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SYNpySIS 
l 

s. ISBASH 

On the Construction of Weirs by ·nr~ning Stones into Flowing Water. 

Engineers have known for some time of the method of cons
tructing weirs by dumping stones into flowing woter, but it is 
only quite recently that the problem has been the subject of 
intensive research. Until the advent of a rational basis of de
sign, isolated primitive dams afforded the only examples of this 
form of constructior.. A search of engineering literature disclosed 
a single instance, in America, in which the design had been pre
dicated upon the results of laborntory model experiments • 

The construction of dams by the method of dumping stones in 
open water is charact0rized by certain vmll-defined stages; ini
tially the cross-section takes the form o~ an isosceles triangle; 
then after reaching a somewhat greater height the triangle loses 

· the isosceles form and the downstream slope becomes elongated; 
_subsequently th8 cross-section loses its original sharp angular 
outline and passes to the trapezoidal form with rounded curves and a 
comparatively long crest having a·gradual slope in the downstream 
direction, the thickriess of the overflowing nappe becoming stead-

. i1y thinner. Finally a critical stage is reached at which it is 
necessary to increase the size of stones to resist displacement by 
the overflow; from this stage on until the crest of the dam rises 
above the water surfafe, the size of stone necessary to resist 
displacement at any elevation is a direct function of the overflow 
velocity • 

The outline 9f the cross-section at any given stage of con
struction may th~refore be considered as a graphic representation 
of a state of equilibrium between the v:cight of the component stones 
and the hydraulic forces tending to ca•1so displacement and subse-

. qucnt disintegratioi:. 

Irt the course of analyzing this complex typE. of structure, 
the followin£, basic factors require investigetion: 

(1) The ability of the individual stone, located in the 
downstream slope of dam, to resist displacement by 
the combined hydraulic forces due to overflow and 
percolation through the body of the -dam. 

(2) The spillway discharge coefficient of the partly com
pleted dam section for various stages of completion • 

(3) The general character of percolation now through the 
relatively coarse-grained material forming the body 
of the dam, and the ejector action of the overflow
ing nappe in augmenting such percolation flow. 
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Each of the above factors was studied analytically and 
experimentally, the laboratory work, with models of several dif
ferent scale ratios, serving as a check on the mathematical treat
ment. Chapter Vis an application of the basic principles of 
hydraulic simili tu8d to the specific problem of constructing dams 
by dropping stones into flowing water. The recent work of the 
author entitled "Percolation Flow in Coarse Grained Materials" 
has be8n used as the b~sis for developing the law of sioilitude 
for the flow component d.ue to percolation. 

Chapter VI treats of the method of culculating the dam pro
file for any given site and corresponQing available materials, ·the 
graphical charts furnishing an aid to computation. The numerical 
example given constitutes a case oi' reasonable agreement between 
theoretical calcul~tion and laborato1~ ~odel tests. 

The concluding chapter deals with experiments relative to 
the construction of impervious blankets for sealing the upstream 
face of dam subsequent to th£ completion of the supporting rock
fill section, the basic law as derived from the laboratory work 
being experessed: 

H =\/ x2 cp 

in which Hep is the critic al head at wtich the blanke·t starts to 

become permenble,9 is the permeability coe~ficicnt and x is the 
blanket thickness. It therefore appearsthet the rational method 
of designing a S€8Jing blanket is to vary the thickness in propor· 
tion to the square root of the hydr ostatic head· • . . 
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For the convenience of the reader, the translator has as
sembled the followine; explanatory table, (Refer to Figures 46 and 
47) giving the symbols and notation used throughout the text: 

A - a coefficient to be applied to Froude scale model transfer-
ence ratios to compensate for Reynolds' number effects. 

a the height of stone in feet, .. _; 

b the width of s•.;::ine it fE;et. 

C 
0 

C 

d 

- a generalized coefficient of ttn C!:iezy type, modified and 
adapted to apply to percolatlr.n ~lew. 

the length of stone in feet. 

- the size of stone reduced to the diam~ter of an equivalent 
sphere in feet. 

- the .coefficient of friction for stone on stone under water. 

q" - the assumed percolation discharge in cubic feet per second 
P passing through the body of the dam per foot length of 

crest. 

R 

s 

T 

V 

V 
q 

- the combined percolation and overflow discharge in cubic feet 
per second P,er foot length of dam crest • • 

- the hydraulic radius in feet. 

- hs - the coefficient of submergence for the submerged con-
ht dition. 

- the tractive compbnent of the submerged weight of an indiv
idual stone located on the downstream slope of dam. 

- the velocity of flow acting on the individual stones of the 
dam in feet per second. 

- the velocity of approach in feet per second. 

• qt c the discharge velocity of the stream below the dam in 
ht · feet per second. 

V - the velocity of percolation flow in feet per second 
p 

V 
V 

area of voids x-------area or dam 

- the actual locai" velocity of percolation flow measured in 
the voids of the rockfill, in feet per second, 
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the total weiFht of an individual stone in tons of 2000 lbs. 

- a coefficient expr~ssing the combined effect 
of :friction and form fuctor of the individual 
stcne. (Y1 , Y2 , ••.• Y3 indicate Y at con-

struction stages 1, 2, •••• 3.) 

the difference in elevation between the hGad and tailwater 
for the free overflow condition in feet. 

the c1iffercP-CO in elevntion between the head and tailwater 
fur the sub!"ler[.ed conrti-+:ion in feet. 

0(- the angle het-..1een the rr.rJ.zontal and tl:e sloping crest of 
dur.1 fer the• frc0 OF~l f.1.cw condition. 

G the shear ::.iodulu~: 01~ el,:,s~::i.ci ty of thu fluid. 

H - the !Jax:im1L111 ?'1d /ht of da"!l _:n f,_.~et. 

h 
s 

h 
"l 

the di ffore;ncc in elev:-iti '.Jil in feat b,itwo:cn tho tail water 
surface and th8 downstrea·1 ,:;elpo of da--:i crest. 

the h,.::igbt of thu dovmstrt:am cd1.:e: of c::-est above the channel 
bottom in feet. 

- ths mean depth of overflowinrc: she0t for the free overflow 
condition in r~et. 

h the depth of tailwater nbov0 thc chnrmcl bottom in feet. 
t 

I thu nvorafc hydraulic p-adie'!1t for pc:rcolution flow. 

1 - the: slo!)0 of cr,:)st ror th•:; fr1.;8 ovccrflot, condition or tano(. 
0 

k - a coe::fficfopt ex:nrcssinE; tha fort: foe tor of the individual 
stone wi t.:i rc~fcrE:-nco to str0:,1:1lining. 

L the base wjdtt of the ·da-n in feet. 
0 

1 the 1,~11ftJ: of l)crcolation path for the free overflow condition 
P in ft:..et • 

l' - th:.; lenc th of p(;:rcolation oath for th:, subr.i.:::rr-.~d flow condition 
P in f'cct. 

n - th0 coe1'ficbnt of rourhn,.:;ss in strL.~J:n flo-.v calculntions, 
havin£ diff..;rcrit ck1ract-:ristic ruP..u::s fm· the ~Jennine, 
Forc:r.bd:r.1.r Elr.d J..i17>' formulas. 

p thiJ n~turHl porcsity or void rr1~io of t'!v~ rockfill. 

q • o - q_ "" the net overflow d5.sc!inrf,, in cubic fv.,t pe;r s-:-cond 
t l) p,:r foot f1.;nrtl: of d~11n crc:;t. 
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the actual percolation discharge in_ cubic feet per second 
passing through the body of the dam per ~oot length of 
crest. 

(3and(O- parameters in the Airy fonnula as modified by Velicanov:~ 
.... --- -- ---- ~. - --

- the unit weight of stone in pounds per cubic foot. 
J 

- the unit weight of water in pounds per cubic foot. 

tf
€ = 

~
A-

the coefficient of rough:iess in Bazin's fonnula 

1 + 1 - a coeff'i.!i_f.,nt involving the coefficient of 
n2 +zn rouchness 1n the Airy fonnula 

the model s~ale ratio. 

the coefficient of viscosity. 

V- - the coefficient o-r kinematic viscosity or.,,;#/ the specific 
density. 

$ =-,~ = a frictional coefficient in form convenient for 
JI~ stability calculations. . · 

.J'1 - the. cross-sectional area of the submerged portion of dam in 
square feet.• 

41 •v2g(-~· c.;'·9 - a coefficient correlating the specific 
weights of stone and water in feet2 

seconds. 

j'= a fractional part of "a", representing the lever ann of the 
I impulse force due to the overflow about the individual 

stones of the rockfill. 

-C = the ratio. of the height of obstruction to the height of the 
individual stone with reference-to the interlocking action 
of the component stones of the fill • 
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INTRODUCTION 

Section 1. The Riston' of the Method. 

Available literature furnishes no indication that this method 
has ever been selected for a pennnnent major structure, although 
it has been employed for tmilding temporary cofferdams, as in the 
closure of the Island Narrows of the River Svir, Figure 1. In all 

,probability no calculations at all were made to deteroine the 
proper eutline of the cross-section, which is 11s a general practice 
based only upon personal judgment reinforced by experience on sim
ilar structures. Primitive submerged rock fill.weirs are somewhat 

-closely related to rock fill impounding da!lls built by dumping, but 
such structures seldom find a place in engineering literature. 

The rockfill dams constructed in India upon pervious sand 
foundations, Figure 2, are an exception to the above rule. These 
dams ar8 however, constructed in the dry, behind cofferdams, and the 
downstream faces are frequently paved by hand. With respect to 
high dams, only occasional scant reference is made to construction 
by stone dumping; even in the latest Russian Text-book by An1simov 
("Impounding Drnns," 1928, p.65) the statement regarding the tem
porary coffers for the Assuan Dam is limited to the following: 
"temporary dam on the Nile made by stone-dumping; 165 feet high with 
slope of downstream face of l on 1.5; permitted the discharge of 
large quantities of water over the crest." With reference to the 
Escondido and Morena dams it is merely stated that "The Escondido 
dam with a downstream.slope of 1 on 1 was undamaged by the dis
charge of water over the top. The Morena dam was subjected to an 
overflow of l½ feet without damage." Moreover, in the opinion of 
the author such dams constructed in the dry and later subjected to 
accidental overflow, should not be taken as bases for the design of 
sections for construction by stone dumping in the wet; as a matter 
of fact the latter type of section bears a closer relation to the 
pr0portions of standard e'arth fill structures. 

The first noteworthy model experL~entnt10n applicable to rock
fill dams subjected to overflow was undertaken by Professor A. 
Sn.reek in the hydraulic laboratory at the University of Brun,· 
Chechoslavakia, in reference to the problem of discharging the flow 
of the River Modeva over a proposed rock fill dam, 230 feet high, 
to be situated in a narrow rocky gorge near Chechovitch, above the 
City of Prague. The model of thin dam is shown in Figure 3. 

The original design did not however contemplote the use of 
the structure os on overflow spillway. The reason for the inves
tigation was due to the popular fear that if the discharge tunnels 
were to become accidentally clogged during an unusual flood, the 
headwater would rise above the crest of the dam, causing saturation 
or the core and ultimnte failure of the dam. Such a catastrophe 
~~uld of course destroy the City of Prague, lying 12! miles down
stream. Professor Smrcek studied the situation by means of 1 to 
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100 scale models and reported that failure of the dam would be 
·inevitable. 

The first instance in which it was deliberately proposed in 
advance to use the stone dumping method for dam construction was in 
the design of the Ka'na-Pechora waterway. .In March 1930, at the 
request of the engineering organization charged with the design of 

. 4 ' 

the above canal, pertinent experL11ents were initiated at Energecentre, 
at the Laboratory of the LenilJ€rad Hyclrotechnical Institute, under 
the direction of N. _ N. Pavlovsky; to detennine the basic features 
of the Kolva dam. The studies, conducted by the author and Engineer 
G. G. Shadrin~ were completed in 1'itiy 1930 and a laboratory report 
submitted stating that from a hydrm.:.lic standpoint the construction 
of a submerged rockfill dam by dumping was entirely feasible. The 
detailed lnboratory investigations for the Kolva River Dam supplied 
much valuable data-for design, as outlined in my second report to the 
Kama-Pechora Waterway Authority. 

Following the sugt;estion of N. N. Pavlovsky, the final lab
oratory experiments relative to the construction of dams by dwnping 
stones in flo-Will£•water were included in the wark of my subdivision 
'in the fonner hydrotechnical branch of the Leningrad section of the 
State Constn1ction Institute for October-December i930 under the 

. title "Hydraulic Construction." These experiments (made with the 
assistance of Ell{?ineers P. M. Babin and I, ·r. Satylnikoy) e.s well as 
the preparation of my report were concluded December 31, 1930. A· 
month later specifications were received for the construction of a 
new American dam - Hoover Dam, 650 feet high, (Engineering News
record, October 25, 1930). In 1932, American engineers proposed to 
construct cofferdams _ for this project by the method of dumping stones 
in· flowing water. The cofferdams themselves are very large structures 

. 65 feet high, s&rving to divert the fiow of the Colorado River into_ 
four previously constructed diversion tunnels, and must be.con
structed across Black Canyon, where the velocity reaches 20 feet per 
second. The American Government assumes al1 responsibility for any 
damages that may result frord overtopping subsequent to the construc
tion of the cofferdams. 

·Asa final example I discovered in the "Canadian Eng1n6&r" 
that the method of dumpiJ1€ had already been --used on a laree scale 
in the construction of tl,J.e submerged weir across the South Sault 
channel of the St. lawrence Hiver, under very difficult condi:tions 
due to a· stream veloc 1 ty of fifteen feet per second.· 

The list of examples outlined above, although incomplete, 
indicates .a universal ru:d growing interest among hydraulic engim:~rs 
in the problems of rock-fill dam construction by dumping stones 
in flowinB water. In the following section the att~mpt will be 
made to outline ccrtnin specific cases in which construction by 
the method of dumpinf is the only m0thod avoilablv. -

2 
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- SECTIOlT 2 Cases in which it ma_ y be necessary to employ the method· t: • , · • of dumping stones in flowill!, wiiiter, - -

.. ·~ , .~ . - . : ~- . 

t•:_ • At the present time there are three basic cases as follows: 

t (a) First Group. These are for the most part temporary 
I structures built to serve only during the period of construction 
l of the dam. Frequer..tly they are of small magnitude as in the 
f · cofferdarn for closing the Svir Island Narrows mentioned in Section 1; 
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but occasionally they reach large proportions as in the cofferdam 
for the Hoover Dam. However their basic characteristic in any case 
is that they are temporary. 

(b) Second Group. The seccnl group covers the case in which 
a by-pass is provided to accormnodate the discharge durin~ construe-

- tion, and the rock-fill is a component pnrt or the :r-:.:.nished per- · 
manent structure. At the present time I do not know of any such 
structures; but plans for several to be erected in the near :future 
have come to my attention. _ 

(c) Third Group. The third group includes pennanent struc
tures with no provision for by-passing the construction discharge 
and· built by du..rnping stones directly into the flowing stream without 
the help of an auxiliary cofferdam. With the exception of minor, 
unimportant structures there are no existing examples of this class 
and the theory of design is stillin the preliminary discussion 
stage. 

Without any further discussion of the first group; consider
ation will be given to structures of the second class in which a 
by-pnss is provided to accommodate the discharge during construction. 

-· 
The distinguishing feature of this group o~ structures is 

th~t only the lower section of the dam is made by dumping material 
inflowing water. As soon as the head-water is raised to any ap
preciable level by the submerged material, the by-pass tunnels come 
into action and carry the ma.jar portion of the discharge. Another 
basic feature is that the final section of the d8I:l in this case 
is not designed to resist overflow. The function and relative 
importance of stone dumping in the structure va-ry widely as shown 
by the three following examples; 

1st example. The Kolva River project on the Ka;na-Pechora water
way consists of a lock, power stntion, by~pass tunnel and a dam 
115 feet high. The dam shown in cross-section by Figure 4, serves 
to impound a very large reservoir. 

The foundation material consists of an upper layer of rel
atively impenneable blue sandy cloy about 13 feet thick, beneath 
which is a stratum of hich penneability, containing ground water 
under pressure. The level of the river bottom at the dam site 1s 
at Elevation 124 and the width of channel is about 370 fest. The 
nonnal reservoir level is at Elevation ?50. The nonnal discharge 
of the river durinr the construction period is 21,000 c.f.s. and 
the correspondinf tajl~~tcr is at Elevation 656. It -was proposed 
to construct only portion "A" of the dam by dumping in flowing 
water, the primary purpose being to create a cofferdam which could 
later be incorporated as an intel;ral port of th•~ finished 

"' 
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The invert of the by-pass tunnel 1s located at Elevation 656 and 
consequently the by-pass action starts when the ~~ter in the upstream 
reservoir reaches that elevation. As the height of portion "A" 
increases, the tunnel discharge steadily increases. When the up
stream water level reaches Elevation 670 the entire dischar_ge goes 
through the tunnel. With the exception of the lower layer which 
serves as part of the sealing blanket system, stones weighing be
tween 1?5 and 225 pounds are necessa:r:, for the body of the dam. 
Consequently the physical dimensions~~ the cross-section are de
tennined by the stability of such ~tones under the action of the 
overflowing water. 

Upon completion of portion "A", the river discharge ·is ac
commodated by the by-pass tunnel and there is no ::"t.irther necessity 
for discharging over the partially completed dam ~ection • .From 
this stage on, there are two alternative methods of construction: 
first, the stone dumping oueration may be continued until the 
requisite cross-section is obtained after which a sealing blanket, 
consisting of alternate layers of sand and stone, may be deposited; 
and second, an additional rock-fill section "B", of the same height 
as "A", may be constructed upstream from "A" to serve as an upstream 
section of the cofferdam, behind which the necessary bottom sealing 
blanket may be deposited and the entire rewainder of dam erected 
in the dry. The hydraulic laboratory experiments for the Kolva Dam 
were conducted at the Leningrad Hydrotecbnical Insi t1 tue and will 
be described subsequently. 

