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Riprap is used in channels to dissipate the excessive energy of 

flow uhich would otherwise erode the channel and thereby decrease flow 

efficiency. Flow efficiency or disch,J.rge capo.city is a.pt to be reduced 

at points of scour by such forns of discont inuity as vorticies and 

boils which introduce air into the water as well as impede its do\m

stream movement. Several theories have been proposed in an attempt to 

arrive at meaningful design criteria for the size of riprap needed in 

a given situation. Because the problem is so complex, reliable 

experimental data concerning riprap is scarce. 

In this study, the 1,rriter attempts to analyse the problem on the 

basis of forces resulting fron boundar~,r ~rnlocity distribution :ct the 

riprap surface. Velocity profiles were measured and recorded with the 

aid of a differntial pressure cell for the following two conditions: 

1) fo.itia.l instability-defined as th_e removal of several pieces 

of riprap from their ·original location leaving a scour hole 

or cavity. 

2) Scour to a depth equal to the l argest size of riprap present 

in the test categor;r. 

The information obtained by this research 1.Jill lay the groundwork 

for future studies in riprap gradntion. This provides an interesting 

comparison r,1:i.th fo rrr.ulations published to date for specifying 

r i~J:ra!) sizes in protot:rpe design . '.i.'he tes ts discussed only concern 

size categor ies which fall near the si:,e versus velocity curves sh01,m 

at the end of the report. However, it must be noted that the curves 
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nublished by the u.s. Bureau of .:1.ecla.ination and others represent the 
, . 
50 per cent passing material in a well graded riprap sample. The 

pressure distribution immediately above the rock surface is investi

gated to check possible uplift tendencies. Static pressure wall 

ports and a multiple Prandtl tube probe were used. 

iv 

Shape as a parameter i-1as investigated by comparing data taken 

from both cobbles and angular material. Careful ~easu.~e~ents of 

physical characteristics were made on a random sample from each size 

category of test material. Measurements included volume, weight, and 

major axial dimensions. Photographs were also taken before and after 

one erosion test for each size category. An attempt was ma.de to 

compute the scale factors of material measured as a preliminary step 

for proposed model tests of full scale ~iprap gradations. 

This abstract is approved a.s to form and content. 

Signed ---------------------
Faculty r.1er1bf~r in charge of dissertation 
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NUH\'.:NGLATU.RE 

""c _ Gross-sectiomu. area of trif? contracted jet of the flow, ft. 2. 

a, b, C axial dimensions: lor1gest, intermediate, and snortest, 

respectively, inches. 

c, c1, c2 =- Gonstants of variati on. 

vi 

Cj Coefficient of energy loss which is a function of the contraction 

of the sua::Grged flow jet under the baffle, dimensionless. 

c = Goefficient of energy loss which is a function of velocity of 
V 

flow, di mensionless. 

D = depth of the velocity jet under the baffle (modified from baffle 

opening f or jet contraction), ft. 

d = Characteristic linear dimension for _sediment size, inches. 

ds Diarnet.er of equivalent weight sphere, inches. 

de &:l.ge of equivalent weight cube, inches~ 

dsc = A linear size measurement wnich combines characteristics of·both 

cube edge a11u sp~1ere diar,1ctar (see oq. 1.4, p. 6). 

f Frequency of repetition, cycles .P~r second, of similar velocity 

fluctuations. 

g = Acceler ation of gr avity. 

hA. = Amplitude of t he velocity head fluctuation, f ps . 

hB =- Energy loss at t he baffle, ft. 

K - Special coefficient of variation developed by .dedar (see p . 10). 

L = Characteristic eddie length as oefined by Dryden, ft. (see~ · 26). 

n = Porosity, di 1aensionless . 

p
0 

= Static pressure, psi. 

Ps = Stagnation preisure, psi. 
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q = Discharge 1Jer foot of channel width, cfs/ft. 

qj = Jet discharge per foot of width under the baffle, cfs/ft. 

H(y) = Correlation coefficient of longitudinal fluctuation of velocity 

(component norraal to the flow tube section, see p. 26). 

s = Shape factor, di~ensionless. 

sp. gr.= ~pecific gravity, dimensionless. 

u = Total longitudinal velocity component at a point, fps. 

u = Hean longitudinal velocity component at a point, fps. 

u 1 = u - n = Turbulence fluctuations about the mean velocity at a 

point in the flow, fps. 

V =· Volwae of riprap material, ft3• 

V = l·1ean point velocity, fps. 

v = Hean velocity in the channel of flow, fps. 

vb, vm = Hean water velocity for incipient or beginning motion of a 

given size aggregate, fps or met_ers/sec. 

y = Effective depth of flow, ft. 

y v = Verticul dist...J1ce fror;i . a meo.ian point in the rock surfG.ce profile 

to a given point in flow velocity, inches. 

W = ·v1eight of individual rock, lbs. 

W
5
c = Equivalent weight con:bining c11a1·acteristics of both cube and sphere 

(see eq. 1.J, p. 6), lbs. 

C){. = Slope of channel at t he centerline in the direction of flow, 

dimension.less . 

ts - Ur1it wci;i1t of stu:·1e , lbs/ft. 3 

'tw - · Unit weignt of water, lbs/ft3. 

9 = Position function, di1aensionless. 
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1r = 

. 2 
Dynwn.ic viscosity of water, lb-sec/ft. 

3.14159 

viii 

.f = Term used for natural slope of randomly placed rubble (similar 

to angle of repose, see eq. 1.12, p. 11). 

f = Density of stone, lb-sec2/ft4(see eq. 1.13, p. 13). 

fs = JJensity of stone, lb-sec2/ft4. 

fir = .Uensi ty of water, lb-sec2; r't....,.. 

a-= Density of uater (see eq. 1.1.3, p. 13), lb-sec2/rt4 • 

j.6 = Natural angle of repose of rnaterial measured from the horizontal. 

tan ~ = Coefficient of internal friction. 
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CHAPTER 1 

BACKGROUND AND THEOR;n'ICAL CONSID~RA7IONS 

Riprap protection is an important f_eature of water conveying 

systems. Since early times, m.a.n has known that he could protect 

. 1 

his property from erosion by placing rocks and other forms of rubble 

in the area of scour. As the population density along waterways 

became heavier, the need for more sophisticated methods of providing 

erosion ;)rotection was made evident. 

It is the objective of the writer to approach the problem in 

a pragmatic manner to ascertain what the problems involve, and how 

tiie modern researcher can pursue the following questions: 

a. What are the factors of stability? 

b. What stability factors are significant to the designer? 

Techniques for choice of riprap size and specifications have 

lacked the basic information which could be found in the laboratory. 

This deficit of in.formation is partially due to the difficult 

problem of isolating any of the many parameters responsible for the 

erosion of riprap. The equipment used in this study establishes 

boundary velocity conditions by using a sluice gate type of movable 

baffle to induce a submerged jet along the riprap surf ace. This 

study investigates only the conditions present on the strerun bed 

and does not consider embankment problems. 
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.Hi~·r a.p Stability 

The :L"!llnediate question arises; what are the stability requirements 

of riprap? -Hiprap has been defined as ••• "a layer, facing or protective 

tnoillld of stones randomly placed to prevent erosion, scour or sloughing 

of .'.?. structure or emban ... lanent; also the stone so used (1 )-~." The 

Bureau of Public Roads broadened this definition to include mortared 

and grouted riprap, concrete in bags, concrete slab riprap and stone 

riprap for foundation protection(2). These descriptions point to 

the importance of weight and flexibility for stability. Closely 

r elated to weight is the effective size, gradation, shape and general 

proportions of the overall blan,.1<et. Finally, the manner o.f placement 

may be the sole reason for instability of the blanket, and a major 

factor in the ~ost as well. 

Along with the physical characteristics of the blanket, the 

behavior of the riprap when exposed to hydrodynamic forces must 

be analysed. Turbulence resulting from various fo:rms of roughness, 

,.:relocity patterns, and the resulting press·ure fields in the fluid 

all result in significant forces which can dislodge portions of the 

protective blanket. 

Cost is a doninant consideration in every aspect of ri:.,ra:p 

construction. Consequently, the handling of the· heavier pieces 

· • becomes an expensive factor in placement. Conflicting with this 

desire for less weight however, is the fact that none of the other 

para~eters seem to be a sufficient substitute f or weight as a 

stablizing factor. Riprap blankets have failed when the thidmess 

was doubled to compensate for the use of lighter materials. Another 

-,,. Numbers found in brackets, as ( 1 ) , refer to the bj_bliog:raphy on page 39. 
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substitute for weight has been the use of v2.rious techniques to 

increase the size of the unit, for example: tieing several sections 

together with wire screen, cable and mortar to link individual or 

groups of stones or manmade materials into one flexible unit (2) (3) 

(4). Naib (5) and Carey (4) give information about other forms of 

r:13.Tu'"Jade riprap which have great promise for the future. Also very 

important is the type of foundation constructed for the riprap. The 

type of soil filter used can be instrwnental in determining whether 

or not the bank will erode between ·t;he larger portions of riprap (2) 

(6) {?)e Length of the riprap blanket is determined by estimates of 

the area affected by eroding forces such as high velocity jets, 

turbulent eddies and vortices (2). Side slope, centerline grade and 

hydraulic radius all play an important part in this analysis. Better 

methods of predicting future sources of change in the watercourse and 

their effect on stability requirements would be of considerable he:).p 

to the riprap designer. For the purposes of' this report, however, 

the discussion will be restricted to some of the more fundamental 

stability parameters of riprap. These parameters shall include rock 

size (w~ight and volume), shape (round versus angular), and water 

velocity and pressure variations with depth and tiine. 

Ri:prap ?ailure Sequence 

An analysis of' the sequence of events occurring at the time of 

riprap failure should sh,~d some light on the areas for study. Fron 

general observations in the l t1borc1.tor-J and natural stream beds, it • 

has been noted that as the velocity at the riprap surface is increased, 

there is a slight re·arranging of the material according to shape. A 

slight quivering becoriles increasingly evident among the smaller rocks. 
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The quivering seer:1s to be directly relclted to the cross-sectional 

area of the individual rock exposed to the current and its position 

with relation to adjacent segments. · Failure is often initiated by 

the removal of a key stone behind which a line of other stones has 

been formed by current patterns. A whole line at a time may fail 

and wash dm·mstrewn a significant distance. A nortion of the blanket 

is then cratered, and its r es istance to future erosion reduced. The 

larger the stone size, the less 1,varning occurs before failure. The 

stone may be lifted suddenly high into the current of flow, as in 

Figure hB, To · the contrary, the larger material, if it is shaped 

right, may merely adjus-t slightly to a more stable position and 

remain stationary. 

PA.11.AHET~RS OF STABIT,ITY 

From the above sequence, it can be seen that certain difficult

to-def:ine non-uniform parameters exist in the riprap installation 

that make analysis difficult. The rock shape and position may vary 

considerably. Velocity currents can forin · in a myriad of different 

patterns and time sequences. Fluctuatj_ons in flow cause multiple 

variations of pressure forces on the riprap. 

Shape 

4 

Shape can be described as stream rounded cobbles, hereafter 

referred to as 11 cobb.Les", and quarry-blasted., c:i:·ushed 11 angular11 

material.. Shape can also be significantly cateeorized by dimension 

ratios sc::x,rating rods , disks and blades from spheres (7) (8) ( 9) (10). 

Ratio limits should be determined for maximum 'Variations allowable 

in length to width thickness . The Army Corps of Engineers makes 
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toe fol l owing co:mnents about shape: "The shD.pe of rock that tends to 

brealc due to quarry 09erations or other .reasons into elongated o~ 

slabb°'J particles needs to be controlled by provisions in the 

specifications. It is desirable not to have stone whose long 

dimension materially exceeds their short dir.iension. 11 Cubical stones 

nnest 11 together best and are most resistant to movement. Limitations 

should be specified as follows: 

a. Stones having the ratio of longest to shortest dimensions 

greater than two should not exceed twenty-five per cent 

of the total. 

b. Stones having the ratio of longest to shortest dimensions 

greater than t:r..rce should not exceed five per cent of the 

total riprap material. (11) 

Gradation 

Gradation follows directl;v as the next point of interest. There 

is the question of which portion of .the gradati on. should make up the 

largest portion of the blanket--the larger sizes or the fifty per 

cent passing or some other portion of the blanket? Should this be 

determined by gross volume or weight? What is the most desirable 

per cr:mt of smalls to be included? The Bureau of Public Roads~ the 

U.S. Ar my Car ps of Engineers, nnd the Bureau of Reclamation have all 

written specif ications for riprap. 

Rock Size 

Tl1c s1)ocificatio11 oi · t he size of :L."1.divi du:..ll ~ieces of 1 ... ii)rap is 

furti1er compli cat ed by the diff erent methods used. One r:1ethod that 

seems to be prevalent specifies size by the dial118ter of sphere of 

volume and u-ei ght equal to that of the individual · stone (11). 

5 
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i1.educed to equation. form: 

( 1. 1 ) Height = ~:1 = ( (
5 
,rd;)/ b 

where ~ = unit weight of stone, lb/ft3 

ds = diameter of equivalent weight sphere. 
I 

( 1. 2) ds = ( ro WI t5 11' )3 
I 

d8 = CW/ 0.52 a'5 )J" 

A second form combines the characteristics of both cube and sphere_ 

as follows (11): 

(1.3) Weight = Wsc= ~ [ d,; ¥5 + t5 (-n- d.:>3/G )] , 

where de= edge of equivalent weight cube. 

.6 

C~lling the new dimension dsc, for cube and sphere dimensions combined, 

and solv:ing for it: 

(1.4) 

Conversion from one to the other form may be ~ade_by applying the 

appropriate factor: 

(1.5) 

For studying the various size to velocity curves; both forms of d 

will be used (ds for cobbles and d50 for angulars) since the curve 

shifts according to the size par~ueter used. 

Blanket Thicv...ness 

Blanket thickness is directly related to the particle size. 

Sone designers (11) specify that the thickness of the riprap layer 

shall be equal to or greater than one hundred per cent.passing or 

1.5 times fifty Tier_ cent passing., whichever results in the greater 

thickness. The object is to be sure that all stones are fully 

contained within the riprap _layer. 
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Velocity ~ Index to Current ~~rosion Potenti al 

1liprap installations are su~rounded by Var'jing pressure and 

velocity fie_lds resulting from ~urbulent flow in and around the rock~ 

that make up the blanket of ~rotection. ·or m~in interest to those 

concerned with riprap throuehout its history has been the so-called 

com:)etent velocity at which riprap erodes.. Huch t ,n,-riinology and data 

have been drawn from the closely related subject of sediment transport. 

Competent condition is the term used by Berry _(12) to describe the 

lini ting case bet·ween the vibration of bed-load and the start of 

uninterrupted movement of the pebble. 

The cause or indicators of the forces present in a given situation 

have been separated into two general categories. These are velocity 

scour and turbulent boil or scour. Both forms relate to flow charac

teristics in the channel. 

Velocity versus Riprap Size 

The use of velocity as an indicator of ~iprap_ size reo_uirc~ents 

in a channel has been widely practiced. The number of particular 

velocities considered significant are almost as numerous as the 

originators. The mean velocity was generally considered a good 

index until a number of researchers presented velocity-versus-size 

curves that showed how sensitive the upper r ange_of sizes were to 

even a slight change in velocityo From these curves, (Figures 31.i and 

35) it can be seen how a slight error in the velocity chosen as 

C:'."iticd could r adic.::i.lly change the stability capability of the 

riprap l ayer. 

Berr-.1 (12) defines a competent mean velocity, sometimes known 

as the critical mean velocity., as the velocity at which a certain 



size sediment on a channel bottom is just moved. Ee states that 

there is a limitation to mean-velocity criteria .in that it does not 

bear a constant relationship to the bottom velocity. It is the 

bottom velocity which is the probable controlling factor in bedload 

transportation. Likewise bottom velocity is sie;nificant in riprap 

instability. 

8 

Another reference to the mean velocity was Rade by Etcheverry (13) 

in 1915. He states: 11 Bottom velocity is approximately 0.75 o:f the 

mean velocity. 11 This fieure was used by Peterka (14) in estimating 

velocities present in several prototype exar.1ples which both survived 

and failed under excessive flow conditions. 

Berry ( 12) reports that ••• 11Bogardi, on the basis of his experi

mental studies in Iowa, found that: 

(a) The roughness factor denoting the bed friction varies 

independently f'rom .the critical mean velocity as well as from the 

critical bottom ·velocity. He therefore concluded, that from the 

point of view of bed friction alone, it is the s&~e to characterize 

the competent condition by the me;;.n velocity as by the bottom 

velocity~ 

(b) Within the limits of his experiments, for the same bed-load 
. . 

t.rie competent mean and bottom velocities were not influenced by the 

width of the flume. I<'rom this viewpojnt also, there is no difference 

w}1ether we use the critical mean or competent bottom velocities for 

the criteria for start of Jiloven:mt. 

( c) He further found that for· the sal"!e bed-load material the 

competent bottom velocity- does not de:::iend upon the depth of water 

in the channel. On the contrary, however, the mean velocity varies 



·with the depth of water, increasing with increasing depth of 

water." 

Berry (12) .further reports that ••• 11 as a result of analysing 

Gilbert's eJ...-perimental data, Rubey has shown that it is the 

velocity in the im.'i'lediate vicinity of the particle on the stream 

b-2d that is significmt for the start of bed-lec!d movo/lent.. He 

defines the bed-velocity as the velocity at the boundary between 

the thin film of lam1nar flow on the stream bed and the nain mass 

of turbulent water above it. 11 

The "sixth-power lawu represents a commonly used relation 

betueen the eroding p01,ier of the current and variation of the 

velocity. John Leslie (12)., Wilfred Airy (15), ands. V. Isbash (16) 

have been credited for contributing to the development of this 

relationship.. The sixth-power l3W states that the irnight required. 

for stability varies as the six.th power of the velocity acting on 

the rock. Is bash' s curve interpreting the po,,1er law is found in 

Figures 35 and J6. Figure 35 also gives several arbitrary curves 

presented for use in specific si tu2.tions. Ca~b':'!ll sqys, nTo 

estimate the reqqired size of rock which is stable for a given 

velocity, the fifty per cent passing is used.rt nA coefficient 

E
8 

= 1.20 is used as the basis of the Isbash cu:r,re.lf (17) (See 

Figure 35) Superimposed on the chart will be found data points 

resulting from the present research for comparison. 

Berry (12) introci-o.ced the following r el ation: 

( 1.6) 

where d represents sediment sizes fror:1 a quarter of an inch to 

tuent,y-six inches., Sor:ie data points fror-1 t his curve may be found 

9 



on Figure 35. The bed-load material represented is of an aver3ge 

specific gravity of 2.65. Hovernent includes rolling or sliding on 

a bed of the same size, and for average turbulence and particle 

shapes. 
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Figure 36 sU1ll!:1arizes the findings of Soren .Andersson (18). For 

ease of coT:1~Jarison, notation is cha.'1ged _ to coincide with that used 

throue;hout this report. The folloui.ng il'i ,m excer,:,t fro~ ~.ndersson I s 

report: 

11SHIE1D 1S (1936) 
_ ( 1. 7) 

where o< = t. · slope of channel in the direction of flow. 

