L

TA7

Cé
c:‘fAP G2-53

STABILITY OF CHANNELS BY ARMORPLATING

by

Dasel E. Hallmark
Hydraulic Engineer
Bureau of Public Roads

Washington, D. C.

and

George L. Smith

Hydraulic Engineer
Colorado State University
Fort Collins, Colorado

[;‘.‘Cﬁ"}‘im’"ﬂ ',‘if“mﬂgn
AG 16'71

FOBTHILLS feAuins ROOM

CER62DEH-GLS53



7178

/ o, b >
/40-’:} 0,

VISTR TLE CO0Y

STABILITY OF CHANNELS BY ARMORPLATING

by

Dasel B, Hallmark
Hydraulic Ingiacer
Bureau of Public foads
VWaghington 25, D, C,

and

George L, Smita
I:Iydr::.uhc Lngineer
Colorado State University
Fort Collm s, Colorado

LYY

Paper prescated at the ASCE
Water Resources Coavantion
in Omana, Nebraska

May 14-18, 1862

U. S. Department of Commeaerce
EBursau of Public iloads

CERG2DEI-GLSH3

U

Ula40l 0593819

—— — e o T (W AR T e 8 £ . PR R [T B e



| STAEILITY OF CHANNELS BY ARMORPLATING
/‘

ABSTRACT

This paper presents the results of experimental investigations
of certain sediment characteristics found pertinent to the control of
~ localized scour in alluvial channels. A relaiionﬂﬁp between fall velo~
city of the sediment particle, velocity at the beginning of sediment
motion, and bed shear velocity is then developed in terms of the nom-

inal diameter. All results are presented inthe form of graphs.
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STABILITY OF CHANNELS BY ARMORPLATING®

/

f 1 -
By Dasel E. Hallmark , ASCE, and George L. Smit’nz, M. ASCE

SYNOPSIS

In the design of stable alluvial channels the engineer must consider
bpth the types of flow and their characteristics which cause erosion and
the characteristics of the alluvial maierial which is scoured. Localized
>scour, an aspect of the erosion phenomena, is a result of the action of |
eddies, waves, jets and accelerated flow which are caused either by
obstructions such as hydraulic structures in the channel or by changes in
the channel boundary geometry. Ior control of localized scour for the'
~case of non-cchesive material, experimental and theoretical studies were
made of 'sedimentary materials consisting of uniform sand, uniform gravel,
and graded sand-gravel mixture. The sediment characteristics found
pertinent to the control of localized scour were: (a) particle size grada-
tion, (b) shape of the sediment particle, (c) fall velocity of the sediment
particle whose diameter is representative of the mean size of the material

being scoured, and (d) size of the particle that will resist motion.

& presented at the May, 1962 ASCE Convention in Omgzha, Nebraska.

H ; .y ;
Hydraulic Engineer, Portland Cement Agsociation, Chicago, Ill.,
formerly a Highway Research Enginecer, Dureau of Public Roads,
Washington, D. C,

2 Assistant Civil Engineer, Civil Engineering Section, Colorado
State University, Fort Collins, Colorado.
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Hydraulic structures c"*xs,trx.cted fa alluvial channels disry ot

normal regime flow potterns, This disruption is evidenced ia the flow
as eddies, waves, jets and accelerated flow either upstream or dowa-
stream of the structura. At the structure, the effcct of the disrupted
flow is to cauge rapid aad severe erosion of the 2lluvial bed and banks~--
- loealized seour. In the design of stable alluvial ehamnels near structures
the engincer must coasider the flow characteristics which cause localized

scour and know those char: acteriztics of sediment particles whiel will
efiect a contrel of the lecalized scour, Plow characteristics largely
responsible for scour include shear drag and pressure drag, Sediment

characteristics which are effective in ¢ 12‘:011\* ~+ loealized scour include

(2) particle size gradation, (L) fall velo‘.lty of tiw gsedimentary particle
(c) « shape of the sedimentary particle definzd in terms of a shape factor,
and {d) size of particle cthat i1l resict motion,