2nd example. The foundation material for tte SV ir Dam #2. ( Figure 
5) consists of a layer of glacial till 20 feet thick, overlying an 
impervious clay stratum. The bottom of the! dam will be located at 
Elevation 50 and the top at Elevation 118. The average width of 
river is about 800 fe~t and the calculated discharge during con
struction· is about 42,000 c.f.s. with the corresponding water sur
face at Elevation 60. A by-pass channel is provided, 330 feet wide 
with bottom at Elevation 60. When construction of the dam reaches 
Elevation ?0 the entire discharge is accommodated by the auxiliary 
channel. ·The purpose of the stone dumping is to create still water 
in which to sink caissons for a cut-off wall. The size of stones 
and their stability against displacement by the flow must be such 
that the length of dumped cross-section v.1.11 lie within the profile 
of the entire dam as designed. Construction conditions are very 
severe, the stream velocities in the rauids section being between 
6 and 10 feet per second and the depthe._of :flow about 10 feet. I 
was responsible for the design. which was based upon the results 
of laboratory model experiments. At the critical height of dam, 1 
yard stones weighing two tons each, were required for stability 
against displacement by the overflow. No di "ficul ty was encountered 
in designing construction plant to handle such large sizes of stone • 

3rd example. Th~ hydroelectric development at Pine L&ke on the 
River Niva,. see figure 6, includ0s a dar:i having a crest length of 
2600 feet under a ~ead of 50 feet, a side channel spillv..ey and an 
intake canal. The foundation of the dam is f'iven as pt.:bble glacial 
till 5 feet thick underlying glacial dGtritus~ The maximum dis
charge during construction is 16,500 c.r.s., the minimum discharge 
1400 c.r.s., the minimum riv~r bottom Elevation 3?5 feet, and the 
maximum operating rEscrvoir 1~v0l ElLV&tiop 425 fe~t. The invert 
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of the side-channel spill~~Y is at Elevation 400 and the side-channel 
discharge is 16,500 c.f.s. when the reservoir reaches Elevation 
413. The dam is designed as a rock-fill supporting section with an 
earth sealing blanket. With the side-channel invert at:thu above 
elevation, 1 t would be necessary to construct sections 40 feet. 
high in order to dewater the site by cofferdaming. Such h~ights 
are considered prohibi tivc. To permit construction at the original 
site and adhere to the original plan of development as far as pos
iblo, any of the following schemes m:r.gni be employed:* 

The general design of dam, see Figur8 6, includes a concrete 
cut-off wall penetrating into the pebbl~ glacial stratum, a bottom 
sealing blanket carefully constructed in the dry, and cofferdams 
which are to be incorporated subsequently as toes for the main body 
of the pennanent cross-section. The work is to he_ !'3tart£d by con
structing thG cut-off walls and bottom sealinb b:an~~ts on the side 
slopes of the river channel, above the nomal watt~r surface level 
at Elevation 370, stnr .. e up to 100 pound8 weight oeing available 
for this section of the work. · 

After constructing the cofferdam3 up to Elevation A-A (Fi
gure 6) the river discharge is handled tbrc~i?'::'! n,::·tches extending 
across the cofferdam area, and in the ,nc-l:"n-1; in-; th: rock-fill fonning 
the body of the dam is deposited up to :EJ,f:,,·L t.ton A-A in the dry 
between the notches. As may be shown by a 5:.mple computation, the 
required height of cofferdam will not be greater than 21 feet. 'Ille 
notches are then filled and the remainder- , ?. the dam completed by 
dwnping material into flowing water, the senling blanket being de
posited as the upstream face as the constr.1ction progresses. 

In the three examples given, the method of stone dumping in 
flowing water plays an increasingly important part. 

As outlined on page 5, the characteristic feature of the 
third type of rock-fill dH.m is that they are designed to accom
modate an overflowing discharge at all stages of the construction 
without assistance from a by-pass channel .or tunnel. Except for a 
few small dams across mountain streams for the headraces of local 
mills or for small irrigation projects, I have never seen any ex
amples of this type of construction. I have however indicated in 
figure 7 ~our schemes, which, according to my o,inion, are feasible. 

The first sketch represents a roek-fill barrier of the shape 
usually obtained in model experiments. Two sealing blankets are 
provided to prevent excessive percolation with the attendant dangerous 
washing out of "fines" from the body of -the dam. The bottom sealing 
blanket is deposited on the natural stream bed before rock dumping 
starts, whilo the blanket on the upstream slope is placed subsequent 
to construction of the supporting rock fill. In locations having 
a natural foundation of impervious material the bottom sealing 
blanket may of course .be omitted. 

· * Presented 1::', my report to the Leningrad Hydraulic Construction 
Division. 
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The sche!'le shown by the second sketcb differs fr9m the first 
in that tripods of the form comra:nly used in river r.:gulation work 
are used to ancl10r and _stabilize the ccmponent stones of the down
stremn. facg acninst displacement by the overflowillG dishcarge. 
Thes0 'tripods or s.kelet2l tetruhedrons are so d1esi~ned as to take 
upright stable positions when dropped into the cv9rflowing strea~. 
I know from personel observation on the construction or regulating 
dikes during sprin( flcod conditions on the Tala Char River in 
Asserbajan, Soutl:ern Caucasus, that such devioes may be depended 
upon to maintain the d-isir'i!d upright position. 

The third sk~tch illustratgs the use of anchor rods whieh 
are deposited in the rock-fill during the dumping ope_ration, the 
rods being attached to flexible cables which in turn are ul timate:y 
eonnected to articulated pr~ast &labs on the doh~stream slope of 
the completed section. The use of such anchors was, I believe, 
first suggested by the hydraulic laborntory of the Don PolytecbniQ· 
Institute .. 

The fourth-sketch illustrates the use of very heavy individual 
stones to insure stabilization of thlJ downstream slope. Suoh stones 
should preferably be deposited by overhead cablewny as is often done
in typical heavy h.i.r~,or constructed projects. 

SECTIOi.'J 3. Trill Phenomena of Stone Dumping in Flowing Water. 

Accordinc to lc.boratory model experi::1s:nts there is a definite 
sequence of eve:r.ts acccmpany~ng the deposition of stones in flowing 
water, rerardless of whetber.a by-pnss tunnel is provided to ac
co.::-.u'"D.Odate the d "isc:-.urf. during c ~ nstruction. Initially the profile 
of the dumped nateri&l takes the form of an. isoseeles triangle with 
side sl0pes at an inclination of 1 on 1 as shovm by figures 8a und 
9a and photograph Figure 10.· 

The iso3celes forn of profile, accompanied by relatively 
smooth water surf~c~ oonditions continues up to a certain heig.½t, 
above which the ,,rofilos lose the true isosceles form and the dovm
stream slope bec;nes e1o:i.gated in accordance \Vi th figures 8b and 9b. · 
There is also o. taore pronounced drop in the water surface over the 
darn at this transition stage and the downstream water surface beeo:nes 
slightly unduls.tory in qpearance. 

As the dur.1pinr operation is still further ccntinuEod, it be
co~es increasi~,£ly difficult to oake progress in the vertical 
direction as the du::ped material tends to flow downstroa'll, givir..g 
the downstream f1c.ce a flatter slope as compared with the original 
inclination of between 1 on l and 1 on 1~. The difference in elev
ation between head :::nd tail water a1so b~co~es larrer and tail wnter 
surfnce shows m2rked undulations (Photoeraph, _Firure 11) • 

The r,rofilc of the submcrc;cd section w1:ich up to this ti.m.e 
could b0 eGnsidered ns trionrulo.r becom0s definitely trapezoidal in 
outline· os show:---, by Fit:nres 8c and 9a. It is at this stage that_ 
the abilit~" of the individual component ston,,s to resist displaoc
r10nt by the ovurfloiv bccc"lcS a dcfini t.c facto;:. The effect o'r the 
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f • overfl.O"' vr-l·o--1· ty ir,, n. oticed. ,- . 
1 

n - • _ first on the trajectory of the dumped 
t material. The stones do not foll verticall~, in the water a.s was 
; • observed durinf the const:rue·tion of the trionculur stage, but 
, under the increas 1..:d vcloei ty are transported noticeably in a 
~ l2tcral direction durinr tteir descent through the water. After 

reaching the dov:nstremn face many of the stcn-::s do not re.,i.ain in 
plnce, but bcinc subject evidently_ to the in~mlsc of the overflow, 
roll aloJlf tho downstream slope until rcachini:; o stable position 

·- at n lower elev, .. tion. This characteristic ir.stabili ty of individual 
stonc:s occurs throur!1out construction of tho remainder of the section. 

C 

" 

• 

As a result of the above mc:ntionc,-d phcnom0na the length of 
the submerged soQtion incret:..ses repidly, but the accompanying 
incrense in hcifb.t is rc;tardr,d. The top surface <>.f the trapazoid 
carries n slop0 of from l on 5 to 1 on 8, referred io the uppcr 
surface of the: tr;il wE:ter, cs is shown by fi['..1ras Sc, 8d, 9c~ 9d; 
and photographs fit:urcs 12 and 13. 

In the follcv:ir:~, consideration will be [iv.:;n to two s~parat·o 
cases. First, ,,;r.c-ro r.. by-_nass is providl;d for· 2.ccorrn."l.odating a dis
charge during construction and s,.:;cond, the case in which no by-pnss 
is provided and the rntirc; discharge pnss0s over the rogk-fill 
section for 311 stefE.;S of construction. 

In cas,:;:s where a by-pass is providcd the upper portion of the 
slc.nting downstrc,.m fecc b0comcs ste0pcr, tho ve:rtieol height is 
obtained more quickly c.nd the downstrce.'.:l fe.~0 cxhibi ts two de:fini te. 
points of contrc.-flcxurc.. The thicknC;ss of th(; ov0rflowing nappc 
gradually b:;corncs reduced {Figur0 13) and ,::ventunlly th.., upper part 
of the soction ris .. :s ~bovc the wc::tcr surfncc (Figures 8f and photo
grnph, Figura 14). ThcrC: is a noticeable purcolution discbargC;. 
throurh th.:, cr.ti re body of the submcrccd dnm. 'I'h•.; final shape ob
teincd under the s.bovc conditions is shown by Figure Bf' and photo
ere!)h, Figure 15. Th.:. profiles obt!'!in ..... d f',t v2.rious succcssi ve stages 
during the cxpcriricmt~l \·iork ore, shown in Figure 16. 

I 

The Cf!SO in which no fucilitic:s :::-c :rrovidGd for by-passing· 
the construction dischnrgc mcy be furth(.,r subdivided into two s·.::ct. ions. 
Under the first subdivision the: size and !)or,J,.:.~·;bility of the stor..c-s 
nru such thr:.t it is possible to continu::: construe tion by dumping 
until the r,rofilc of t.h0 section cnergcs c½ov~ the wnter surface. 
Under the s0con<l subdivision the proportion .b~twc:cn the vc:loeity of 
overflow and the size of component stcw:s is such th~t it is im:pos-
si blG to carry the. construction 13.bovc ~t.:r s•1rfncc. without rcsort-
i n[; to nuxiliery w;nns. The trnpczoid,.il sub,Llr!vd section increases 
in hcifht much more slowly ::-nd th~ bes._ wid tl: spreads out more 
rnpidly. An ~x:JT1pJ-:: of this Glcng::?.tcd· suh,:cret.;d profih:. is shown by 
FifUr(;s 9e rind 9f. 

Fic,urc 17 piv,;s :1. srn':mt::I"}· of successive ·;irofil.::.s for vr,rious 
st::-.1;,.:s of construction for this subdivi~ion • 
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SECTION 4 • .Fundamental Problems. 

At all times during the continuous process of dumping stone 
to form a submerged overflow dam thereis equilibrium between the 
impulse of the overflow and the weight of the com,onent stones, 
affording a rare graphical illustration of the utilization of natural 
dynamic forces in dam construction. · 

Let us take as a starting point for investigation the completed 
final profile (Figure 18) obtained from our laboratory experiments. 
It is apparent from the shape of the upper portion of the section 
that the stones fanning the surface MLN are in equilibrium under 
the action of hydraulic impulse forces and gravity •. In the attempt 
to analyse the action of these forces four topics are immediately 
suggested: 

(1) The stability of individual stones on the downstream 
face under the impulse of the overflowing discharge. 

(2) The discharge coefficient of the submerged section for 
various shapes of crest LN and various stages of construction. 

(3} The coefficient of roughness of the surface LM and its 
effect on energy losses for the condition of free overflow. 

(4) The effect of' percolation flow through the body of the 
dam. ~'he portion of the total discharge due to percolation w111 
depend upon the porosity of the rockfill. As the percolation flow 
emerges at the downstream €ace ML its impulse will tend to decrease 
the stability of individual stones against displacemente· 

All four of these factors are of course more or less inter
dependent. 

The arbitrary classification outlined above is nothing more 
than a convenient schedule for analyzing the hydrnulic·side of the 
problem.* Since laboratory experiments must be employed as a means 
of investigating the various pertinent factors, consideration must 
be given to the laws of hydraulic similitude as applied to the 
specific case of the construction of dams by dumping stone in f'low
ing water. 

The ultimate object of all experimental data and theoretical 
investigation is to furnish a rational basis for detailed design. 
Chapter VI is devoted to the development of procedure.for making and 
expediting speci:fic detailed calculations to obtain the required 
profile ·:for any given s1 te with the materials available locally. 
Chapters l to V contain an extended treatment of the :five principal 
topics listed above. 

* Our investigation is primarily hydrrulic in churacter and does 
not ntte.'Ilpt to deal with structural considerations,. ,r,,nich, as is 
well known, nre ·difficult to simulate in s:nall scale models. 

:.·•>,..,...-_ -· 
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THE STABILITY OF INDIVIDUAL STONES .. 

SECTION 5. General Considerations. 
, 

If, in Figure 20, the areas of submerged cross-section of 
dam,n, in square feet, be taken as abscisses, and the heights 
of these submerged sections, H, be taken as ordinates, the resul
tant locus will be a curve of the form ABCD. 

As long as the submerged cross-section retains the triangular 
form (Figures 8a and 9a) the graph will lie along the straight line 
AB, the point B representing the stage at which the transporting 
power of the overflow is barely able to dislodge the first few 
stones from the apex of the section. The line BC c~rresponds to a 
zone of. "neutral" equilibrium in which successive dtll!lped increments 
of stone serve only to increase the length of cross-section without 
any attendant gain in height. At point C the stones recover rome 
capacity for resisting displacement and the cross-section gains 
height in accordance with portion CD of Figure 20. 

The above curve shows some similarity to the familiar stress
strain test diagram for steel, the region BC corresponding roughly to 
the yield point of the steel, that is the point at which elongation 
of the material continues, unaccompanied by any increase in the 
stretching stress. These stress-strain curves which have many 
common characteristics for a wide range of structural materials also 
apply in the case of rock-fill dams. Detailed consideration will 
now be given to certain characteristic stages of dam construction. 

SECTION 6. The First Stage of Construction. 

During the process of construction by the stone dumping 
method, a certain limitine height is reached at which the cross
sections begin to lose the isosceles form, depending upon the ori
ginal natural velocity of the stream, the effect of the partially 
completed structure in raising this velocity, and the physical di~ 
mcnsions of _the individual component stones. Let us consider for 
a moment the stability of an individual stone loc".itcd nf:nr the apex 
A (Figure 19) of the cross-section under the condition of "neutral" 
equilibrium corresponding to point B of the curve, Figure 20. Such 
a stone having the basic dimensions a, b, find c is shown to a some-
what larger ·scal_e in Figure 21. Using the m<-1thod of attack devel- . , : . . 
oped by WilfrL,d Airy we may now write e:qu::¼tions for the basic forces,' · 
neglecting percolation flow for the time tJeing: · 

For Sliding: 

- 9 -
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(1) 

or using the adopted notation 

(2> v. = y 't'F 
For overturning about the edge 0-0: 

,, '2 
kab /..J Y, 

1' 2g 
a = 
2 abc C 

2 

(3) • C 

-Ja-· 

or using the adopted notation: 

(4) v: =~ 'f1_ ~ 
._-:, _)/a 

For the convenience of the reader the physical constants 
in the above derivotion will be grouped and defined as follows: 

k = A coefficient expressing the form factor of the individual 
stone with reference to streamlining. 

As·= the unit weight of stone in pounds per cubic foot. 

L\w = the unit weight of water in pounds per cubic foot, 

. ,- . 

'+J =(,/ 2g ( ils - ~ w ) = a coefficient· correlating the unit weights 
' 4 w of stone and water in feet ½ seconds. · 

a coefficient exprr;ssing the combined effect of 
friction and form factor of the individual stone. 
(Y, Y

2 
.~ ••• Y indicate Y at construction 

t D 

~tages 1, 2, ••••• n.) 

7) = .. Jr_ = a frictional coefficient in form ccnvenient for .~ rk stability calculations •. 

Equating (2) and (c): 

(5) V == V' -, fr /a 
.' ' II . V c 

,--

It is evident from Equation 2, V, = Y/J-.;c, that the vel
ocity nt which slidinr- of the individual ston0s is incipient, 
for any given unit weirht and chvracterist ic shape of stone and . 
any given fluid, varies directly a~ the squAre root.of the length of 
stone • 

C . 
-It is evident fror.i Equation 4, V,' · =- ~ 'f ~ that the vel

ocity at which overturning of the individu:D. stones is incipient, 
. I 

for ony given unit weifht and characteristic shape of stone and 
any given fluid, vnries, directly ns the l1~ngth of the stone c, 
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and inversely as the square root of its-height a. In other words the 
stability of the stone varies directly with the expression.£. . ..,pr 

From equation 5, it appears that since f, the friction 
coefficient, is always less than unity and since as a general rule 
in rock-fill a is less than c, V, will always be less than v:. In 
other words the stone at the apex A, of the isosceles triangle,
Figure 20, will slide rather than overturn. 

It may therefore be concluded that for the first stage of 
construction, the isosceles triangle stage, it is desirable to 
use thin, flat elongated stones*. 

In calculating the limiting height of the isosceles form 
ABC, characterizing the first stage or construction,· the coeffi
cient of stability with reference to sliding, that is Y• = 1-r 
will govern. . • -y k · 

SECTION?. 'Ihe Second Stage of Construction. 

When, for any -given type and size of stone, the magnitude 
of Y is not sufficient to maintain stability and preserve the 
initial isosceles profile, the stone dropped subsequently will roll 

.along the downstrerun face, increasing its length and decreasing 
its slope. The stor.es are seeking a position of stable equilibrium 
and for a comparatively short period the cross-sectional area of 
the dam increases with no attendant gain in height, in other words 
the constituent material of the dam may be considered as flowing 
as shown by segment BC of the curve, Figure 19, This stage is 
known as the second or intl'ennediate stage of construction. 

SECTION 8. The 'l'hird Stare of Construction. 

The third stage of construction begins when, in the course 
of the dumping operction, a definite flat surface $tarts to dev
elop at Point A. Figure 21ft. Referring to Eigure 21c, the equa
tion for stability aeainst overturning for n stone of basic di
mension "a" is developed as follows, the subscripts "3" denoting 
the third stage of construction: 

Moment of Impulse Force 

k3 Lw ~ a2f,;a 
2g 

+ 

Moment of tangential component submerged 
Ll /\ -1" stone 

( s _;, "-"1) a3 s i n°\(!-va) weight. 