!-:1~,YZR, PETER & MULLER (191~8) 

( 1 •8) d - [rsk'~ t"'][; :~ntoo<0.04-7J ' 
where 0.03 must be assigned to complete rest · and o.o1-i7 

to a situation in .which material transport is zero. The last value 

was obtained by extrapolation of the test values in measurements of 

material transport. 

(1UNDBORG ( 1 956) 

( 1 .• 9) 

HSDAR (1 960, 1962 ) 

d = ~ [J ~ JI sin o( _ 1 
As- tw 2. c~ c2 tan 'P cos ol..-sin ~ 

coefficients depender:it on degree of turbulence and 

state of density of the material (normally, c
1 

• c2 = c 

may be fixed at 0.087). 

¥w [ I ][ "\J~ J2 -. I · J 
\ 1 • 1 o) d = i's - ¥ w K I og ( r 4~ s 3 ~ -) [t_o_n_c/,_c_o_s_C>( ___ s_i n_._-c:< 

where '\J"":: mean velocity 'of water, rn/sec · 

K = coefficient evaluated by Hedar = 7 .. 5 c For the two 

equations above, ¢1= angle of natu.1:al sl_ope of the stories. 
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I SBASH ( i 936) , 

(1.11) d:::: 
r(A) 

[~;][~] J;; - i'w 

where g = acceleration of gravity, m/sec2• 11 (18) 

The coefficient 1.44 has been obtained empirically on the assumption 

that the blocks of stone are dumped pell-mell in running water. 

Andersson further states that his illus·t'ration of the above equations 

and others represent flow on a gentle slope at a depth of water equal 

to twenty rock diameters (Figure 36 ) • 

The California Highway Denartment, in a nublication entitled 

Bank and Shore Protection in Cal ifornia Higrn~ay Practice (3), gives 

specifications for choosing rock size where current velocity governs. 

Since theirs is for embankment rather than channel bottom protection, 

it is only mentioned here for general interest. Their 11:omograph 

(found in the Appendix) is based on the following equation: 
. - 5 ~ 

2 C I O) v 59,. c s c3 (p - o<) 

( sg,.. - l ) 3 ( 1.12) W= 

where V = velocity of the stream near the bank to be protected 

S 9 r = specific gravity of the stones 

_p = 70° for randor.ily placed rubble 

· o<. = embankment face slope 

W = minimum wei ght in pounds of outside stone for 

no damage. 

It is interesting to note that t he emphasis is on weight and velocity 

with a correction factor for specific gravity. They have related 

rando;n-shaped boulders and broken stone to some of the commonest 

geometric sh-3.}'8S which form a shape spectrum extendtng fro,n ful l y 

rounded to fully angular. Tabulations of factors f or precisely 



defined shapes will provide a basis for interpolation of approximate 

or intermediate variations ( see table and illustration of shapes 

in Appendi..,:) • 
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The U.S. Bureau of Public Roads has published a report sUJnmarizing 

various uses of riprap for bar,k protection (2). · Their stone-weight 

versus velocity curves were taken from the same original source as 

that used by Campbell (19) published and supplemented from. time to 

time by the u.s. Arny Corps of fugineers at the llaterways EJcperiment 

Station in Vicksburg, Nississippi., For better comparability, the 

supplementary curves added by Ca'npbGll were superimposed on the 

figure used by the U.S. Bureau of Public Roads along with data 

points from Berry (12), Peterka (14), and t~e present research. 

M. G. Hiranandani1 director of the Central ~'later and Power 

Research Station at Poona, India, has written a review and comparison 

of his findings during visits to hydraulic research laboratories iil 

the United States, United Kingdom and France with his activities at 

the Poona Research Station (20). He tells of experiments that were 

conducted at the CWP.RS, Foona, in 1940, for determining the size of 

stone which shoulfi be used to r epresent the stone of block protection 

giv8n in prototype structures at bridges or else at weirs and falls. 

11 Tests with stones were made both for angular stones and rounded 

stones. The velocities rsquired for initial continuous movement, 

and also for general movement were observed. The stones were laid 

over a smooth bed and alternatively on fixed layer s of s tones of th& 

same size. The data collected during these ex!~eriments for a11gular 

stones and for initial move1;1ent enabled the following correlation 

to be establ:i.shed. 11 (20 ) 



( 1.13) 

Di a. = o. 11 l.6[ _i!-_ . .f J 
-d- 9d a--j 

( 1 • 14) [ V 'l. \" ] 

Dia. = 0.11h5 S · a'w-\~ 
where d = depth of flow in feet 

Dia.= size of stone-diaueter in feet 

v = avera8e velocity in feet per second 

.? =·density of the stone 

er = density of the water. 
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"The specific gravity of ston'9s used in these experiments varied from 

· 2.94 to 2.83 giving a mean value of 2. 89. With this specific gravity 

and an assumed. conversj,on factor of O.h, the equation reduces to the 

form: Dia. = 0.0019 v2 • 11 (20) (1.15) 

The values obtained from this relation are 
0

plotted on the curve of 

the u.s. Bureau of Reclamation. The trend of this curve appears to 

be similar to that of the U.S. Bureau of Reclamation. (Figure 34) 

It should be observed here that the tr.2.nsporting power of water 

is different fro1:1. its erosive power and the two · should not be confused. 

As Berry ( 1 2) describes it, transporting power r.mst overcome the 

weight, and erosive power must break the cohesive bonding of the 

material. :'The l atter varies as the square of the bottom velocity 

while the · former var:i.AR :1s the sixth po'.·rer of the velocity. 11 It has 

been observed that in many cases of removal of slightly cohering 

material, the resistance is a mixture of both., and the power of 

. t . 1 · 11 t b t 2 d 6 r emoving r11.a cria wi _ vary· as so:ne ra e e ~,een v an v ~ It is 

the cohesive force that causes a rnajor difference between prototype 

and l aboratory results. Impurities found onlJr in the proto"type 

waters form various kinds of-bonding on the riprap material affecting 



the erosion ua. tterns of the sr..aller crushed material and, in 

particular, the filter blanket underneath. 

Discharge r11ay be a pertinent parameter for rinran instability. 

Joonejo (21) conc;:luded fror:1 :,is stud;.r of rock r.i.ovcment under flowing 

wat 8r that ••• 11 for a given slope and sarlple, the loss of material 

increases as the discharge incre?..ses. 11 This problem of varying 

discharge is investigated in the present study. 

D:iJnensionless parmneters are often used to help describe 

significant characteristics of hydraulic systems. These parameters 

are arrived at by dimensional anQlysis of a variety of combinations 

of geor.i.etric, kinematic and dynamic dimensions. Reynolds and li'roude 

numbers are familiar dimensionless ratios .often used. Venn.a.rd (23) 

and Stre~ter (2h) both give excellent developments of dimensional 

analysis including the Buckingham II-theorem. 
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Buckingham showed that, if. n variables were functions of each 

other, k ec;u-?.ti.oris of their exponents could be written. Dimensional 

analysis would assenble the variable into· (n-ic) ·di.'Tlensionless groups 

~rl1ich are functionally related. Buckingham designated these dimension

less groups by t he capital Greek letter Pi (II). The II-theorem 

offers an advance notice of ho,;,1 rn2.ny r,r oups are to be exoected and 

some clue as to their formulatj_on. 



LABOR.:l .. TORY :_;;c~UIPE·'}IT AND Pll0C2DURE 

Tests were made in the l arge flume at the u.s. Bureau of 

Recl a.--nation• s Hydr aul i c Laboratory in Denver, Colorado. As can be 

seen in Figure 2, only a portion of the flume was used for the 

actual test section in order to cut dov.-rn on the amount of rock 

tha t would have to be handled. Of the overall flume which is four 

feet i-tlde by ei ght feet deep by eighty feet long, the test section 

containit"lg gravel was reduced to two feet of width and twenty-eight 

feet of length . The t est scour section extended downstream from the 

baffle approximately t en f eet., but only a portion of this section 

was usually affected by the submerged jet.. One side of the flurne 

is glass-walled t hus l ending itself very well to sectional erosion 

tes ts . The baffl e carri age arid adj acent equipment (Figures 1 and 2) 

1 were already assembled for nse in previous tests concerning the 

cleaning of manmade salmon spavming beds in canaJ:s (22). 
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The fundamental f uncti on of the equi~)ment used f'or this study 

was t o provide a r elat ivel y homogenous velocity jet in the region 

near the bounda!"'J of t he r ock surface. In this way, it was hoped 

t hat t he velocity mos t signfi ce-1nt fo r the scour of the particular 

rock would become more ev:i.dent . B<J reduci ng the number of var i ables, 

t he research engineer can better examine a compl ex problem. The 

~jassagc of the ·water under the baffl e ;;1a.kes neeligible the ef fect 

o.f trie u:=istrea-:i velocity distribution on the test section scouro 

Turbulence, t hough cert ainly present, is of a much more uniform 

pa ttern than found in the field .. Turbulent surging often appear s 

to be the major cause for severe scour in prototype structureso 



li.m.l ysis of t he sur~e p':l ttcrn requires a r.icdel of the specific 

situation in each different individual structure, and thus cannot 

be dealt with in a general study of this type. Figure 1 shows a 

schematic representation of how the velocity of the submerged jet 

Has increased by lm·rerine the baffle and thereby increQsing the 

differential head which drives the jet. 

Several clischarbc.s ;;ere used to deter,dne its effect on ripra_p 

instability. The Bureau Laboratory uses a typical recirculating 

system where the water is driven by centrifugal pumps through a pipe 

system to the model and fin~lly dumped back into a large capacity 

sump. Discharge was measured by a standard Venturi 1"1eter connected 

to a mercury differential manometer. Twenty-five cubic feet per 

second was the maximum flow that could be produced by the system. 

Velocity distribution was recorded in th~ vertical plane 

parallel to a.'1d passing through the centerline of the tuo foot cross 

section. The one foot scale was included in the .pictures showing 

the scour patterns (Figures 5 through 9) to indicate the channel 

centerline. The vertical velocity profile was measured first with 

one Fr.:u1dtl type pitot-st.: ... tic tube and lo.tcr witil two such tubes 

r.ounted in t andom, one above the other. In· the latter case, the 

t wo tubes wer e spaced a vertical distance apart equal to the 

largest size of r:10.terial in t he category be:i.ng tested. For the 

s:Lx to njne inch angular material, the tube spacine was· reduced to 

give more velocity reRdi ne;s for the vel ocity jet. 

The hor i zontc1.l velocity distribution w;:, s assumed to be 

syrmnetrico..l about t he centerline. Since the flume sides ·were 



relatively snooth cot1.p,3.recl t o the rock surf(:co in the bottom and 

considering the nmgnitude of the velocity in the jet, the sy1nmetry 

assumption was considered -1.deouate. 

Velocity is measured by recording the differential pressure 

represented by the total (stagnation) pressure r:1inus the st;:i.tic 

pressure: -if = (2.1) 

where p
8 

= stagnation pressure 

p 
O 

= static presrmre ( 23) • . 

For this study differential pressure transducers of one and five 

porn1ds per square inch capacity were used to neasure the velocity 

head* Several brands of tape recorders were used to produce a 

graphical record of the pressure fluctation with t:L"lle. Part of the 

tests were recorded through an averaging circuit, but for the most 

part, the uressure differential noted above or. velocity head was 

averaged by eye. The r esulting d.ata CO!l'!Pared favorably with that 

17 

obtained with the averaging circuit. Even the me2n. value recorded 

using the averaging circuit did not remain constant. The recorders 

were recalibrated before each test velocity profile and at the 

conclusion of the test to check for zero drift and span settings. 

RecordinE.; inaccuracies, when noted, were prorated between calibrations 

wi.th added weight given readings with a ·high degree of fluctuation. 

Experience has shmm that large, frequent pen n,ovenents tend to 

shift the zero setting slightly and sonetimes change the span setting. 

A ::,ar,1ple of the recordings may be f01md in Fisure.s 1 O., 11, and 12. 

i1eduction of velocity was done by estinatinG the area on either 

side of a strair:;ht hairline etched on plastic which was plac0d over 

the recordinr, trace for a p;iven uoint. The line was nd,justed by 



eye until ai')r,rox:L-:i.:1tely equ:;.l .::i.r ea.s were bound by the trace and the 

hairline. If drift was noted so _that the hairline was not parallel 

to the grid, the points at which the beginning and ending of the 

trace intersected the hairline for a particular measurement were 

noted, and average reading taken at the mid-point on the hairline. 

In this way, the average velocity at a poi~t for several seconds was 

taken. Velocity profiles were dra1m (Figures 17 throueh 29) 

showing the vertical profile of the velocity measured relative to 

an arbitrarily defined datum. The datum was defined as a maximum 

enYelope level line at the extremities of the riprap surface for 

tests 1 through 12. For the rem:1.inder of the tests, the datum was 

taken as a preset level line that approximated the average rock 

surface. That is, some rocks projected above the line and some 

fell below. 

The two states of stability shall be defined as follows: 

1. Initial instability shall be ·that conditi~n when several 

rocks raove from their initial positions inq.icating a condition of 

unbalanced forces. 

2. Haximun scour shall be restricted to one maximum screen 

size dimension of the category being testeqe 

18 



1. Rocks were sized in categories according to specified 

screen sizes. The cobbles and angular material were tested 

separately. 

2. Random samples Here picked from each categor.r, identified 

by number and sized as discussed above. The volu,~e was measured by 

wat er displacement. The physical features a , b, c, and V may be 

found in Tables 1 through 12. 

3. Rocks were placed in the flu.me at a prescribed depth 

according to the datum used, and the plan view was photographed 

(Figures 5 through 9). 

4. Flow was established with the baffle ·wide open. 

5. · The velocity of the submerged jet was increased slowly 

.for constant discharge by lowering the baffle. Time was allot-red 
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1 for the backwater time lag of -the system so that the effect of each 

increment al gate closure could be identified. Otherwise the critical 

value of velocity for instability. might be passed by. 

6. The baffle opening was recorded for the condition of initial 

instability as discussed previously. 

7. The 0~1ening was also measured for c:::implete scoy.r to a 

depth equal to the larger screen size of the categol"',lf being tested .. 

8. The velocity profile was then talcen . 

9. The wat er depths both upstream and doi:mstrean were taken 

frot, time to tine during t he velocity me asurmaents . 

1 o. Discharge r eccdi .ngs were also ma.de pe riod i cal::;_y to check 

agai nst a,,'1.y dr ift resu..1 ting f r om cha.YJ.ging t ai l water conditi ons. 
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11. ?ictures uere then m.J.cle al'tcr the maxir:1m:1 scour to shou the 

erosion pattern of the numbered smnple rocks. 

12. Profiles were drmm of the cross section under the baffle 

and along the channel centerline to indicate the depth of scour and 

to estimate the effective flow area under the b2..ffle. 

Separate tests were run using several.d~fferent discharges and · 

depths for several material catecories to establish the effect of 

discharge and bl;mket thiclmess as variables to be related to 

scour velocities. Velocity tests were run t ~·lice for most of the 

rock: categories. Rock blanket thickness, discharge and rock 

placement were kept as nearly identical as possible. 



Data Analysis 

CHAPTER 3 

RESULTS AND CONCLUSIONS 
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Riprap shape determines how the separate pieces will fit 

together and equru_ly important, how stG.ble it is ·when exposed to 

hydraulic forces. The import2J1ce of shape has been observed, but 

practical r11ethods of its det~rmination have been lacking. Several 

methods are reconnnended in this report as being helpful in relating 

a particular riprap sample shape to a simple sphere or rectangular 

solid. 

Description of riprap in pl ace in the prototype is nostly in 

the form of pictures. A few measurements of size have been made in 

the field. Ball, Lancaster, and Schuster (25) of the U.S. Bureau of 

Reclanation discuss a technique used at Grand Coulee Dam in the 

Columbia Basin Project. "Grm~ps of rocks at varj_ous stations on 

both sides of the tailrace banks were located by survey and marked 

before high water of f·~ay, 19Li9. Individual rocks of the groups 

varied in shape and weight and were chosen at random to represent 

a Beneral gradation of ripra:,o in the are3 . After t he f lood season, 

a re-survey noted the movement of the rocks that rer:1ained. Many of 

the rocks D.nd some groups were not recovered because of readjustments 

of the riprap cover. Those rocks r1oved and recovered after the 

flood mdicat e the extent of readjustment (25). 11 In a similar manner, 

rocks from each category- in this study tested were numbered, weiehed, 

and the volume and three axial dimensions measured. The numbered 

rocks were picl:ed at random from the surface of .the test section. 

After they were measured, they were returned to the top layer with 
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the expectation that they would be the first rocks to become unstable 

and scour. Their movement during_ scour was traced with pictures 

tn.ken both before and after scour (Figures 5 through 9). 

Riprap sh.:1pe can be described seyeral ways. Zingg (7) developed 

a classification of particle shapes bn.sed on the four general shapes 

shm,m below. 

Class Shape b/a c/b 

I Disks > 2/3 < 2/3 

II Spherical > 2/3 >2/3 

III filades < 2/3 < 2/3 

IV Rodlike < 2/3 >2/3 

Both Zingg li 935] and later Krumbein [194l gave descriptions of 

riprap shape based on ratios or combinations of the axial dimensions 

where a, b, and c are, r espectively, the major, intermediate, and · 

minor axes; the axes being measured at right angles to each other ~ 

Krumbein (7) defines sphericity as the cube root of the ratio of 

the volume of the circu.111.scribing sphere. · This reduces to bc/a2• 

Theoretically, the closer the rock is to a sphere, t he closer the 

b and c· dimensions a.re to bdng equal to a. This does not take into 

consideration the pos s i bility of the rock approaching cubical 

proportions . It is for just such a probl em that t he Buckingham 

II-theorem pr oves useful. 

The prag:.;.atic approach to studying a hydraulic system involves 

such t ool s o..s dincmsional analysis . Ap~)lying the :iJuckinghr.:..r.1 II-th~rem 

to .the r i prap study, the first step is to identify the possible 

variables. Letting S equal some stability index, 



(3.1) 

S = ¢(D, d, a, b, c, V, s, Q, n, hB, Yv, q, v, f, W,fi , .A.,, hA, p) 

where the geometric parameters are identified as: 

D = depth of the velocity jet under the baffle (includes 

contraction of the jet) [1] 
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d = diameter of a sphere of weight eouivalent to the ripr ap [1] 

a, b, c, = axial dimensions; longest, intermediate, and shortest, 

respectively [LJ 

V = volume of ri9rap [13) 
s =shape .factor (d:L~ensionles~ 

e =position= ¢(shape, nesting, etcetera) 

n = _porosity [dimensionles~ 

fiimens ionles ~ 

hB = drop in energy head across the baf'fle [L] 

where kinemtic par c1neters are identif ied as: 

q = discharge _per foo t of channel width 

v = mean point velocity [1/zj 
f = frequency .P /T] 

Yv = vertical di::;tance from rock surface to signifi c2..nt point 

velocity for s cour [L] 

where d;ynar1i c 1nr<lmeters are i dent i fied as: 

w = wei ght [F] 

.J; = density of ripr2.p ~li'T2/ 1~ 

~ = dens i ty of wat er [1tr2 / Lg 

hA = anplitude of t he velocity hea.d f luctuat ions [1] 

µ °' d~mamic viscos i ty of the water [~•'l'/12] 

Accorc.1.i...-rie to Buckingham I s TI-theorem, there n~ust be three repeating 

variables since there are three fu.l'lda.r.teITLal dimensi ons , l ength, force 
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and 1,i,.,1c present . UsualJ.y , a variable is chosen froi'l each of the 

three categories listed above. :i:n the case of ri:!)rap, it would be 

desirable to have II-terms representing physical features, hydraulic 

forces, and a combination of the two. 