Bazically, ceatrol of lecalized scour means controlling those forees
which produce scour. These forces are identified as the hydrodynamic

lift and the shear draz or t);"-.’.C"&i‘V(: force. The eatrainment mechanism

sterns frore these forces actiaz oa the exposed lnyors of sediment ;x:rziclc;-s
and i3 a function of the fluctuation and surgiag of pressures resulting from

variation ia the flew characteristics, This fluctuation and surging of

-y

pressures, which eauses sudden caviag or slovshing of large masges ©
material, not ealy increases the size of the scouriaz basia but also provides
a constant supply of raw material, Thls masg consisting largely of fine
material is then 2cted upon by the main flow rezulting {a a sortiag process
and carrying aw.y of the scdiment particles, Thus, the estimation of
velocity at the polat of scour is an essentinl step in the desizn for centrol

of localized scour whicih may occur at bends in channels; abrupt changes of
chanael eross scetions; as well as arcuad hydraualic structures. In many

cases, this veleeity ean be assumed equal to the ambient velocity,
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In the contrel of localized scour this paper will conslder certain
sediment characteristica~-zize gradation, shape, and fall velocity-~and
their relation to the bezinning of sediment motica and tractive force con-

cept used 1a stable chiannel desig,

PARTICLE QL;AU ATION--ARNMOKPLATE

SCuimrntury materials i‘ti ng o f uniform sand, u‘ufurm grave 1
and a graded sand-zravel mixture wore receatly iavestizated {1, 2,3) under
conditions caueing localized :,cou:c; of the materinds, The purpose of tin::.:-:
iavestigations was two-fold: (1) to determine those characteristics of the
set.m:(_nt which waould rosist scour g, ad (b) to dotermine the sultability
of a graded sand-gravel misture as an 2 srmorplate, (Hereinafter the term
of -arm-crpla;tc refors to a graded sand-gravel mixture) material for scour
control. Both the twe~diisensional case--zcour below a drop struclure,
and the tacee-dimensional caze~-scour below o cantilevered calvert outlet
were studied,

Tihe results of these investigations {ad eatos

(1) A small aicount of armorplte matorial results fn a relatively

large deerease in the rate of scour, As shown by figure 1, & pro-

U

tective 6 inch layer of § pounds per foout of width of graded armorplate

. - R e e s S,
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1. “Scour in a Gravel Bed, " by #. K. Thomas, theais presentad to
the Colerado Agsric ah‘.: al and Mechanieal College in Fort Collins, Culc,rmlu,
in 1853, in partial {ulliliment of tha requirements fov the degree of Mastor
of Science,

2. 'Iaflucnce of Particle Size Gradation on Scour at Base of Free Cver-
fall, " by Dascl 12, rrﬂh:ﬂr’.:, thesis precented to the Colorado Agriculiural
and Mechanical College in Fort (,ollmu, Colorade, in 195635, in putn}. fuliil-
ment of in. requlrements for the mu”’r > of Master of Seience,

3. "Seour and Scour Coatrol B low Cantilevered Culvert Gitlets,' by
George 1., Smith, prepared for Burean of Public Roads, Colorado State
University Resegarch Poundation, Fort Colling, Colorado, CERGIGLS14,
May 1, ldsl, :




results §a a 73 per cent reduction in the scour rate. Also sheowm by

. figure 1, a uniform size of aggregate alightly larger (1/4" ~ 1/27)
than the Iarzest particle size of the bed material reduces the scour
more effectively tu..n a larzer unifors size sggregate (1 = 2%,
(2) The taichaess sf the armicrplate layer s approximately three
times the masirnum diameter of the armorplie material, or § incacs
for a material uaifermly graded to 2-inel maximum diameter,
(3) A graded armorplate materisl decreases the rate of scour more
cffectively than a waiform size material,
4) The eifectivencss of armoerplate depeads not ohly upon s grada-
tion but also upon its relation to the mazirawm size of agzregate of the
bed material, that is the minimum size in the armorplate should be

about the size of the m: z‘i‘.mm ¢ of the bed material,

G.. aded armorplate s more eficctive in t‘* > contrel of localized scour
. betweean the lavger
particle sizes are filled with progressively smaller sizes, Tals creates the
armorplating” effcet, that is the {illing of the interstices provides an inter-
locking of the particles which greatly retards or preveats the upward move-
ment of the fincr size bed material, At the same tbme this iaterlockia 44
provides ghear resistance to the flow of the fluid,

When a jet of flowing water impinges agaiast the armorplate the
Iarge size particles break up the jet into sraaller juis and the next smaller
size particl-:-:-; cause tie smaller jots tu divide into still smaller jets, With
ecach succes o diffasion of the jot there is an incerease ia the small seale
turbulence ,wiricir through viscous shear resulls in the eveatual dissipation
of the kinetic enevzy of the Impinging jet, Thus, 2t some thickness of
armorpl:te the jet loses ite kinetic energy by this 3ct diffusion process;

however, the pulsating pressure~-pressurc on the gediment p,.rncl cn varies



»