Moment of Normal Component of subr.ierged stone 
. weight. 

* The dimension b must however be larre enough to prevent over
turning in the direction of b. 
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Collecting like terns and transposing:· 

·v2 == ii\ /\. '\ 2r.:i -':> -.<.. w, a [coscj- sin<j(l-2t ~ ,, 
. ~ L·1 ~---- i 

\ ,.I 

- - r. -~- --
= i ! ---=- --// :.; 9 :·3 

, I 

·'ft Vcosi- s1nq(1-' 2lic] 
Le~ us c01'siuer an individual stone located at poing B on 

the dowr. st!·~am elope, l<'igu.re 21.B, at the moment when overturning 
is incipient, the basic dimension of stone being "a". As in the 
discussion of the first stage, the effect of percolation flow through 
the body of the dam and the "drag" due to the overflow are neglected. 
for the time beinf, although the resultant error is not in the side 
of safety. Just as stability in the first stage of construction 
is governed by the coefficient of friction with respect to sliding, 
which in turn depends up~n the granular structure of the material 
composing the stones, so in the third case stability against over
turning is dependant upon the ability of the component stones to 
n8st together and resist displacement by interlocking. Stones 
dumped on the sloping face move along until reaching a suitable 
nest and a neighboring obstruction. Once established in such-a 
protected position, the stone remains there. 

Returning again to figure 21c I the magnitude of '(; , the 
ratio of the height of obstruction to basic dimension "a" deter
mines the moment of T, the tractive component of the submerged 
weight of stone. When 1 is less than ½, the component T contri
butes to overturning; when-Cequals ½ the component Twill have 
zero moment; and when 1i is greater than ½ the component T will con
tribute to stability of the stone. 

The usual method of depositing stones is such that1'is 
greater than ½• We {ill however, for the sake .of safety, assume 
an average value of jto equal to k and obtain from Equation 6, 

(?) v3 = Y3 Yya-•fc0·s·1 
jn which y

3 
=if 1 

V
• I· 2pk 

j 3 

, the coefficient governing the 

stability of the individual stone during the third stage of 
construction. 

Referring to the above coefficient, y ""lr_--i- ~ k 

. 3 V 2)k3 -- 3 

is less·than k,, the corresponding fonn factor·ror the first stage 
of construction, because the overflow is more turbulent around the 
individual stones during the third stage, and also because the 
interlocking and nesting characteristic of the third stage expose 
less area of individual stone to the impulse cf the overflow • 
The same colllr.'lent aprlies to f, which is a constant expressing the 
relation between the basic stone size "a"· and the lever ann of the 
b1pulse force, see: F'igure 21c. 
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For any given size of stone, the coefficient of resist
ance for the .third stage of construction Will therofore depend 
upon the capacity of the comnonent stones to interlock as 
measured by the coefficient 7[-1··, and theoretical~y, at v2t~ - . 
least, even small stones may resist displacement against a high 
overflow velocity provided they possess the requisite capacity 
to interlock and fonn I!llltual shelter. 

It is also evident that the magnitude of the above 
stability coefficient depends upon the structure of the rock
fill and not upon the absolute size of stones. ·It may there
fore be stated as a corollary, that the mutual interlocking and 
sheltering ac_tion of stones of a given physic.al _size is always 
decreesed by mixing them with stones of Silleller size. 

Having a given type of sto~e available for const.ruction~\1 
the question arises: How will the degree of slope affect the \ 
ability of the particular stone to resist displacement by the ) 
overflow? From Ecµation? it is evident that the resistance 
is proportional to the square root of the c0sine of the angle 
of inclination of the downstream slope. 

SECTION 9. The Fourth Stage of Construction. 

The so-called fourth stage of construction ~an occur . 
only when a reduction of the rate of the overflowing discharge 
is effected by some means such as the operation of a discharge 
tunnel or by-pass, •or an increase in the percentage of flow 
chargeable to percolation. The form of construction reverts 
to the second stage and, after emerging above the water surface, 
takes the initial or isosceles fonn. The corresponding con
ditions for equili brilll'!l are substantially the same as given 
pr~viously for the first and second stages. 

SECTION 10. ~erimcnts to Detennine Stan~ Stability Coefficients. 

Experiments were conducted on two basic types of stones. 
{a) spheroidal and (b) cubical. _ 

{a) Rounded Stones - Rounded stones having an av~rage diameter 
of equivalent sphere equal to 0.55 inches, an average volume 
of O.l? cubic inches, a void percentage of 37_ per cent, a 
specific gravity of 2.64 and a value-of the constant-.,• 

(4's - · -~ w) = 6.44 feet ½ 
Liw 

seconds. 

The mechanical or sieve analysis of th0 stone is as 
follows: 

- 13 • 
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Dirunetor in inches Per cent of total volume 

0.6? 11.?5 
0.63 11.?5 
0.57 23.51 
0.50 4?.02 
0.40 5.9? 

100.00 

Product Col 1. 
x Col 2 

?.88 
?.41 

13.40 
23.50 
2.39 

54.58 

Averarc diar.ietor of stone= 54.58 
100.00 

= 0.55 inches. 
. ·"' 

The experiments were conducted upon a definite structure 
for thG three typical stages of construction, the· isosceles 
triangle stage, the intcnncdiatc stage·and the trapezoidal 
stage. Measurement of total discharge was made by a Thomson 
V-notch weir; hook gares wore e.~p1oytd to dotcnn1ne th8 water 
su.rfac(J elevation for the overflowing discharge; the profile 
of the cross· section was observed by means of a system of rec
tangular coordinates painted upon the glass side of the flume; 
velocities in thC; vicinity of the top were obst:rved by universal 
Pitot-Rehbock tube; and the percolation flow through the body 
of the dam was observed by notill{! the time requir0d for the pas
sage of dyes along s~verel flow lines. 

Using t:te basic forrn.ulas, V
1 

:=- Y, lf} (a and 

V
3 

= Y
3

ftJl;;-~---;;-;9, the coefficients Y were: dctLnnined for 

various stages of construction and various r.:iethods of stone · 
dumping. 

(b} Cubical Ston8s. For the tests on stonGs of cubical fom, 
model cubts were constructed of l to 3 concr0te, having a side 
fongth a= 0.95 inches, a void pE:rccntage of 4?.5,%, a specific 
gravity of 2.21 and a value 1 of 

lp = f;g (Ll s - 4~) = 5.53 feut ½ seconds~ 
Llw-

Tha program. of observntions was similHr to the procedure for 
spheroidal stones, tXcept that additional tests for p6rjolation 
Vtlocity were mad8 using apparatus of the Darcy typ0, which 
gave the percolation V8locity as a fu.nJtion of the hydraulic 
gradient.· It should bu carefully noted that in co~ducting the 
above cxp0ri.11ients the relative valm:s of overflow end perco
lation dischare-:1 w€rc determined for th.:.' cro:.s-s·Gction normal 
to thi: lon£1tudinol axis of the dB!:l. Th,..:: v.:.:loci ty distribution 
in oblique s,:ctions would naturally be s::>r.wthing qui to diffc,rent. · 

- 14 -
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SECTrm; 11. Determination of Coefficient "Y" for Rounded Stones. 

For rounded stones separate deter.ninations were made to 
obtain the value of Y, corresponding to the initial or tri
angular stage of construction and Y3 , corresponding to the third 
or polygonal stage. The data for Y, are given in the following: 

TABLE I , 

s{ones of Rounded Shape. 

Results of experiments for determination of coefficient Y,. 

Note: Y, is a dimensionless number. 

!Date of 
lexperi
iments. 

--------· - -rv-- ---- ----Calculated velocity 1 !, - j Y, -
of overflow - ac-sum- I triangular; triangular 
ing that 10_:., of to- ! shape def- i shape Rem.arks 

I tal dischnrge is due · ini tely 1 distorted 
to percolation. 'retained. ! 11930 

i---~1--F_e_e_t_ ~er_ second ----~ ______________ ....,l.__ _______ j 

~ept. 2a! 1.4 __ 7 _____ +-I' __ o_._67_5_-+-____ _,1 _____ ---t 

l
lsept, 28!. 2.30

1 

11 
1.06 Profile no 

! longer tri-
11-------i------- ______________ . --·------,...+-..!lngular. 

-.,_S_e_p_t_. -2-S-+! __ -~07---0-~-•-7_9 ___ . ---
·sharp tri
angular 
profile. ---

ept. 21: 
i 

ept. 21! 

1.43 1 0.66 

1.9;·---, --~- --- --r ----
(£_.a~ . 

Sharp tri
angular 

_pwile __ _ 

Triangle 
with roun
ded apex, 
2nd or in
tennediate 
stage. -----------------'--_ _.._ ____ ·•-- .. ··•·--·--·----·---t 

pr. 6 
r •. 10 

9 Intennediato 
stage, ____________ _._ _____ _. _ _;._~.::-.---

1.85 

In the above tabulation the values of the coefficient 
corresponding to the second or intennediate stage have been 
circled. The other values represent either the sharply de
fined triangular profile or the stage where distortion was 
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quite advanced and the polyeonal fonn incipient. The .coeffi
cient typical of the first staee of construction may there
fore be taken from the tabular values as:. 

Y = ff"' from. 0.86. to o. 90 
' -k . 

corresponding to values off 
k 

from 0.74 to 0.81. This value 

off agrees closely vnth the vnlue of 0.80 obtained experi-
k 

mentally by Dubois in studying the move..11ent of transportable 
material using a wo·cxlen flume 130 feet long. The results of 
DJ.bois' experbents vmre published in 1?86, "Traite d'Eydraulique." 

As can rc:adily be seen from Table 2, there is consider-
able ·variation in the vah1es of Y3 , which is to be e;,q:,ccted · 
in view of the roufhness of surfaces. It should also be noted 
that the values in Column 13 are admittedly low, because of the 
low quantity of overflowing discharge, which was obtdned 
in this case by subtracting the percolation discharge across 
a normal section from the total discharge. The data in Colwnns 
14 to l? inclusive a:re obtained by Pi tot tube measurements. 
The accuracy of such measurements is however decreased by the 
turbulent character of the overflow and the presence ·or air 
bubles in the strean1. After analysing the data· in Table 2, 
we may accept as a fnir value for the third stage of construction: 

Y ~ between 1.10 and 1.20 
3 

·- .. :"· 
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TABLE 2 

STONES OF ROUl'illED SHAPE 

RESULTS OF EXPERIMD1TS FOR DETERi,!INATION OF COEFFICIENT Y 
3 

co 
+> 
~ ~ ~ Q) ~ I~ 
El +>

0
tiO ,-.. tiO •r-t ·..-i 

~ S::: A .;> f• o i o 
.H +> -n O p <11 0 1 0 H 

Velocities measured on the 
downstream face by m1ans
of pi tot tubes - vII · 

Upper part 
of the flow 

Lower part 
of the flow 

Q} · ~ O •r-t o .Cl rl A: ri O A 
A L-, <t-1 l:lJ.J • +> o e> tw o. © <t-1 o+-------------
~ ~ 0 0) "t; g ~ -~ > ~ ~: p ~ ~ 

+> ~ o !/) H , A a> +> ro: <I> a <!l 
c;... ~HH 1a:1•· tlOo,-+O!J-n.-1 
o CD<Oo m,i:::.µ' rl al<l>O a:IE:O 

o.i::: (l)OUl! a:1 Hr-iO HOO 
,a, CJH • OOl© +:> ©O!ll-4 <l>r-iH 
!+> Hl7lG> I H•rlH' .E >WO i>,.-f<ll 

a:, w ..-. > : o 'd o; '°"' <I! S::: Pi ~ al 

Aver. Max. 
III III 

V V 

Aver. Max. 
III III 

V V 

A P4roO · -·--- -+-----+---5 • f • ' C. f ._s_. _r_ • .£.:_8..!L~P-·-s-1. _____ ...._ __ f_ ...... P_• B.:__ r- • 

_1 ___ 2_ -~---3 -- ~-- 5 6 9 110 
f. • s. f.p.s • 

pt. 21 

~ept, 23 
jApr. 6 
f.lpr, 10 rpr. 15 

L_ 

8~.5 
! '76.5 
! '73 
i 70 
I 90 
I 90 
I 
! 85 
I 85 
I 

184 
j 83.5 

73 
! '70 
) 73 

I '70 
. 85 
I ?0 

76,5 
'70 

7 

i 
0.206 0.605 2. 95 :2.45 i 2,59 

I 0~218 . 0.605 2. '79 l2.13 12.16 
! 0,174 0,51? 2.98 :2.18 j2.23 i 0.148 0,51'7 3.51 :2.46 ,2.04 
i 0.216 • I o.605 2.82 ;2.54 

! 0,242 :0.605 . 2.51 i2.26 
I . 0.189 ·0,605 3,22 2a74 I 

I 
0.189 i0.605 3.22 ,2.74 

12.10 I 
0.189 :o.so5 3,22 
0.189 .0.605 , 3,22 12,69 

I 0.216 1 '.0~517 2,42 1.76 

I 0.162 ,0.517 · 3,22 2.25 
I 

I 
0.189 ;0,517 . 2,75 2.02 I 0.162 i0t51? . 3,22 2.25 

I ' 0.174 ,0.517 2,98 2.52 I -

I 
0.189 !0.517 . 2.?5 1.93 

' 0.174 :0.51? i 2.97 2.28 
I 0.174 '.o.51 '7 , 2.97 2.08 

i ' 

lfote: Y is a dimensionless number.· 
3 
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2,64 
I 2.49 I 

2.66 2.95 I 3.38 
2.52 .2.?2 ! 2.82 

I I I 

I 
i 
I I 
I I 
' . I I 

i 
I 

I 
I ' I 

I 

i 
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Ji 
i· 
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Y

3
= V I 1/f p:cos 

• TABLE 2 1( Continued) Calculated acc~rding tJ: 
' I ~ ;:: ::: ~ I 0 0 a 

/j) >, r-1 >, ... >.n >, rl 
A +> G-1 -+"+-4 +> 4--1 +> '"4 
0 •.-! -.1 •r"i • -r1 
r-1 () ...... e>G-< 0 li-4 0 ~ 
11.l 0 0 0 0 0 0 0 0 

(!) r-1 r-1 ..-I rl 

~~ 
- (l.) +) iJ) +> Q) +> Q) ~ - I l> H > ~ >,.. I> et! 

:; 0 d al 
d ~ a> A J; c, A J: +> till ~,.. 

""5"" 11.l ro H 
0 H Ql ~ ~ ~ i U) ~ tu A 

~A 0 ~ 0 ~t ~ ~.s ~ .s C.) 'O 

I VI VII VIII VIII VIII VIII 

-
11 12 13 14 15 16 l? I 

I 
--- - - --··• -,__"""_ ·---- 1 

I t I j Sept. 28 0.938 1.37 1.14 1.221 1,24 I 

!Oct. 1 0.993 1.29 0~99 1.01: 1,16 ; 

I 0,990 1.38 la0l 1.03! 1,231 1.3? 1,56 I . 
isept. 

0,983 1.64 1,15 0,95i 1,181 1,27 1,32 
f 21 0.968 1.33 1.20 ' ' I 0.985 1.18 1.06 ' I I 0.984 1.51 1.28 I 

! 
I 0.988 1.49 1.27 I I 
I 

I 

0.990 1.48 1.26 ! 
0.990 1.47 1.25 I 

I 

t 
0.990' 1.13 0.82 : 

0.994 1.49 1.04 ! 
I 0.992 1.28 0.94 i 

I Sept. 23 0.9S2 1.49 1.04 I 
I 

April 6 0.989 1.39 1.18 I April 10 0.995 1.2? 0.90 

I IApril 15 0.990 1.38 1.06 
0.994 1.3? 0.96 I 

I -

... 
• 

. --.':' . 

• .. 
l?a -
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The a subst&n-
t. tial increase in coefficient Y · ns com1J13.red with Y , confimir.i; 
t' • the theory thc1t foe res istance3

L"! tl:e third stare ;f cor.struction 

t 
r 

t 
' ' f , 
I • 

' 

is due to interlockin{: whereas the resistarce of tl1e first stace 
derives princi::•.:lly 1'ro!'i tte si;-:1ple frictkr.. of stor,e on stone. 

,· 

In conclusior1 the coeffic~er.ts of stabiJ ity of the indiv
idual stones m~y he StP,narized for eoch of t:1e three characteristic 
stnres of const~iction as follows: 

Y, 
Y2 
Y3 

= 

= 

=-

0.86 to 0.90 
o.so to 1.10 
1.10 to 1.20 

SECTICN 12. Deterr~ination of Coeffic"ient "Y'' for stones of 
~bic Ferra. 

The purpose of €A:neri.Trier,tinf with s~i:.J.l concrete cubes was to 
make a detailed study of ti·,e effect cf shano of stone upon the 
:")ercolotion dischr.rg. Referrine tc '.1.able 3, EJCperinent 2, 
i:~ov~7ber 14, Col1~YillS 9 s.nd 10, \'IC note thnt tlie value of coof
t~icient y = o.8 ~ to 0.842 fer ccr:crete cubes is very elose to 
. ' the value of Y; = 0.80 to 0.90 determined for spheroidal stones. 

By studyinf tne vrlues of Y-:: deter:-:;ined expericentally imd listed 
in Table 3, it is to be ~oted that the velocities used in co~put
ing colunns 9 ur.cI 10 have been corrected for nerely cr:lculated 
and not ohscrvtd values of the percolation flow and must therefore· 
be considered too low. Ti1e valuos of column 11 o.re certainly too 
high. Thus t:i::.e :1ctunl values lie aom.:,wh0ro be tweer. thu lir.J.i ts ·of 
these colu:ms a:r:Q it may be concluded th'.:!t the coefficients Y3 . 
for cubic stcr.Gs :-:cay be increased 2.s compered with the Sal!le co-

fJJjgj~f \~o/flcf J8f P1_~JAv:~i<?n\~e11t 1JnJsaf~cPt!Y~{1 1tl\?wgJgJ,ieJl1at this 
aavantnce o~'i- tcrloc.!nnr' t'o 01;; cxptCtuu 1n·~ub1icr:u··:non<J1 would 
be diseounted by the increast::d frontal pressure exerted on this 
shape of stone. w.c. to thes.:: countor-acting forces tb..:re: appears 
to be no reason to surccst nn ir;cronso in the vr.ilucs 01' coefficknts 
of stabillty in s~ction 11 • 

..,. SECTI01-!" 13. 'Il•~--~cope of .Expe:ri::iicnts and rraterinls Usod. 