Physical characteristics can be fom ed into II-terms directly 

since they arc for the most part, a function of l ength. 

(3.2) II1 = a+ b + C 

3d 

(3. 3) II2 = a + b + C 

3yv 

(3.4) . IIJ = V 
a b C 

The third pi t ern is suggested by the need to comp<1re the rocks' 

actual shape to a rectangular solid of the ~arne anal di."llensions. 

The hydraulic force terms are a little more difficult to see 

without so:-1e prior lmowledge of dimensionless ·pararneters. Beginning 

-with a fa.'Yliliar ratio, t he Froude number, h13, v, and g are used. 

If II4 ~[;; ·\ c:3 ~' 
z ha-'] with v, ?.Jldfs . the repe2.ting = 

r's ' 
('t 
0 

variables, then according to Buckingham's·II-theorer.i: 

II = + 

F: z = 0 

L: X + y - 4z - 1 = 0 

T: -x 2y + 2z = 0 

X = 1 - y = 2y 

y = -1, X = 2 . 
(3.5) II4 

- 2. = .JL. 
hs 



fo r II.5, t he l .:ist tern in equat ::_on 3 •. S was changed to D ; and g 

changed to hB as a repeating variable 

Ir5 = ¢5 [v: h;, f::,?. 0- 1
] 

II5 = ¢5 [ (L/T)x, (L)Y, (FT2/Lh)Z, L-1] 

F: z = 0 

L: x + y - 4z - 1 = O 

T: -x + 2z = 0 

X = 2 (0) = 0 

(J.6) II.5 = h/D 
thus y = 1 

By inspection; 

(3. 7) 

A combination of hydraulic and physical characteristics can be 

evaluated by inspection from II4 in equation 3.5: 

6.s) 
_2 

II = -V /dg. 
7 
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A mi."'7lber of other II-terns could be developed, but the present study 

will be limited to these seven. {Tables 15 through 21) 

To formulate an equation with the pi terms, another II-term 

. involving Sis needed. But since Sis defined as an i ndex, it should 

re:nain dir.1ensionless. Thus, 

(3.,9) 

(3.10) 

= s 

where C = constant, 

and since 

the r esearcher F11.1-s t ;71.ake s o,:e decisions about which t e r :·:s can be 

measured and which f actors are of' negli gible consideration for 

riprap desien. 



Referring bac\: to t he list of possible vari.1.bles, other E-tems 

to be concerned with, in particu~.:1r, are those factors which deal 

w;i.th turbulence. The runplitude term (hA) and frequency term (f) 

might be linked together in an expression called the scale of 

turbulence. H. L. Dryden (26) found that a characterj_stic length 

was needed in the specification of turbulence. ·This length ,;-ras a 

measure of the magnitude of the turbulent eddies which he called 

their scale. He folU1d that this length can be_ eA1)erimentally 

measured by using a correlation coefficient of longitudinal 

fluctuations u1
1 and ~ 1 measured at two points whose transverse 

distance is y. Expressed in equation form: 

(3.11) 
' I 

R(y) = U1 U1, 

~~ 
where u = total velocity fluctation 

u = mean velocity fluctuation 

u 1 = u - u = turbulence fluctuations over and 

above the mean velocity 

~ = root-me2.I1-square value of excess turbulence 

fluctuation. 

The quo..nti ty which is characteristic of t,he scale of turbulence is 

given as: 

(3.12) L = /
00 

R(y)dy. 
0 

It is a measure of the magnitude of the clots of fluid which move 

together as ;.i unit and thus describe the size of individmQ eddies. 

Tl,is t echnfoue lv.s one difficult re c1uir~;1ent f or the r es s archer. It 

states t hat y is to varied fro·.11 zero to infinity, and the root-mean

square value computed for at least a sufficient number of points in.

between. This t ask would have been out of the question with the 
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present instru.--:1entation available. Consequently, the scale of 

turbulence wa.s not taken for the present report. 
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The idea of a relationship between turbulence and uplift persisted. 

As the research progressed, the phenomena of a sudden upward thrust 

was repe2.ted several times. The problem became one of measuring 

~· ~d d . th . d t ·~ ~ pressure .L lej_ s 01m m e riprap an a luS sur.c.ace. The surface 

profile could be measured with the dual-tube probe, but no way was 

found to measure pressure among the rocks at the centerline of the 

channel. The wall ports below the riprap surface were subject to a 

vari~ty of possible velocity vectors rebounding off of the.adjacent 

rocks as well as just the static pressure head. The water column · 

readings did not fluctuate enough to warrant transducer recording. 

At any rate, in situations where fluctuations were observed., several 

readings were taken and averaged. To see if a trend could be 

established, the data was plotted. From the plottings, Figures 13 

through 16, it cc1n be seen that a trend of u1:ilift pr.es sure would be 

difficult to confirm. All but the smallest size material show the 

higher pressure for f:i.nal scour at the port farthest belou the rock 

surface. But this is not the case at the next port above. The 

pressure was hlgher above the rock surfa.ce for about half the cases 

of initial instability. Thfa would have to be reversed for uplift 

to take place. Finally, it is recoenized that ports adjacent to 

rocks below the surface probably do not indicate the true static 

pressure at these points because of variatj_on in.the direction of 

the velocity vectors around the rocks. 

Another point of il1terest i.s the profile drag of the material. 

As was briefly mentioned in the first chapter, rocks should in 
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gc,ner a.l be placed in such a way as to have a nininTU.'11 nur.1b~r of points 

projecting significantl:r above the me3.!l rock sm·f.::i.ce. The probleM of 

surface drag effects is the reason behind this requirement. Such 

rocks would be more subject to scour than the others in the blanket. 

The surface drag magnitude could be established experimentally by 

rigglllg one individual rock with a systen of spring an.ct levers or 

even a...-1 ·~lectrical system which would record its :>:ov8Ycent. Yet t'.1.is 

approach would be difficult to correlate to the overall riprap 

blanket. Here again is the proplem of extreme variation of sample 

condition where random sai.-n.pling is reconimended. 

Attention is now directed back to the factors considered 

significant and measurable for the present study. Referring to the 

II-terms ·; again, the following factors are required: a, b, c, d, hB' 

v, and D. The first four t erms have already been discussed since 

they could be measured before flow tests in the £1.ume could begin. 
I • 

The last three terms all concern the. velocity jet at the boundary 

of the ripr ap surface. 

The hB term represents the drop in head across the baffle. · The 

energy on either side of the ba ffle is distributed as sh01m in the 

equation 3. 13 for a unit wi .dth section. 

(3.13) 
2 2 

Y1 + !L = Y2 + Y2._ + h1 
2g 2g 

where Y1 & Y2 = upstream and dmmstream depth 

v1 & v2 = upst ream and d01mstrea:m velocity 

hl = energy loss at t he baffl e 

If the u..11.i t width ar eas of flow for upstream and dovmstream are 

assumed t o be y1 and y2, r espectively, then t he continuity equation 



can be stated: 

(3.14) 

Combining equations 3.13 and 3.14, and solving for v2, 

(3.15) V2 = CV 1/ 2g(y1 - Y2) 

-,/1 - (y2/y,) 2 • 

The corresponding flow rate can then be stated as 

(3.16) 

where cv accounts for the energy loss, n1 

cc accounts :for the contraction of' the submerged 

jet. 

The depths were measured with stilling well manometers attached to 

static ports located at the base of the riprap blanket. Standard 

hook type point gauges vel"8 ·used to meMure the deDth of the water 

relative to the ba.se of the riprap layer on the flume floor-. The 

respective depth readings of the manometer wells were related by 

using a standard Wyfj Level to establish · a level ·line. The distance 

from the flume floor was also established with a level rod accurate 

to 0.01 foot. Before continuing, it seems pertinent to discuss the 

aspect of accuracy as it pertains to this research effort. 
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Validity of results in research depends heavily on the judgement 

shown in evaluating the accuracy of data measurements~ ~-trerne 

care must be exercised in some very delicate measurer.1ents such as 

those 1:1acle at the point of initj_al instability, while other measure

. 1~:ents raay be by necessity, rather arbitrarily taken. For example, 

the stilling well g;:i_uges m.:,y QA read to the nearest · o. 001 foot. 

Water surface elevation for m1clulating flow may be good to the nearest 



0.1 foot wi t h son,., r e sAr,rnt,inn f or th A time of rt?cording . 'l'o ~.de! to 

the problem, the b3.ckwa.ter effect rriust be observed. To accomplish 

a realistic set of data, the stilling well measurements were read at 

least before and after the velocity profile was tal(en and sometir.ies 
' 

r:1ore frequently a.s the circumstance warra..."'1ted. The observed trend 

30 

can be describ :-d as an asyriptotic approach to a constant depth achieved 

upon the return to the steady state or equilibrium .force condition. 

'l'his return ti.me for the present system was short enough that by the 

ti.me a vertical velocity traverse of the jet was ma.de, the flow system 

was sufficiently stabilized th3.t the depth readings then recorded 

could be safely used. The difference y
1 

- y
2 

was used as the 

parameter hB~ 

The : bound,q,ry of the f':lnbme-rged .jet was made evident by air bubbles 

in the flow. 'rl1e jet contained very few if any aj_r bubbles, whereas. 

the turbulent portion above it contained many bubbles which stood out 
I 

very well when illuminated by flood _lamp (Fieure 4B). The fluid 

interface was traced on the glass wall in order . to esti:nate how r.mch 

jet contraction existed. The coefficients cv and cc were assUJ11ed to 

be co~nbined in a single term c. This coefficient, then, is equal to 

· the ratio of the vertical dimans·ion from the flume floor to the fluid 

interface, divided by the vertical distance of the baffle edge above 

the floor (Figure 1 ) • The cross section was roughly plotted by e;/B 

usine vertical measurements from the baffle edge to the rock surface 

J.t three inch interv2,ls. 3ubtracting the mean riprap blanket 

t hicknes s fro1n t he hei£.<ht. n.f t ,he cont racted ,~et bounda.ry gi ves the 

parameter D. This infornation was all measured £:or ·the t ests following: 

10D, 11 B, 11D, 12D, 1l!B, 15B, 16n, 19B, 20B. If tests can be continued 
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over a longer tir.1e pe riod, the initi'1.l instability test illld the final 

scour test will be run sen.qr::itely, ~::msins between to allow the flur.1.e 

to drain so that the cross section of the initial instability surface 

can be recorded. 

Usine equation 3.16, the above measurerients .and the discharge 

measured b;r t he Venturi meter, the total . flow· under the baffle can b·e 

checked. By integrating the vertical velocity traverse with a 

planimeter and dividing by D, the mean velocity of the jet is deter

rnined. If the area of the jet is assumed to be that at the recorded 

cross section · and deterr:1ined by planimeter, then the flow in the jet 

is represented by the equation 

(3.17) 

where Ac= contracted area of flow. 

The difference of the tot.al flow minus the ,iet flow shcmld provide a 

fair estimate of the water moving through the ri:;,"Tap. This latter . 

flow should in turn give some :indication of .the relative stability 

according to size and shape categories. 

The velocity profiles must be investigated next to see if a 

signific~t veloc~ty exists. The velocity :in the profiles represents 

a condition i,rhich r esults after the forces causing instability reach 

equilibriiun. Consequently~ the velocity recorded for both instability 

and .final scour for each test represents a span of values from 

sliehtly less than instability velocity to slightly less than the 

final scour veloc:i. ty. T'b~ "''''?."'S:J.:r~,.en-1:.s ~t e'.1.ch noint represent an 

average value of the velocity head at that })oin~. Velocity head 

fluctuations were highest at the boundaries, both at the riprap 

surface and at the water interface between the jet and the backwash, 



fron the su'oncrgcd hydraulic jurrr:, do'.ms t re.:12 1 fro;:1 the test section 

(Fieure 4B). The shape· or divergence angle -of the upper and lower 

portions of the velocity traverse uere affected by a change in the 

tailwater condition and by .discharge variation. In attempting to 

find a significant velocity most affecting scour, several tests 
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were run fol' the same size riprap at different discharges. Curves 

from the different discharges are compared in Fieures 19, 20, 21, 22, 

2h, and. 25. l<:i.nal scour 1-ras hard to duplicl'l.te.. As a result of this 

fact plus the different berm fonnation of scoured r.i.aterial downstream, 

the _position of the curve is shifted with resnect to the datv1n. 

Consequently., there is quite a difference in the shape and maximum 

velocity for the final scour curves. A good example is found in 

Tests 20 and 21 where the final scour was different due to the 

existence of a slightly higher differential h~ad across the baffle 

in Test 20. This resulted in a higher maximum velocity than in Test 

21. There was a slightly higher berm for:ned in Test 20 dm,mstream 

from the velocity probes elevating the velocity curve relative to the 

assuned datwn. Both tests were conducted for conditions approaching 

the extreme capacity of the flUJ1!e allowing little leeway for 

adjustment . Dur"ln~ both tests, the dm-mstr<:>a1"' i:-rhe~ls (Figure 2) 

of the ca rriage holding the r:,ovable baffle were forced into the air 

by the tremendous force of the wa.ter on the ba.ffle. 

Special note shollld be m.:::de of the riprap thickness :indicated in 

Figures 24 - 29., Theoretica.lly, t he thic:mess of the rock blanket 

should not Eiffect the velocity it t ake s to. scoux· the blanket to a 

depth that is less than ri·9rap depth. In the current study, however, 

the snall naterial used to help block flow through the riprap was 



not present. As a result, the profile drag ·wa.s not as c;reat and a 

higher velocity was required for novement (see Test 15.A, Figure24). 

The use of the double probe in Tests 17 throue;h 21 cives a more 

accurate picture of the ra:7id fluctuations at a given time. By 

spacing the two Prandtl tubes in such a ·way as to duplicate velocity 

measu...---ements in the center region of the jet, a check was 1nade on 

the data from each separate tube. 

The velocity significant for the initial instability was 
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dif£icult to establish. Point velocities selected for study included 

the r::axinnr!1 jet velocity, the mean jet velocity, and the velocity at 

an arbitrary point which usual1.y wa.s placed at an abrupt chnnge in 

the velocity gradient. This last point was signified by the sign, .+-. 

Point plots based on maximum jet velocity and the so called arbitrary 

velocity best fit the envelope conditions shovm in Figures 32 and 33" when 

1the average diam0ter per category was used. (Tables 13 · and ·14) 

Finally, in ·order to establish ·some model scale for size 

pro,jections to larger riprap material, the I:\:"-terms must be developed 

further. F'igure 37 gives the general vari ation of II-terms with the 

different si~es and shapes tested. 



;'\•J.luntion Outline of Tests by Hunber Tc1ken ?ron Daily l1e:)orts 

1A. Good shape. Too low discharge for size of rock. Too 

nmch influence per rock on velocity profile. Difficult to duplicate 

scour test. 

1B • . Eot plotted since velocity probe was not at the maximum 

contraction or throat of the jet. 
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2A and 2B. No Test 2A was run. Actual sequence follows: Tests 

1A and 1B were run. Prandtl tube moved upstream to throat of jet. 

Discharge slowly built up to sa.11e as that of Test 1. Profile 2B 

then taken over scour of Test 1B. 

JA. Good correlation with similar test, 213. Flow in rocks 

prevents profile from returning to zero at rock surface. 

Fairly good correlation with lower discharge in JA. With 

higher discharge , larger baffle opening provided needed velocity, thus 

,not as dependent on each rock's position at the centerline. 

hB. Not run. 

5A. Good profile. 

r'R ::J .L, • Trouble with rock berm near probe. Definitely affected 

shc ... })e of curve. 

6A. Good profile . Ma"{i1;11.u.1 velocity reduced by low dj_scha r ge . 

6B. Needs more data points ii~ critical gradient either side of 

ma.xi1:;.ur1 velocity. 

7A. Good profile. Good correlation with high dis charge profile 

in Test 8A. 

?D. Good profile. Sane scatter for max:.h,n.un velocities due to 

rock #'4 projecting into current directly under probe. 

8A. Best profile for 3 to 6 inch cobbles for initial instability. 



03 . Good prof ile . Roc:<::s munlx)red 1 and 11 interfered 1nth 

probe reading in scour. 

9A and 9B. Not plotted. Disch2..rge too low even to move 6 to 9 

inch cobbles for scour test. 
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1 OA ur1d 1 OC:. Good agreement. · .\ppeQrs to be sliGht shift i::1 d3.tum. · 

10B and 10D. Slightly higher maximum velocity on Test 10D. Test 

1 OB should have more measurements in region of maximu..111. velocity, but 

good profile at riprap surface showing velocity gradient. 

11A and 11C. Same as 10A and 10C. 

11 B and 11 D. Good agreement in ma::d:rm.llll velocities. 

12A, 13A, 1hA, 15A, 16A, 17A. Good general agreer:ent in all 

but Test 15.A.where initial scour data was questionable. Eovable 

baffle w6uld not raise high enouch for twenty-two second-foot discharge 

resulting in some instability as this discharge was being obtained. 

12B, 13B, 14B, 15B, 16B, 1.7B. Good agreement in all but lower 

discharge tests, numbers 16B and 17B-. For Test 16B, roclc nu.mber 15 

affected lmrer profile data . 

18A and 19A. Slight shift in velocity magnitude. Also vertical 

translation of pr ofile. Cause traced to difference in moved rock 

formation. 

18B and 19B. Good agreement f or final scour tests. 

20A and 21A. Largest material t ested. AJ.nost too big for flume. 

Profile shape definiteJ.y 2..ffected by individual rock position. 

20B and 2113. ,'3a1ne as 20.l\. and 21 A. 
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Concl usions and ,tecomrnendat i ons 

The choice of the dirtMeter affec t ed the plot in Figures 32 and 

33 noticeably. The u.s. Army Corps of :i.ngineers' curves (Figure 35) 

.are bas ed on equi valent diar.1eter as developed in equat i ons 1 .2 and 

1.h. The wei ght used in fir:ding the equi val (ent diametP-r is plotted 

par a l l el to the di ame t c~r. The di ar'!et er also r epresents the fifty 

per cent pas si ng size of stone as :,easured in a s i eve anal ysis. V 
rn 

r epresent s the mean velocity and V
8

, the velocity against the s t one. 

The U .s . Bureau of Reclarnatinn (Fi gure 34) r ecornnends that ••• 11most 

of' t he stone should be of the size indicated by t r1e curve (14). Tl 

The U. S. Bureau of Recla:l!ation also uses the equi valent di G.meter 
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a.'1d wei ght fo r parallel ordinates . 'I'n.a velocity us ed is an estil:1at ed 

bot tom velocity. Andersson 1s curves (i<"'i gur e 36) are based on the 

equat i ons as outli ned on pages 10 and 11. The curve envel m)es of 

Figures 32 and 33 repr esent higher values of velocit y for f ailure o.f 

a given s i 7.e . The writ e r believes this difference to be due to the 

la ck of gr,?.ded materi al fil l ing the voids i n the :nater:ia l tested . 

