstructions, of jets and impact
area, there would be different boundary conditions to be imposed on these

2. . experimental st There has been a trend to reduce
dimensional and unsteady nature of the local scour problem should be assumed
{rom the beginning of basic experimental studies, and the models and experi-
ments should be conducted from these basic viewpoints,

The prineciple of stabilizing the acour hole configuration, (that is,
fixing the bed configuration relative to any instant of time) for selected
. times during the process of scour is a necessary experimental procedure,
In this technique, the configuration of the scour hele and stream bed at any
time, t » would be r¢p laced by a stabilized boundary of the same configura-
tion. Velocity and pressure distributions would be recorded, especiaily in
the region of the scour hole or section, with an emphasis of measuring the
shear-velocity distributions, as well as the turbulence conditions in the
hole or section. It is the turbulence which enables the stream to carry
would continue until at another time, et ® the procedure would be
repeated.

b 403

FrEN
” oo



An approach of this kind could be used (o study, for esample, scour
around 8 bridge abutment, The water and sediment are moved along the
abuir ent in & spiral motion in the scour hole. By employing the stabilizing
and de-stabilizing technique, ummmmmmmww
dysamic conditions and phenomena at any time, t , inthe developmen
mmme.mxmmmmm.amwmm around
the head, and at the downstream face of abutment, After the phenomena
for the case of a plane vertical sheet, simulating the abutment, have been
thoroughly investigated, different shapes of abutment may be cousidered,

The selection of specific times for the stabilisiag precedure would
be of special lmportance, and must be baged oo phenomena significant to
the progress of local scour,

Kaowledge of velocity distributions as well as observed changes in

uwmwmmmxuww
to present knowledge of lecal scour around the cbstructions, or at outlets
of culverts would add materially to uaderstanding the mechanics of local
scour, These cbservations and surveyed information would be the basie
a syathetic approach, palling together information from all four research
methods: asalytical, basic experimeatal, applied experimental, and survey
of field coaditions, to develop further knowledge about the local scour
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TABLE I. BASIC DATA

Number Slope Median Normal Opening Mean
Model of Width of Total of Size of Depth of Ratio Velocity
Run Model Length Models Flume Discharge Bed Bed Mat'l Flow M = B-pa of flow
No. Type a (£t) P B (ft) Q (cfs) S dso h (ft) B V (ft/sec)

1 Vi 0.50 2 8 4.5 0.00250 0.56 0.43 0.87s 1.310

2 . 0.75 i o 6.6 0.00253 i 0.6 0.812 1.795

5 n l.OO n " " n " n 0.750 n

h n 1.25 11} " 13} " 1" n 0.687 11"

5 " 1 .So " " " " n " 0'625 ”n

SA " " " " " " " n " "

6 1" 1.75 " " ' " " " 0.562 "

6A " " " " 1" 1" " " L] "

7 " 2.00 " " n " " mn O.Soo "

8 H 2.25 1" " " 1 " " O-h57 "

9 " 2.50 " " " " "n " 0.575 "n
10 " 0.50 i 4 13.0 0.00230 " O0.7TT 0.875 2.110
ll n 0.75 " " " " i " 0'812 "
12 i l.w " n n 1" "n " 0.750 n
15 " 1.50 " n 1n " 1" n 0.625 "
1)4 n 2 .oo n n " " " n o. Sw n
15 n 5 .OO l " 1 " n " 0'625 "
16 " l .50 ”"n n " 1" " " 0.812 "
AT i 1.00 2 2 10.0 0.00270 L 0.62 0.750 2.015
18 " l .50 " n " " n n 0-625 "
33 ‘e 1.00 ¥ 8.5 0.00370 i 0.50 0.875 2.130
33R " 1.00 = 8.4 0.00340 " i a 2.100
34 % 2.00 )4 i 0.00335 4 Hy 0.750 2.100
36 G 2.00 ¥ : 4.8 0.0004k4 r it 0.750 1.200
38 " 1.50 " " " 0.00068 " " 0.812 1.210
39 5 2.50 2 Y 4.0 0.00046 4 y 0.687 1.000
L0 " 3.00 o " i " " 0.54 0.625 0.925
41 % 2.00 > i 5.0 0.00069 = 0.52 0.750 1.201