Two croups of sph~roidd stonfs, both with u specifi9 weight 
of' 2.64 nnd ~craL-~tur;o of voids of 37 to 40, were used. Th::: first 
[rouu js d0sirr:et,:d ns "st1nll stones" in wl0 hh ·d -= 0.55" (with the 
nc-dcl scnlc of 2:> this corresponds to u prototyPC w0ight of 175;'{) 
and th·:.: Sl.Ccncl is d,2si[mtt0d as ''l3rgt: stones" in 1.vhich D = 0.S4" 
( which corresponds to a rrototyp.:: w0ight of 1030#). 

T:w toil w~ts;r- (L:l,~vt:.tion 200) was r.c,ld ccmstant at a 
d,r;th at 9.45" (.-:t.icl: corrcs:ror.ds tc a protot~'!"-: cL.,pth of 19_.7 
f,x:t). T.1<- discLhrrc wr.1s cq:..tivclcnt to 21,280 c.f.s. in c. strca.-n 
of 362 foot nv0raro \1idtl~. J.. tur.nd by-pn.ss was provid(:d \J:-ich 
w~·nt into ri.ctjon ,•;k::11 th,, h-.::nd w:it:.:r rcs-: nbc,·1c:, ,,Jcvn.tion 200. 
At o ddpth in t'.,,. t\p-p·_;:r p6c,l of 32 .f. fL t ( •' lcvation 213. l) 



TABLE 3 
CCi,·Cllli?E CUDFS 

RESUL'IS OF EG'ERII,IBhTS FD~ :::)E'JSR'lrATIOI'i OF COEFFICIEt~T Y 

_, 
Calculated overflow velocity 
allowing for percolation 

.,t 

flow through body of dam. 
V,'Iie:n pt.rcolation 1 ,. en perco a 10n • 
discharge is com-; discharge is com• 

~ ~ put'3:i froo dye ! putcd from void 
i ~ ~ ~ observations : p0rccntage i Q 0 (j) I,,, 

4-i ~ H -~ 7v Discharge 0ver1'low Dischfil'ge 
I Overflow! o H a, H i 70 I I 

0 0 . .0 (.) dua to Vdoci ty I due to Velocity I 
+> p. 

'i percoletion v1 ! percolation I VII . j i3 ~ ?-; per c0nt I f.p.s. pE:r cent r . . s. 
I 

J 1 2 
I 

5 6 3 4 I 

I I _J 
i I Nov. 14' 1 26.0 1.63 I 29.7 1.54 

r, 

Nov. 14 '. 2 33.? 2.08 I 33.5 2.09 
lilov. ? 5 3S.8 1.68 37~7 1.71 
Kov. ? 6 42.9 2.09 I 40.5 2.18 
Nov. 18 · ? 54.3 1.55 I 42.? 1.90 
Nov. 18 ! e 6~.6 1.60 ·1 47.0 2.33 
Nov. 19 9 63.s I l.47 I 45.2 2.19 
Eov. 22 10 65.!;JJ.52 I 53.5 2.05 
Nov. 22111 67.4 1.43 

I 
55.9 1.68 

Nov. 23 13 ?5.6 1.34 58.? 2.27 
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m.o (I) Q) 
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-rl'O 

>, QJ+> 'O~Q) 
+> P,O Q)+> ('j+> 
.,-4 O+> +"-rlr-iO 
0 rl .... ;:100(1) 
0 (/) P, 0..00.-i 

,--j §r-iHllO 
Q) i:: >, (l) Q) Q) 
:>o.o I UI> P.A 

f.p.s.j f.p.s. 

? I 8 

1.69 2.20 
2.33 3.14 
2.88 2.75 

3.66 
2.01 3.38 

4.40 
3,99 
4.39 
4.39 
5.50 

I 

TABLE 3 (Contim1od) 

, ·-r- • I 

' 

I I I 

I 
I 0 1 0 i 0 +> .µ ~ '1:> 

I 
~ I 

C!) s:: 
it) tu) i:: r-i ..... 
A i::: .,-t -rl ,a .... ..... 'O ! c... s:: 
,a 'C s:: I g 0. 

I 
A i:: 0 P, . 
0 0 A I P-4 )t (I) 
p A ~H 

~-

Q) . 

(l)H lllH Q)H I c... l H A 1 
Q) > (l)H f::H:>. I 0 H :> • 

I H H :> o remarks 
H H 0 I (I) c.> 0 

i 
0 0 0. $ +> 
0 0 I. ~a I ~ 

I >-1 }-4 

--~ 
I I 9 10 11 12 13 14 

l -t-- ! I . I Sh~rply ' i 
i t I j 'Irio.ne,:lc' 1 ,0.6'79 ! defined I o. 64? I o.623 i 0.883 
, 0.838 . 0.842 ; 1.264 

I Triangle; 1 ; triangle. 
' ! 0.704 I 0.694 ,1.116 jTrape- ;o.9?61 ; Stones start 
I I o .a5? ~ 0.891 1.500 jzoidal 0.982 to slide. 
, 0.632 0.?'79 ·1.385 ,Profile i0.982 o.e23 
: 0.662 0.960 1.812 i " :o• 975 

i I • 

I o.604 o.~01 : 1.639 ! " :o.9?9 
I 0.624 0.843 :1.809 . " ;0.9?9 • I o.585. 0.68'7 jl.?92 - ff '.0.98'7 
. 0.547 0.926 i2.240 " •0.985 

l . 
----

C· •. 
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,,;:.~. test flume WHS covered with c layer of sand 2" thick~ 
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The problem wns to raise the lP.vel of the upper pool 
11.5 feet using a :minmum -..rc-11.lI':J.~ of f:.11 with a minimum per
centase of lnrge stones co:-is·.:;i -:;uting this fill. 

The experb.1epts v~re perfo:rmeil •in an open glass flume 
obout l' -8" vlide at the leningrc.d !{ydrotechnical Institute. 
A ~odel scale of 1/25 was used. · 

.., 
The data obtai::led on tr; .:- S\'erce profiles n.nd "Main 

Characteristics" ere plotted in F.~gures 22 to 25. The curves 
show the relatiol! of the following quantities to· cross-section 
of'. the submerged dam: 

(a) Height of rock fill: h 
(b) depth of the upper pool above the tailwater. 
{c)-Effectiveness of stone dump ill£ = ratio -of in-

crease of upper pool depth to increase of 
cross-section of dam. 

(d) Total discharge passing the dam (overflow and 
percolation flow). 

These experiments were co.rried on in four fundrunenta1 c:1cles as 
outlined in the following four sections.· 

SECTION 14. · Using small Stones in Body of Dam and lorge Cover 
• Stones on Downstrearn,Face. 

(Experiment of Sept. 12) 

The possibility of construction of n barrier of small 
stones protected ogair.st scour by large cover stones on the 
dovmstrea~ face wns investigated. Stones were dropped :from the 
water surface at a fixed point designated os Station I (see 
Figure 22). Dumping ~~s cqrricd on throurh the vm-ious stages 
described in Section 3 until Ste.ge #3 had been reached with a 
total deposition of 1.65 cubic feet of small stones. At this 
stoge about 0.56 cubic feet of small stones. At this 

· stnge about 0.56 cubic feet of snnd were deposited to increase 
the water tightness and raise the uuper pool but foiled to ac
complish this purpose; the upper pool rose only o.oa inches. 
A second bnrrier was then built up, down stream frora the first, 
by dropping about 0.56 cubic feet of small stones ~t Station #25 • 
The elevation of the upper pool did not change. Returning to · . 
Station I, small stones were again dropped. These however rolled 
over the existing upstreom barrier filling up the hollow between 
tha upper and lower b~rriers. Subsequent ol ternate deposition 
of large stones nt II end small stones at I revealtd that the 
completed third st~.1ge profile will be the samE: r:s one built up 
by deposition nt s~~tion I only. Comparison of the model profile 
built up by the fonner method 3nd that of dtposition 3t Stction I 
only {see expf.::riments of April 15, 1930• first series) shows n 
prototype b::sc width incrcc.se of about ? feet by -the former 
method. Figure 22 shows the succes, ive Drofiles obt,:int--d with 
ol te;rn~t(; dumpinc et ~tntions #I. r!nd #TI: .The rerier~l ch:::.rncter 
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of the curve h = f (f'l) is explained in Section 5. The curve 
h a f(.t'\) shows an approximate straight line relation. The 
ul 

curve of effectiveness shows a tendency to gradual increase 
except for one peak due to the deposition of sand. 

SE::TION 15. Constru~tion by al t_~at~:l_umping of small and 
larg& __ s-':.ones (:D::J?..:-:'~_:;.:e:1-t; <::: S~pt. 21, 1930). 

This exl_)eriilieht was bf- sc:i Fpo~ t:ie fundamental principle 
that although large .,-~ones h&VE: tr1e greater resistance to dis
placement, s11all stones offer gre11.ter resistance to percolation. 
The purpose of the tests was to d~terrnine whather any economy 
in material would be affected above the critical elevation at 
which large stones are required, by an admixture of small material 
to reduce percolation. The point of dumping and the successive 
profiles are shown by Figure 23. The so-called "curve of · 
effectiveness of dumping" on which is marked the different 
sizes of stone employed, is th8 criterion for irdicating where 
a change in stone size from larger to smaller or vice-versa is 
necessary. Even where the curve showing the ct.ange in elev
ation of upper pool level shows a uniform upward slope, the 
character of the curve of effectiven6ss may be materially dif
ferent, even showing a negative slope in some cases. 

SECTION 16. Construction using only small stones at the begin
ning and only large stones above the critical "hei t. 
Experiment 3, September 23-24, 1930 

Dumping was started at Station I (Figure 24), using s~all 
stones. After passing successively through·thc triangular, 
intermediate and trapezoidal phases, the rate of increase in 
height of the submerged daru wus rreatly retarded starting at 
about profile #2, profile #3 exhibiting a marked tendency to 
elongate in the down-stremn direction. The effectiveness of 
dumping at this pcint was very small (Figure 24). Upon introduc
ing large stones there was an immediate and sustained rise in 
the effectiveness curve. 

SECTIOi~ 17. Ccnstruction Using (a}~Large Ston·es Only 
(b) Small Stones Only. 

For the purpose of comparison and to detennine the relative,: 
economy, an experiment was also conducted using large stones only. 
The results are given in Figure 25, showing the principal features 
of the construction and the sequence of profiles of the submerged 
dam. The curves showing the results of the experiment using 
snall stones only &re not available. 

21 -
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SECTION 18. Comparison of Results Obtained by Different Methods •. 

Adhering strictly to the hydraulic features or construc
tion and not touching at all upon questions of the strength or 
materials and effect or settlement in submerged dams, a cau
parison will be made of the following: {a) final volume ot 
jubmerged dam; (b) percentage of large-stone; (c) effectiveness 
of dumping. The summary ot results is given in Table 4 end the 
curves of Figure 26. In the SBI!l~ figure are also shown compara
tive profiles of the submerged dams for .!j_fferent methqds of . 
construction.· 

'l 

SECTION 19. Conclusions regarding the rational ?;lethod of Construc
tion. 

The above expe.riments support the followine fundamental 
statements: 

From the hydraulic standpoint, the most rational method 
of' construction is to use only small stones at the beginning · 

\ 
I 

and subsequently to change to larger sizes. This method gives 
greatest economy in total volume of submerged dam, gives the 
minimum percentage of .large size stones, gives a steadily in
creasing effectiveness of dumping, gives maximu::n insurance against 
"piping" due to percolation flow between the dam and the founda
tion, since the finer material reduces the percolation velocity 
to a minimum, and also results in the minimum total percolation 
flow through the body of the dam as explained in Chapter IV. 

.· . . . 

With reference to the plan of using only large stones, 

i . 
/ 

it can readily be seen that the atiendant expense is not justified 
for the initial triangular stages because the equilibrium of 
stones situated near the apex is detennined by the coefficient 
of stability against sliding, Y,~ rather than the coefficient 
of overturning Y3• F\.trthennore the large stones in the lower 
interior section of the triengle are outside the zone of flow 
action and are never subjected to the hi€her velocities of over
:flow. 

The flethod of using alternate portions of small and large 
stones decreases the resistance of the latter to overturning. 
Consequently, the large stones simply roll along over the smaller 
pieces and, not being able to find a hold cap.able of devel.oping the. 
requisite interlocking resistance, simply roll along the top . 
of the dam and gradually acquiring high kinetic energy, sometimes 
damage nnd destroy previously constructed sections of the dam. 
The corresponding curve of effectiveness or dtm1piDJl is subj~ct 
to errati.:: changes and exhibits n series of negative slopes. At . 

·times an increr.?cnt of stcnc actually.results in a decrease in \ 
the height of da;n i'or the· reason given obove. Tt.e final volume of \\ 
a submerged da."'!l constructed of al ternote portions of small and , 
lorge stones is e:reati]r t!:on the volume or a si!c!ilar da.-n section ) 
constructed e!1t1::-ely of small stones. · 
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It is also essential to m&intain uni.fon:iity o'f material 
in a direction along the axis of dam, because even in small 
scale laboratory experiments, chance irregularity in dumping 
creates local failures owing to the high velocity of overflow, 
and the repair of such failures is of'tcn a difficult task re
quiring a considerable volume of stone. 

At times it might appear desirable to raise s~ctions 
of the dam crest locally; for exanple, in case 1~ W'1S derircd to 
increase the port ion of the river dischargs ~:l!'!'ied ·o~; H b.v-pass. 
Experience shows such a procedure to be dc.~::i.d.:::rUy preca:rlous, as 
the overflowing discharge from the high levc: ~ire:::ts ccquires 
considerable voloci ty and tends to erode th(· rr,at..::rial 011 the 
lower levels com~leted downstream. · 

The three principles just enumerated const!tute the 
fundamental hydraulic features of constructing submerr-e1 rodkfill 
dams by dumping stones in flowing water. Mditionel sugfestions 
will now be offered in connection with the probler:is of general 
stability and provision to limit settlement of the completed 
structure under its own weight. 

It may be stated on a general principle that settlement \ 
of the dc.m subsequent to completion will be reduced in proportion 
to the degree of consolidation or compacting acquired during the 
movement of the individual stones L·unediately after dumping; 
that is, the larger the paths traversed by a stone before getting 
finnly interlocked into final position, greater will be the 
resistance of the dam to the action of vertical loads. Thus the 
initial triangular stages of the construction ,•1ill have the great
est void percentage, s!nce the individual stones have not been 
subjected to the heavy rolling action that is present in sub-· 
sequent stages. From the standpoint of reduced settlement sub
sequent to completion of the dam, it is therefore desirable to 
keep the area of the initial triangular stage as S'naJl as possible. 
This may be accomplished by selecting the proper size of stone. 

I 

Fran the standpoint of dcvelopinc the maxinru..-;i degree of 
interlocking of comi:,onent stones, so as to give the optimum 
resistance of th,:: i '.ldividu:,l pieces to overturning, it has been 
demonstrated that unifom: ty in size of nck is c:ssuntial. How
ever even from the hydr:-... ulic pc ir.: of vie.-; e stratum consisting 
only of such large mcte:rial \·1-:.JUld resu::..t in .1 very hi[h percola
tion flow which r:iicht affe'!t :h::- c1.d·✓ 0.,1tF::se~, ::mo to im~roved 
interlocking power. As a m, t·i',cr c.,f 11t·n-: t ~ea::. ~ons truction it is 
desirable; to use a ct-rtc>L1 url.7j_~tu:-t• Jf s~mll ;riat0:::-ia"i. not only 
to restrict p)rc:)lntion but ;:,iJ.s,:.; to 1:=:<lu::0 !.ettlcrr,mt uf the 
finished dm::. 

It is nlso n0:ccssary to rPme:nbor that th<:; stones fanning 
the downst1 c,'.l!:1 J'ace of C:a-n are pr,::?[.:.:r~;~ intv posi ";iur: to so:nc 
extent by ~h) a-: ';ion oi' tht cvorflJ\, ,!ischar.:,c, S') that the 
material is cq,:1!,l,:.a e,,f ::ilii!ltf'\i11.:.ng a slope of thE. 0rJc1 of 
l on l during· constructio:,; b:~ t thut subsi:"qu,:nt to complGtion 
with the upper rt:S•.;rvoir full and no overflow tu.kine place, a 
flatter slope or the;; ord.,r of 1 to l¼ or 1} oay be n,;ceirnary to 
insure structurul stability. 



~:~ j:;~_'._·. _· '_·_-_· _· ' ~:-~ : ":~~~•~'.:::~~~':::'_:,:~':'''.:•~=:::~:~:::. ~,,, .. ..,'""'·'~"'~"'''-c- <- •~".'":~:_~::~~~'".:-:':.:"~~'=.:."::~'.=::_:~"::':.":r.><!"''".-::·:'"·"'::''''":·.,":'•·c?:~:~:'"..' :: :,·:: ,' 
1::.. • . 

• 

\;: 

I -
·1,' ___ : __ · ' ' 
lt''. 

,I:<• 
~~ 

No. of 
Exper. 

1 

2 

3 

Problems relating to the ecomomics of stone sorting. in 
detail or the selection of contractor's plant are of course out
side the scope of this volume and are in general dependent upon 
the local conditions of each individual job. 

No claim is made to leaving completely covered the er.tire 
subject; but it is hoped that the basic principles je"t"eloped will 
serve as a useful adjunct to the initiat~ve o-: the i"ldi"."'1:i•ml 
engineer. 

TABLE 4 

Summary of results of the experiments for determination 
of the rational method for construction of dams 

by dumping stones into flowing water 

f~ of % relation Method or ~olume Effect-
Construction of mode] large of volume iveness OJ 

i ters stones to experi- dumping 
. ' 

ment #4 em/de2 

_j__ as 
m a basis 

Construction 1?5 28.6 128 0.34 
using large 
stones • 

,, 

Remarks 

! 
I 

I 

! 
I 
I 
I 
l 

I 
I 
: 
I 

Alternate por ~ 189 35.4 138 0.68 For the upper · ) 
~ooli elevation , 

tions of largo 03. onlJ was I 

reached~ nstead and small of 203. o.s in . 
stones other e:x:peri-

ments. ' --·--e--- l 

First small 1?2 28.5 1· 122 2.88 I 

jstones only 
and later ! 
large stones I 
only 

4 large stones 13? 100 100 0,?6 
only - ----•-·------ ----·--; 

5 Small stones 195 0 131 
only 

---- - ----
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CHA.?TEI< II ,-

SECTION 20. Discharge Coeffic:1.ent :011.rinr! f'irst StaGe of Construction. 