Si nce the curves obtai ned fro :~ . other sources :111 repr:;s ent s ome · fo rm 

of gr adat i on , a t :rue comparison could not be ::-iade unt i l a sieve 

analysis was mc1de ::tvo.i lable on a r an::lo:-:i sam:)l e fro,·: each gr adation 

Sstirnates of discharge in the gr avel proved to be difficult 

Diff erences in thG es t ir.1ated and actual effective cr oss s ection a re 

believed to be t he roason that, .for i:-.st:mce , the discharce in th0 

,j et for Test 19 uas greater than the t ota.l r,:ieas.urcd di scha rge i n the 

flume ( Tabl es 22 and 23 ). The dischar ge comDuted on the basis of 

equation 3.1 6 i s too high because t he corr ect value of cv was never 



the infor:na. tion (Tables 22 and 23). This proE;ram is found in the· 

Appendix along with other comm1ter progr ::i::1s used to calculate shape 

characteristics and II-terms for physical fe atures. 

The plot of t he pi t er;:,s proved i ndecisive . Eor ':! rock si '0 e s 
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G.r e needed to prov i de any sort of trend. For t he anr,u1ar t11aterial, 

the v2-/ctG tern s vary invers ely wi.th the size since d or the equivalent 

diamet er is in the denominator. The v2/ctG varies directly with t.1-ie 

riprap si;,;e . The depth of the jet is reduced as the velocity is 

increased by moving the baffle dmm while holding discharge constant. 

This terT11 r efl e cts the speci~l conditions i nposed on this specific 

system used for tests and does not show pronise for prototype 

applications. The t er m hn/D var ies directly with the m8terial si?.e. 

This trend is expected s:;nce the different ic1,l head must increase 

across the baffle a s the velocit y increcJ.ses . This i ncreas~ in hB 

combined rJi.th the previously discusqed dec re::.i se in D accounts for t he 

increase in hJ/D. This t e rr.1, too,.- is restricted for use in the 

present s tudy system of a submer ged j et under a baffle. The II-tern:s 

r epresenting the physic .::-1 1 ch3ractcristics found in Tables 15 thr oueh 

20 are difficult to use in t heir prAsent fori: . They r epresent values 

for each i ndividual rock ner r ;mdcrn. sample per c a t egor;y. As such 

t ~1ey r.m.s t be lurir;icd together in such a way a s to best· r epr esent the 

cate;ory i n que::;ti on. ii. form of sta tis t ic~ an:;.lysis such a s s t andard 

devi a tion woul d see1.~ a.p,)ropriate . This :o,:;.rt of c:-'.l.t.?. reduction is 

r e cor~mend:>d for the .:.':i.rst ohas8 of the ovP.rP lJ. p,"t,1J(Jv of rinr.:rn. The 

term "r.1odel study·r cD.n only be ap ·"llied to this s_tudy in a general 

sense in that the rock s a.m::ile in the flume did not sirr1ilate prototype 

r iprap. 
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A bas ic r esearch pr o.i ect of thi s "b.r:::,c is mer ely a first sten in 

a series of studies aimed at imnroving riprap design criteria. The 

next step after the scale projection of size will be tests to deternine 

optinrum gradation for the gener.21 case of a subr.v:;rged jet such as 

used in this study. Next, a s eries of t ests on different s necific 

situations would be appro ~iriate. For example, the jet which occurs 

downstr eam fro:1 a chute with no ener gy dissipator other than ripr ap 

could be studied by building a deck under the bcLffle ·and lowering the 

t ailwat er conditions t o increase velocity. The velocities resulting 

should be high · enough to provide data from the present level flu.'Tle 

s;y-stem. 

In conclusion, the writer r ecorrunends t hat ariy approach to the 

problem of ripr ap should be made with a research nrogram based on 

principl es of r ando~ selection of dat a . This · dat a should be syste~

atically anal ysed by methods of r;iod.ern statis t i cal t echni ques made . 
. . 

possibl e by the use of the new high speed di gi tal cor.iputors. For t he 

mass of dat a es::,ecially concerning t he v~· loci ty profiles and turbulent 

pressur e f luctuations, a direct system of di gitized tape r ecordi ng as 

wel l as.line rcc~r dings would be very usef ul. Then dat a could be 

di r ectly ent ered into t he computor f or anal ysi s . 

The present study is considered by the writ er to be a meaningf ul 

beginning. The velocities i n general are a valid r epresentation of 

t ho condi tions defi red by t he s tudy. The ini.tial instability velocit i es 

are believed to lie qore r il iabl e t han the final -s cour velociti es . 

Lore rock sizes will need t o be t e.s t8n befor e t his phase of t he 

gener al s tudy can be· consi dered co111:1lete. 
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TABLE 1 

PHYSICAL CHARACTERISTICS OF RIPRAP 
3/4 TO 11/2 INCH COBBLES 

REM AXIAL DIMENSIONS(IN) i-1/T 
REM A B C LBS 
DATA 2. 12 5, 1 • 87 5, 1 C 12 5, • 24, 
DATA 2.125, 1 • 87 5, • 87 5, • l 7, 

030. DATA 2.250, } .625, • 625, • 1 4, 
040 DATA 2.500, 1 .625, .750, • 1 6, 
050 DATA 1.2so, 1 .ooo, • 7 50, • 04, 
060 DATA 2.000, 1 • 500, 1.000, • 1 6, 
070 DATA 2.125, .1 .375, 1 .} 2 5, • l 7.,. 
080 DATA 1 • 87 5, 1 • 7 so, 1 ~ l 2 5, .20, 
090 DATA 2. 12 5, 1 • 2 SO, l • 12 5, • l 4, . 
100 DATA 1 • 50 0, 1 • 2 so, 1-125, • 09, · 
1 10 DATA 1 • 37 5, l • 2 50, · 1 .ooo,· .os , 
120 DATA 1.625, 1 • 7 50, 1.000, • l 1 , 
130 DATA 1.250, 1.000, .500, .03, 
140 DATA 2.000, la62S, . • 625, • l 3, 
150 DATA 1.12s, l • 000, nso~ • 04~ 
160 DATA 1.375, 1.000, • 87 5, . • 05, 

170 DATA 1 • 7 so, 1. 2 50, • 62 5, .07, 
180 DATA J. 8 75, · l • 625, 1.000, • 1 9, 
190 DATA 2.soo, 1 • 62 5, 1 • 00 0, • 1 7, 
200 DP.TA 2.000, l • 7 50, • 7 50, • l 8 , 
210 DATA 1 • 37 5, l .ooo, 1.000, .01, 
220 DATA 2.125, 1 • 500 , l 0000, • 1 8 , 
230 DATA 1 • 87 5, 1 • 37 5, • 7 5 0, • 10, 
240 DATA 2.2so, l • 625, 1.i2s; . 22 , 
250 DATA l • 37 5, l • 2 50, 1 • 000, .09, 
260 DATA 1.soo, 1 .ooo , 1 • 000, .07, 
27 D Df-\TA 2 .2so, l • 37 5, 1. 000 , . • 1 7., 
280 DATA 2 . 000, 1 • 500, 1 . 2s o, • 1 7, 
290 DATA 2.000, 1 • 500, . f!, 75, • l 3, 
300 DATA l • 8 7 S , J • 500 , 1 C 12 5 , • l 6, 
3 10 DI-\ TA 2. ooa ., J.6 25 , • S7 5, • 1 1 , 
3'2 0 D?>.'fr\ 2 . 62 5, 1.soo ; 1. 000 ., • 1 g , 

. 330 DAT!\ 1.soo , 1 • 37 5, 1 • 0-00 ., .09, 
, 340 DATA 2 • 12 5, 1.soo, 1.250 , . • 1 9., 
: 350 Dl'.\TA 2 • 37 5, 1 • 500, l • l :2 5., • 1 6, 
i 360 DATA 2 • 37 5, l • 500, l • 37 5, .25, 

V0L 
ML 
44 
30 
25 
28 

9 
30 
30 
34 
25 
15 
14 
20 

4 
22 

7 
10 

/ 
D 

27 
30 
27 
l 1 
28 
22 
41 

8 
1 1 . 
34 
30 
2<'4 

27 
2 3 
40 
1 8 
39 
28. 
LjLJ 



005 
007 
010 

-- '020 
030 
040 
050 
060 
070 
080 
090 
100 
1 1 0 
120 
130 
140 
15 0 
160 
17 0 
180 
19 0 
200 
210 
220 
230 
2.40 
250 
260 
270 
280 
290 
300 
310 
320 
330 
3 40 
350 
360 

.•. ~ . , 

TABLE 2 '(. 

PHYSICAL CHARACTERISTICS OF RIPRAP 
1 1/2 TO 3 INCH COBBLES 

REM AXIAL DIMENSI0NS(!N) \•I T 
REM A B C LBS . 
D.lHA 3.000, 2.375, 1.625, • 56, 
DATA 4.500, 3.g75, 1 • 8 7 5, 1.57, 
DATA 3.750, 2.375, 1.625, • 8 1, 
DATA 2.625, 2 ol 25, 1.000, .33, 
DATA 3.000, 1 • 7 50, 1. 7 50, . 42 , 
DATA 3. 37 5, 2.500, 1 • 62 5, .67, 
DATA 3.000, 2.500, 1 .•. 8 7 5, .69, 
DATA 3.250, 1 • 8 7 5, 1 • 62 5, • 41, 
D.l\TA 2.150, 2.000, 1 • 375, .L:3, · 
DATA 3.250, 2.750, l.} 25 , .56, 
DAT.C\ 3.000, 2.000, J .750, • 49, 
Df'.l.TA 3.2so, 2 • 3 7 5 , 1.250, .59, 
DATA 4.0 0 0, .2.2so, 2 • 000 , • 84 , 
DATA 4 .000 , 3.250, 1 .-soo, 1 ol 7., 
o·ATA 3. soo , 2 . 2 50 , 1 • 37 5, • 5 4 , 
DATA 4 . 37 5, 2 • 7 50, 1 • 000, • 59 , 
DATA 2.500, 2.r25 , ·1 . 250 , • 33, 
DATA 2 . 7 50 , 2.500, 1•7 50, .5 2 , 
DATA 2.500, l- 8 7 5, 1 • 000 , .2s, 
DATA 4 • 000, 3.000, 1 • 7 50, 1 • 1 2 , 
DATA 2-625, 1 • 8 7 5 ... 1 . 2 so, • 3 4 , 
DATA 4.750, 2 • 000 ... 1 ~ 8 7 s ... • 9 1, 
DATA 3 .000 , 2 • 7 s o ... 1 .J 2 5, • L18 , 
DlHA 3.1 25 , 2. 2 50, 1 • 500, . 66 , 
DATA 2.000, l • 7 so, 1. 250 , • 2 LJ, 

DATA 2 . 37 5 ... . 2°000, 1. 2so .. • 26 , 
DATA 2.000, 1 • 625 , 1 • 62 5, . 2 6 , 
DATA 2 . 2so , 1 • 7 so, 1 • 125, • 23 , ' 
DATA s . ooo, 3 . 375, 1.150, 1 • 49, 
DATA 3 • 8 7 5 ... 3.000, 2.000, 1 • 39 , 
D/.H.A 3.500, 2-625, 2 • 000 , 1•04, 
DiHA 3.soo, 2 ol 25., 2 . 000, • 7 7 ., 
DATA 2 • 87 5, 1.750, 1 • 000 , .27 ... 
DATA 2 -7 50, 2 • 2 50, 1. 500, • LJS , 

DATA 2.1 50 , l. 8 7 5 , 1.125, .• 2·6 , 
DATA 2.soo, 1 • 8 7 5., lo 125, • 2 L1 , 

_:.·("··' 

•. 

V0L 
ML 

95 
265 
135 

62 
80 

120 
1-22 
74 
75 

100 
90 

105 
145' 
230 

95 
105 

64 
95 
52 

210 
60 

1 60 
88 

120 
45 
4 8 
50 
L12 

260 
250 
180 
1 30 
52 
8 4 
48 
LJ5 



TABLE 3 

PHYSIC,U, C!:Ll...iJi.CT.:iliISTICS u F .tu.P .H.AP 
~~ - _3 TQ. 6 lNCH C~BriL~ 

005 REM -AXIAL DIMENSI0NS CIN) vJEI GHT V0LUME 
007 REM A 8 C LBS ML 
010 DATA 5. 62 5, 5.375, 1.375, 20325, LtOO 
020 DATA 6. 87 5, LJo375, 2-625, ·3 o 053, 530 
030 DATA 7 • 62 5, 5.375, 3.000, 5.573, 890 
OLJO DATA 6-000, 3o50o, 20500, 2oLJ70, 315 
050 DATA 70375, 3 o 2 50, 30250, LJ 0.395, 510 
060 DATA 60000, 4 o 7 50, -3-625, Lto370, 690 
070 DATA LJo750, 3 o 87 5, l o 37 5, lo610, 220 
080 DATA So 500, 30875, 1 o 500, 1 o 6 78, 220 

_____, 
090 DATA 60000, 4 o 37 5, 20625, 3.7g5, 530 
100 D~T.l\ S. 625, 5 o 37 5, 1.375, 2.325, 400 
l 10 DATl'i 6-625, 4.750, 3.250, Lt-705, 695 
120 DATA 7. 62 5, 5. 7 50, 3 • 500, 7.515, 1170 
130 DATA 5.500, 4.000, 2 • 62 5, 2.600, 32 2 

I 140 DATA 6 el 25, 30 8 75, 2.000, 2 • 148, 420 
! 1 so D,CffA 40750, 4 o 12 5, 2. 6-25, 2 • 37 1., 250 
l 160 DATA 6. 37 5, 60125, 4 • 2 50, 1.211, · 1 1 00 
'_ 170 DATA 6-9~8, 6.snn, ?. • 6?. s_.- S o __ ':\SS. _:_7 3n _ _ 

B. 6- Tu 9 IN Gii CLBBLES 

005 REM AX-IAL D!MENSI0NS (!N) . . ~·JE I GHT V 0LUME 

007 RE ~1 A B - C LBS ML 

010 DATA 11.150, lOoOOO, Lj.500, 23-08, 38 40 
020 DA TA 11 0500, 80000, s.500, 2s.02, 4230 
030 DATA 9 • 2 50, 8 • 7 50, 5.125, 21.01, 348 0 
OLJO DA TA 9.J25, 8. 7 50, 5 • 87 5, 23.75, 38 LJO 
050 DAT A s.s o o, 6 • 7 50, 5.250, -13o4LJ, 2 38 0 
060 DATA 11 .ooo, 7050 0 , s.500, 23.69, 3950 
070 DATA 110500, 80500, 5 o 625, 23.46, 41 40 
080 DA T A 8 • 7 50, 7 • 7 50, 60500, 2 0.42, 3L1 LI5 

090 DA TA 9.soo, 7. 375, 4. g75, lti-75, 242 5 
100 DATA 9.250, 7- 8 75, 4.000, 12 065, 2 0 9 0 
110 DATA 11.375, 8 • 7 50, 4.500, 19-72, 33 LJ0 
120 DATA l l 0625, 7 • 87 5, 4.000, 15 . S LJ, 2 7 ~30 
130 Di.TA J0. 8 75, 9. 3 7 5 , 4.5 0 0, 19 - 62 , 3340 

140 D,:~Ti1. 10-7 50 , 6 • 625 ., 4.-625 , 15 -19, 25 30 
1:;>0 Did'A s . ooo, 1.0 00 , 6.62 5, - 15-68 , 26 20 

16o DATA JQ.750, 50625, Lj.QQO, 12 • L.!7, 20 60 
170 DATA 10.375, 7 • 37 5, s.12s, 1~3-61, 2 26 0 
180 Di1.TA. _ 10-750 , 6-750, 5. 87 5, }4eL.J5, 3130 



005 REr.1 
007 ~EM 

010 D1~TA 
020 D.l\TA 
030 DATA 
040 DAT?'i 
050 o:i.TA 

_ D60 DATA 
070 DATA 
080 Df-\TP, 
090 DATA 
100 · D.c1 TA 
11 0 DATA 
120 DATA 
130 DATA 
140 DATA · 
150 D?\TA 
160 DA TA 
170 DATA 
180 Di-\TA 
190 DATA 
200 Dl'.:\ TA 
210 DATA 
220 DATA 
230 DP.TA 
2L;Q DA TA 
250 DP.Ti'.\ 
260 DATA 
2 7 0 DATA 
280 DATA 
290 Df4TP.. 
300 DA T/\ 
310 DATA 
320 DATA 
330 DA Tf'.1 
3Lt0 DATA 
350 DATA 
36 0 DA T/'.\. 
3 7 0 DATA 
380 D.l\ TA 

1390 DAT/l. 
l 

,,· 

TABLE .4 

PHYSICAL Clliili.ACTLl-UST1GS OF RIP.RAP 
1 1/2 TO .3 L.WH ANGULAR RIPRAP 

AXIAL DI MENSI 0N S <I N) WT H 0F 
A B C LBS Hl 

4 o 37 5 , 20500, 20000, 1o23, lo910, 
4 o 7 SO, 30000, 20000, l. 46, }0910, 
60000, 20000, }0750, l o 35-, 1 o 9 l O, 
4 . 2so , 2·625 , l • 000, o 54, lo 909, 
50500, 3.000, 2 o 7 50, J.72, 1-909, 
6. 000, 2•875, 20875, 1 • 94, 1·908, 
5. 000 , 20750, 2 o 7 50, 1 o 38 , 1 • 908, 
50500, 30250, 1 o 500, 1 o 00, 1 o 907, 
50000, 3.000, 2.750, 1 o 78, 1· 907, 
LJ• 500, 30000, 1•62 5., 1 o 50, l o 907, 
4.750, 2 • 8 7 5, 2.500, l • 28, } 0906, 
5.500, 3o7 50 , 1.250, lo26, lo906, 
6 o 250, 2 o 7 50, 2 o 500, 2009, 1·906, 
6-250, 3°000, 20750, 2 .24, l .; 906, 
4.500, 3.500, 2.500, 1.21, 1.9 05 , 
40000, 3 • 250, lo500, • 90, ·1 • 90 4 , 
60000, 3.000, 20500, 2 002 , 1·904, 
60500, 2-750, 2 000 0 , 2 .05, 1 ~904, 
4 .500, 2.500, 2.soo, 1.-94, l_o90LJ, 
5 • 000, 2.250, 1 • 625, l • 43 , 1 • 904, 
4 . 000 , 3.000, 3.000 .. lo30, l • 903, 
5.000, 2.375, 10 250 , • 54, 1 o 903 , 
60250, 3.soo, 1 • 500, l o 42, 1.903, 
5. 500 , 2.500, 2 . 500, 2 o 63, 1·903, 
4.75 0 ., 3 • 7 50, 2 . 000, 1 • 35., l o 902, 
7 o 7 5 o .. 3osoo., lo750, 2 .01, l 090 2 , 
5.500, 3.500., l • 7 50, l _o 75, 1.902, 
50250., 3 o500, 20250, l • 8 7, l 09 0 1, 
4~500, 2 .750., 2 . 625 , l • 80, } a9 01, 
8 -25 0 , 2 .500 , 1•7 50, 1. 5 6, l a90 1, 
5 .75 0 ., 3.000, 2 . soo., l • 8 1, 1. 900, 
6.500, 3o2SO, 2.000, 2.os, } e900, 
S o500, 20875, 2 o 2 so .. 2 • 15., 1 .900, 
4 os oo ., 3.soo, 10 250, 1 o 06 , }0 900, 
So2so., 1 o 7 50, 1. 375., • 9 7, l • 900, 
s o2so ., 3 0250 .. 1 • 50,0 , i ol 1, l o 900 , 
Lj . 500 , 3 . 000 .. 2 . 2so , 1 • 43 , ]0 89 9 , 
5.000 .. 3oSoo , 2.000, 1 o 33, l 08 99, 
50000, 2 .625 , 2 o5 oo, 1028 , 1. 399., 

·45 

CYL VGL 
H2 

lo925 
1·926 
1°926 
lo916 
1. 925 
1 • 928 
lo920 
1-918 
lo926 
l .922 ' 
}0919 
l • 9 l 9 
1.927 
lo92 8 
lo918 
1 • 9 17 
lo924 
l o 927 
1.919 
1.919 
1·91 8 
1 • 909 
1·91 8 
1 • 920 
l o 9 1 6 
1 • 930 
1. 922 
J. 9?. l 
1. 920 
1- 9 18 
l • 920 
lo 922 
lo 923 
1.910 
l • 91 0 
l o 9 11 
l 09 1 L.J 
1. 9 13 
l • 9 1 3 



' 

. 