TABLE I. BASIC DATA (Cont'd)
Number Slope Median Normal Opening Mean

Model of Width of Total of Size of Depth of Ratio Velocity Froude
Run Model Length Models Flume Discharge Bed Bed Mat'l Flow M B-pa of flow Number
No. Type a (ft) P B (ft) Q (cfs 8 450 b (£t) =BV (ft/sec) r.
43 VW 3.00 1 8 5.0 0.00069 0.56 0.52 0.625 1.201 0.294
u7 " " " n " n "n n n " "
Su n 2 .m " " n " " " 0.750 " n
55 . K ‘ ¥ 7.0  0.00038 . 0.70 . 1.250 0.26k4
56 * 1.00 A 2 » 0.00050 " 4 0.875 s "
T3 . i - 4 1.2 0 : 0.25 0.750 1.200 0.h2}4
7u L n n " " o .OOlm n 1" ”n ” "
75 " " " "n 2.1 " " 0-’46 " 1.130 2.9ho
76 . A e . - 7S 0.00250 Y 0.24 g 1.810 0.657
76R n n " " " " n n n " n
77 " " " " 1.5 0.00200 " 11 n 1.562 0.562




TABLE II

Number Slope Median Normal Limiting Opening Mean
Model of Width of Total of Size of Depth of Scour Ratio Velocity Froude
Run Model Length Models Flume Discharge Bed Bed Mat'l Flow Depth M B-pa of flow Number
No. Type e (ft) P B (ft) Q (cfs% S a h_ (ft) dg (ft) =BV (ft/sec) F
L S n L n
101 VW 1.00 1 l 0.8 - 0.56 0.25 1.10 0.750 0.750 0.264
102 " 2 4 g 0.9 - B 0.33 i g 0.6L4 0.198
oy " ¥ . X 0.7 - = 0.20 o " 0.850 0.332
ok " 3 % W % | - i 0.30 1.43 2 0.875 0.282
105 " " " " l.O B " " " " 0.81“2 0.271
106 " " " " 0.9 o " 0.20 n " 1.150 O.hsh
107 " " n " n i n " " " 1.125 O.’lhj
108 " " " " " T " 0.23 " " 0-968 0.556
109 " 1.50 2 1 0.7 - 3 0.30 0.99 0.625 0.583 0.188
110 n n " n 005 = n 0.20 " " 0.625 0.2)47
ARIE = 5 & g & 0.7 - = 0.30 - s 0.541 0.17h
112 " " " n 0.5 4 " O.ls n n 0.750 0'5,‘2
ALy P o 3 5 0.8 - o 0.25 1.38 " 0.770 0.272
llh " " " n 0.6 < " 0015 " " 0.957 0-1#50




TABLE III

Run d. a a
No. H%I"' F B R (ﬁ}
101 4.4 264 .25 .132
102 3.33 .198 i .099
103 5.50 .336 % .168
10k 4L.77 282 ¥ .1k
105 e g 282 & L4l
106 T7.15 45k % 227
107 7.15 L5k * 227
108 6.22 356 - .178
109 3.3 .188 375 115
110 4.95 247 " .151
111 3.30 T4 & .106
112 6.60 342 2 .208
113 5.52 272 a .166
11k 8.96 430 g 262




1 y i é 1.8 0.2 1.8 {7 475 1.8/ 0080N5 Sl R IR T Ry g
gl Al 5 v B a 4 F (b/B) (b/B)2 Fy/B)? _SL i V1.8 107 v1.8ho.7 " o 13 Y hus V' hoae A a.8 ¥R 'a YWih''s
n 50 h_ SL B B g.9dl.3§ B o B g.9d.h U
50 50

2 1.5 .6 1.795 8.0 .56 .75 .467 .188 L3l 202 6.6 3.04 2.85 .58 1.65 206 .79 .163 1.57 18.0 .79 .163 1.93 5.1
Shaaaor " i ‘) el % .250 .500 288 . 1.6 3:49 ¢ 3 E - 1.00 .206 1.98 25.8"1.00 206 2.44 9.0

hoaes M i o/ Al - L 313 .559 261 8.6 3,95 " i 5 a0 1.19 245 2.36 30.0 1.20 247 2.93 11.6

IR e i " S0 M 375 .612 206 95837 ° " 3 " 1.35 .278 2.68 33.0 1.36 .260 3.32 12.9

SA RSO o y p R 50 T 375 .612 206 LS 4. BT } g e 1.35 .278 2.68 35,0 1.36 .280 3.32 12.9