51 e.ccorc’.-:s.nce-—px‘c:,z::..rc-welucxty relationshiips varying in the energy cquation--

‘asscelated with this tucbulent diffusicen teads to deoaw the smaller gize material

-

up iato the high velacily flow,

The gradation of armorplate provi s two eosential elements for con-
trol of localized zeour; (2) it dissipates erosive caergy by creating a large
degree of small seale turbulence resulting in ¢nergy less through viscous

shear, and (b) it prevents or greatly roetards the movement of finer size bed

material ap into the high velecity flow,

In the wnalysis of the scour pheaomenon it hes become evident that the
relative motion between sediment particles and tie surrcuading fluid under

various ceaditions of

Y

enirainment, traasportation, and deposition appears to

o1y

Q

-depend upon esgsentinlly the same factors as those which govern the velocity
at which the particles would fall through the fluid ander their owa weigid,
. Thuas, it would sezem that the termiaal £211 velocity of sediment n*rti»l

represents a sediment characteristic  of coasiderable fmportince in the con-

frol of localized zeour by means of armoerplate material,
J -
FALL VELOCITY GF SEDIMENTARY PAATICLES

In the design for the control of localized scour the general procedure
is to determine the maximum size of riprap on the basis of a velocity equa-
ted to terminal velocily of the sodiment particle in a freely falling state of

K

rmotion, Tais is an alogous to the teansport of sediment vertically as sus-
peaded loud, However, {a localized scour sedimoent is alsoe transported hori-
zentally as bed lead, Secdiment movement in the horizontal direction is

- geaerally anazlyzed in terms of the velocity causing the beginaing of sedlmient

rotion. For design purpeses it is desirable to determine if there is a

relatien between the veloeity causiag the beglaning of motion of the sediment

particle and its terminal {21l velocity. In order to arrive ot such a relation-
shiip, those factora which govern the terminal 111 veloeity of a sediment




parth.l‘. are considercd first and, as a basis for thes analysis use will be
made of the results of studies made to date on these factors.,
Taese studles include those of Rouse (4 ), who defined quite adequately
tae fall velocity ‘.»'v’o of sphieres in terms of n il al diameter un : those
of Krumieia (5) who related the shape factor, s.f., to 1 sphericity parame-
ter; those of Corey (8}, Secr (7), McNowa, 2ad Malaika (8) who studied
the effect of particle sfiape ona the terminal fall veloelty of the sedimentary
particle, Albertson {8) made a wore generalized study based on the equa-

tion
.él (C}J’ Re, S‘f-) ol (1)
in which CD is the drag coelficient, Re is the Reyonolds nurmber and s,1,

is the shape factor, Tae functicnal relationship of equation 1 is {lustrated

en figure 2, (10)

e

4, "Nomogram for the settling velocity I' S'“:"CI‘L»';“: National
Research COL\’]\.ll, nt..--ul‘t of the Committee on Sedimentatioa, by Hunter
Rouse, .uxy 1, 1037, Exhibit L, p. 57-64.

b, r-cttlw g=-V uluClt}" and Flume-Benavior of Non-Spherical Particles;”
by W. C. Krunibein, Haticnal Rlesearch Council, American Geoplysical

Union Transactions of 1942

6. '"Influcnce of ¢ .:A!?.p(.: on the fall velocity of saad grains," 5y A, T
Corey, ticsis presented fo the Colorado Agricullural and Mech mic z1 College
in Fort Conmo, Celorado, in 1849, in partial fulfillment of the requirenneats
for the “*'*ru; of Master of Science,

7. YA comparison of the bn.uimc itation diameter and the sicve diameter
for various typesz of natural sands,” by L. F, Scrz, thesis preseatod to the
Coloradio Agriculiural 2ad Mechaaieal Co L* z In F 'rt Colling, Colorado, in
1940 in partial fulfillment oi‘ the requirenmients for the degree of Master of
Science,

8. '"Lffects of Farticle Shape oa Scttling Velocity at Low Heyaolds
Numbers, " by Joim S. MeNowna and Jamil Malaika, Traasactions, American
Geophysical Ualon, Vel. 31, No, 1, Feoruwry 18350,