005 
007 
010 -- 020. 
030 
040 
050 
060 
070 
080 
090 
100 
110 
120 . 
130 
140 
150 
160 
170 
180 
190 
200 
210 
2?0 
230 
240 
250 
260 
270 
280 
290 
30 0 
31 0 
320 
330 
340 
350 
360 

TABLE 5 

PHYSICAL CHARACTERISTICS OF RIPRAP 
3 TO 6 INCH ANGULAR 

-: 

REM AXIAL D1MENSI0NSCIN) WT 
REM A B C LBS 
DATA 3.750, 6.000, 3.750, 6. 06, 
DATA 5. 000, 4.2so, 2.000, 1 • 62, 
DATA 1.000, L1.2so, 3.750, 4 • 94, 
DATA 9!'000, 4.000, 3.250, 6.78, 
D,l'.\T1'\ s.soo, 3.soo, 3.250, 1 • 7 l, 
DATA 9.2so, s.150, 2. 500, 5 • 10, . 
DATA 1.soo, s .250, 3 • 37 5, s.s6, 
DATA 1.000, 4.soo, 3 .750, Lj.55, 
DATA 1.000, L1.000, 2 .000, 2.03, 
DATA 5 • 000, 4.000, 3.2so, 3. 30, 
DATA s.ooo, 4.375, 4. 000.:o · LJ. 0 1, 
DATA 5.000, 3.375, 2 .soo, 1 ·• 46 , 
DATA ·9 • 37 5, 5.000, 4.000, 8 .05, 
DATA 5.500, 5.375, 3 • 12.5, LJ.Ql, 

DATA 8.000 , 4. 7 SO, 3 • 37 5 , s. o·s , 
DATA 7 .J 25, 4 • 62 5, 3.750, 4.51, 
DATA 1.12s, 6.000, 2.000, 3 • 5 9, 
DATA 8 ·000, 4•625, 3.375, s.oo, 
DATA 5 • 37 5, 4.500, 2 .500, 2. 20 , 
DATA 6.750, L1.1s o, 3.000, 4.47, 
DAJA 9.000, 4.soo, 2 • 7 SO, s.02, 
DATA 7. 500, 4 - 625, 3. 575, 5.30 , 
DATA 5. 37 5, 4 .75, 30250, 3. 62 , 
DATA s.soo, 3.000, 2. soo .. 2. 77, 
DATA 5.250, 4.000, 4.000, 2.95 , 
DATA 1.000 .. 5-1 25 , 3.250 , 4. 7 6 , 
DATA 6.500, 4 .500 , 30875, 3 • 7 Lt , 
DATA 4.750, 3.12 s , 3. 12s , 1 • 88 , 
DA TA 6.QOO , Lj.375, 3.375, 3.s1., 
DATA 7.500 , s.ooo, 3. soo, s.6 3 , 
DATA 5.750, 3 . ()[)Q ., 2 . 0 0 0 .. 1-- 8 2 , 
Di\T A G. ooo .. 3 .1 50., 2 .75 0 , 2 . 95 , 
DAT/-\ 6.000., s . ooo, 3 • 500, 3 • 04 , 
DATA s.1s o , 4·000, 3.750, 5 • 31, 
DATA .5.37 5, 3.000., 1 • 500, • 9 Lj , 

DA TA 9.soo .. 5.soo, 3 $875, 6 • 58, 

46 

V0L 
ML 
980 
250 
880 

1160 
300 
860 

1000 
760 
320 
540 
660 
200 

1310 
560 
800 
750 
570 
840 
420 
730 
720 
960 
560 
!4Li0 
530 
830 
660 
320 
650 
920 
35 0 
480 
730 
880-
18 0 

1020 



l k 

0 05 REM 
00 7 REM 

-··- - - -- -

! 01 0 DAH\ 
I 1020 DATA 
1-0 30 . DATA 
1 0 LJO DA TA 
0 50 DA T.A 
0 60 DA TA 
0 7 0 DATA 
0 8 0 DATA 
09 0 DA T.C\ 
100 DATA 
1 1 0 DATA 
120 D.t.,TA 
1 3 0 DATA 
1 4 0 DA TA 
150 DATA 
160 DATA 
17 0 DA TA 
1S O DATA 
190 DATA. 
200 DATA 
2 10 DA T A 
2 20 DA'fl'.l. 
230 Di\TA 
240 D1:i.TA 
2 50 DA'i' A. 
2 60 DATA 
2 7 0 DATA 
230 D:'.\ TA . 

290 DAT A 
300 O!-\TA 
-3 10 D.L, T i\ 
320 D~TA 
33(1 D!:lTA 

,340 DAT.A 

TABLE 6 

PHYSICAL CHARACTERISTICS OF RIPRAP 
6 TO 9 INCH ANGULAR 

AXI AL DI MENS I m'1 S <I N ) \•IE I GH T 
A B C LBS 

- - - ·---
12 . soo , 7. 250 , 7. 2 s o, 40 • 1 4, 

8 • 7 5 0 , 6 - 250 , 5 . 000 , 19- 56 , 
12 . s o o , 9. 250 , 1 . 2so , 29 - 40, 
12 . 0 0 0 , 8 02 50 , 6-1 25 , 25 .71, 
12 .7 50 , 8 • 12 5 , 5 • 37 5 , 25 - 92 , 
13 07 50, 8 000 0 , 1. 2so , 26 . 9 3, 
100 750 , 10 • 3 7 5 , s. 6 2 5 , 2 7ol 2 , 

8 0500 , 7 • 3 7 5 , 5 .000 , 19 - 6 8 , 
9 • 2 50 , 8 • 7 50 , 707 50 , 3 I°• 4 7, 

10.375, 7. 2 50 , 5. 8 7 5 , 22 .s s , 
9 062 5 , 707 5 0 , 6 ol 2 5 , 2 60 82 , 

11 osoo , 7 o 7 50 , 6 08 7 5 , 2 4-5 0 , 
110 2s o , 8 o 6 2 5 , s. ooo , 2 7 o 5 1,, 

9 o 2 50, 607 50 , 5 o 7 5 0 , 1 6 06 8 , 
13°5 00 , 6 . 37 S , 6 .1 25 , 20. • 6 2 , 
1 4 -7 5 0 , s . 2 so , 7 o 2 so , 4S • 3 7, 
1 .11 .000 , 9 0000 , 1.1 2 5 , 35 o 56 , · 

9 o S o o , 9o soo , 70 250 , 32 077, 
9 . soo , 6 o 12 5 ., LJ-1 25, 1 6 . 5 0, 

10 02so , 7 • 7 s o , 5 09 9 4 , 2 s .1 0 , 
11. 0 0 0 , 8 00 0 0 , 6 07 5 0 , 39 079 , 
11 02so , 9 o() 00 , 8 07 5 0 , 3 3 ° 93 , 
10 - 7 50 , 7 o7 5o , 5 .7 50 , ] 8 08 1, 
·9 ° 000 ., 6 . 62 5 ., 6 0500 , 24 . 7 6 , 
1 4 . 250 , 10 00 00 , 4 07 50 , . 25 . 63 , 
10 0508 , 7 o 000 , 1. 0 0 0 , 22 01 2 , -
s . soo , 8 . 2 so , 6 0250 , 17 . 66 , 

1 2 o 7 so , 8 o 12 5 , 6 . 250 , 2 7 o 8 4 , 
10 . 0 00 , 10 . 000 , 5.7 50 ., 23 026 , 
10 . noo , 9 • 500 , s . ooo , 21.02 , 
17 . t)Qil , 9 .J 2 5 , 7 . 3 7 5 , 2 7. 28 , 

o 0-n / • .c.J '. J., 7 .7 5(), 7 .no0 ., 2 1 . 52 ,. 
l O o 125 , 9 o l ?5 , 4 . 5 ()() , p :; . 5 1 , 
13 . 75 0 , 8 . 7 50 , 6 - 000 , 26 036 , 

3 50 D/'.I.TA . 1 0 • 000 , 8 02 5 0 , 7 o 000, 18 · 03' , 
.360 DATA } LJ o25Q , 70 7 50 , LJ. 8 7 5 , 24 - 5 2 , 

47 

: 

....... . .:. 

HT 0F EQ CYL 
Hl H2 

--
1 • 420, 1 • 8 36 
1·41 8 , 1. 6 16 
1• 4 18 , J.7 8 0 
1. 4 1 5 , 1-6 8 2 
lo 4 15, 1. 68 5 
1 o 4 1 4, 1.100 
1 • ·4 12 , · 1.69 8 
1· 4 11, 1-617 
1. 4 10 , 1•7 30 
l • 40 8 , 1- 6 41 
1 • .IJQ6, 1 • .69 4 
J o 40 4, lo 6 51 . 
1 0 -40 0, 1 • 6 7 8 
1. 40 5, 1. s s 2 . 
1 o .1~0 5 , 1. 622 
·1. 4 2 0 , 1· 88 9 
lo 564 , 1· 92 7 
1 o 5_5 5 , 1 o 900 
1 • 5 6 6 , 1 • 7 LJ O 
]0 5 63 , 1 o 82 0 
1o s 1 s , 1 • 9 1 5 
1 osos , 1 • 8 5 9 
1-502 , 1 o 69 7 
1 . soo , l • 7 6 1 
1 o 49 9 , 1. 7 6 7 
1. 502 , 1o7 3 7 
] • LJ99 , 1 • 6 8 5 
l o LJ88 , 1 .7 77 
J • LJ8 5 , 1 o7 24 
lo /.18.IJ , }. 7 65 
} o LJ8 4, 1 • 7 65 
I • L1 fi 2 ., 1 • 7 05 
l o / J7 J ., 1 . 666 
) . LO O, 1 • 7 53 
1 • 4 6 8 , 1. 65 0 
1 • 46 8 , 1 o 7 26 



~-· 
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TABLE 7A 

SHAPE CHARACTERISTICS 
3/4 TO 11/2 INCH COBBLES 

. 48 

ZING CLASSIFICATI0NS: PER CENT PER CATEG0RY 

___..- I 
DISK 
s.33333 

R 0CI-< 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
l 1 
12 
13 
14 
15 
16 
17 
JR 
! 9 
20 

II 
SPHERICAL 

16-6667 

ZING 
CLASS 
III 
II I 
III 
I 
IV 
III 
I I 

. I II 
I I 
IV 
IV 
III 
III 
III 
IV 
IV 
I I I 
I II 
I 
I II 

I I I 
BLADE 

41 .6667 

BC/A t2 
SPHER IC I TY 

• l.i6 7 1·2 8 
.36 3322 
·200617 
·195 
·48 
.375 
·342561 
.56 
.3]1419 
.62~ 
.661157 
.662722 
.32 
-253 906 
-59 2593 
• 462 8 1 
.2ss1 02 
• L162222 
. 26 
-328 125 

IV 
R0DLIKE 

33.3333 

V0L 
cu FT 

1-55364 E-3 
l 005930 E-3 
8-82750 E-4 
9-88680 E-.4 
3. 17790 E-L1 . 

1.05930 E-3 
J O 05930 E-3 
lo2QQ5LJ E-3 
8-82750 E-4 
5-29650 E-4 
L1.943L1Q E-4 
7-06200 E-Lj 

1•412LJO E-4 
7.76820 E-4 
2-47170 E-4 
3.53100 E- Lj 

2 • ! 18 60 E-4 
9.53370 EZ .. 
}005930 E: - 3 
9.53370 E-4 



R 0CK 
NUMBER 

21 
22 
23 
2LJ 
25 
26 
27 

_ _ 28 

29 
30 
31 
32 
33 
34 
35 
36 

t 

.. 

TABLE 7B 

SHAPE CHARACTERISTICS 
3/h.TO 11/2 INCH COBBLES (CON'T) 

ZING BC/At2 
CLASS SPHERICITY 
IV o!:?88926 
I II -3321 8 
I II 0293333 
IV 0361111 
IV 0661157 
II • LJ44<'.l44 
I I ~271605 
IV 046875 
I I I ·328125 
IV .43 
I l I -355469 
I •2176 8 7 
IV .611111 
IV o LJ l 52-2 5 
II 0299169 
I I -365651 

V0L 
CU FT 

3° 884 10 
9-8 8680 
7076820 
lo44771 
2082480 
3088410 
1 .20054 
1-05930 
8•47440 
9.53370 
8 • 12130 
l •412LJ O 
6.35580 
1•37709 
9· 88680 
1-55364 

SPHERICITY CLASSIFICATION= [C*BJ/At2 

P E1'CENT - - 0 • 0 T@ 0 • 1 =·o 
PERCENT--O•l T0 0.2 = 2 • 7 77 7 g· 

P ERCE:NT -0. 2 T0 0.3 = 22 . 2222 
PERCENT - 0.3 TO 0 • Lt = 3005556 
PERCENT 0 . 4 T0 Q.5 = 22.2222 
P EF~CENT o.5 T0 o.6 = 3 .33 333 
PE RCENT Q. 6 T 0 Q.7 = 13.888 9 
P E:R CE NT Q.7 Tr' \:) o. s = 0 
P ERCE NT o. s T 0 0. 9 = 0 
P ERCE!\JT 0.9 T0 1 • 0 = 0 
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E- Lj 

E- Li 
E-4 
E-3 
E-4 
E-4 
E-3 
E-3 
E-4 
E-LJ 

E-4 
E-3 
E-4 
E-3 
E-4 
E-3 
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TABLE 8A 

SHAPE CHAH.ACTERISTICS 
1 1/2 TO 3 INCH COBBLES 

·~- ·-- _.. ____ .. -·-

,~ . 

. ·_.{;,' 

~ ... -
"- f'> 

--~·t ,o , .. 

. 
{ , 

ZING CLASSIFICATI0NS: PER CENT PER CATEG0RY 
·---- ------------~--

I 
DISK 

3.33333 

R 0CK 
f\1 U/ JBE R 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
l 1 
12 
13 
1 L1 

15 
16 
17 
18 
19 
20 

II 
SPHERICAL 

16.6667 

ZING 
CLASS 
IV 
II I 
I I I 
I I I 
II 
III 
IV 
II 
IV 
III 
I I 
I II 
I I 
I I I 
I 
I 
I II 
IV 
II I 
I I I 

III 
BLADE 

55-5556 

BC/A1'2 
SPHERIC I TY 

•428 8 19 
035 8 796 
.3322 2 2 
030839 
·3402 7 8 
.356653 
-520 8 33 
02 8 8 4 62 
.363636 
.292 8 9 9 
038 888 9 
0281065 
·281 2 5 
0304688 
.2s25s 1 
el43 6 73 
. 42 5 
057851 2 . 
.3 
·328 12 5 

IV 
R0DLIKE 

19.4444 

VOL 
cu rT 

3.35445 E-3 
9035715 E-_3 
4.76685 E-3 · 
201 8 922 E-3 
2· 8 2480 E-3 
4-23720 E-3 
4•30782 E-3 
2061294 E-3 
2.6LJ825 E-3 
-003531 
3 ol 7790 E-3 
3070755 E-3 
5-11995 E-3 
8012130 E:-3 
3 • 35 LJ45 E-3 
3070755 E-;J 
20259 8 4 E-3 
3 • ~.5445 E-3 
1 • 8·36 12 E-3 
7• !11510 E-3 

., 

,i. 



R0CK 
NUMBER 

21 
22 
23 
24 
25 -- 26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

TABLE 8B (CONTINUED) 

SHAPE CHARACTERISTICS 
1 1/2 TO 3 INCH COBBLES 

.. 
ZING BC/A t2 · 
CLASS SPH ERIC I TY 
I I I 0340136 
II • 166205 
III 034375 
II I o 3456 
IV o5LJ687 5 .,. 

oLJLJ32f3 III 
IV .660156 
I II ·388889 
III • 2362 5 
I II .399534 
IV •42"85 71 
II • 3L169 39 
I • 21 1 72 
I I I • LJ.q628 -1 
I II 027 8926 
I I I .3375 

V0L 
CU rT 

2011860 
s.64960 
3·10728 
4023720 
1-58895 
l e69LJ88 
1-76550 
1 • 48302 
9·18060 
8·82750 
6035530 
4059030 
1. 83 612 
2-9660 4 
}069488 
J.58895 

S PHE RI CI TY CLASS! F' I CATI 0[\J = EC* BJ/At2 
-------------------------------------
PERCENT- -o. o T0 O.J = 0 
PERCE: t\J T - -0. 1 T G 0.2 = S.55556 
PER CENT -0. 2 T0 0.3 = 25 
P ERCEl'lT -0.3 T O 0.4 = LJ4.LJ444 
PERCEN T - 0. Lj T0 o.s = 13 08 889 
PERCENT - o.s T 0 Q.6 = g.33333 
PERCEN T - 0- 6 T 0 0 .1 = 2 07777 8 
PE RCENT - 0.7 TG o. s = 0 
P ERc2 ;,n . - 0 r, • O TG 0 .9 = 0 
PERCENT - 0.9 TO 1 • 0 ::: 0 

'!;.. . ' '; ,1 

E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-3 
E-.3 
E-3 
E-3 
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TABLE 9A 

SHAPE CHA.RACTi..rUSTICS 
J Tu 6 INCH CuBBLES 

. ~ -
. ,) . 