Olring the first stage of constr11:.;ti.on the rockfill 
assumes the fonn of a subill.erged weir 01 -:·r:~,n[;ular shape closely 
approximating a t:l)e shown in F. N. Pav10·1:.;ky's "F.ydraulic Hund 
book" for which, with similar conditions ns to face slope o.nd 
ratio of height of rockfill to head, the coefficient 

Ca 3.53 
The American engineering practice of introducing a coefficient of 
submergence a , vrc:s ctecked experi!llentally on the triangular 
shaped rockfil!, and has been stated by Pavlovsky, the cor- • 
responding co;nputed results were found to give only rough ap
proximations to actual conditions ... The!'cfor~,a · ct:.noot be oon:.. -·~ 
cidered applic:?..blo: to COJ(J.di ti6Ti:J of. deeply . .; lil.oo!ed crcstB Gl.leh CS 
o~tt,in. ut this stc:ce;. --It Js .;there for~ co!1clude::d fro:n thecdutn.-. 
of ~bllil 5 .arid of P.'lvlovsky's "E:rdr~:.uJ.ic H:~r-lbook" that for the 
first stage of construction we may-. tctke the coefficient 

c, c: 3.60 

SECTIC.N 21. DisclK .. rge Coefficie!1t furing S<.:cond Stare of Construotion. 

In the second stage a condition of sub,ergence similur to 
the first stare exists, but the shape assumed by the fill _has 
chnnged to one of trapezoidal cross-section with a curvilinear 
crest. Referrinf c . .gnin to Pavlovsky, o si1:1.ilar type of structure 
epproxi;nctinf this shnr,e (but for free overflow conditions) will 
be found for which the' coefficient 

02 s 3.?0 

Ex,erimental check wes nade on the use of£)5 in the-discharge· 
equetion nnd v.r::lS agnin found to give erroneous results. 

It will be noted that the value of C found at the second 
stare is ~quiv&lent to th~ discharge coeff!eient obtained for ideel 
profiles of ogee form. The explnnation of this lies in the feet 
th~t the flowil1€: wnter, by removin~ obstructinc stones, tends to 
mprove the concli tions of flow.* However, there is no ussurcnce 
thc.t the above vc.lue of C will ahro.ys be obtdned. Consideration 
of the datn of T·1ble 6 in conjunction with P1r,lovsky•s data 
(for free overflow) gives an nvcruge workil1€ v:.:.lue of 

C • 3.68 / · 
2 

* In som€ cxperiu10r:ts it ~vill therefore be fou:r.d n,;cessary to 
choose. r.1at0r1>:~1s ,,;hich lend thi.xisclv0,:, to the rr1oldiPC nction 
of rur.ninr- water. 

- 25 - 25077 
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Date 
and 
Experi-
ment # · 

Sept, 28 
1930 

#1 

H 

TABLE 5 

Results of Ex~eriment for Determin3tion of the Coefficient 
of Disch~rge ove~ the Sub2erg0d ::nm 3t the First Stage 

---I i 

H= I 
i 

I H:v2 h 'O\ Q 
s 

2g t 
t Q . H j m= .. cm._ liters/sec I a J n .., B f2g Ho 572 I s -·- ,--- ·-

For the condition 
of no submergence 

36°50 that is ifa n 
10 10.15 19.33 0.914 0.5?5 0.?5 

were= 1.00 m=0.46 
-··· .. 

3, 
Translctor•s Note: C in the English forrnula{()=cLH'2° equal to 

Dote 
and 
Ex:peri-
ment # 

Sept. _28 
1930 
#2 

m-V2g obove. 

TABLE 6 

R€sults of Ex:periment for DetenniIIBtion of the Coefficient 
of Dischnrge Over the Submerged Dnm o.t the Second 

H H• 
cm. H~V2 Q 

rg 
Li ters/sec 

( 

7.07 7.21 18,39 

Stage. 

h 
s 

H m = Q 5'2 
;) B"}'2g H

0 
1 

------ --~"----~---~ 

0.?06 o. 855 
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For the condition 
of no submergence, 
that is if J. were 

. n 
11 1.00 m = 0 .. 48 
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SECTION 22. Discharge Coefficient for Third Stage of Construction, 

Hydraulic conditions !'or the third staee of construe tion 
are the same as for a free-overflow broad-crested weir. 
This stage will be reached when the width of crest 1s sut
ficien·t to ::a11::ie a close a'Pproach to shoot~nz flow, as illus- · 
trated by Fie;u~e 12. 

Once having obtained the minimum wid·:·h of crest neces
sary to tstablish incipient shooting flow, the flow becomes 
stable, and remains a function of critical depth at the up
stream edge of t'· e crest. Further increa:;;t. of crest width, 
changing the slope of the downstream face of the dam, (which 

0 0 is in the order of 5 - 6 relative to the hori~ontal) or .. 
changing the slope of the upstream water surface, has no 
influence on the discharge. 'Ibese observ~tions are verified 
by experimental data.* Also compare the coefficient of discharge 
from experiment #4 of April 13, 1930 with those of #5 and #6 
of the same date: the coefficients C, differ little (2.97, 
3,02 and 3.01) notwithstanding the difference in tailwater 
elevation. 

Considerable influence was found to be exerted on the 
discharge by the form of crest and conditions of approach. In 
experiments #1 to #3, April 13, 1930 an accumulation of stones 
was built up along the crest. This produced a lowering or 
the coefficient C to an average of 2.64. In contrast,. experi
ments /14 to #6, April 13, 1930, perfonned on a fill of c<l!l
paratively flat horizontal crest show an average of C or 3.01 •. 
It is difficult to asst.me, however, that.such horizontal flat
crested profiles could be obteined in actual practice ( in the 
laboratory it was obtained by hand placing stones in the dry) 
and therefore, for safety, the coefficient for this stage such 
be assumed.not to exceed C c 2.eo (according to favlovsky, 
this corresponds to a s1113with rounded approaches). Thus the 
coefficient for the third stage of construction should be 

: c3 = 2.64 to 2.80. 

SECTION 23. Discharge Coefficient for Fourth Stage of Construction. 

The fourth, and final, ·s~age is characterized by the ap
pearance on the submerged dam of a crest of rounded follll with 
steep down-stream face. This crest is a repetition of the 
second stage and at the same time is transi t1onal to the last 
stage of the dam construction - the moment when the sulxnerged 
dam appears obove the water surface.· As should be expected, 

. the coefficient of discharge over the dam for this stage -must 
be close to the coefficients ror the crest of curvilinear 
profile under free overflow. In fact. as Table 8 shows. the 
coefficient C incr&~ses to a value of 3.12 and may go as high 
es 3.90 · 

• In Table? it wjl] be seen that t~e dcpt~ t, at the end of the 
overflow sect ion does r.ot e;;:cccd t.~,c cl·i tlcu1 ~t:,!·,tu. 

- 27 -
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TABLE 7 

Experimental Results - Determination of Coefficient C for Third Stage. 
(B't'ond-crested weir - free over~lo1-,) · 

.Jatc of Experiment: April L5, ~-930 

~--lfyp_e ____ ··-. --·-, ----- I Q* , i ;:}Jk_d_Q._2 lobserved C ~ g l 
. #'. of H He-·~::-:+ j 0( i Q. l per ft. l - · g j h in . 3/2 J 

!Crest Ft. , . land , 1
1 
c.f.s. 1 width I I feet ·· H 1 

;/· ltnn~ ,. _

1 

,··. i , --·· I ! f. i ~.: . .: f 
I i 

---1+----f-..-. 1-1-5-: C. 1-1~ 16 ° -31' : 0 .1 ?? l 6. 100 0, 0?5 -...-l-0 ___ 0_6_6 ___ 2 ___ ?_6_(_b_) __ l 
______ : 

1
0.114 l · ! 

·

1

: 21 See. 0.164 :·~.164- !s0 -3-l-:.-l o.283 0.1?2 o.1_0_0 _____ 0_.0_9_8 ___ .--2_._5_9_(b_)_ 

Fig.29 l ,0.114 1 

·----------,----,r--
3 See 

Fig. 3 

I i 
.213 i0.214 :5°-43' · 0.424 0.258 0.131 0.131 2.60 (b) ! 

' ·0.100 

4 See .246 10.255 ;5°-oo• ! 
, 0.600 0.366 0.166 0.148 · 2.9? 

Fig.:n I ;0._080 
I ' I 

I j 

lo.10? 
I 

5 .10? ;5°-00 1 

:o.oeo 
:0,1?? 0.108 

I, 
I I 0.015 

(a) 
• 0.03 3.02 

---------------c----------·---'--·--·-
'.50-00' '. o.~g! 6 0.148 0.148 . ;0.212 
:Q.080 

0.1?2 0.216 3.01 
( 1 

{a) In spite of the imper-illeable diaphragm installed a greater percentage 
of discharge passes throueh body of dam than in previous experiments 
owing to a lower elevation of downstre8Ill pool. 

(b) Value of C is decreased by the accumulation of a ridge of stones along 
crest of weir • 

• 
•• 

Width of flume 50 cm= 1.64 feet • 

kd • a correction applied to the velocity-head to compensate for non

uniform distribution of veioc1 ties· in cross-section. (k > 1.0) . d 
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It appears, therefore, that for this stage, depending on the form . 
of the crest, 

C = 3.13 to 3.60 
4 

The vnlue c4 = 3.60, certainly may be applied in the case where 
the crest is so perfect that it may, from tte standpoint of by
drnulics, appr~ach the average type ot ogee ~rests found in prac
tice, and si:ice this value is the maximum w.. l 11e encountered 1 t 
may be taken as the upper limit of c4 • Ho~~ver, under field con
ditions of r'!ropTJing the stones it is reasonable to assume that c

4 would not e-rceed the value of 3.20. 

In conclusion Table 9 is presented as a summary of experi
mental coefridents of discharge for submerged dams. 
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TABLE 8 

Experimental Results - Detennination of Coefficient C for Fourth Stage. 
(Broad-crested Weir of Curvilinear Profile --Free Overflow) 

Date of Experiments: Sept. 23 - Oct. 1, 1930, See Fig. 32, 33. 

,--,---..-------·-·- ---

1 

v2 () I I - Q l •--i-ik Q2! . 
. H Ho=H+_2 and j Q 1' Per Foot I h = ;; ~ 'Observed C •'3/2 # Ft. : V 
t ! 
i 
1 · - · - - - t· ... - -
I • 

13 o .2~1 i. _o ~~13 . jf i~ :l _. o.soa j__ o .310 t--o_.14a . . 0.115 

t 4 0.1?1 j 0.172 f11°-3o• l o.4~50.279 0.138 o.o9a I L0.200 I I -------··- ~---------- ----~·--- __ ,.._ _________ _ 

3.12 

3.S0 

(a) Obtained from Chapter III based on percolation and overflow. 

* kd= a correction. applied to the velocity head to compensate for non- . 
uniform distribution of velocities in cross-section (kd) 1.0) : 

TABLE 9 

Summary of values of C for various stages of construction •. 

~

. Stage of' Cons~ruction _ Shape of Crest I Coefficient C for 
, Overflow -·------· -·--··-·--; --·------------t---

1
: · I • Triangular , 3.60 . . I ------------------r--·---· - ·------------, 

Free 

I 
-~••• ~,;~• ;M'<, .. II Curvilinear I 3.69 

r .. :: .. 
\,:-. .. . ,.. ~ 

I 
• 

·•-.... 
. . '. 

-:,~ .... ':,_-'-· ;~~ 

. ·-~; , . .., ' 
·-.1:,_,, • ·: f:..~.\,-; . 

·~: • ;- _:!"-, .... 

~ ·. 

, 2.54 to .2.81 

3.12 to 3.60 

I Broad crested 
III , (Free overflow h-· ____ · _____ _J_ ___ t_YP_e_) ___ --4 __________ ~ 

l 
j Curvilinear 

IV , (Free overflow 
. ! tYPe) 

. -----·- -·-. --------- ; _______________ -'-------------
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ROUGlI:'JESS COEFFICIEI;T rn ZONE OF FREE OVffi.FLOW 

SECTION 24. Scope and Technique of Eltperiments. \ 

In order to secure an accurate evaluation of the effect of 
geometrical size on the roughness coefficient, and to eliminate 
the influence of losses due to percolation flow. it ,•;as dediced 
to make the downstream face of the submerged dam Ln impermeable 
surface and peace on it a unifonn layer of cubes (a=0.945"), in 
accordance with Figure 34. · 

Since in actual conditions the downstre.am face of the dam 
would be a ~urface with numerous depressi~ns ard elevations owing 
to washiJ1€ out of the stones, the arrsnrement used for the initial 
experiments was not ccnsiderecl suitable for simulating actual 
conditions. Rows of cubes v;ere there:fore inserted nonnal to the 
flow and at a fixed distunce npart. The model was also equipped 
with three hook gAE,:eE to measure depth on the downstream face, 
and discharee rneasurer.i.ents were rnade by means of a Thomson V-notch 
weir. Thirty-four tests were made using different hydraulic radii, 
fourteen being condncted with a smooth downstream face and twenty 
with a roughened face. 

SECTION 25. Method of Evaluating Experimentc.l Data. 

Although the energy loss along the rough surface of the 
downstream face of the submerged darn under conditions of low 
hydraulic radius muqt be of different order than the surface 
friction loss usually contemplated by the coefficient C, we shall 
attempt to deal only with the determim'ltion of the coefficient of 
roughness as ordinarily defined. 

The well-known equation of non-uniform flow 

1/, \ 
(t -) h. 
\avRav/· . 

~ v2 - v~,, + 
y = kd__...( _2___, __ J 

2g 

will be used to determine the rouehness coefficient. Figure 34 
shows the relationst.ip between tenns of this equation and the 
model, the letters T indicating the locat1on of hook rages. In 
the following section the coefficient of rcurhness of the model is 
determined using the fonnulas of Bazin, Manning, and :Forchheimer .. 

SECTION 26. Coefficients of Roughness Obta~E..e~_!-~om Experiments. 

'!'Le tabulated results of experiments to d~tcr.nine the rough
ness coefficient appear below. In these the hydrdulic radium 
has b~en varied between 0.354" and 2.123" ror both smooth and 
roughened faces. 
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It should be noted that for the very small values of hy-, 
draulic radius, particularly those aryproachinf, the size of indiv
idual stones, the formula for coefficient C gives questionable 
results since it fails to take account of the actutil phenomena. 
Recalculation of the model roughness coefficient to B4sree with 
values obtained under full-scale conditions was made by assumi'ng ·• 
equality of Chezy coefficients for model and prototype.** This 
assumption combined wi tb that er increasing tr,e model hydraulic 
radius to the prototype hydraulic radius by rr.eans of the scale 
ratio, furnished a basis for recalculation. Recalculated data· 
are given in Tables #12 and #13 for both smooth nnd roughened 
faces, based on concrete cubes, having a= 1.18', and weighing 
about 220 pounds. The model scale ratio used was 1:15. It will 
be noted :from the tables that there is considerable variation in 
the experimental roughness coefficient, as well as in the recal
culated prototYPe• It will also be noted that the introduction 
of additional ridges causes but a comparatively small increase. 
in the computed rouf-hness coefficient. In recalculating from 
model to prototy:pe account should be taken of the difference in 
character or flow (i'liff'e::--2nt oJnount of air in solution, etci.), 
which results fnm tle 1~:1·e'3.se in velocities in the prototype 
compared with thG model. In computing C for cases of shooting 
flow over surfaces of great roughness, it is obviously necessary 
to use another fonrruln in which 1iil additio:·•al compensating ·:factor 
appears for greater slopes and wl.ich differs substantially from 
the_fomuln usually npplied to open channels. For these reasons 
it is not considered sufficient to limit the discussion solely 
to the analysis coefficients computed in routine fashion, when 
data ls availoble on roughness coefficients obtained under condi
tions similar to those occurring on the downstream face of sub-
merged dams. • -

P. D. Morosov* made field measurements of the relation of 
cross-sectional areas to discharges on reaches of mountainous 
rivers in the Kuban district. Using the Chezy fonnula he computed 
C for various conditions and later, by usinc the Ganguillet and 
Kutter ro:rmule, computed the correspondinf coefficients of roughness. 
These data are shown in Tnble 14. It is evident from this table 
as well as from the foregoing experimental results that the rough
ness coefficient as computed by thE: usual empirical formula may 
vary within wide limits. Also, becsuse of the difference in 
character of flow between the model and prototype, the maximum values 
of the roughness~o_efficient • stepped up from model experimc::nts to 
prototype co1:~~_!__o_ns, corrc:spond to th6 minimup_ values in nature. 

* "Transactions of the First All Russian Hydrological Convention," 1~25. 

** This assumption is usually proposed in current literature (see, 
for example, L. Enecls "Die i'iasscrhaulabora torien Turopas," 1926 
or Esconde-Etude theoretique et cxnerimcntalc sur la similitude 
des fluides incompressibles," 1929). 

32 -



]~-:;~"'""'"'"""'''"•'"~·,~·."·'=~--,..----·-·--.-. :__ 

{ii-
.•. 'fi · Maxi.mum values of the roughness coefficient in nature may 

.. 

,. 

." ...... ;:- .. 
. ~ 

exeee4 by al.most five times values obtained by recalculation of the 
re!ults of model experiments. This .is seen by comparison ot Tables 
#12 and #13 with Table #14. Consideration of these points leads to 
the selection of the following values tor roughness coefficient 
corresponding to flow along the do"'nstream face of a submerged 
dam constructed of 220 pound stones: 

Manning's n ~ 0.04 Bazin's m • 3.17 

As the above are minim.um values for natur~l mountain streams, in a 
large majority of cases they Will also hold true in the case ot. 
rock dams. 

In concluding this chapter attention is directed to the 
·importance of the coefficient of roughness in determining the 
velocity along the downstrca~ face of the rockfill, and the con~ 
sequent effect on the size of ths stones to b~ used. The values 
recommended abovo may be ~o~sidered as having been stopped up 
from model tests nnd artJ t~.t-:ref'e>re conservative. A comparison ot. 
the stepped up model valu·'c~ •3.~.;ainst the f'u.11-scale prototype will 
undoubtedly give large:c I\)U€-~mess coefficients, and res'.llt in e. 
very substantial dccrea~e ~n the required size of stone.* 

.. 

* See Chapter VI 
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Snooth 

Elep Chezy 
Coeff. 