9. "BEffect of Shape on the Fall Veloeity of Gravel Particles, " by
Maurice L. Alvertson, Procecdings of the Fifth Hydraulies Conference,
State Uaivarsity of Iuwz, Jow City, Iow, June 9-11, 1902,

19, "Measuroment and Anzlysis of ::.ea!im(sut Lu wls in Streams, Some
Fuadamentals of Particle Size Analysis, " IACWR Report No, 12, U.
Guverameat Priating Office, Washingten 25, D.C,, 1057,



It is significant that sedimentary materials found in streams and
stream déposits which could be used ag armorplate, have a shape factor
of approximately 0. 7. Crushed stones or synthetic riprap also have a shape
- factor approximating 0. 7. In order to extend the fall velocity dota for par-
ticles into the full range of armorplate usage, it will be necessary to analyze
the relationship between foll velocity and particle size snd shape for dif-
fergnt conditions of flow. And then, by using the resulis of this analysis,
establish a relationship between fzll velocity and those forces causing scour,

Consider a falling spherical particle with diameter dn and density Py
{falling for a given time t in an infinite pool of water of density P ? dynamic
viscosity p and kinemadtic viscosity v . If the f2ll velocity VW is in the
range of small Reynclds number Re where Sickes law is valid, the motion
of the falling particlegl can be expressed by

d Vs;

(Y‘.! + 1/.7. n: —a—{

= (3-m) g-37pd W (2)

in which

M o= d

C)‘q

3
nps

3
dnpw

m =

L‘)]a]

In cquation 2, the terms on the left side of the equation relate to the
inertia forces. The first term on the right side of the equation is an expres-
sion of the gravity and buoyancy forces. The second term on the right side is
the resistance due to viscosity.

Integrating equation 2 with the initial condition that W = 0 when

-
"
o
o
i
Lol
o
et
-

- &t BT

2 Yquation 2 was derived from "Hydrodynamics" by Sir Horace Lamb,
Sixth Edition, W, Y.
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in which _ -
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W 8w | = ]| & 2 P
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a3 . Gzﬁ
{ B vt o (:3)
Ps
2o 41

Wo is the terminal {21l velocity and is generally referred fo as the fall
velocity of the sediment particle,

The equatioa of motion of a sediment particle derived on tm assump-
tion that the flow resistaace is propurtional to the square of the velocity is

given by

aw 1 dw 1 . '
}i orneee 28 { T\ ’-r‘x o S e a'{lz . '\".‘-'z C
©dt (M-m) g ;™ @8 Pw S (©)

b‘v
...a

o
e

- in whieh CD iz the so-called drag coefflicic
Intesrating cquaticn 6 for the {aitial conditicus that W =0 wien

t =0 gives

Y = tah(rt) O (2)
Yo
in which /2

ana

Py 3

—— e e | W

? 2 :
W

As shown by equation 3 and equation 7, the time required to reach the

fermiaal £all velocity is thcoretically infinite, but from a practical viewpuint

"
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it is sulficieat to consider the time required for the value of Wl‘.‘a’o to
become i:)pro:f.imgtely one, I ‘Wo is large, that iz to say, if £ and §
are sm-.i‘ll, then the time is large, .

- Equation 8, 2 general equatioa for termiaal £all velocity shows that
CD is variable, that is, Wo is determinad for diffcrgnt values of C o
oaly. Furthermore, since CD is a function of He = Wo dnlv s it is not
possible to determine "-.Vo for a given value of c’;. or to determing dn
from a given value of W

In order to chbiain a siagle valued relationship between dn and ".’-fo

for armorplate selection of sediment particles having a shape factor approe«i-

matiag 0.7, rewrite equation 8 as

3 W LD
and let A : 12
‘ Py 1f2 .3)2
—— -] P G
Py l - ' '
ne = (10)

e ke
ol I cm BRI S y
Similarly let
. 32
W
R¥ = 1z
”» Py 12 i
(== -1 g v
Py

and by substituting into the Reynolds number obtain

Re =

Wi

v o 2
¢, (w) )