-· ., ·52 

ZING CLASS IF' I CAT HJNS: l'ER C:c:liT PER CATI:GORY 

l I I I I II IV 
: DISX SPHERICAL BLADE R0DLIKE 

12.s 12.s 56-25 18 .7 5 

·-p- --·~----
R 0CK ZING BC/At2 V0L 
NUMBER CLASSIFICATI0i'J SPHEH.ICITY cu FT 

l I I I -23358 -014124 
2 I -242975 1 • 87 l 43 E-2 
3 III .277345 3-14259 E-2 
4 I I .2Li3056 1-11227 E-2 
5 I I -194197 1-80081 E-2 
6 IV .478299 2 • L13639 E-2 
7 III .23615. 7.76820 E-3 
8 I I I ·1921LJ9 7.76320 E-3 
9 I I I ·31901 } e8 71LJ3 E-2 
10 III ·•2335 8 ·014124 
1 1 IV .351727 2eL{5405 E-2 
12 III o3/.J6}4L( 4-13127 E-2 
13 I II .347107 1·13698 E-2 
1 4 I ·206581 } .L!S3 02 E-2 
15 III 0479917 8-82750 E-3 
16 IV .640523 -0388 41 

SPH~RICITY CLASSIF!CATI0N = EC *B J/At2 
--- --------------------------- ·------
P 2RCENT-- 0 o 0 TO 0.1 = 0 
P ERCE NT--o. 1 T 0 0.2 ::: 12.s 
P El~CE f\JT -0. 2 T 0 0.3 = 43.75 
P EHC2NT -0.3 T 0 0. Lj = 25 
P ERCC:NT - 0. Lj T 0 o.s = 12.s 
? E~CEf'JT - o.s TJ Q.6 = 0 
1::, ERC t~~'~T - n.6 T'.J 0.1 - 6.25 
P E:RCEf\JT - 0. 1 T O o.s ::: Q . 

PERCENT o.s T 0 0.9 = 0 
P Ei<CEN T 0.9 TG 1 .o ::: 0 

~. -,------·--
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TABLE 9B 

SHAPE CHAliAGY.&USTICS 
· 6 '.L\l 9 INCH CGBBLES 

ZING CLASS!FICATI 0NS: PE.i.l. CilliT PZR CATEGORY · 
---------------

, ! II I I I · IV 
DISK SPHERICAL BLADE R0DLIKE 

0 16-6667 44 • L1LJ44 38-8889 
--·~--- ----·-..,.-

R 0CK ZING BC/At2 V0L 
NUMBER CLASSIFICATI0N SPHEn.IGIYi CU FT 

.----
.1 III .325939 • 13559 
2 IV ·332703 .149361 
3 III .524105 • 122879 
4 IV -617377 • 13559 
5 !V e49048LJ 8·40378 
6 IV ·340909 .139475 
7 III .361531 ·146183 
8 IV .657959 ·121643 
9 III •4253 8 1 8-56268 
10 III .3681;32 7.37979 
u III ·30Li311 • 1 17 935 
12 I I I ·233091 9-63963 
13 I I I • 356 7·18 .117935 
14 I I .2651Li3 g.93343 
15 IV .724609 9.2s122 
16 II • 1947 · 7.27386 
17 IV -35114 7.98006 
18 II e3LJ3158 • 1 1 052 

.S PHERICITY CLASSIFICATION ::: [C *B J/At2 

-------------------------------------
p ERCEN'f--o.o T0 0-1 ::: 0 
PERCENT--0• l T0 0. 2 ::: 5-55556 
PERCENT -0.2 T0 0.3 = 11-1111 
P ERCE~JT -0.3 T 0 0 • Lf ::: so 
PERCENT - Q.4 T 0 o.s = l 1-1111 
P ERCC::NT - o.s T CJ Q.6 ::: 5.55556 . 
P ERCE f\J T - 006 T 'J 0.7 ::: 11-1111 
PERCE NT 0.1 T 0 o. s = S.55 5 56 
PER CENT 0·8 T0 0.9 = 0 
PERCENT - 0.9 T 0 1.0 = 0 

--·~.(·~ 
--~ 
•• 
i 

.. 
·r' t-

(°, 
'i 

E-2 

E-2 
E-·2 

s..:2 

E-2 
E-2 
E-2 
E-2 -
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TABLE 10A 

SHAPE CHARACI'ERISTICS 
1 1/2 TO 3 INCH ANGULAR 

··' SL 

... , 

ZING CLASSIFICATI0NS: PER CENT PER CATEGORY 

I 
DISK 

23.205'1 

R 0Ct< 
N UMRER 
I 

2 
3 
.I.! 

s 
6 
7 
8 
9 
10 
l 1 
12 
13 
1 LJ 

15 
16 
17 
18 
19 
20 

I I 
SPHr.'RICAL 
53.8462 

ZING 
CLASS 
II 
I 
I I 
I. 
I I 
I I 
I I 
I 
II 
I 
I I 
I I I 
I I 
II 
I\/ 
I I I 
II 
II 
I I 
II 

III 
BLADE 

12.s2os 

BC/At2 
S?HERICITY 

•26122L1 
.265928 
9.12222 E:-2 
-~45329 
.2727 2 7 
~229601 
.3025 
-161157 
.33 
e2Li074} 
·31856 
e}5Lt959 
• 17 6 
• 2 1 12 
e.l.J32099 
0304688 
02033]3 
• 13017 8 
• 30S 6.t.12 
.} 4625 

IV 
R0DLIKE 

s.12s21 

V0L 
cu F:T 

1-00629 E-2 
1-07 337 E-2 
1 .Q7337 E- 2 
.QQLJ696 
1-07337 E-2 
1. 3.1.11 11 E - 2 
s.oso2s E-3 
7.379.1.13 E-3 
1. 21.1.163 E-2 
1·00629 E- 2 
q -7 2111) E - 3 
8 -7 21 1 4 E-3 
·Ol .l.!038 
1- LJ7589 E:.- 2 
s .12114 E-3 
s.12 11 LJ E-3 
1.3.1.1171 E- 2 
1-5 429 7 E- 2 
1 • 00629 E- 2 
1 • 00629 E: - 2 



., ' 

R0CK 
NUMBER 

21 
22 
-23 --- 24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

TABLE · 10B (CONTINUED) 

SHAPE CHARAGrERISTICS 
1 1/2 TO 3 INCH ANGULAR 

ZING BC/A::-2 
CLASS SPHERIC ITY 
IV 0562 5 
I • l 1875 
I o l 344 
II 0206612 
III o332LI } 
I 0101 9 77 
I 0202479 
I 02 8 5714 
II 0356 48 1 
I I 6.42792 E-2 
II ·2 268 43 
I • 153 8LJ·6 
I I ·21 3843 
II I . 216049 
I I 8-7.301'6 E: - 2 
I .176 8 7 1 
I I . 333333 
II I •. 2·s 
II .2 625 

·-.. ··-~-.. -- -- - -

. ,• 

· V0L 
cu PT 

1 • 00629 
4002514 
1.-00629 
10140 46 
• 009392 
00187 84 
J.34171 
1034171 
1-27463 
1 • 1 LJO 46 
1-34171 
1 • 475 8 9 
]05 4297 
6 0.708 57 
6 -703 57 
7.379LJ3 
1 • 00629 

. • 009392 
·009 392 

SPH E: R ICITY CLASS IF I CATI C:li\J = C C =:: 3 J I A, 2 
- ------ ------- --- --------------------
p c. r: C2N T - 0 ° 0 TO o. l = 7-69231 
PE R C=:: i·H - o. 1 TO 0 . 2 = 28 · 2 051 
P Ef~ CE:i\l T - 0.2 TO 0 • 3. = 3 8 - L:6 15 
PER c-·· i ·~ 1!. 1 1 - 0.3 T 0 0.4 = 20 -51 2 8 
PER C2:N T - 0 . Lj 1 0 o.s = 2 . S6L1l 
P s~ c:: i\! T - o.s T ·] Q.6 = 2 -5 6 4 1 
f' E:"'. r. •~ • l'n , ~ 1\; ! - Q. 6 L J 0 .1 = 0 
p ER c 2 ;,n - 0 .1 TO 0 • CJ = 0 
p t;'C) •-1' CEN T - o.s T0 0°9 = 0 
PER CENT - 0·9 TO 1 .o = 0 
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E-2 
E-3 
E- 2 
E- 2 

E: -2 
E- 2 
E- 2 
E- 2 
E- 2 
E- ·2 
E- 2 
E- 3 
E-3 
E- 3 
£ - 2 



TABLE 11A 

SHAPE CHARACTERISTICS 
3 TO 6 INCH ANGULAR 

ZING CLASSI E  I CATI ONS : PER CENT PER CATEGORY 

I II III IV 
DISC{ SP'HE'RICAL BLADE RODLIKE 
13.8889 38.88S9 25 22.222.2 

R OC'.K ZING Be, /Az2 VOL 
N UNI BE  CLASS SPHERICITY Cu AFT 

1 III .293378 3.46038 E-2 
2 III .34 8:82750 E-3 
3 II .325255 3.10728 E-2 
4 II .160494 4.09596 E-2 
5 II .376033 •010593 
6 I :168006' 3.03666 E-2 
7 IIi •315 •03531 
S II •344358 2.68356 E-2 
9 I •163265 1.12992 E-2 
10 IV .52 1.90674 E-2 
11 IV .7 2.33046 E-2 
12 III •3875 .007062 
13 II .227556 •4.62561 E-2 
14 III .555269 1.97736 E-2 
i5 ii .2504rSS .028245 
16 ii -341644 2.64825 E-2 
17 III •23638 2.01267 E-2 
13 II .243596 2.96604 E-2 
19 III •3594 1.4`302 E-2 
20 III .312757 2.57763 E-2 

56 
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TABLE 11 B(CONTINUED) 

SHAPE CHARAC`T'ERISTICS 
3 TO 6 INCH ANGULAR 

R OCK ZING BC/A,2 -  VOL 
Q NUMBER CLASS SPHERICITY CU FT 

21 I -152778 2.54232 E-2 
22 II .318611 3.38976 E-2 
23 IV -534343 1.97736 E-2 
24 II -247934 1.55364 E-2 
25 IV .580499 1.87143 E-2 

`26 III -33992*3 2.93073 E-2 
27 IV .412722 2.33046 E-2 
28 II 4432825 1.12992 E-2 
29 IV -410156 2.29515 E-2 
30 II -311111 3.24852 E-2 
31 I .181474 1.23595 E-2 
32 II -286458 1.694FS E-2 
33 IV .436111 2.57763 E-2 
34 IV -453686 3.10728 E-2 
35 I .15576 6.35580 E-3 
36 TI .23615 .-3.60162 E-2 

SPHERICITY CLASSIFICATION = CC*B3/As2 

PERCENT-0-0  T'3 0-1 
---------------------

= 0 
PERCEINT--0.1 TO 0.2 = 16.666.7 
PERCENT -0.2 TO 0.3 = 22.2222 
P ERCPN -0.3 TO 0.4 = 33.3333 
PERCENT - 0.4 TO 0.5 = 13.9S89 
PERCENT - 0.5 TO 0.6 ` 11.1111 
PERCENT - 0.6 TO 0.7 = 2.77778 
P E R C 'NT - 0.7 TO 0.8 = 0 
PERCENT - 0.8 TO 0.9 = 0 
P ERCENT - 0.9 TO 1.0  = 0 
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TABLE 12A 

SHAPE CHARACTERISTICS 
6 TO 9 INCH ANGULAR 

NG CLASSI'rICATIONS: PER CENT 
-- --------------- 

PER CATEGORY 

I II III IV 
DISK SPHERICAL BLADE RODLIKE 
5.55556 27.7778 13.8889 52.7778 

R OCK ZING BC/A=2 VOL 
N UMBER CLASS SPHF.RI-CITY CU FT' 

1 II -3364 •279077•  
2 =V -408163 •13283 
3 IV •4292 -24285 
4 IV •350911 •179119 
5 I .268647 - 191 131 
6 II •306777 -191865 
7 III -505003 -191865 
S IV -510381 -138197 
9 IV .792549 •214674 
10 IV •395703 -15631 
11 IV •512397 -193207 
12 IV -402883 .165702 
13 III -340741 •186498 
14 a '~` -453616 .118742 
15 T -1 •214249 -1/45576 
16 II -274921 •314632 

R 17 II -327158 •243521 
is I -763158 -231446 
19 iI .279952 -116729 
20 IV .442151 -17241 
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TABLE 12B (CONTINUED) 

SHAPE CHARACTERISTICS 0.  
6 TO 9 INCH ANGULAR . 

R OCK ZING BC/AT2 VOL 
N UMBER CLASS SPHERICITY CU PT 

21 IV .446291 •269343 
22 IV .622222 .235471 
23 IV .395614 .130317 
24 IV .531636 •175094 

' 25 III .233918 .17979 
26 II .444444 -157651 
27 IV .713669 .124779 
23 II .-31233 .193979 
29 TII .575 .160335 
30 IV .76 .183511 
31 II .232861 .198511 
32 IJ .634039 .149601 

° 33 1%_i .400549 .129475 
34 ii .277696 -199853 
35 IV .5775 •122096 
36 I .186057 .173031 

SPHERICITY CL ASSIF ICATION = EC= B7/AT2 

PER GENT - 0.0 TO 
------------------------------------- 

0.1 = 0 
PER CENT - 0.1 TO 0.2 = 2.77778 
P ER CENT - 0.2 - TO 0.3 = 19-44414/4 
PER CENT -- 0.3 TO 0.4 = 22-2222 
P PER  CENT - -0-4  T  0.5 = 22 •22.22 
PER CENT - 0.5 TO 0.6 = 16-6667 
PER CENT - 0.6 TO 0.7 - 5.55556 
PER CENT - 0.7 T O 0.8 = 1 1. 1 1 1 1 
PER CE iNJI T - 0•F TO 0.9 = 0 
P ER CE INT - 0.9 TO 1.0 = 0 
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TABLE 13 

V&IOCITIES AT SIGITIrI AJIT PORITS 
Cobbles 

T Size Distance Velocit~r d from Velocity Distance !Lean 
E Category Boundary from at d(in) Datum at ® from Boundary 
S Velocity Datum from rock -- Data.:. Velocit. 
T (fns) (ft) surface (ft) (fns) (ft) (fns) 

22 cfs 

11 a 4 -d`-1 ?„ 6.4 1 .h"9 5.1 0.0625 5.6 0.28 5.8 
11b +1"t-d`-12" 7.1 0.78 6.14 0.125 6.7 0.19 6.3 

22 cfs 
1 O 11"`-d`-3" 7.3 1.00 b.5 0.125 6.7 0.18 6.0 
1 O 1 ~."`d`3" 8.2 .89 7.5 0.25 7.4-  -.02 6.4 

21 cfs 
5a 3f'e=d`6" 8.1 .92 7.7 0.25 7.6 0.18 0.5 
5b 311!5e6" 9.9 .43 9.9 o.5 8.8 0.02. 7.1 

20.6 cfs 
Sa 6 d79it 9.4 .67 9.4 o.5 8.3 0.00 •7.1 
Gb o~'-̀-d`9t' 10.3 .26 9. a 0.75 1 U.7 o.i;6 7.4 

14 cfs 
4a 3`t-̀d`-0"" 9.0 .43 `1.5 0:25 8.14. 0.18 6.3 

14 cfs 
7a 611~d~9" 9.0 .20 6.4 0.5 9.0 0.12 6.0 
7b 6"`-d`9" 10.0 .33 10.0 0.75 10.0 0.23 6.0 

11.6 cfs 
6a 6t' 5d!59" 8.4 .5 - 0.5 8.0 0.1 5.1 
6b 6'"d~9It 9.7 .19 4.7 0.75 9.7 0.19 5.7 

7.5 cfs 
la 311 ind`6t' 6.8 .18 6. ; 0.25 6.8 0.18 4.3 

7.5 cfs 
2b 311 `de~~?11  8.0 -.10 8.0 0.') e'.C) -.10 0 

7.5 cfs 
3a 3"ede-6" 3.2 0.00 5.3 0.25 8,2 0:00 J.0 
3b 31rv5de611  7.5 -.18. 7.5 o.5 7.5 -.18 6.0 



TABLE 11.} 

VELOCITIES AT SIGNIFICANT POINTS,  
Angular 

T,,  ST SIZE 'tAXIM"JUM DISTANCE VELOCITY DISTANCE VELOCITY DISTANCE 
N0 CATEGORY JET FROM AT (MA14 FR13M AT SIGN FROM BASE 

VELOCITY DATUM ROCK DIA DATUM OF, VEL 
[FPS] IF•T3 FP,OM DAT CFT3 CFPS] PROFILE 

CIN3 CFT3 

1S 1.5 9.2 1.08 8.1 •25 3 .35 
19 1.5 8.2 1.23' 4.7 .25 7.5 .46 
19 3 10.2 .64 5.8 0 8.7 .21 
19 3 1 1 • 1 .82 f3.5 0 9.5 .36 
12 3 8.6 09. 8.3 .5 8.2 •37 13 3 8..1 1.07 7.9• .5 8•2 •35 
14 3 8.9 1'•2 0.5 .5 9-1 •41 
15 3 11.2 .7 11 .5 10.5 041 
16 3 h•4 .6 8.2 .5 7.1 .2 
17 3 3.8 .49 8.8 •5 8 •34 
12. 6 10.3 .52 9 0 9 .3 
13 6 10.4 .? 6..8 0 9.1 .25 
14 6 10.5 .4 9.9 0 9.9 .2 

~. 15 6 10.6 .7 9.1 0 9.1 •25 
16 t O.5 .37 6.9 0 6.9 •15 
i7 6 9.7 .39 4.7 0 7.2 .2 
20 6 10 •02 ri.7 .75 10 .52 
21 6 10.2 .62 9.3 .75 .8.1 •35 
20 9 12.9 .23 10.5 0 12.3 •4 
21 9 11.4 .05 11.3 0 9 •ia5 

rn 
A 



TABLE 15A 
3/4 TO 1 1/2 INCH COBBLES 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

i,A;HERE DIA=DIAMETER OF SPHERE OF WEIGHT EQUAL TO ROCK SAMPLE 
P IE 1 IS PATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS RATIO OF MlEAN AXIS DlM AND SIGNIFICANT DEPTH 
P171 3 IS RATI!`3 OF ROCK VOLUME AND ABC RECTANGULAR SOLID 
R O';K DIA PIE 1 PIE 2 PIE 3 
i; U~;DE n I INCHES 

1 1.69442 1.00821 6.10119 .599937 
2 1.51045 1.07534 5.80357 .525042 
3 1.4158. 1.05947 5.35714 .667522 
4 1.1-18023 1.0978 5.80357 .560718 
5 .932532 1.07235 3.57143 .585751 
6 1.48023 1.01335 5.35714 ..610157 
7 1.51045 1.02067 5.50595 .556563 
8 1.59452 .9929FS4 5.65476 ..56199 
9 1.4158 1.05947 5.35714 .510458 
10 1.22193 1.05707 4.6131 .433889 
11 1.17439 1.02847 4.31548 •497 
12 1.30645 1.11626 5.20833 •429121 
13 •847269 1.OS191 3.27381 •3905 
14 1.38126 1.02564 5.05952 .660847 
15 •932532 1.02767 3.42262 •506204 
16 1.00453 1.07845 3.86905 .507143 
17 1.12.375 1.07527 4.31543 .267772 
19 1.56749 .956942 5.35714 •540693 
19 1.51045 1.13101 6.10119 .450577 
20 1.5395 .974.343 5.35714 .62759 N 