C 

1 48.5 
2 5?.0 
3 42.7 
4. 47.3 
5 4~.? 
6 52.? 
? 45.8 
8 48.9 
9 50.7 

10 · 52.9 
ll 55.1 
12 63.2 
l!3 90.19 
14 
15 95.4 
16 
17 49.6 
18 49.3 
19 47.l 
20 48.4 

TABLE 10 

EXJ'ERTh!ENTAL VALUE OF ROUGHNESS COEWICIENT 

FLOW AT CfilTICAL DJP'IB OR LOWER (SHOOTING FLOW) 

downstream face. Concrete cubes (a "" 0.945") 

Hydr. Roughness Coefficient 
Radius (Dimensions in feet) 
in feet n according m according -· Remarks 

to Manning to Bazin 

0.06?3 O.ul95 0.581 All odd numbered experi-
0.0705 0.0167 0.464 ments are calculated 
0.787 0.022? 0.?55 with length of the shoot-
0.0820 0.0207 I 0.668 iv~ str~mn surface equal -
0.0840 0.0210 ' 

0,1)89 tr: :Sf .,35 ir.. 
0.0850 0.018? I 0.580 . 
0.0906 0.0216 i 0.?33 All ev,~n m.uubered exper1-. 
0.091~ 0.0203 i 0.6?2 ments are calculated with 
0.1020 0.0200 0.674 length of shooting stream 
0,0971 0.0190 0.618 surface equal to 16.42 
0.1070 0.0186 0.610 inches. 
0 .. 1001 0.0160 0.4?3 
0.0489 0.0100 0.166 (Translator's Note: The 
0,0463 - column showing values of 
0.03?4 0.009 0.126 n according to Forch-
0.0358 hiemer has been omitted 
0.1785 0.0224 0,922 owing to lack of suffi-
0.1640 0,0223 0,893 cient data to permit 
0.0915 0.0211 0.?10 transfonnation of the 
0.0860 0.0204 0.663 Forchhiemer forrm1la 

from metric to English 
units.) 

Manning Fonnula (English units)~ c"" 1.486 * n . 
-. ' 

Bazin Formula (English units)= C ~ 157.6 

1 + y-t 
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Expl 
No. I 

l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

TABLE 11 

E.{PERlMENTAL VAI1JE OF ROUGHNESS COEFFICHNT 

FLOW AT CRITICAL DEPTH OR LOWER (SHOOTING FLOW) 

(Downstream face roughened by introdu·cing 4 ridges of cubes) 

l 

Chezy Hydr. Roughness Coefficient 
-4 

Coeff. Radius (Dimension in Feet) 
C I in feet Remarks 

n acco.rding m according 
to Manning. to Bazin 

90.9 I 0.0404 O.OQ95 0.1349 All odd numbered experi-
54.5 0.0423 0.0160 0.3894 me:1ts are calculated 
47~8 0 .. 0564 0.0192 0.5433 · with length or the shoot-
51.4 0.0541 0.01?7 0.5542 L:e c n· ~3ID surface equal 
45.5 i 0.0?12 0.0210 

I 
0.6592 t0 32. ~,5 in!!hes. 

49 .. 6 0.0?12 0.0192 0.5?95 1 AU nv2!l r.1..ll!bered experi-
40.7 0 .. 0912 0.0244 0.8657 
42.2 0.0919 0.0236 0 82?6 

:w.8nt:; ere calculated with 
length of the shoot-

4'7.1 0.1095 0.0217 0.??69 in{:: stream surface equal 
47.6 0.0696 0.0293 0.?40? to lE -42 inches. 
44.9 0.124? 0.0234 0.8838 {Tran~lator•s Note: The 
36.4 0.1102 0.0282 • 1.104? column showing values of 
38.4 0.2090 0.0298 1.4126 _- n according to Forch-
33.l 0.1?62 0.0336 1.5756 heimer has been omitted 

ow:i.:c.6 to lack of suffi-
cie~t d9ta to pennit 
tran3fc!'!nation of the 
ForchheL~er formula 
frm metric to English 

l I uni.ta.) 
i 

Manning Formula {English units} C = 1.486 R¾ 
n 

Formula. (English units) C"' 157.5 
l+ m 

1R 
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TABLE 12 

COMPUTED V AIDE OF ROUGm..TF.SS COEFFICI.ENT 

FLOW AT CRITICAL DEPTH OR LOWER (SHOOTIHG FI.OW) 

(Recalculated from Table 10 for cubes of a= 1.18') 

Exp. Chezy Hydr. Roughness Coe:N'ieient 
No. Coeff. Radius (Dimensions in Feet) 

C in fee1 n according l m according 
to Manning to Bazin 

1 48,5 1.010 0.0306 2.2583 
2 57.0 1.040' 0.0262 1.8092 
3 42.? 1.181 0.0357 2.9338 
4 47.3 1.230 0.0325 2.5915 
5 43.l 1.260 0.0330 2.6730 
6 52.? 1.276 0.0294 2.2493 
7 45.8 1.358 0.0339 2.8451 
8 48.9 1.368 0.0319 2.6078 
9 50.7 1.532 0.0314 2.6169 

10 52.9 1.457 0.0298 2.3978 
11 . 55.1 1.604 ,., 0.0292 2.3724 
12 63.2 1.503 0.0252 1.8364 
13 90.2 0.735 0.0157 2.4539 
14 0.696 
15 95.4 0.561 . 0.0141 0.4890 
16 o.538 
l? 49.6 2.667 0.0352 3.5?49 
18 49.6 2.461 Oe0350 3.4626 
19 4?.l 1.375 Oa0332 2,7527 
20 48.4 1.289 0.0320 

~•. 
2.5'716 

---I Mean ari tbmetic values 
Excluding #13 and #1~ 0.0315 2.5970-

Manning Fonnula (English Units) C • 1.486 R .! 
n 6 

Bazin Formula (English Units) Q_c 157.6 
m 

1 •-

YT 
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Remarks 

Experiments# 13 s.nd 
#15 are doubtful; #14 
and #16 are missing. 

T:::-nnsJa tor's Note: The 
co:r_r:m show:ing the value 
of n ~ccording to Forch-
heimer has been omitted 
owing to lack of suffi-
cien·~ data to permit 
trnn:,fonnation of the 
Ford1t·.nrner fo:."l!lula 
frOJl ::-i. ;::i_ :i '! t" English 
uni ti.) 
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Exp. Chezy 
No. Coett. 

C 

1 90.9 
2 54.7 
3. 47.8 
4 51.4 
5 45.5 
6 45.5 
? 40.? 
8 42.2 
9 47.1 
lO 47.6 
11 ~9 
12 36.4 
13 38.4 
14 33.l 

TABLE 13 

COMPUTED VALUE OF ROUGHllESS COEFFICI:rnT 

FLOW AT CRITICAL DEPTH OR LOVIER (SHOOTING FLOW) 

(Recalculated from Table 11 for cubes of a "" 1.81') · . 

... ~ 

Hydr. Roughness Coefficient 
Radius (Dimension in Feet) 
in feet ........ 

I REW<RS 
n according m accordilll 
to Manning to Bazin 

·--
0.607 0.0149 0.523 (Tr,:mslet:-r' s Note: The 
0~636 0.0251 1.512 col-..unn sinwi1w the values 
0.846 0,0302 2.i10 of 11 ':t.;:c-,1:.-( i:ig to Forch-
0.814 0.02?8 2.151 heime:::- hBs h,!<:n omitted 
1.070 0.0330 2.554 OY,bf; to le.ck or suffi-
1.070 0.0302 2.251 ciz!'.-~ data t0 nermit 
1.368 0.0384 3.359 trnnsformation of the 
1.380 0.0370 3.211 For\!hheimer f0rmula 
1.644 0.0342 · 3.015 frJD metric t0 English 
1.539 0.0334 2.879 UL i':."}. 
1.870 0.0368 3.441 
1.654 0.0443 4.288 
3.133 0.0468 5.487 
2.641 0.0336 6.121 

--
Mean arithmetic valuE 0.0335 2.934 I 

--------•-- --
(, 

Manning Fonnula (English Units) C ., 1.486 R.! 
n 6 

(English Units) C = 157•6 
m 1+/R 
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TABLE 14 

I 
f 

Date or Q Ar~t•• velocity Hyd. Rad. Surface Roughness Coeffi· 
Measuremeni c. f .s. Sq, ft ft. :::~c, Ft. Slope cient 

I n y 
·-. 

I I I 
River 0ullov - Kam (near conflt.e'l ;e) 

8/23/19 10?0 196.? 5.45 3.7? 0.G2·1':' l 0 .J.13 15.34 
8/2?/19 1042 210.6 4.89 3.97 0.02-A I o. J Z,2 17.26 
9/ 4/19 968 192.0 5.02 3.64 0. C'G ±P. · 0 .].!:4 16.06 
11/1/19 219 112.4 1.97 

I 
2.1? O.C'~.3~ 0.186 24.79 

2/21/20 109 ?4.2 1.48 4.95 0.0240 0.GOO 28.12 

River Teberda (near confluence) 
• -

?/5/19 3814 550.? 6.86 4.89 0.0046 0.032 5.43 
7/13/19 6304 635.3 9.84 5.09 0.0052 0.040 3.64 
8/8/19 4520 488.? 9.22 4.63 0.0074 0.048 4.64 
9/4/19 533 217.0 2.46 5.38 0.0052 0.074 a.29 
2/18/19 205 127.0 1.61 

I 
1.74 0.0046 0.086 10.18 

River Kouban (before condluence with River Teberda) 

7/5/19 7346 789.2 9.28 4,89 o.oos 0.051 5.20 
7/13/19 0072 899.2 11.12 5.58 o.ooa 0.048 4.71 
8/8/19 4715 550.8 8.40 4.13 o.oos2 0.050 4.93 
9/4/19 671 166.2 3.97 1.31 0.0103 0,062 4.11 

-

,\ 

,i 
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Form of Stone 

- .. ·-··· ···• 

Rounded Pebbles 

Ooncrete Cubes 
1:13 

- ···----,- ·-·-····-·-----·-·-··-··--·---·-.... _____ ._ ·-------------------------------

.. 

TABLE 15 
.. cl. 

Dimension % of Specific Por.osi-cy 
of Stone Volume Weight 

Feet 

0.056 11.76 
0.052 11.70 

I 0.047 23.52 2.f-~ 37% 
0.040 47.05 i 
0.033 5.9? I 

I 

0.079 100 2 r, 
I 

48.5--% , .G~ 
I 

I 
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CHAPTER IV. 

PERCOLATION FLOW THROUGH SU'BlEIDED IDCK FILL DAMS 

Sl'X:TION 27. Scope an~ Technique of Eicperimentso 

Two experiments were performed investigating in detail the 
percolation flow through a rockfilled dam; one using stones of 
rounded shape and a variable rate of discharge; the other with 
concrete cubes and a constant rate of discharge. From these it was 
sought to determine (a) the distri bution of flow through and over .. 
the dam referred to the vertical pl~ne through the axis of crest, · 
(b) stre8I!llines and equipotential lines in the body of the dam and, 
( c) the magnitude of velocities over the top and on ';;he downstream 
face. · 

The velocity over the top of the da~ was 1etermined by 
traverses with a Pi tct-Rehbock universal tube. '.i';1e 'J.v,irage vel
ocity through the voids of the rock fill w,1s c.eturn:.,!e,: by intro
ducing coloring matter at the upstrea'n face a11d .::::-,-· ... -v·:.:ig its time 
of pas sage through the rock fill. * The direct h,r ~ :: ..:J.ow lines 
was also established by this method. The press·.1::i:. u;·ddr the base 
of the dam was measured by piezometers insertel' <r.-.·:.11.•2)1 the f'loor 
of the flume, while the pressure on the crest war ,)"'-,G·"'l.·ed with 
piezemeters acting as siphons over the flume WQl~, :n 'l'able 15 
are given de. ta regarding the size and shape of stcne-s ,:&ed in the 
model. Accurate determination or the cross-sectiu.'1 c-:1..ld not be 
made because of the irregular surface of the crast. Pitot-Rehbock 
tube measurements of velocities taken close to stones projecting 
from the downstream face were much affected by deflection of the 
flow lines around these stones. The two latter conditions tend to 
decrease the accuracy of the measurements. 

Tests on the penneability of materials used in the model were 
made with apparatus of the Darcy type (diameter 9 and 20 cm.). 
Fran the data so obtained curves were plotted {Figures 35 and 36) 
showing percolation velocity against gradient. The exponent of the 
velocity in the fonnula vm = KI, was found to be m=!li5 for rounded_ 
pebbles and m= tl.85 for cubes. 

SECTION 28. Summary of Results Using Rounded Stones. 

In summarizing the results of percolation flow through the 
body of a submerged dam constructed of rounded stones, reference 
1s made to Figures 3? and 38. Figure 37 shows a cross-section on 
which the paths of free overf'low and percolation were obtained by 
observing the movement of dye; Figure 38 shows the same cross-

* Observed values were checked by computing percolation velocities. 
from the relation of gradient to percolation flow. 
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section on which lines of equal pressure are plotted. In Figure 37 
the lines of percolation flow are seen to start from the upstream 
face B'-E. Below line B'-B the magnitude of the percolation vel
ocities is considerably smaller than in the region above. This is 
explained by the fact that the zone A-B is one of equal pressures, 
corresponding to the tailwater elevation. A particle of water 
entering at point B' follows the path ot least resistance, that is 
B'B rather than B'A. Above the line B'-B the direction ot the 
percolation flow line is definitely influenced by the suction 
effect of discharge over the crest and the dom1stream face B-E. 
The tendency of the percolation zone to become -~~qblished above 
the line B'-B and that or the overflow discl:m·r= t~_pull the 
percolation flow into the zone BEB' will be acC-3.'1'!:::.rnted when the 
rational method of dumping is used (see Sectio:r: l~j The use ot 
this .method would place finer, more impervious mn~~~ial in the lower 
pert of the dam and would reach its maximum effe0t :men a fill 
more impervious than the rockfill itself, such aD a cofferdam, was 
used. It will also be seen that the filtration flJw lines sub-divide 
the upstream face EB' and the downstream face intc· '.!-0!1f'S, which are 
approximately preportional, so that for example ~-!>. =- .Ki' • 

~-1" "1'7.l' 

The point B ot the line BD is located aEproximatt::~< :':_t_ mid-height 
or the eubme:?;Eed dam. 

It 1:, also seen that the somewhat smaller cJ~Fi.!lCe between 
lines of equal pressure in the upper part of the ~-:~.rne:-ged dam 
indicate that the most intensive "pushing out" p:.:es:...11re caused 
by filtration t'low must "e expected q.n the down~ tr~an: face close 
to the top of the dam. This zone, being subjected sii:iultaneously 
to the impulse action ot the flow over the crest as well as the 
most intensive percolation flow is the most highly taxed zone ot 
the entire structure. A considerable part of the percolation flow 
comes to the surface in this zone, increasing the amount moving 
along the tace. · The surface velocities plotted on Figure 37 are 
typical of the surface ,flow along the face B-E. 

In Figure 39 are shown data observed on a model of the first 
ste.ge, from which it can be seen that.the attraction of the per
colation flow lines into the upper zon~_of the dam occurs even 
during the initial construction. 

Table 16 is a summary of experimental data on percolation 
flow through·the body of the dam. With rounded fragments in which 
d n 0.63 to O.?l inches, the percolation discharge across a vertical 
plane taken nonnal to the flow, amounts to 9.25,; of the total for 
the first stage and 30% at the end of third stage. The important 
part played by perco~ation flow in reducing the amount passing over 
the crest is, therotore, readily apparent. 

f, 
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SECTION 29~ Summary of resul ta usin~ cube~o·. 

In general, the results obtained using cubes substantiate 
·the. conclusions drawn 1n Section 28. T,:o of the models inves
tigated under this heading are shown in Figures 40a and 40b, the 
average velocities of percolation flow observed by use of the color 
injection being indicated. Owing to the turbulence in the rockfill 
and the short time interval required for passage of the color, 
these measurements can not be considered accurate. However, they 
may be considered sufficiently reliable to confirm the statement 
that for the given profile of the rockfill, the av~rage percolation 
velocities along the different flow lines in tr?_ ~'>ue above B'-B 
differ but slightly, the exception being fouii~ ~~ ths 7.cne near the 
crest where sue ti on produced by the overflowi!lg c is ~11rge increases 
the velocity of percolation. 

Table 17 contains a summary of observRt1ons on flow through 
and over the dam. It will be seen that the percentage of totel 
discharge passing the dam by percolation is hJ.fi~er for cul:ies than 
for rounded stones. This is clue to the grcc1te1· \•oid perc,::nt'..:.ge 
(about 4?.5')~) of the dam constructed cubes. C:rn.r.ti_'!-1.1t:·;,~ 26p of 
the total discharge for the first stnge of cor:s'::::_·: ,.: -i1. 1 .;he perco
lation exceeds 60% for the subsequent p1·ofil~s. This f..!£:1in emphasizes 
the significance of percolation through tr_& re c:•:1:: .._J J.3m. 

SECTION 30. Method of calculating percolatio:n_fJorv_ 

• 
The fundamental considerations in- stu '~ies oP fJe~1·c'Jlation 

through coarse-grained materials are set forU, t11 rr~y jJ2,,er "Fil• 
tration in Coarse-Grained.Materials."* In thb tre-atise the partial 
expression for the generalized Chezy formula applicable to dump-
ing stones in flowing water is given as: 

VP= C
0 

pyh- (8) 

in which V = the percolation velocity in feet per second. 
p 

C
0

= a generalized Checy coefficient depending on per
meability, roughness, and dimensions of the rookfill. 

p = the natural porosity or void percentage of the rockfill 
(magnitude <1) 

d = the diameter of stone, reduced to an equivalent sphere, 
in feet. 

I~ the percolation gradient, i.e. the ratio of head to 
length of layer. -

. l 

i ! 
i 

* See "Transactions of Scientific-Research Institute of Hydraulics," , 1, 

Volume 1, October 1931. 11 

: ! 
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TABLE 16 

SUMMARY OF RESULTS OF E<PERil~I-;TS FOR INVESTIGATIOH OF PERCOlATION FLOW IN 
the body of a submerged rockfill dam made of rounded fra~ents, 

and of bottom velocities on the face. 
(Ex:periments from Sept. 28 to Dec. 1, 1930) 

I 
~~ Date of No. of l:c 

'0·1 0 .,.f 

E>cperi- Ex:peri- ~a,a,r-i 0) 0 
o'H a,(!) tlDO 

ment ment ~ ;:1 s.o H .-t 
o' Q) (/) co Ql . tiO a, 'O .c: .c: I> 

H ~a>r::+> 0 
Q) •r4 8 a, A, ro E 
t-.0 Q) .c: Q) . •n o 
H i.: o>,a>-oQl 'd H 
a, (I) +>.O 0 't-1 

I .c: ::,., .,.f,ri ;jG-i c:l r:: 
0 .0. ro o+> o <+-< 0 'O 

i {/) 0 >i •..-i 0 . 
•n re, ~,-H->+> :::1 +> +> {J) 
'd a: QQ)QJ:::~1 rj i;;:l "O 

S-i rl I>+> 0 rl r-1 .,.f 

r-1 ;j C'+-1 ·.,-, s '• 0 ::, 0 
(lj {J) S-i S p.,a; (l) 0 0 > 

+> ro (l)O H+-' r.. rl 

g CD > S-i :,..::, < ('.) cj r:: 
s 0 4-1.0 tfl ;:- I :._. o .-1 

c.r.s. c~r.s_._ C .. f f>, ---
Sep.28 1 

(1) 
0.?52 0.710 0.059 

If 2 0.727 0.70~ 0.078 
" 3 j 0.606 0.510 G .101 

Dec.l 4 i 0.606 0.472 · 0.152 
" 5(2} ! 0.519 0.498( 3 ), 0.141 I 

" 6 ! 0.51') 0.353 0.156 
I • 
; 

. (1) 

(2) 

Corresponding to Figure 39 

Corresponding to Figures 3? & 38 

-co .... t>,. 
0) 0) +> Cl) 
tl!) (!j .... .0 
H +> .0 () ;::14 
a, r:: 0 +> 
.c: Q) (') 0 rl 
0 Seo 0 +> 
(I) ~) ri > 0 .... I f.. >< +> 
A o' I ~ c' §~ 
J::C'+-1 I Cl +> 
0 0 a> O-· +> :,... 
·n I 8 +> 0 .0 
+>~ .0 
(!j I r:: Q) "O . 
rl r:: I -ri > § ~ o •n .,.f 

0 I ~ +> ,::! •.-1 

f.. 