The cnect of viscesity decreases with an lncrease in urynol\x;,
number; therciore, for conditions of scour which cecur at large Eeynolds

numbers Re > 2 x 16* obtain the relatioaship

e, g [ *

Therefore from fizure 2 and assumec lzr e Haynolds numbers cquation 14

becomes
£ b iy 1/5 4 I3 - ’ ©
a5 o= 1z2e (i) for s.f. ¢ 0.7 20d C = 1.0 (152)
g ooy £rauy 112 o Ty .
f"*w = 9,80 (R¥) for s.f, = 0,5 and CD = 1,8 (15b)
s .
E{&‘V = 2.33 (—‘.a‘ﬁt)llz for s.f. = l. O (Sr)‘zsz\(‘s) .lnd. C = 0. 32

_ {1cc)
f:.qu:;ti&n 14 plotted on figure 3, shows thg £211 velocity s directly pro-
portional to the square root of Un as C o 3PPTO paches some constant value
for Re > 10* ., The data polats on figure 3 were computed from the mewm
curve of figure 2 for thie respective particle shape {actors, The fit of the
data for Re> 10% to equaticas 15 verifies that £11l velocity is proporticaal
to square root of da . '

Substituting cquatisas 10 and 12 into equation 14, and by means of

llu

equation 1562, obtain the relation
1/2

7 - :
W - (1.21)~/3 £ . ’l/& . 1/2 (14)
PW o

which for the conditicns g = 880 cm per sec? and (p P, T 1) =1.85

reduces to

w o= 14.7¢%  tor s.f. =0.7 (17)
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In a similar manner, but using equ. dica 150 aad 15¢c, respzctively, |
obtain the relitions
for s.f, = 0.5 : (13)

and :
W = 22.7 d for spheres - (18)

Che data of ‘s‘/o versus dn and shape factor, s.f. =0.65<0.7< 0.75

is plotted oa figure <.

Equations 17 and 19 applicd to the data of fizure 4 shows a gocdilt ¢
the data to the curves for Ln > 1 mm, However al lnff:c Rcyswl:is nunber
for spheres the drag cocllicient abruptly char ses cue to a sudden shift in
thc boundary layer and the linear equitica is no longer valid, On ths other
haad, moest natural particles and broken stone used for armorplate are not
spierical, and tals may aot be important,

In crder to apply the fall velecity of a sediment particle to bank

stability pretective works, a study was made first of conipetent velocity
that is, velocity at begzinning of sediment motion, Dota were ubtained from
everal sources (311, 12, 13) in wiich cae of the chjectives of the stulics
was to ootain a correlation betweea corapetont velucity and sediment size,
¥From an analysis of theso data, 3 correlation between fall veloeity and

veloeity for tie beginaiag of motion - incipient scour - will be sought,

i
1=

11, "The Trans )w‘b ivn of l-mt"uu::);ﬁ.: Lowis ag Water = I, by
I’y Theodore Mavis, Chitty Ho, and Yua-Cheng Tu, b Hvers t of Iown
Studies, lowa City, Iowa, Bulletia 6, March 1, 1935,

12, "The Tragsportation of Lietritus by J..'l\, wing Water - H, " by
¥, T. Mavis, Te-yua Liu, and Ddward Soucck, Uaiversity of lowa Studies,
Iowa City, Iows, Dulletia 11, S;":ternbf:r l, 1037,

13, "Formulas for Bed Transpert,” by Meyer-Peter and Muller,
IASHR 2ad meeting, Stoekholm, Sweden, 1:/2 - P, 32,

H;
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11
Beginning of 3Motion of a Scéiment Particle
INCIPIENT 3COUR

The force nocessary for incipient scour of the bed material can be

expressed by
Fy, = C, 5+ d& p_ = S (20)

in which CD 3 dn , and P, are as previously defiaed and V is the
veloeity of flow cuusing the pegim ving of raotion of the sediment particle,

=4

The force opposing moticn is given by

we
3 3_ 123 ,,__P_
Fﬁ N Cl Z “n Py 72 (21)

in which C not previcusly defiaed g a func,.m related to gradation,
compactioa ,‘nd particle shape, When considoring the total particle mass
instead of the iadividual sediment particles Ci is also a measure of the
iaterloc ckiag of the particles,

By assuming for the condition of incipieat scour that kinetic v

coslty is accounted for in Cl " CD and '»‘.v’o » it 13 permissible to write

F o= R
it &
cr g ' 2
> W
b:4 Ve W 5
C = ad — (. e d® B 22
o2 “n Pw2 1% “n Py 72 (22)
and cbtain the relationship between V ml tie nominal diameter



12

(23)

in which

12

o -

_ 1/2 4
Yy " (Cx l'é')