TABLE 15B 
3/4 TO 1 1/2 PITCH COBBLES 

CONT INC,'ED 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

WHERE DIA=DIAMETER OF SPHERE OF WEIGHT EQUAL TO ROCK SAMPLE 
PIE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS RATIO OF' MEAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF ROCK VOLUME AND ARC RECTANGULAR SOLID 
R OCK DIA P'IE 1 PIE 2 PIE 3 
N UMBER INCHES 
21 1.12375' 1.00112 4.01786 .438125 
22. 1.5395 1.00141 5.50595 .5359FI 
23 1.2656 1.05352 4.7619 .694223 
24 1..64599 1.01256 5.95238 .608187 
25 1.22193 .999974 4.31548 .284 
26 1.12375 .1.03819 4.16667 .447448 
27 1.51045 1.02067 5.50595 .670556 
28 1.51045 1.04825 5.65476 .488125 
29 1.38126 1.0558 5.20833 .557858 
30 1.48023 1.01335 5.35714 ~" .520667 
31 1.30645 1'614815 5.35714 .493489 
32 1.5395 1.10967 6.10119 .619842 
33 1.22193 1'•05707 4.6131 ..532.5 
34 1.56749 1.03669 5.80357 .597236 - 
35 1.4502.3 1.12595 5.95238 •426277 
36 1.71763 1.01584 6.25 .548071 

MEAN DIA OF = WEIGHT SPHERE 1-36891 INCHES w 



TABLE 10 _ 
1 1/2 TO 3 INCH COBBLES 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

WHERE DIA=DIAMETER OF SPHERE OF WEIGHT EQUAL TO ROCK SAMPLE 
PIE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE , 
PIE 2 IS RATIO OF MEAN AXIS DIM.AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 
R 0CK DIA PIE 1 PIE 2 PIE 3 
NUMBER INCHES 

1 2.25297 1.03567 11.6667 .500641 
2 3.17672 1.07553 17.0833 •49454 
3 2.51179 1.07932 13.75 •470168 
4 1.88589 1.01471 9.58333 .67818 
5 2.04698 1.05847 10.8333 •531..293 
6 2.39175 1.04526 12.5 .534018 
7 2.41531 1.01781 12.2917 '529345 
8 2.03061 1.10804 11.25 .455969 
9 2.0631 .989612 10.2083 .605114 
10 2.25297 1.05416 11.875 .606838 
i1 2.1549 1.04413 11.25 .522992 ,- 
12 2.2925 .9996.35 11.4583 •664009 
13 2.57898 1.06631 13.75 .491515 y 
14 2.88013 1.01269 14.5833 .719672. 
15 2.22583 1.06702 11.875 .535318 
16 2.2925 1.18139 13:5417 .5325 
17 1.88889 1.03677 9.79167 .588048 
18 2.19801 1-06157 11-6667 .481786 t' 

19 1-78823 1-00192 8.95833 :676867  
0 2.8385 1-027S/4 14.5833 .610157 



PIE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE 
j PIE 2 IS RATIO OF MEAN AXIS DIM AND SIGNIFICANT DEPTH 

PIE 3 IS RATIO OF RACK VOLUME AND ABC RECTANGULAR SOLID 
DI,A PI~: 1 PIE 2 PIE 3 

N UMBER INCHES 
21 1.90777 1.00466 9.58333 .595048; 
22 2.6487 1-095 /14  14-375  .5 4807 1 
23 2.14014 1.0708 11.4583 0578519 
24 2.37979 .962969 11.4583 .694223 
25 1.69967 .981159 8.33333 ..62759 
26 1.7446 1.07475 9.375 .493264 
27 1.7446 1.0031 8.75 .577663 
28, 1.67475 1.02006 8.54167 •578519 
29 3.12182 1.0811 16.875 .537196 

j 30 3.05037 .969829 14.7917 .656083 
31 2.76925 .979002 13.5417 .597705 
32 2.50526 1.01453 12.7083 •533246 
33 1.76668 1:06131 9.375 .6306.22  
34 2.14014 1.01239 10.8333 •552223 
35 1.7446. 1.09963 9.58333 .504889  
36 1.69867 1.07927 9.16667 .520667 

MEAN DIA OF = WEIGHT SPHERE 2.24837 INCHES 
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TABLE 11 R 
~. 3 To 6 INCH COBBLES 

PIE TERMS FOR PHYSICAL CHAiRACTERISTICS OF RIPRAf' 

.DIA = DIAMIETER OF SPHERE OF +OJT = ROCK SAMPLE 
PTE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS RATIO OF MEEAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 
R .:,CK UTA PIE 1 PIE 2 PIE 3 
N C1M,3ER 1NCHES 

1 3.58495 1.15064 31.7308 .587081 
2 3.92567 1.17814 35.5769 •409579 
3 4.79906 1.11133 41.0256 .441664 
tY  3.65795 1.0935 30.7692 .366094 
5 4,64132541  •1.04342 35.5769 •399469 
6 4.42412 1.09308 36.859 .407509 
7 3.17168 1.05097 25.641 .530391 
8 3.21572 1.12728 27.9946 .419893 
9 4.2172 1.02754 33.3333 .469309 
10 3.58495 1.15064 31.7308 .587081 
11 4.53439 1•.07-12 37.5 .414633 
12 5.30032 1.06126 43.2692 •465213 
13 3.72105 1+05616 31.0897 .340209 
14 3.49158 1.14561 30.7692 .539862 
15 3.60844 1.06232 29.4872 •296775 
16 5.24377 1.06476 42.9487 .404444 

M FAN DIA OF = 1.4T. SPHERE IS 4.05709 



TABLE 14 D 
6 TO 9 INCH COBBLES 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

D IA = DIA ,1E TER OF' SPHERE OF WT = ROCK SAMPLE 
PIE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = GiT SPHERE 
'PIE 2 IS RATIO,  OF (MEAN AXIS DIM AND ,SIGNIFICANT DEPTH 
PIE 3 IS RATIO 7F ,ROCK VOLUME AND ABC, RECTANGULAR SOLID 
ROCK DIA PIE 1 PIE 2 PIE 3 
N UMSER I NCHES 

1 7.72019 1••13339 43.75 .443121 
2 7.93068 1.05077 41.6667 •510072 
3 7.43214 1.03023 38.5417 .51189 
4 7.79417 1.01572 39.5833 •499487 
5 6.44699 1.05993 34.1667 •482.099 
6 7.7876 1.02727 40 •531156 
7 7.76232 1.1004 42.7083 .459412 

7.41144 1.03444 38.3333 •476873 
9 6.64997 1.11529 37.0833 .405699 
10 6.31812 1.11452 35.2083 •437659 
11 7.32573 1.12047 41.0417 .455005 
12. 6.0=0988 1.15029 39.1667 .454884 
13 7.31335 1.12807 41.25 .444196 
14 6.71544 1.09201 36.6667 .469653 
15 6.78688 1.0521 36.0417 .430892 
16 6.28802 1.0301 33.9583 .519658 
17 6.47405 1.17778 38.125 .351646 
13 6.60453 1.17974 38.9583 •447987 

MEAN DIA OF = WT. SPHERE IS 7.09009 
. rn 



TABLE 18 R 
1 1/2 TO 3 INCH ANGULAR 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

--~H..RE DIA=DIAMETER OF SPHERE ;3F WEIGHT EQUAL TO ROCK SAMPLE 
P I: 1 IS PAT, 10 OF MEAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS OF MEAN AXIS DIM AND SIGNIFICANT DEPTH 
P IE 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 

iR COCK DIA PIE 1 PIE 2 PIE 3 
N!jMRER INCHES 

1 2.69417 1.09805 7.39583 .794908 
2. 2.85258 1.13932 8.125 .650802 
3 2.77907 1.16946 8.125 •'33231 
4 2.0477 1.28193 6.5625 •727367 
5 3.01274 1.24472 9.375 .408769 
6 3.13606 1.24891 9.79167: •.467495 4r . 7 2 .7 995 1 1.250P2 8.75 '367891 

2.51455 1.35876 8.54167 .475596 
9 3.04737 1.17588 8.95833 •533953 
10 2.8784 1.05672 7.60417 •792643 
it 2.73019 1.23618 8.4375 .441413 
12 2.7159 1•-8871 8.75 .584538 
13 3.21488 1.19237 9.58333 •566553 
14 3.29001 1.2158 10 ./+94609 
15 2.72306 1.25532 8.75 .382734 
16 2.42778 1.20137 7.29167 .772827 
17 3.17958 1-20599 599 9.58333 .515218 
18 3.19424 1.17399 9.375 .745805 
19 3.13606 1.00976 7.91667 .1 .618262 
P.0 2.33291 2.04427 7.39583 .951172 



TABLE: 1 E % (CONTINTED) 
• Z I/2 TO 3 INCH ANGULAR 

PIE TERMS FOR PHYSICAL CHARACi'ERISTICS OF RIPRAP 

HERE DIA=DIAMETER, OF SPHERE. OF "TEIGHT EQUAL TO ROCK SAMPLE 
PIE 1 IS RATIO OF MEAN AXIS DI'M AND DIA OF'= WT SPHERE 
PIE 2 IS RATIO OF 11EAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 

ROCK DIA PIE l PIE 2 PIE 3 
N U:-7BER INCHES 

21 2.74433 1.21462 8.33333 .483017 
22 2.0477 1.40401 7.1875 .463577. 
23 2.82629 1.32683 9.375 .529939 
24 3.47081 1.00841 8.75 .573297 
25 2.77907 1.25941 8.75 .455561 
26 3.17333 1.36555 10.8333. .683792 
27 3.03015 1.18256 8.95833 .;688232 
28 3.097%5'3 1.18361 9.16667 .560782 
29 3.05874 1.07615 8.229_17 .675036 
30 2.91627 1.42876 10.4167 .545997 
31 3.06439 1.22374 9.375 .537619 
32 3.20974 1.22024 9.79167 .603628 
33 3.24535 1.09131 8.85417 .74940H 
34 2-56386 1.20261 7.70833 •583821 
35 2.•48915 1.12154 6.97917 •917643 
36 2.60355 1.2803 8.33333 .498233 
37 2.83291 1.14723 8.125 .572465 
38 2.76528 1.26569 8.75 .463696 
39 2.73019 1.23615 $•4375 .494609 

41 EAN DIA OF = S•dE I GHT SPHERE 2.86807 INCHES 

i 

In 



TABLE 19 R 
TO 6 INCH ANGULAR 

PIE TERMS FOR PHYSICAL CHARACTERISTICS OF RIPRAP 
{ 

, HERE V ~ x1 DIA=DIAMETER OF SPHERE OF `WEIGHT EQUAL TO ROCK SAMPLE  
4, fir6:T• 

PIE I IS RATIO OF MEAN AXIS DIM AND DIA. OF = ITT SPHERE 
PIE 2 IS RATIO OF MEAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF RACK VOLUME AND ABC RECTANGULAR SOLID  

d 
R OCK DIA PIE i PIE 2 i PIE 3 
NUMBER INCHES 

1 4.36704 1.41209 7.90599 •303723 
2 2.31333 1.33294 4.30769 .355916 j. 3 4.07952 1.22564 6.41026 -491299 
4 4.53355 1.1945 6.94444 .604942 
5 2.96449 1.4255 5.23504 _ .292583 
6 4.12309 1.4145 7.47$63 .39463 
7 4.31847 1-24/165 6.89103 , 2459142 
8 3.96922 1.28069 6.51709 .392566 
9 3.05774 1.41717 5.55556 •348661 
10 3.56624 1 • f 4 5.23504 •506599  
11 3.80555 1.1'7153 5.71581

.  
.460233 

12 2.71749 1.39525 4.86111 .251936 
13 4.50055 1.27599 7.85256 • 42.6296 
14 3.80555 1.22628 5.98291 .369561 
15 4.11769 1.30534 6.59103 •380605 
16 3.95755 1.301552 6.6'2393 •570315 I 
17 3.66777 1.37459 6.46368 .406771 
is 4.09596 1.30209 6-.83761 •410436 
19 3.1154/4 1.32405  5.29946 .423799 ~ 
20 3-94582 1•.22493 6.19659 •463069 



TABLE lq D (CONTIT'UED ) 
3. To 6 INTCH A GTL AR 

PIE, TERMS FOR PHYSIC;-AL CHARACTERISTICS ELF RIPRAP 

vlHE RE DIA=DIAM-TER OF SPHERE OF .WEIGHT EQUAL TO ROCK SAMPLE 
PIE 1 IS RATIO OFMEAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS RATIO OF-MEAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS ,RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 

R OCK DIA PIE 1 PIE 2 PIE 3 
N Ui19ER INCHES 
21 4.10142 1.32068 6.94444 .394445 
22 4.30369 1.23925 6.83761 •435781 
23 3.67796 1.21215 5.71581 ..411788 
24 3.36409 1.09994 4.70085 •'650934 
25 3.43543 1.28562 5.66239 •38499 
26 4.02936 1.27191 6.57051 .434354 
27 3.71816 1.33355 6.35634 •355294 
28 2.95642 1.24024 4.70085 .420918 
29 3.76074 1.21873 5.57607 .447664 
30 4.26122 1.2516 6.83761 •427691 
31 2.92463 1.2.2523 4.59402 .619 -~ 
32 3.43543 1.21255 5.34188 •473334 
33 3.47001 1.39289 6.19658 •424204 ` 
34 4.17891 1.07683 5.76923 .622537 
35 2-34657 1.40276  4.22009 •45407 
36 4.45853 1.40172 8.06624 •307386 

MEAN DIA OF WEIGHT SPHERE 3.72707 INCHES 
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TABLE 20A 
 i 

6 TO 9 INCH ANGULAR 
PIE TERM' FOR PHYSICAL CHARACTERISTICS OF RIPRAP 

WHERE DIA=DIAMETER OF SPHERE OF WEIGHT EOUAL TO ROCK SAMPLE 1 
PIE 1 IS RATIO OF t4EAN AXIS DIM AND DIA OF = WT SPHERE 
PIE 2 IS RATIO OF MEAN AXIS DIM AND SIGNIFICANT DEPTH 
PIE 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 

ROCK DIA PIE 1 PIE 2 PIE 3 
N UP/JBER INCHES 

1 8.60901 1.04554 18 •7'33975 
2 6.76744 •985109 13.3333 •939423 
3 7.75684 1.24621 19.3333 •500602 
4 7.41641 1.18543 17.5833 •510439 
5 7.43663 1.17661 17.5 .562115 
6 7.53239. 1.28335 19.3333 .415729 _ TM 
7 7.55013 1.19099, 17.9333 .52947 
9 6.78133 1.0261 13.9167 .761596 ' 
9 7.93541 1-08165 17-1667 .591339 
10 7.09779 .1.10363 15.6667 .611217 
11 7.52209 1-04138 15.6667 .730731 
12 7.29769 1-1933  17.4167 .467303 
13 7.5863 1.092.99 16.5833 .664258 
14 6.41546 1 . 13005. 14-5 -571523 
15 6-8382 1 •25R 19 17-3333  -477214 
16 8.96762 1.12442. 20.1667 .616258 
17 8.27491 1-21351 20.0833 .468.732 _  
18 9.05259 1.08661 17.5 .611234 
19 6.40641 1.02762 13.1667 .840368 
20 7.36782 1.09553 15.996 .625698 

j 



TABLE 2013... (CONTINUED) 
6 TO 9 INCH ANGULAR 

PIE TERMS FOf-7PHYSICAL CHARACTERISTICS OF RIPRAP 

WHERE DIA=DIAMETrR OF SPHERE OF WEIGHT EQUAL TO ROCK SAMPLE 
PIE 1 IS RATIO OF MEAN AXIS DIM AND :DIA OF = WT SPHERE 
PIE 2 IS RATIO OF MEAN AXIS DIM AND SIGNIFICANT DEPTH 
.P IF. 3 IS RATIO OF ROCK VOLUME AND ABC RECTANGULAR SOLID 

R 0 C DIA PIE 1 PIE 2 PIE 3 
N Utl BE: R INCHES 

21 5.59077 .•999134 17.1667 .730634 
I 22 8.1465 1.1366 19.3333 .45923 
i 23 6.69239 1.20784 16.1667 .471879 

- 24 7.3344 1.00554 14.75 .780679 
25 7.41931 1.30291 19.3333 .458987 
26 7.0639 1.15611 16.3333 .52.9488 

j 27 6.55314 •1.16992 15.3333 .491964 
I 2S 7.6266€3 1.18553 18.0533 .517439 

P,9 7.18321 1.19492 17.1667 .481841 
30 7.55107 1.21396. 18.3333 .429614 
31 . 7.57521 1-47411 22.3333 • .294732 
32 6.99945 1.14295 16 .515154 
33 6.69239 1.18294 15.8333 .538134 
34 7.53613 1.26059 19 .454463 
35 6.59859 1-27553 16.8333 .365337 
36 7.31063 1.22.539 17.9167 .5555.23 

M EAN D I A OF = WE.IGHT SPHERE 7.40376 INCHES 

l 
w 

I 

i 



TABLE 21 

PI-TERMS FOR VELOCITY PARAMMERS 

EST max h  D lave v~he9 h°~D v/D9 U d9 

(FPS) (FT) .(FT) (IN) II-4 II-5 II-6 II-7 

COBBLES 

10D 
1 1/211  TO 311 8.63 11,01 1.76 2.25 2.29 .57 1.31 1.03 

11D 
Aft TO 1 1/2'•t! 7.00 .54 2.18 1.37 2.84 025 .70 1.11 

ANGULAR RIPRAP 

19B 
1 1/2t' TO 31t 11.10 1.18 1.88 2.87 3.24 .63 2.04 1.33 

14B- 
311 To 61,  10.50 2.14 1.16 3.73 1.6o 1.47 2.35 .92 

15B 
311 TO 611  10.6o 1.59 1.07 3.73 2.20 1.49 3.28 .94 

20B 
61t TO 911 12.90 2.42 .79 7.10 2.11 3-o5 6.53 .70 

M 



G = FLOA IN CUBIC FEET PER STCONO IN GRAVEL 
0 = TUTOn DISCHARK F02 WIT OIDT4 S20TION 
F = DISCHARGE !!, JET COMPUTED BY THE CONTINUITY EOUATION 
N.= DISCHARGE IN JET COMPUTED BY EOUATION 3.16 

DISCHARGE TOTAL DISCHARGE DISCHARGE 
N DISCHARGE. F E 
I I N 

FL U 
ECFS/FTJ ZCCFSIFTJ ECFS/FT3 CCyS4FT3 

3.94101 10-925 6.98399 10:3367 
10-6949 11.005 .350077 .616406 
4.5"291 11.15 6.60709 15-0459 
1-61315 11 9-31685 8.56255 

-3.01951 10-735 13.7545 18-7739 
5.97264 10-91 4.93736 .6-55503 

art 



9 
TA13LE 

1 

COMPARISON OF VELOCITY COMPUTATION 

i HERE  V = MEAN VELOCITY OF JET BY VELOCITY PROFILE AVERAGING 
U = MEAN JET VEL :_CITY BY EOUATION 3.15 

L = MEAN DEP T H O:' JET AaOVE RI PRAP SURFACE 

EST V U L 

PJ'UC~I;~i~1? CF 1~S 1 -CF P53 . 

lt7 6-71537 12.27QS 1-0/4 
1 1 '5-83462 11-5432  
14 4.93067 13.4744 1 .34 
15 8.49489 1?• 3153 1-105 

a 19 7.33574 12,036P 1 075 
20 

4 

7.53795 14.747.5. .655 
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STABILITY OF RIPRAP 
HYDRAULIC FLUME STUDY, 1;1 SCALE 

FIGURE 1 
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Figure 2 
General view of test flume with baffle platform 

and test section in the center of the picture 
Photo PX-D-61604NA 
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Figure 3 
Dye test showing jet under the baffle 

and differential pressure .recording equipment 
Photo PX-D-61605NA 
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Figure 4A 
3- to 6-inch cobbles 

6-inch scour test profile 
Photo PX-D-61606NA . 