" I 0 cj .;::i a:l 
(l'. H o--l @t Pi L°T' 

I 
S-i ~ 
~ ;.; ~ 0 

i - Ft. /sec. -+-
9.251 103.8 1.96 

10. 73,. 103.0 2.51 
16.50 I 100.6 2.63 
23.50 i 103GO 2.48 
27,0 j 123.0 1.96 
30.00 ; 98.0 2.08 

! 
I - i ·---

Q) 

.c: 
+> • +> 
t+-4 rx. 
0 . 
r:: c4 
OC/l 
.,.f 

+> 
·o • 

Q) ~ 
{/) 0 
I r-1 

~~ 
0 0) 
S-i > 
00 

·-
0.161 
0.308 
0.205 
0.21'7 

,0.215 

¥ ' : • ~- • -~~. 

.. , ... •·· 
(3) Undoubted error in measurements. Th€ value obtained, 14.10 was 

discounted in the analysis' of results. 
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TABLE 17 

SUIIIJ'.IlRry of discharge; Distribution into portions passing over and through 
the body of submerged darn made by dumping cubes. 

· {Referred to the vertical cross-section. 
through the axis-of crest) 1 

Date of 
Experi

ment 

Nov. 14 
tf 

Nov. 17 
" 
It 

Nov. 18 

" 
Nov. 19 
Nov. 22 
Nov. 23 

" 
'·----

Combined Discharge per foot width= 0.360 c.f.s. 

I : ------.. 
No. of I Calculated_ percolation discharrLlhrough th~ dam 
Experi- According to velocity ! According to ve1ocity 

of percolation V in voids. 
···--·--·-··•··- - ___ P - -·--·------ ·-- -----·--•··-·• 

ment. 

j flow · flow 
I c.f.s. . % of total c.f.s. ~} of total 

. ----+----------- --- .. 
1 
2* 
5 
6 
6 
? 
8 
9 

10 
11 
13** 

I . . 

0.094 26.0 0.10? 29.7 
0.121 33.7 0.121 33.5 
0.140 38.8 0.130 37.? 
0~140 38.8 0.136 37.? 
0.155 42.9 0.146 40.5 
0.196 54.3 0.154 42.? 
o.~2s 63.6 0.169 47.0 
o.22~ 63.3 o.163 45.2 
0.235 65.5 0.192 53.5 
0.242 67.4 0.201 55.9 
0.272 75.6 0.211 58.7 

j 

* Corresponding to Figure 40a {up~er profile) 
** Corresponding to Figure 40b (lower profile) 

I. 
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Date of 
Experi-
ment 

Nov. 14 
" . ·····- ~--•--

Nov. l? 
" 
" 

Nov. 18 

" 
Nov. 19 
Nov. 22 
Nov. 23 

" 

TABLE 17 (Continued) 

r 

Calculated discharge over the dam 
_{bi subtracting from the total discharge} 
According to velocity,According to velocity 
of percolation V . in voids 
c.r.s. % of total c.r.s. % of total 

flow flow 

0.266 ?4.0 0.264 ?0.3 
0.239 66.3 0.250 66.5 
0.220 61.2 0.235 62.3 
0.220 61.2 0.235 62.3 
0.205 57.l 0.225 59.5. 
0.164 45.7 0.217 5?.3 
0.131 36.4 -o.208 53.0 
0.132 36.7 0.208 54.8 
0.-123 34.5 0.178 46.5 
0.11? 32.6 0 •. 110 44.l 
0.088 24.4 - Ool59 41.3 

J.. 

l 
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For homogeneout; r'Jund.ed strmes havirir an equivn1.ent spherjcal 
diameter d :; 0.0023 feet, and a ranr;e of gradients 0.10(I41.00, 
the 1:iagni tude of the generalized Chezy coefficient :nay be calculated 
by the 1'ormula: 

C = 3.623 
0 

0.0832 where dis in feet. 
d 

(9) 

A laboratory check was made on this fonnula using stones with 
equivalent spherical diameters up to ·o.188 feet.* For stones 
of larger size the results may be e:x:trapolated. 

The method of a ttac.r: ing the problem of the.:1agni tude of 
percolation flow through the body of a rockfill darr.t will now be 
su~.m.arized, The results of experiments, as discussed in Sections 
28 and 29, furnish a basis for presenting the theory of percola
tion flow in the following way. Let the line K-1-m-n-o-p (Figµre 
41) represent the free surface of the flow over the submerged dam 
with the line 1-c parallel to the downstrea:.'TI face BE. This line, 
then, represents the dircc tion of unifonn flow along the face. 
Let the points Band F be connected by a straieht line of length 
l '/> representing the eeneral direction of percolation flow between 
Band F. Divide the lines BE and EF into any convenient number of 
equal lengths and connect correspondinr. points. If the lines thus 
drawn (DD', CC', etc.) are assumed to represent stre&~ lines of 
percolation, which according to the data of the 8XperLments is 
particularly intensive in the zone BEF, then it is easily shovm 
that all elementary tubes of flow, having these lines as axes, 
have equal hydraulic gradients. From the similarity of triangles 
DED' and CEC' on one side, and triar,_gles ~, and mom' on the 
other: ' 

DE = DD' and on = rin' 
GE CC' om mm' 

From the quality of DE and on on one side and CE and om on the other 

and finally 

nn' = DD' 
mm' CC' r: 

nn': m~' = h = I = constant. 
DD' CC' T~ - . 

For the average size of stone having an equivalent spherical 
diar:ieter d, and average porosity p, the <ondition of constant 
gradient derived above, pives rise to constant velocities of 
percolation alol1€ the ele~entary tubes of flow, or: 

V = i? -rfm = constant p y~.J. 
·-

* It is hoped additional experir.lental data using stones of larger 
size will be availablr~ in the near future. 
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which ccincid.es in eeneral with the results of observations ( see . 
Sections 27 and 28). Continuing the calculations on the per foot 
of width of dam bus is·, measured in the direction perpendicular to 
the plane of the dr?.v.ring, and denoti14.~ the thickness of an elemen
t8ry tube by ~ (Yigure 41), there is oMained the following ex-· 

. . n 
pre;.;s1on for ·the·-elel!lent&ry percolation flow through the tube: 

. 6 -= ,6 V 
q n P 

frD:':l which the total clischarge per foot of subr1erged dam is: 

--1 

v:here n is as slcown l')n Fir.ure 41 r,nd_.2_ represents a coefficient 
establishing tronsi tion fr'JD tte schematic flan of ~"igure 41 to 
the actual. For the ;;iajori ty of cases we may asmi:.1e from experi-
mental data that: 

2. n = H 

This equation accou!lts for that part of the discharge filtering 
through the dan nbcve the line BF. Substitutine the value of 
.Z:.. n in the previous equation for discharge: 

4n = V • H (10) 
L" p 

The te~s in tr.is equation are found fr0-m the following expression: 

V = C pifor {in 
p 0 

co = 3.623 

.. 

I = Zo 

Tip 

l~= 
y 2, 

h, 

• 

... 

0.0832 
d 

(H+Zo. )2 
1 

z ... 
0 

feet per secord) 

(ford in fe•.::t) 

. -

(See Figure 47) 

(8) 

{ 9) 

(11) 

(12) 

(13) 

The last three equations above a.re obtained geometrically .from 
Figure. 47. 

Referril1€ to Figure 42 and usint: the corresponding notation 
we may write: , 

7
£___ 2 2 l<f = f (0.5m, + m

2 
} + C.25h

1 

where m =h cot.c✓, and~ =h cot • ....J. For the usual slopes m = 
' ' 1 2 ' 12 ' 

l.25h
1 

{approx.) und m
2 

= l.00h,_ (~pprox.), so that 

: lb-= 1. 72 h · (14) 
Table is show3 t~~ comnarison between data obt~ined from nodel 
exncrir:ients a:id di:to. calai:1eted fro::i obscrvatio:iS en a full size dar:1 
built of 175,i to 210;/ stones •. T.te full scalu equivalents of ::iodel 
test values wore o'bteined b:.: ::i•,,ans of the scr1le transference .rela
tions ~iven in Table 1~, • .. 
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TABLE 18 
·-·- ·-·--· --··--··--·-·•·----•----- ---. --· _T _____ ... ----- ·-·--------· 

. 1

1 
No. of Percolation discharge jPercolation Difference 
Experi- frora laboratory experi-,discharge between full 

I ~ent ments in & of total calcu}ated scale and 

I from .obser- experimentalj Remarks 
vations on disch;rge inJ 

I full size ~ I 
str..icture 

• in% of t-1 9.25 to::~5 +11.4 
- 3 
+ 8 

See Fig. 3 
See Fig. 3 lJ _ _t_ : ·----_i~t; -~-·---··-····-·-·· ------

TABLE 19 ' 

l --------- -------------····---··-------···----- -- . -- -· -

I Scale transference relation 
No. 

l 

2 

3 

4 

5 

6 

7 

8 

9 

Quantity /\=scale Ratio 

Length 

Areas 

Volumes 

Velocities 

Pressures (in the height 
of fluid column) ,. 

Time 

Discharge 

Stress 

Inclines 

---- ··- ·----------------

L = 

W= 

V ... 

H + V2 
, " 

= /\ (H + ~ ) 
2g . 2g 

T = 'Ao.5 t 

Q. = . .. 
/l 2.5 

q -
p"' 

;\3 
p 

I = 1 
---'---·-------------------·---

___ I. 
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C!iAP'.i'ER V 

LAVIS OF r:-YDRAULIC SThITLITUDE .AS APPLIED TO ROCKFILL DAf,15 

SECTION 31. General Remarks. 

Extension and development of the laws governing the applica:-:- _ 
tion of the principle::i of hydraulic similitude have not kept 
pace with the requirements o.f :probl'ems arising in the field of 
experimental hydraulics. This situation was discussed at the 15th 
International 1-:avigation Congress in Venice (September, 1931) 
at which many highly theoretical investigations and reports of 
involved laboratory tests were presented, but no extension of 
the laws of hydraulic similitude was proposed to· cover the many 
new fields in which model study could be apT)lied to advLntege. 
One such field receiving attention in the hydro-techniccl lab
oratories of u.s.s.R. is that of stability of models of druns of 
the mass tyPe. On the one hand we find expert dam designers 
insisting that such problems are not susceptible to study by models; 
while on the other reputable scientists often atte::rrpt to perfona 
laboratory experiments of bewildering complexity before seriously 
analyzing the limits within which the present laws of similitude 
:nay be applied. These technicians do not stop to determine the 
scale transference relations in advance but proceed huITiedly to 
model experimentation. For the above reasons, the purpose of 
the following reme.::::·ks is to d1scuss some "'.)roblems I have net in 
my experimental work, to bring to the attention of the workers 
in hydraulic laboratories the fact that each new project under
taken should be accompanied by an attempt to add to the neglected 
theory- of hydraulic similitude. 

SECTION 32. Fundamental Considerations. 

As has already been indicated,. all experiments made in 
reference to the problem under investigation are fundamentally 
hydraulic. The questicns of strength of material used, stresses 
in the sub~erged dam and

1
settleoent under superimposed load 

could not be investigated on small models in hydraulic laborato
ries and nre therefore not considered in this study. The law 
of hydraulic similitude, strictly true for a hea-rJ ideal fluid, . 
and for brevity and convenience referred to as Froude's law,* · 
is given in detail in Table 20. In this-~table the capital let- , 
ters refer to prototype di:ne nsions arid the f:mall letters to model 
dimensions; l is the scale ratic, nnd the fluid is assumed to be 
the srune in model and prototype. It is well known that these rules 
may be applied without correction with an accuracy sufficient for 
practical pruposes in cases where the funda.c1ental role is played by 

* This name is frequently found in &erman literature on model 
study. Froude, an enr-ineer and ship-architect, first applied 
the relation that the prototype velocity is equal to the model 
velocity multiplied by the square root of the scale ratio to 
investigations of ship models in 18?2. 
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the force of gravity* and where it is possible to neglect the 
forces caused by fluid viscosity and molecular attraction. How
ever, in cases where fluid viscosity (o-r molecular forces} are an 
important consideration it is necessary, in transferring from 
dimensions of the model to those of the prototype, to establish 
correction coefficients to Froude's law. 

Owing to the complexity of the hydraulic phencmena accom
panying the oonstruction of rockfill darns it will l:le necessary 
to study the action of each separate variable by it8elf. Con
sequently it will also be necessary to establish an expr:ession 
for the correction coefficients of each main variable, showing 
whether transference relations based on Froude' s l::111,, give results 
too large or too small comnared to full-scale co1 i)tions. It 
is highly desirable, where possible, to establL.;h t!:',e o::-3.".3r of 
magnitude of those coefficients within certain l~.mi·;- ;:,.~ ·-ihe -
final step is to combine the separate component corre~~iv~ c~
efficients into an integrated coefficient that 11ill .::·..1m.:r,.n•he; the 
total effect and facilitate making the transition fro:-n mJ<!.el to 
prototype. This integrated coefficient will te th9 re GU:!.-~ar.t of 
the individual tendencies of the separate components, some of 
which will be positive in algebraic sign and some negEt:iv·e. Because 
of this compensating cancellation of individual conponent effects, 
the resultant action as observed in experiment often differs both 
qualitatively and quantitively from the action of any single factor 
taken alone. 

The last remarks hold true for the theory of hydraulic 
similitude as a whole, since it is necessary always to remember 
that the transition from small models to .~arge ones (and con
sequently to the prototype) may be accompanied by very substantial 
quantitative changes in the character of the phenomena, which in 
turn may complicate the scale transference relations and in many 
cases require the use of supplementary correction factors. 

Having recognized the general necessity for considering the 
individual tendency of each of the component factors in the hy
draulic phenomena occurring· in a rockfill dam, let us consider a 
specific case. Using the same classification as was given in 
Section 4, the following topics will be studied from the view
point of hydraulic similitude: 

(a) The impulse action of tte overflow over the submerged dam 
upon stones lying on the downstream slope. 

(b) The movement of water on the overflow section of the down
stream face. 

(c) The percolation flow through the body of the dam and the 
upward pressure produced on the stones by this flow. 

** A detailed detennination of the numerical values of coeffi
cients for some model studies muld involve a separate scientific 
investigation which is beyond the scope ~f this paper. 

* This rule is sometimes referred to in French literature as 
"the law of gravitationol similarity" (la loi de similitude gravit
ationelle). 
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SECTION 33. Law of Hydraulic Similitude for Impulse Forces 
Acting on a Stone Lying on the Downstream Face. 

By the use ot Froude's law it can be shown that the unit 
impulse pressures acting upon the stones in the prototYPe are 
equal to those in tte model multiplied by the first power of 
the scale ratio. (see Table 20). This is expressed in the sim
plest fonn of Airy' s La.w: ~ ., t d _ 

2g 
from which -

= 
Vm 

2g 

f d 
•, p p 

~mdm 

= A since dp 

the subscripts p and m in this case denoting pr)tctype and model 
respectively. The results obtained above ~how t:!"at l'rnu1P. rules 
may be applied directly to the case U!lder ccn~iJ,_i·a·:·.io:•~ N5.thout 
corrective coe.fficients. In foreign labornto:·y ;:rAr,ti~e ·~he above 
rule is expressed as follows: To preserv~ simil~r'..·,:y _.,.i tit respect 
to stability of individual stones against dinpl:1cc·1•,r.':- t~,._ tl:le 
impulse ofthe overflow, in both model and prototypJ._ it .·.s · 
necessary only to decrease the linear dimensions o:: i•.}1r 3tone ac
cording to the first power of the model scale ratio :t,'().,.' exfllllple, 
the investigation of Professor Smrcek with referenct; to tJ-.e sta
bility or rockfill dams subjected to overflow, is o.n '3Xa-nple of 
the application of this rule of similitude. From the data avail
able on American practice, may be mentioned the laborutory inves
tigations of B. F. Groat* and the analysis of those data by A. 
C. Chick"'*. It is important to note that these experiments were 
made on a scale of only 12100 and were.not che~ked subsequently 
against full scaleconditibns. However a series of experiments 
at larger scale, performed by Rehbock at Karlsruhe and by Thysse 
at Delft in connection with the closure dams for the Zuyder-Zee 
Reclamation in Holland, were checked to some extent against the 
full scale prototyPe subsequent to construction. Detailed con
sideration of these_ tests is somewhat beyond the scope of this 
paper end consequently discussion will be li.J!lited to an abstract 
or the above program by R. Seifert.**~ 

To obtain a c.omparison between model and· prototype con
ditions for the deposition of rockfill on woven ma:ttressea for 
protecting the unfinished ZUyder-Zee Dam against washout, a 
mattress built to natural scale was sunk in the flood channel of 
the Meuse Dam et Ruremond. By manipulation of the bottom gates 

***This data was reviewed by me in a paper entitled, "Inves
tigation of the Effect of Scale Ratio Upon Transference Relations 
for Model Tests Conducted at the Hyarotechnical Laboratory." 

* The Canadian Engineer, Vol. 39, Nov. 25, 1920, P. 551. 