In equation 23, V iz the veloeity causing the particle to move, Alszo, Cz

has the same limitations that are laherent in defining C1 adequately. How-

ever by assuming the same fluid transport system the velocity for motion
becomes a function of the square root of the sediment size and is Inversel
proportional to the drag cocflicient, widcl in tura {nvolves sume of the
characteristics ass izncd to tie fuaction C .

thie beoinnin
LS boganmn

_ The equationz for fall velocity were sd;mrimpcﬁ;ed on 2
of motion data in [igure &, The equatica for spheres results in a very good
fit for the beginninz of motion cata; whereas, the equation of 211 velocity
for particles of s.f, = 0,7 falls below the beginning of motion data for

du legs than 10 men, bul tend to fit for particles with d greater than

-

>

10 s, The variatioa betweea the fall velocity cquations and competent
veleeity can be atiributed to the function C 2" However, curves for WO
for various shape factors indicated on the graph Jdemoanstrate that thase
equations are applicable for sclecting the sive of armorplate that "'ill
resist scour,

In case of the relation betweea full velocity and the eritical bed shear
velocity use is made of the results of thae ztudy by Liu (1»‘2). In this study,
for valucs of U¥ <i /v > 100, it was found that bed shear vdpc;»y (U#) was

coastant and expresscd as

* = W o W 24
U# =0,13 o (; )

14, 'Mechanics of Sediment Ripple Form: ation, vy H, L, Liu,
Paper 1197, ASCE Journal Y 2, Col. 83, April 1957,




13
- = 22,7 oV |
/ o
by sul

n

ation 24,

> ke J
Ur =0.13x22.76M% = 2,94 2P
n T n

(29)
By assuming that competent bed velocity is a2 funclion of the bed shear
veloeity, a corrclition between force and particl
W

£ e
o &

ze s possible for
U*f\Wv =0,13 and U* dn/v > 109, siace

[xbss }”z
.EZZ?

Delining tractive forcec as 7 = yD5S in

vird

wihlel
1 is depth of flow in feet and S

Yy iz uait weight of water
L
force results in

2
is energy slope. Solving for tractive

T = 0.016D we 26
i ¢ PW G ( )
or

A 1 ( ‘)cl )
T o= 00189 p (o =~ | -1 gd
w3 CU P, n
i P. i
and for

| = 1,65
Py

T = 21. 31 ..11
D
Substituting <

St

(27)

xauation 17, uaits converfed to foct, into equation 20 gives

n 4.2 1
0 sz'z L\
Py ©* n
or
T = 2,324

(28



Y.

L
Y 12 2 Yo ue
cle Beyaolds number

an cquaticn very similar to equation 27 when « 1,0, It must be pointed
out that this condition ealsts for (1) Ligh pard
regulting In near constant drag coefficient and, {2 hn nigh bed Reynolds
number resultiag in near constant relation of bed shear velocity to f2all
velocity. Also, C ¢ must be a functico of bed resiotance to flow and
necessarily varies & g’m particle size and other boundary properties of tha
flow, i

The USEBR data on figure § indicates the influence of gradation ca
stability, Ia analysisz of these data based on tractive force coucept, Laae
(15) used the particle size at which 25%was lacger. On figure 6 this size
analysis would ghift the tractive force cordinate upwards indleating that
only a small perceatage of large size material is necessary to lacrease
the erosica resistinece of the.‘- bed material. Data based on Laae's tractive
force theory tend m lie above the data for the beginning of metion based on
uniform size bed material, ancther indicition of gradaticn influencing the
Lbed stability.

On fizure 6 (1¢) are plotted data for varicus ranges of hydraulic

cond it ons of stable ehannels, The chanaelas are considered stable becauge

neither excessive scouring nox silting can be detected in the canal reaches,
However most of tacse canals hive a ciable sediment load moving

through the system,

15, “wesiga of Stable Chamnels, ' by “maor ;, W, Lane, ASCE Tranz-
actions, Vel. 120, 1005, Papeor No. 2776, p.