R " " "M iR 438 662 309 10.5 4.8%5 * : 3 4 1.52 o313 3.01 35.4 1.57 323 3.83 13.8

O LS " 5 p TR 4 438 662 309 10.5 4.83 K W " 1.52 313 3.01 35.4 1.57 323 3.83 13.8
a0 i " 280D L LN +500 .T07 <330 11.0 5.05 " 4 " b 1.68 346 3.33 k2% N Y +360 L.27 1kh.2
S k. * : %, oen e .563 .750 350 .5 5.30 &f ' 3 i 1.83 377 3.63 38.4 1.92 395 4 .69 14.3
g aisce . o b Wiy st 625 . 790 SRS AR), S.ETE 3 2 $ 1.98 408 3.92 39.4 2.09 430 5.10 1h.h
IO JTT 2,310, " Ml Ue0 Askoh | 18e .35k +2U6 « 4.8 3.70 3.84 .83 3.19 +399 .60 .239 2.30 0.0 0 .57 227 2.69 10.h4
1R 3 3 i B .188 JA3h P £ s B T e o i .79 315 3.03 35.5 <79 315 3.7Th 15.7
18 a0 (" " " " LEe0 T8 250 .500 28 - TS89 . " i o « 1.00 .399 3.84 39.1 1.00 .399 b, Th 1h.3
I% WL | - ;. o e 375 .612 260 Bs6.b.B2 " g o " 1.35 .539 5.18 42.0 1.36 543 6.45 14.4
e ¥ X e PR B00: ik 500 707 300 ' . 9.9.7.682° " ¥ 3 ¢ 1.68 670 6.5 3.0 1.75 698 8.28 144
15 e % " Al 2 375 612 260 86660 . " & 3 » 2.27 .906 8.73 43.0 2.40 958 11.38 144
16 o 2 ” " _Aus . 188 L3k 18h “ioR0 R.00 " @ " . 1.35 «539 5.18 42.0 1.36 543 6.45 k.4
106 TR0, 62 2SI " AN00  Jh52  .250 .500 226  T% 489 3./55 472 2.56 «320 1.00 320 3.08 36.0. 1.00 .320 3.80 >
VI MR, T i i TR L R 375 612 LT 92 Said » 2 t 1.35 Jh32 4.16 ho.1 . 1.36 135 5.16
35410 150 2.185 8.0 .56 1,0 5510 .12% 354 .188 6.2 3.10 3.92 .62 2.43 304  1.00 <304 2.92 34h.9 1.00 <304 3.60
SR CAN0 RTINS0 % TN.0 LSk L1285 <354 186 6.18,05 5.8% " 2.38 298 1.00 .298 287 53250100 .298 3.54
3h wea ! " i "LR® 452k 250 .500 260 . BiT kA5 A2 " " ¥ 1.68 .500 4.81 hi.h 1.75 522 6.19 -
36 RID .81 10 g L 297 .250 .500 149 4.9 2.50 1.39 " .88 210 '1.68 .185 1.78 20501 1.75 .192 2.28 8.0
38 A% S0 R e i TS 302 .188 L3k 0 R3005 " 4 R: 4 209  1.35 LT 1.k 1h.5 1.36 .148 1.76 3.4
SR 42.5 " 100 ’ R eS 250 .313 «559 139 Lh.6'2.28 1.00 " 62 078 1.98 .155 3. 47 16.5 2.09 .163 1.93 5.4
ROREER.0 S Qo5 ™ v %0 222 .375 612 136 - b2 .« 87 .65 .57 071 ' 2.97 .161 1.55 177 2.40 .170 2.02 5.9
BRI o.0 .52 1.20 s " 2.0 WP SRS .500 147 4.8 2.50 1.39 .63 .88 110 ' 1.68 .185 1.78 20 175 .193 2.29 8.0
xax .0 " "4 S50 i 375 612 WO, i5.93.07 " ; 3 " 2.27 .250 2.41 30.5 2.h0 264 3.13 12.3
L 8.0 " o i 1 3 LY ) 612 180 5.9 .00 " i i i 2.27 250 2.41 30.5 240 264 3.13 12.3
SN O e 3 i g 250 .500 j L TR TR " 4 2 1.68 .185 1.78 22.1" 175 .193 2.29 8.0
SSIRL2.0 .70 1.85 & o 290 264k .250 .500 132 ' L.303.032 1,50 .78 3537 A6 1.68 246 2.37 20.3 1.5 .256 3.0 12.0
SE .0 Y. 1.99 % 15D ? 125 354 098 32 BT R J ¥ i 1.00 146 1.40 14.3 1.00 146 1.73 3.0
T3 3 g5 R Le0r B0 0" 1.0 Lok .250 500 P18 . T0-3805 ' 139 538 53 135  1.00 .133 1.26 1130 1.00 <153 1.58 1.0
Th i oo glen b ST » .250 .500 212 % 1.0 Es. 4 - P 1.00 <133 1.28 11.0..°1.00 .133 1.58 1.0
T5 T L 3 a% . 30 20% 250 .500 JARFh0 4.8 2500 126 .58 T3 183 100 .183 1.76 22.0 1.00 .183 2.17 7.0
76 % ae3s 1.8 ’ " 1.0 .657 .250 .500 329 ' 10.7 2.52 2.90 .37 1.07 268 1.00 .268 2.58 32.2 1.00 .268 3.18 12.4
e Y o ’ ¢ " 1.0 "JBST 280 .500 328 10.7 2.52 " . o ¥ 1.00 .268 2:.50:( 58.2 1.00 .268 3.18 12.4
7 p #1486 " ", 390 . J508 ' .250 .500 L0l 9.7 piRT '2.22 " 82 205 1.00 .205 K 25.0 1.00 .205 2.43 9.0