7 '.Ci~ r 7'I.•r,- —~. ....p, i~'ifM T .3F'?r<•'rv+9,^ 

zk 
~A; 

M 

. 4 ~ 

p 
.. 

Figure 4B 
3- to 6-inch angulars 

6-inch scour in progress 
Photo PX-D-61501NA 
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Figure 5A 
Test 8 

Before and after 6-inch scour 
3- to 6-inch cobbles 

1-foot stone layer 
21-cubic-foot-per-second flow 

Photos PX-D-61607NA and PX-D-61608NA 

Figure 5B 
Test 6 

Before and after 9-inch scour 
6- to 9-inch cobbles 
1-foot stone layer 

11.6-cubic-foot-per-second flow 
Photos PX-D-61609NA and PX-D-61610NA 
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Figure 6A 
Test 7 

Before and after 9-inch scour 
6- to 9-inch cobbles 
1-foot stone layer 

14-cubic-foot-per-second flow 
Photos PX-D-61611NA and PX-D-61612NA 

Figure 6B 
Test 8 

Before and after 9-inch scour 
6- to 9-inch cobbles 
1-foot stone layer 

20.6-cubic-foot-per-second flow 
Photos PX-D-61615NA and PX-D-61614NA 
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Figure 7A 
Test 9 

Before and after 9-inch scour 
6- to 9-inch cobbles 

1-foot stone layer 
7.5-cubic-foot-per-second now 

Photos PX-D-61615NA and PX-D-61616NA 

Figure 7B 
Test 10 

Before and after 3-inch scour 
1-1/2- to 3-inch cobbles 

1-foot stone layer 
22-cubic-foot-per-second flow 

Photos PX-D-61617NA and PX-D-61618NA 
., 
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Figure 8A 
Test 11 

Before and after 1-1/2-inch scour 
3/4-to 1-1/2-inch cobbles 

1-foot stone layer 
22-cubic-foot-per-second flow 

Photos PX-D-61619NA and PX-D-6162ONA 

Figure 8B 
Test 12 

Before and after 6-inch scour 
3- to 6-inch angulars 

1-foot stone layer 
22-cubic-foot-per-second flow 

Photos PX-D-61621NA and PX-D-61622NA 



•r'~o 

i.. 
r• 

V 

i 

4 
y
h 

fr 4-j -tT~ 
- sJi , _fi ,  

yet 
- Iry ty 

t 

Figure 9A 
Test 18 

Before and after 3-inch scour 
1-1/2- to 3-inch angulars 
1-1/2-foot stone layer 

22-cubic-foot-per-second flow 
Photos PX D-61623NA and PX-D-61624NA 

Figure 9B 
Test 20 

Before and after 9-inch scour 
6- to 9-inch angulars 
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COMPUTOR PROGRAM ENTITLED "RIPSHA't 

10 DIM SC50)a ZC50)., XC50), V(SO).- US(50) 
20 READ N 
30 FOR J= I TO N 
40 READ Ao3.C.7ie1-,H1eH2 
50 LET VCJ) = 0.670857:=(H2 — HI) 
60 LET ZCJ) = Li/A 
70 LET XCJ) = C/D 
80 LET SCJ) = CC *3)/ AT2 
90 NEXT J 

` 100 LET K I = K2 = K3 = K4 = 0 
110 FOR J = 1 TO N 

`~ 120 IF Z(J) > 0.667 THEN 200 
1 30 IF XCJ) < 0.667 THEN 170 
140 LET K2 = K2 + 1 
150 LET US(J) = "II" 

• 160 GO TO 260 
170 LET KI = K1 + 1 
1 DSO LET USCJ) = "I" 
190 GO T l 260 
200 IF X(J) < 0.667 THEN 240 
210 LE T K4 = K4 + I 
220 LET US(J) = "IV" 
2 30 GO TO 260 
2 /40 LET K3 = K3 + 1 
250 LET US(J) = "III" 
260 NEXT J 
270 LET S1 =S2 =S3 =S4 =S5 =S6 =S7 =S8 =S9 =T1 =0 
2 80 FIR J = I TO N 
290 IF SCJ) > 0.1 THEN 320 
300 LET TI = 71 + 1 
310 GO TO 570 
320 IF S(j) > 0.2 THE N 350 
330 LET S8 = SS -1 
340 GO T3 570 
350 IF SCJ) > 0.3 THEN 380 
360 LET S9 = S9 + 1 
370 GO TO 570 

* 360 IF SCJ) > 0.4 THEN 410 
390 LET S1 = S1 +1 
400 GS TO 570 
410 IF S(J) > 0.•5 "THEN 440 
4 20 LET S2 = S2 + 1 
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COMPUTOR PROGRAM ENTITLED "RIPSHA", continued 

470 IF S(J) > 0.7THEN 500 
K 480 LET S4 = S4 + 1 
` 490 GO TO 570 

500 IF SCJ) > 0•8 THEN 530 
510 LET S5 = S5 + 1 
520 GO TO 570 
530 IF S(J) > 0.9 THEN 560 
540 LET S6 = S6 + 1 
550 GO TO 570 
560 LET S7 = S7 + 1 
570 NEXT J 
580 LET T1 = 100 : CT1/N} 
590 LET S9 = 100 h  (S9/Ni) 
600 LET S8 = 100 * (S8/N) 
610 LET Sl = 100 * CS1/'1) . 
620 LET S2 = 100*= CS2/N} 
630 LET S3 = 100* CS3/N) 
640 LET S4 = 100= (S4/N) 
650 LET S5 = 100= ( SS/N0 
660 LET S6 = 100* CS6/N) 
670 LET S7 = 100=r (S7/N) 
690 LET J3 = 1 
690 PRINT 
700 PRINT "ROCK", "ZIi`G".~ "BC/Ar2"., "VOL" 
7 10 LET MI = J3 
720 PRINT "NU'1RER", "CLASS"i „SPHERICITY"-, "CU FT" 
730 LET J3 = 1 
7/40 FOR J= MI TO N 

750 LET J3 = J3 + 1 
760 PRINT J., iJS(J)- S(J) ICJ} 
770 IF J3 > 20 THEN 690 

`. 790 N XT J 
790 PRINNT 
79-5 PRINT * F~ :►  DT s ~; T A 3LE' 
900 }P R I NI T 
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COYPTUTOR PROGRAM T,,17ITLED "RIPSIHA"., continued 

805 PRI NT 
S10 PRINT 
815 PRINT "ZING CLASSIFICATIONS: PER CENT PER CATEGORY" 

`2 0 PRINT ---- --------------- 
P- 5 P R I N T 

930 PIP. 1 NT "DISK", "SPHERICAL"., "BLADE"., "R(: " DLIKE 
835 PRINT "PERCENT"".,C(1<1 -'- 100)/N).,((K2*100)/N).,(CX3-1:100)/N).$,  
8 40 PRINT ((K4*100)/N) 
3 45 PRINT 
950 PRINT "SPHERICITY CLASSIFICATION = (C -'-- R)//-'.T2" 
955 PR I NT "-------------------------------------t. 
860 PRI NT  "PER CENT.- 0.0 TO 0.1 = Ti 
65 PRINT "PER CENT  - 0.1 TO 0.2 = S8 

870 PRINT "PER CENT • t).2 TO 0.3 = S9 
875 P Rl I N T PIE R CE NT 0.3 T10 0.14 = S  

980 PR I NT P ~-- --- R CE NT '0-4 TO 0.5 = 32 
885 PFl I i\) T 11PEIR CENT .0.5 TO 0.6 = S3 
990 PRI NT  "PER CENT 0.6 TO 0-7 = T 4 J SZI 
89,5 P R I IN T "PER, CENT 0-7 TO 0#8 = S5 
900 P R I NT "FIER CF- NT - 0-9 TO 0-9 = S6 
905 PR 1 NT '"PER CENT  - 0.9 TO 1.0 = S7 
9 10 P R I N'1' 
915 G0 TO 20 
1000 DATA 36 
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COMPUTOR PROGRXW EXTITLEDWIPRAP", continued 

310 PRINT "PIE TERMS FOR PHYSICAL CHARACTERISTICS OF ,RIPRAP" 
320 LET iii 1 = ,.J2 
330 PRINT P. 

3/40 LET J2 - 1 
350 PRINT "WHERE DIA=DIAMETER OF SPHERE OF WEIGHT EQUAL TO ROCK SAMPLE" 
360 PRINT "PIE 1 IS RATIO OF MEAN AXIS DIM AND DIA OF = WT SPHERE" 
370 PRINT "PIE 2 IS RATIO OF MEAN AXIS DIM AND SIGNIFICANT DEPTH'' 
350 PRINT "PIE 3 IS RATIO OF CROCK VOLUME AND ABC RECTANGULAR SOLID_" 
390 PRINT   I 
400 PRINT "CROCK","DIA","PIE 1":"PIE 2","PIE 3" 
410 PRINT "NUMBER"o "I NCHES" 
420 FOR J = M1 TO N 
/i 30 LET J2 = J2 + 1 
440 PRINT JxDCJ)vPCJ)aFCJ) w) 

450 In J2 > 20 'THEN 280 
460 NEXT J 
470 PRINT "MEAN DIA OF = 'HEIGHT SPHERE"S CDl/N)3" INCHES" 
4s0 PRINT 
490 GO,  TO z40 
998 RED} INSERT DATA IN LINE 1000: N, Yo G 
1 705 FED, AXIAL DIMENSIONS (IN) WEIGHT HT 1F EQ CYL 
1 007 REM A 8 G LBS HI H2 
9 999 END 



COMPUTOR PROGRAM ENTITLED "AREVELs' , 

1 +") ;~!M AC20),ID(20),(33(20), C7C1)sI~(20),U(20),HC20) 
1 5 DIM LC1C3)al'(1(J),RCIO>,SC10), X(I+O), Y(10)+ C(10)' 

A 1) N 

L!  

3 0 F i, R J= I TO ;J 
4-0 R--A[)  

60 LET L(J) = A(J,/2 
70 LF": A(J) =mss A(J) 
;3n LiZT V(r.J) = ((S(J) — R(J))*0-645)/D(.J) 
90 1-47,T F(rJ)=V(J) * A(J) 
1 00  LET 0CJ) = •5 * O(J) 
110 L T' G(J) = `'1(J)— (J) 
130 LFT F(J) = X(J) — YCJ) 
1 4c;  LFT U(J) = (1/S(-)R{1—(Y(J)/X(J))T2)) S0R(2*32-2*H(J)) 

1 60  t~CXT J 

•~A--L - 
1 9 0 ?,R I N.T 

00 Fl;-~ I NT ss tcP  if ,v' "DI CHA,RG Ett 

i IiliT 
? R  rR1N1 "lHF'REffa „fI = FLOW I J C34JBIC Ff'FT PER SECOND IN GRAVEL" 
230 1:1 %?INT ,,, f ,0 = TOTAL DISCHARGE FOR UNIT :;IDTH SECTION" 
240 P:•?INT 7 DISCF{AR(a IN JET COMPUTED BY THE CONTINUITY ElOUATION" 
2 SO PRINT •°, "r- = DISCHARGE IN JET COMPUTED BY EQUATION 3.16" 
2 5 0 i R T NT 
270 ' ' •T ;v T "'TEST",  "DISCHARGE"., "TOTAL"a "(JI S(7W:ARGE", "DISCHARGE" 

II• +f ;~~~~ rl tT f4 tt ry ,f /t''~TT it Itl - ~.0 I ~~T t~lU; ., ...R , I iJ , DI a%HA;2GE , r , F 
290 F RlAT  

3 Or) n7T  N) T 
rt ,tla rtGit a  tIr i IJ~ .j~ t:1 rs rr~ .e +r 



l 

CUTPUTOR PROGRAM ENTITLED "AREVEL", (Untinued) 

a{ 

~ tl 

10 PRINT " ","CCFS/FT)"","(CPS/FT)"'s"CCFSIFT)7>"CCFS/FT)'I _.. F 
320 Pi? I tiT 

3 () r C? J= 1 TO N 
34n PRINT TCJ).GCJ),C?CJ), FCJ), ECJ} 
350 NEXT J 
,3 r,0 RI;T 
370 PRINT 

P LL7 
1 I1~ 4  

390 PRINT 
400 PRINT TT ","COMPARISON OF VELOCITY COMPUTATION" 
410 PRINT 
420 P RINT" lY&E V = MEAN VELOCITY OF JET BY VELOCITY PROFILE AVERAGING" 
430 PRINT W9C7);-U = MEAN JET VELOCITY BY ,r,~r

'

?
1

UA
'~

T?
~

':
] 

3.1 5
1

1  
'i ~4 +. J r~ _ ~ V d 9 L — ~ ~1 `~ A S. 4 U 

` 
it f ~ 1 w F JET a B 7 V E  S URFAC E"

N 
ABOVE  ' 

a 4 0 PR I
' 
 fay T

7 
. 450 [ ] R i `N 1 "TES I

7 "n i V"n xYWp "L" ' 

460 PRINT "N(.JMRER"","<FPS)Yrp 44 CFPS)" 
470 PRINT  

;10 F `a R .J = 1 T 9 N 
490 PRINT TCJ)p I(J), U(J), 
5 00 N E X, T J 
510 GD TC 20 .: 
520 DATA 6 
525 DATA 175, 1.96, 1.35, 1.35, 1.42, 1.66 
530 DATA 10, 91-70, 93.7SP 77-30,' 95-52, 4.10, 3.090, • 81000, 21.95 
5 ,  i0 D?~ TA 1 1 , 99.755 99-90a 06.04, 23.77, 3.85, 3-314a -89000, 22.09 
55n DATA 14, 12-14, 1 4. Fi2, SO-02Y 90-34a 4.20, 2.057, -83330>.22-30 
5 60 DATA 1 5 1 06.51, 09.72, 90.34, 108.12, .3.70, 2. 1 12, .651217, 2.2.00 
570 DATA 19, 94.05, 97.£i0, 14.85, 31-00, 3• S0, 2.619, .8318SP 21-47 
5 RO DATA 20, 38-76, 90.07, 5n.55, 73.95, 5. 1 4t 683, .67860, .2. 21-42 
1 n?3 Ei:7 

N 
N 
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113 BANK AND MORE rROTECTION 

50 

10 20 
F \ 

/ 
2 16 u 

U , e 

o" e 
-2.3 _ /~ 1000_14 

a / a 
500 a 

/ —121 ..0 

-2.4 ~ / / ~ 200- 

100- 

--10 - 
2.5' / 50 

i 

20 

10- 

-2.7 ro 
0 57-7 

o_ 

-2.8 v  _ 15 2 

10 2010 

)~ iA 5 / Example: 
sgR  = 2.65 

V A. - 10, find W - 57 lb 

B 
V e  -20, find W-1.8T 

Design high water 

3 

CHART D. Nomograph for design o 

0.00002V I  sg w  csc3 (0 -n) 

AN = Weight of critical stone 
in pounds; two thirds of 
stone should be heavier. 

p = 70"constunt for broken 
rock. 

2- 

.2.5 

DESIGN OF ROCK SLOPE PROTECTION 
FOR STREAM BANK 

3- 

4:1 

f stream-bonk rock slope protection. 



113 IIANK AND S110HE•. I'HO'I'scTuOx 

TABLE 4. EFFECT OF EXTREME RANGE OF-SHAPE ON SIZE OF 
SPECIFIED REVETMENT STONES 

' 1 
k for 

Shape ratios  
shape V 

r s shape 
f kc'r 
V/Vrn 

j=- 
Is 

sq=2.4I 
d= 150 

2.5 
i 175 

spheroidal--_-_-_ 1.00 1.00 .52 .52 :2, 2Y~ 

Lenticular------------------- .:33 1.00 .52 .17 :34 .32 
T',Ilipsoidal___________________ 
Cylindrical------------------ 

.33 

.3:3 
.3:3 
.3:3 

.;2 

.785 ' 
.055 

' .087 
49 

.42 
.4r 
.41) 

Discoidal-------------------- .3:3 1.00 .753 .20 .30 .25 
Cuboidal -------------------- 1.00 1.00 .19 .19 I. .33 

I 
.31 

Tetragonal------------------ .33 .75 .26 .0.52 .4:3 .41 
Sinbal----------------------- .:33 .97 .28 .092 Al .39 
Conoidal-------------------- 1.00 1.00 .26 .213 .:30 .26 
Pyramidal------------------- 1.00 1.00 :33 .33 .27 .26 
Tetrahedral------------------ .33 .38 .17 .002 .08 .ti3 
Normal cube----------------- 1.00 1.00 1.00 1.00 .188 I .179 

For this purpose, the characteristic shapes are assunuxl to be the 
extremes within the definitiolls of shapes and specifications for permis-
sible elongation. Such shapes 111ay occur, but they -%vill not be dominant, 
except possible the slabal shape in rock broken from laminar forma-
tions, and the lenticular shape common to cobbles. 

Axial length is also taken as an extreme. The effect of this is most 
striking for the cuboidal shape. If oxes were taken norlual to faces of a 
cube, the volume is 13, but if t is the diagonal of'the cube, its voluttie is 
.191-1. The normal cube is listed at bottom of.  the table to emphasize 
this difference. 

Maximum Length 
Table 4 expresses the volume of extreme shapes in two ways: (1) as 

a shape factor, or ratio to the enveloping prism, and (2) as a ratio to 
the cube of the longest dimension. 

For the latter, the table shows Ir for the relation 1f' - j 13, and since 

• l = •017id = k x/11' where k = 1 IT (I 

of k for extremes of density are tabulated in 'the hest tivo 
L columns. 

To illustrate use of. 1,:, consider a •1-ton stone, for \Gulch t-be cube root 
of the wel'ght in pounds is 20. Using a de135itr of 1 i5 pef, if the stone is 
a perfect cube, its side is 20 x .179 _ 3:58 1't. If a sphere, its diameter 
is 20 x .22 - 4.4 ft. If lenticular with vertieal diameter only a third 
of its horizontal diameter, the latter is 20 x .32 - 6.4 ft. Specifivations 
will even allow a shape 20 x .46 = 9.2 ft Iona. 

124 
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DESKIN I HINC1PLI's 119 

d 

"IV  
Tetrahedral Slobol Tetragonal_ 
L = .65 ~W L = .40 .'W L = .42 t  

5 = .26 ✓V/ 5 = .38 YW 

I 

L IL 

Pyramid Cylindrical Conoidal 

j
, L=.16 dW L=.41 VW L=,29 VW 

y 
i 

IL i i 

~I• IL 
~i ~T 

t 

. i 

Cuboidal _ Ellipsoidal_ Spheroidal 

r  
L=.32 3W L=.47 ✓ P! L=.225 .W 

ILA 

Normal cube _ Lenticulor Discoid.[ 
L=.182 :W L=.33 :W L=.29 'W 

FIGURE 157. 
Effect of extreme range of shape on size of specified revetment stones. 
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