16. "Theory and Design of 5table Channcls in Alluvial Materials,”
by L, B. Juum:, L,ulur‘l do State University, Fort Collins, Colorado,
May 1857, CER Ne, 87, UB3 17,

- D
'\J
.(.
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Figure 6 illustrates the degree of it for tie various equaticns on
actaal stable channel data, The data consist of a wide range of variables
includinj sediment tro ort Tie most fmportant fzactor of this develop=
ment is the cun&;istsﬁcy »f all approaches for dn> 10 om., Because of the
consistency ia the three approaches in determining sediment size to resist
scour, a safer projection can be made’to particle sizes greater thzn 100 mumn

diameter for armorzlate sslection,
SURIMARY

The cffecet of particle gradation incerceases the effectiveacss of an
2":}.‘01'9141;(: layer as shownon figure 1, The gradation effect on the begin-

ane

ning of motien studics 1s difficult to determine In that the first particles
to move would be the smaller size particles of the exposed surface, The
armorplate c~u1d have some particle movement and remaia stable for

ta

gven higher velocifies than recorded,

ine

Since there iz such goed ogreement in the large particle sizes among

fall velocity, velecity at beglaning of sedirment motica and tractive force

g
concept it is feasible to extend the relation of £all veloeity and sediment

siz¢ above the range of presented data for armorplste sclection, Of course
thcre may be an upper Umit on particle size In which the resistant forces

are coasiderably modifizd and no longer act ag interlocking particles but as
interlockiag structural members of a wall, This Lypothesis is partially
verified by the present engineering practice for large size hand placed
armorplate (riprap). The practice is to reduce the size stone and thickmess of
the layér for hand placed riprap compared to :iunt:ped riprap, &iprap is

used here instead of armorplate materlal becouse of thﬁ definite distinctior

of size gradation for armorplate compared to normal riprap criteria whic

uzually gives the cuter size rock and some filter criteria for bedding.,
.~
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However for bank stability of canals and maay natural streams at bends or
near hydraulic structures the sclection of proper armorplate and its place-
ment will involve stonzs of less than two fool dlameter and not coasidered
as being hand placed, , '

For simplicity cf armorplate sclection figure 4 or figure 6 provides

an engineering basis. Rochs of mass deasity equal to 2,65 can be seleciad

directly from the fall velocity curve for spheres. Under design conditions
that require the ultimate in protection, the fall velocity curve for natural

particles of s.f. = 0.7 should be used, In cases where the relation of mass
deasity is cther thaa (p l,. " 1) = 1,65, The use of equation 18 provides a
ready solutlon. For example, a change of (p‘_/;x - 1) to unity would change
the fall veloeity equation for spheres to ‘.5’0 = 11, ;IZ

The effect of a change ia deasity also relates to kinematic viscosity,
Since kincmatie viscesily changes with deasity, a change in the fluid dea-
sity by addition of material that remains in suspension such as bentonite

.

would change the kincematic viscosity., This apparent change ia kincmatic
viscosity therefore would change the fall velocity s s ~.ilgrly to the mass
density change discuszed previously, However the tolal change of hincinatic

viscosity is not all atiributable to density, When a clay or sediment is in

.
H

suspension there also is the possibility of a chiemical change which effccts

the kinematic vizscosity as well. Tiwe chemical effects can account for
tremendous differences in kinematic viscosity,

Ancther {actor not presented here is the effoct of side slope. s
agssumed that gide slope effects will be handled in a manner similar to
Lane's theory for Stable Channel Design _

The armorplate placement can u:;ually be accomplished by dumpi ing

from a truck and some form of power equipment for spreading, There are

two poiats of caution in placing armorplate. Caeo, make certain that the
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agzgregate remains well mixed while durmping and spreading aad, two, make
certain the armorplate extends beyoad the local scour area to prevest under-
mining of the structure,

Loose armorplate tends to self heal when one part is damaged, The
armorplating shifts with the flow jet causing ercosion, Ia some tosts by
Hallmark a varylng discharge shifted the armorplate so that the top layer
of larger particles always developed uader the groatest jet force, This
ghifting was rather rapid and where tix entire striking zcone of the jot was
not protected sligid additional eroslon existed before t! ¢ bed again becam
protected, The x::-v.::imum thickaess of armorplite tended to be three tinwes
the larger particle size material of the armaorplate at the point of jot

meont,
APPLICATION OF RESULTS

One of the problems the designer aad practicling engianeer faces is
the stabilization of the channel bed just dowastream of the eud sill of a drop
or similor structure. Agp an example, assume a chute drop placed ia a
canal, Assume for this example tiie cmal as desizned will thu.':tlm
veloeities of 1.5 feet per sccond but that the moean outflow velocity at the
end sill is about G feet por second. At this velocily the canal bed eould be
ezpected to scour and to countrol scour armorplate is needed, The meomn
gize of armorplate cna be selected from either figure 4 or 6 by entering
with the niean veloclty on the velocity scale and reading the diameter of
the mean size material, In this case using figure 8 read dn =0,2 f=ct or
Wout 3 inches for materizl of (p&/pW - 1) = 1,65 from the curve
W =22,7d 1,2'