TABLE V

Computed Measured Computed Measured

Run der A B d a da_/n d /n

s} (o] (o] S S 8 'n £ N

2 3.0t 18.0 5.1 .95 .93 2.06 2.02
3 F.AH9 25.2 9.0 10.8 10.3 2.35 2.24
L 3.95 30.0 11.6 12.2 - - - - - -
5 4.37 33.0 12.9 13.2 12.6 2.87 2.7h
SA 4.37 33.0 12.9 13.2 11.4 2.87 2.48
6 4.83 35.4 13.8 13.8 11.8 3.00 2.57
6A 4.83 35.4 13.8 13.8 13.2 3.00 2.87
7 5.05  37.1 4.2 14.0 13.2 3.05 2.87
8 5.30 38.4 1L4.3 13.7 13.9 2.98 3.02
9 5.67 39.4 1h.4 1.2 - - - - - -
10 3.70 29.4 10.h4 10.5 10.2 1.36 1.33
11 L.62 35.5 13.7 13.2 13.3 LT 1.72
12 5.39 39.1 1L.3 1.36 13.5 P ¢ § 1.75
13 6.62 42.0 1h.h 1.48 1.53 1.92 1.98
14 T.62 43.0 1h.h 1571 1.76 2.22 2.31
15 6.62 43.0 1hk.h 1.48 1.52 1.92 1.97
16 4.62 L42.0 1h.h4 1.04 e - - in
17 %.59 36.0 13.8 1.28 1.28 2.06 2.06
18 5.T) SH0.1 Th.b 1.38 1.45 2.23 2.34
3.10 34.9 13.5 .89 .96 1.78 1.92

3,05 34.5 13.4 .88 9l 1.76 1.88

4,35 hi.h 1k.h4 1.02 12.4 2.04 2.48
2.50 28,2 8.0 .86 - - - - - -

2:1%3 14,5 3.k ol .12 1.42 1.44

2,28 16.5 5.1 .84 .86 1.68 1.72

2.6 17.T 5.9 .86 .86 1.59 1.59

2,50 89.1 ¢ 8.0 .87 .88 1.67 1.69

3.07 30.5 12.3 .99 .75 1.90 1.4k

2,80 22.1 - 8,0 .86 .95 1.66 1.83

01 350,10 19.0 .98 .95 1.4%0 1.36

ST 1B 3.0 .70 .75 1.00 1.07

1.7 11.0 6.8 .52 .51 2.08 2.04

1.5 -8, 0.8 .52 .54 2.08 2.16

2.8 22.0 T.0 .68 .68 1.48 1.48

5.50 38.1+19.6 17 .78 3,27 3.32

g.52 33,1 12.6 i .72 3.27 3.06

287 25.0 9.0 T2 T3 3.06 3.10
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