s _
Tae next step is to determine an approximats gradation and thickness

of tie armorplate layer. From the studies discussed ia thls paper it appears
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 that the maximum particle size necessary is about twice the mean size
material, For this problem then the upper size rx ge accessary would be
sbout 6 inches. Tie minimum size range should be nearly equal to the
maximum size of the alluvial bed material, For cother than alluvial bed
material the smallest size armorplate material should cenform to the
Terzaghl-Vicksburg filter requivements on minimum size to prevent up-
ward movement of the fine material and graded to the larger size previously
determined. Aftention to the smaller size sclection alzo is needed when
seepaze lato the canal Gccurs; As a gulde in Jeteromianing the amount of
material, the thicimess of the armorplate, as determined from laboratory
chservations, shwould be about 3 thnes the maximum size material, For
this example the maximum material is about § iaches, therefore, the
material should be sufficieat to cover the expected scour zone to a depth of

18 inches,
CONCLUSIONS

To protect hydraulic structures built in alluvial chanaels from
localized scour, it is importast to consider both the type of flow aad their

cinaracteristics and certain meat charactoristics, Sediment charac-

teristics which are pertinent to the desiga of the contrel of localized scour

include:
a, Particle zize gradation - armorplate; ’
b. Fall velocity of the scdiment pariicle af large Reynolds

aumber as fafluenced by its nominal diameter and shape; and

s The size of particle that will resist incipient scour,

From an aunalysis of the studies of these characieristics it is evident that:

1. Pariicle gradation provides two sizaificant functions in
local scour coeatrol by armorplate, (1) It dissipates erosive esergy by
creating a large degree of small scale turbuleance resulting in energy loss

ey e g — — R T e —— — e

e prrr———
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tiwrough viscous shear, (b) Gradation prevents movement of fine materials
throu;;rh the armorplate and this in turn prevents sloughing and undermiaing
of chaanel banks,

2, Fall velocity {5 an adequate measure to use in selzeting the
mazimum size material for loeal scour control. The high degree of
similarity of particle fall velocity, velocity at the beginning of sediment
motion and critical bed shear veleeity provides a methed of determining
the maxiinum size of particle that will resist erosions, ?

3. Tihe mean size parvticle that will resist motion is givea by

equatioa 19 for a shape factor of 0,7,
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APPENDIX - NOTATION

The following symbols are adpoted for uee in this pa per
: Fld *
s - r - - c- et
CD Particlie drag coefficient defined as - v -:7—2

Ci - Constant

CZ - Constant

dn - The diameter of a sphere that has the same volume as the particle (mm)

D - Depth of flow {ft)

FM - Force necessary for incipient scour (gm)

-~

A FR - Resistance force of bed material to scour (gm)

g - Acceleration due to gravity (980 cm per sec?)

m - Mass density of the displaced liquid defined as g dr: P,
M - Mass densily of the shpere defined as é’l d; P
’ Wo dn
Re - Reynolds number defined as B
R* - Dimensionless parameter
R’i‘v - Dimensionless parameter
S - Slope of energy gradient (ft/fi)
s.f. - lnpe factor of a particle defined by *\f—w in w ,uch a is longest axis,

b is intermediate axis and ¢ is shortest of the three mutually perpen-
dicular axes of the particle. ‘

t - Time (sec)

U%* - Bed shear velocity (cm per sec)

V - Mean velocity of flow (cni per sec)

W - Fall velocity of 2 particle at any time {(cm per sec)

WO - Terminal fall velocity of a particle (cm per sec)

21
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- Gamma, unit weight of water (1bs/ft?)

Y

4 - Zeta, constant

[ - Mu, dynamic viscosity of the fluid {em? per sec)

v - Nu, kinematic viscosity of the fluid (o ® per sec)

£ - Xi, constant

ps - Rho, mass densily of the sediment particle ( gm-isec?‘ per cn14)
Py - Rho, mass density of the fluid (zm-sec? per cm )

T - Tau, tractive force (lbs/[ft?)

S e e e
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