** Hydraulic Laboratory Practice, 1929, Eew York., P. 798 
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OF TEE FLOODilAY VELOCI'I'I:&5 OF FROM 20 -m 26 FEET PER SJ:JXJND WEBB 
obtained, equal to those expected during a sto:rni tide at closure. 
The depth of overflow was from 2 to 4 feet. At about the same · 
time, in the laboratory at Delft (l'Universite Technique de 
Delft}, a model of I.fouse Dam was tested on a scale of 1:21. Not
Withstanding the action of the piers in the floodway in disturbing 
uniform velocity distribution in both model and prototype, "the 
trnnsfer from model to full scale quantities in accordance with 
Froude's law, showed that at corresponding velocities, the flow 
moved the predicted amount of stone." This statement_ is confil"!!led 
by photographs and tabular comparisons. Fro~ this data R. Seifert, 
Professor and Director of an important German government scientific 
institution, concludes that "gravitational laws of similarity may 
be applied in developing scale transference relations for the 
transportation of material along stream beds in a case similar to 
that described above"* The above data are sufficiently convincing 
to justify the use of the Froude rule in transferring from model 
to prototype quantities when.the scale ratio is of the magnitude 
of 1 :20 or ( to less than 20) and large stones are used in the 
prototype. One question however still r er:iains: within what Ur.ii ts 
may one decrease the size of models, co~pared with 1:20 as 1s 
sometimes necessary when simulating structures of large dimensions. 
For instance, are scale ratio• of the order of 1:100, su.ch as 
have been used by Smrcek and Great admissible and, if so, will 
the transference or results from such s::nall scale models accord
ing to Froude's law involve error on the side of increased sta
bility or w~ll the model tests indicate a greater factory of 
safety than actually exists in the full scale prototYPe• 

In the foreign Ii terature mentioned above no answer is t'aund 
to this important question and we will therefore atteti.pt to supnly 
one, using the splendid v.crk of M. A. Velicanov** in checking and 
more accurately restating the Airy law. · 

Professor Velicanov states in a general way the conditions· 
for equilibrium of a solid body of cubical fcrm, having the basic 
dimension,d: _ ,, 

-½- ld v~ dy = !: gd ___ K __ _ 

. 0 

-1 = a constant. (15) 

where .lls =·weight of unit volume of stone particle. 

6 w = weight oi' unit volume of water. 

K = a constant su..'!ll!larizing friction and streq.':J.lining 
effects. A~sQ~ir12 the following law of distribution of velocities 

* The investigF.tion of critical transporting velocities. 

** The notation given by Velicanov hus been changed to confonn 
to that adopted in this volume. 
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in turbulent flow: 

Vi =V (- ~ J1 

where n is variable, increasir1€ as shown by the e:xneriments of 
}Ucouradze, with the increase of Reynolds' number, the follow
ing expression is derived: 

v2 (Hd} ~ (i + 

gel L 
This expression of Velicanov's 
ing the problem of similitude. 

..... As 
l I 

6.w 1 = 
2· . 

n +2n K 

will be taken as basic 
For convenience let: 

- 1 (16) 

on consider-

S = d = 
F. 

the coefficient of submergence of the stone. 

p = 1 = a coefficient pertaining to the unit· 
weit.:ht of the stcne. 

E = 1 + 1 = a nu..~erical coefficient. -z---
n + 2n 

Expression (16) t'--..6n becomes 
2 

V = dgp _ 
2 

KE (s) Yr 

Designating the elements of the model by the su~script 2, and 
those of the prototype by the subscript 1, th~ following ex
pression is obtained; 

2 d,gp, 
2 

vl = K,E, (si }'fr. 
2 

V
2 

d2gp2 

¾~(s2)i 

from which, with d, ."' A d
2

and s
2 

-= s, = s 

2 
V r 

___: = A P,~ 
2 

V2 p2KE1 

Comparing this expression with 

2 
y "\ 

l = /\, obtained directl~r from the Frcude' s 
2 

V 
2 

law, it can be seen th<it· the expression by Velic~no\ gives the 
smne trt; ns ferencc rule if 

·p 
K2 

<'.) 1 - !} ' . ¾ 1 - • • ~ ..... 
(n2 

= • ..., 
P2 K, ,., n 

-'-Jf 

(17) . 
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Thus, in general, the corrective coefficient to Froude's law will 
depend upon the rati0 of the the natural properties p · (specific weights 
of liquids and of stones), the ratio of coefficients K(deali!_lg 

. primarily with sbanes of fragments), the derree of subr.1ercence of 
stones S, and upon factors which are related to the values· of · 
Reynolds' number in model and prototYPe• 

_As has been stated previou!lly, it is necessary to con
sider separately the influence exerted by each 1:iG.i'rUual com
ponent on the integrated value of the corrective c:,efficient. 
For si.mplificat i(;n of the discussion let t;hc sx..ie fJ.u id, water, 
and fragments of the s.'.lille shape and specific weigh~ be assu~ed 
in the mod~l and p:r:ototype~ sinc3 tbese ct1ndi tiic,n.-:; car. practically 
be as:::ured in thF1 l::itor2.tory. With_the Sfl!!l.3 f1·15.d used. in model 
and prototype tha H1:j•no.:1s: m..1Iaber ir. 7,h3 r:Jae·t Cecreanes very 
substantially as ~i;,:-r,pared with the rro·;c-tn:e beee.USE- v ,.i;id d in 
the expression N··u~ >1-* are decreas:ing sir:i1:l te.n<3ouslJ .'~ 

According to Nic·ouradze: s ex_oerir.10nts -:he wagrlitvde of 
n is in some co.se:s j r crnased no:'e tLa..r1 tBt.fold by an increase in 
Reynolds'· nUL1ber. J..ccordine to VelicB.:.10...- n wili. decrease. and 
may even reach its 1r.in:i_rnlJU llmiting value n = 2, v..1.th ~ decrease 
in Reynolds' number. ~-'Ji th these data as a guide we may determine 
whether sO1:ie of the factors in equation (17) are larger or smaller 
than unity. Since, for a decrease in lleynolds' nunber in the 
model, the magnitude o~ n2 decr~ases; 

n2 (n1 
where n1 refers to prototype conditions. Based on the above 
e:xpression, the exponent to the coefficient of stone submergence s, 

1 - 1 
2(- - ) 

n2 nl 
will always be positive, and since s itself is alwnys less than unity, 

2 1 1 
s (- - - ) (1 

n2 nl 
It also follows from the expression n2) n, that: 

or in other words 

1 + __ 1 ____ )1 + 
2 

n 
2 

+ 2 n 
-2 

(18) 

l 

* For this reason it is necessary to check smoll scale nodel.s 
to be sure that the character of flow (lamir.ar or turbulent • 

remains the same in model and protctYPe• 

** tr c: the kinematic viscosity of the liquid. 
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from which 

The coefficients K depend primarily on the shape of the stones 
and to a lesser degree upon some other factors. With fragments 
of the same shape used in both model and prototype it can be assumed 
for a first approxhnation that K

2 
is approximately equal to lo -Kl 

Finally, for the coefficients of natural properties of stone and 
fluid P

2 
and P1, it can be shown that with the same weight per 

unit volume 6 in both model and prototy:pe the incr<'aS'5d v l-
s 

ocities encouutered in the prototype will cause en incre3se 1n 
the amount of ail· dissolv0d in the fluid, anrl cons§qu!:mtly the 
weight per unit voltlille of fluid D., in -:.he proto i;yr,~ will be 

·"1 
decreased as comparec. with Aw in th0 m0deJ or j11 general: 

2 

,6w ) LJ.w 
from which 

.Aw ~ ( n: . 
(

1

~s

2

-)/ /L\w-J, · 
2 \ ' 

or p2 <P, from which l?..!.... / 1. It should be noted that only 
P2 . 

the fundamental tendency of this relation is established. Prac:
tically, the magnitude of departure of.the ratio .P..!. froD unity 

. P2 
is for many cases, as for instance in the case of stones dif
fering in roughness, almost imperceptible. In the case where high 
velocities are encountered at comparatively shallow depth accom
panied by great roughnesE, such as occurs in the zone of shoot
ing flow on the dovmstream face of the dam, the difference be
tween .E.a,_. and unity may be quite appreciable. To summA.rize the 

P2 
above discussion, we may rewrite .Equation (17) in the following 
schematic fonn, so that the,parentheses formine the right hand 
member of the equation correspond in order to the algebraic fac
tors in parentheses fol'!"!ling the left.hand member, and showing 
in the same respective order whether any given factor taken 
individually tends to mnke the final integrated value of the 
corrective coefficient to Froude' s law greater or less th!'ln unity: 

2 ,1- .! ) 
s n2 n, =(>1)(,......1) (>l) (<l)•A

8 (19) 
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To judg~ whether the magnitude of the integrated corrective 
coefficient is smaller or larger than unity, let us turn to the 
report of laboratory experiments made under the direction 01" 
:M. A. Velicanov for the purpose checking and more accurately 
restating the Airy law. The degree of precision with which the 
separate factors nay be evaluated is shown by following case. 
The experL~ents were preformed in a horizontal rectangular channel 
1.54 x 0.82 feet in cross-section and 30 feet long. 

Weight per unit volume of material fo~ing grains ,6s -= 
165 puunds per cubic feet (sand alone-no voids) ,J 

Form of grains = rounded 
Diameter of fragrntnts, reduced to equi~alent sphere= 
Q.01? to 0.0003 feet& 
Coefficient of submergence S - 1/15-to 1/325 
Average velocities V = 0.67 to 2.15 feet per second 
Reynolds' number= 3000 to 76,000 (dimensionless)· 

From these data it is seen that sa.ae relative shape and unit 
weight of fragments were used, that the velocities and Reynolds' 
humber were small and that the submergences is relatively small. 
Therefore the ratios~ and K

2 
are practically equal to unity. 

P2 K, 

The more exact expression of the Airy law obtained by 
Velicanov from these experiments is 

.t•&d /3 {20) 

the value of the parameters ©and tS obt,ained by experiment being: 

/J = 0.0197 feet;{O == 151 

It is seen frcm equation (20) that wi1h peb'.Jles of 0.013 feet 
diameter the influence of the factor/3 is only about one percent. 
With stones of dimensions approaching those used in the prototYPe 
the influence of/3becomes totally insignificant and the Airy 
fonnula may be re~Titten! 

2 
Y.._=(S)d 
g 

and will 
From the 

.,~ 
give sufficiently accur&te results.* 
relations 

·2 
v, 
-2 
V 

2 

and d, == 

I ; --

* See also p. 28 of Seifert's paper. 
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A = 
a 

;J g.7.3_ 
. d 

2 

from which we obtain: 

(21) 

Thus the integrated cor~ective coefficient for Froude's law, as 
obtained from. the data of Velicanov•s experiments, is sraaller 
than unity. · 

ReturninG to formula (19} it can be seen from the exper
imental data that final value of the integrated coefficient A 

a 
is materially affected 'by the factor 

s2 (1 1 ) 
n2 n, 

which is itself dependent upon the degree of submergence of the 
stone. For the factor ~ pertaining to the shapes of the stones 

if; 
A

8 
is practicaJly eq_unl to unity. The inf lucnce of the r:itio 

!:: might possibly be great cnou.~h to cuncel out opposing tendencies 
p2 and finally ~ake tte integrated v~lu0 of A

8 
greater than 1. 

Fror.i the expression r, = A A v
2

, where V, and v-2 are . a 
critical trnnsportinF velocities for prototype and ciodel respecitively, 
and taking into account the inequality expressed in (21), it is 
concluded that the direct use of Froude's law (that istaking A m 1) 
would give larger va~ues of velocity at which washout is incip~ent, 
than would be true ucderprctotype conditions. In other .vords, 
using small scale models and transferring results to full scale 
by Froude' s law only, there would be obtained computed safe pro-
totype velocities which w0uld be higher than those actually safe 
in nature for a given size stone. This indicates that care should 
be exercised in applying the results of small scale model data 
on stone sizes tc prototype struc t 1.lres. * As wil.l be seen in the 
following this cnution is p:=i.rticularly necessary in the cases 
in which the structure to be investigated is of such type that 
the friction losses aloll{! its leng Lh are insignificant. 

* As for ex:c .. ple experiments 01' 3mrcek on::l Grout on scale models 
of 1:100 
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SECTION 34. L&ws of Sirnili tude for lJischargB over the Top of a 
Sub:nergE:d Da.":l. 

Here,. us in the previous section, :?'."outle' s rul~ r:.ay be 
used. .As an illustration of th'3 tendency and the degree of 
accuracy obtained in the transference of model discharge values 
according to ~roude's law, a fa~ily of curves is given in Figure 43 
relating to a cebparative test of four-models of the Pouchabon da~. 
(France)** 

The values as .plotted have been recalculated from model to 
prototype SC£:le, and illustrate the tendency toward diminishing 
magnitudes of recalculated ,rototype discharges due to thE: influence 
of viscosity as the model scale grows smaller. 'I'O correct this 
false indication it is necessnry to introduce ir. the discharge 
formula the corrective coefficient 

where¾ > 1 

Usually this coefficient is interpreted as a factor of safety 
in the sense th::-;· the discharge capEici ty of the prototyPc crest 
will be higher than as shown by the values recalculated from · 
models. In t~e present case, however, the pru,ose of the submerged 
da'U is to raise the water level as high as -possible, anJ. in the 
r.io'.lel this level will therefore be disproportionately higher than 
in actual conditio;-,s. It should be noted, however, that with a 
scale ratio of 1:300 {su~h as wns U88d fer E'iga:l.·e 43) the error 
in discharee is only 1ryt. On the othE:r hand, the crest of the 
submerged da-:i is very iI'regular in shape and measure:nents of' its 
profile may frtroduce an error in the coefficient of discharge 
of 10 to 15;. It appea;s, therefore that_- for practical purposes 
in the cas0 of rock fill~d weirs Ab is substantially= 1 

SEC'l'ION 35. Flm·1 on the D01mstrcam Face of the Submerged Dam. 

Discw;sion here will be li~i ted to the area of uniform flow 
at the lower end of the downst::-ernn face. Apply the Chezy fo:r:aual 
for prototype and r.:iodel contli ticns respectively we have· 

v, = c, yR,i, and V2 r. c;-{R;i2 

""' i, 12 1 With R, == J"'1 ~ Rnd = = 

V, 
C A o.5 

-:.: 
'T 

·02 ~2 

** M. s. EsconJe. "Zi:;ucl-a ti1cor0.tique et experimentale sur la 
similitude de fl•1ices incompr:cssi~l0." - Revue Generale de l'Elec
tricite. 
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from which ¾ = o, 
c2 

Formulas for C by diffA:::-:ent authors give different values for this 
coefficient 8!1d if n formula of the ex:ponenti8l tYI,e is used the 
general case may be written 

(22) 

where n is the roughness coefficient, From this it. may be seen 
that Ac is dependent upon the ratio of roughness coeff:cients in 
prototype and the model scale, · Therefore, for different 
combinations of' these relations 

As the values of 
are rarely outside the 
(22) h~s values of tbe 
ical calcnla tion using 
lowing is tr..1e: 

Ac = maybe ) 1 or ( 1. 

scale reduction in hydraulic la£oratories 
li:,1its 1:20 to 1:250, and as f\ in equation 
order of 1.8 to 3.0, then by djrect nlhuer
tables of rough:iess coefficients, the fol- -

(1) Between thG limits of .moderate roughness and smooth 
surfaces in the prototype, and within the usual rang0 of model 
scnles we mey write: 

(2) V:itli great rouchnes.s and considerable water surface 
slope in tbe rrototype and within the usual ra.n.re of .r:1odel scales 
simulating this 1·ou5hncss, it is probable~ that • 

. Ac< l 

Only in the zone of shcotin(! flow nlong the dovmstremn face of the 
suboerged dan do we encounte1· tl.0 conditions ol' tile, second croup. 
This .statement is als0 confirrnArl by th0 experlinentol and field 
data given in Chapter III. It was shown t~at the ru3Ximum values 
of roughness cocfficinrtu, trnnsfo:rned to full-scrile conditions 
of geometrically simi12r roue:.tulf:>SS8S, rave only mininurn va}_ues of 
roufihness coefficier;t for tho nrototYPe• 

The disc•rndor, hns ber:'n l:L..iite1 to the above points owine 
to lack of dnb on thr:, phcnr"Jr.'lena cf sho-'.)ting flow ever areas of 
great roughncsu H i[: evidently nr~ccssary to develop a speciRl 
formula for t!k C~ezy conff:ci,c:nt C, diffcrine fro:-J •Rll previous 
fomulo.s apl)lit:~ to OJJ8'1 ch1Jn:1el~, nnd contninin(': terms involving 
the facto1·s cii' steep~r 0:.u.:-:,r,~ un-1 r::nount 01' air in solution in the 
overflov1 Si:"!<: e th-: sc-::.u t:on r,f thi::: problci:; in its entirety is 
hindered by 1-=.ic~k )1 ·:;ystr·rr:.1tic11ll~' 1-i.rrani;ed experimental data, the 
necest:ity f".l!' .... s~rier• -Jf' ,·t'rt~ncnt full-scale e.xnerimnnts !a 
mnnifest. 
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SECTION 36. law of Similitude for Percolation Flow through the Body · 
of Submeri:;ed Rockfill .LJam. 

The generalized Chezy fom.ula subl"li tted by me in the_ paper 
entitled "Percolation in Coarse Grained Materials,"* can well be 
applied here as it is equally applicable to laminar, transitional, 
or turbulent percolation flow. The formula and explanation of 
its tenns are as follows: 

1 m : /m-'2 3-m 
VP = C0 p -,VU"' · d I _,, (23) 

VP= the percolation velocity per square unit of area. 

1 
C = a generalized Chezy coefficient in the original fonn. 

0 

p = the natural porosity of material, that is, the ratio of 
volume of voi,ds to the entire volume (magnitude <. 1). 

d = the equiv~lent spherical diameter of individual stones. 

I= the hydraulic gradient, that in, the ratio of head to 
the length of percolation·p~th. 

,,:::- = the numerical value of kinematic viscosity in C.G.S. units vv . 0 ,,_ 
(for water at 10 C - vu= 0,013. 

m = a variable exponent. 

W-is also equal to 1009,A~ wher~ is a coefficient of viscosity 
of the fluid and ~ is the 6,weight of the fluid per unit volume. 

C ::: ' (1000)~ or ·c' = o Co · m o (0.001)~-- co 

where C = a generalized Chezy coefficient corresponding to turbulent 
flow co&di tions. · -

Under the actual conditions of placing a rockfill of large 
stones in flowing water, the formula for turbulent flow may be 
written: 1 

VP= Cop rr 
In laboratory investigations turbulent percolation flow is likely 
to exist in large models, transitional flow in average size models, 
and laminar flow in vecy small models. Formula (23), therefore, is 
probably the most applicable to percolation flow in models. Using, 
as before, the subscript 2 for model elements and the subscript 1 
for prototype elements, we may write 

* Transactions of Scientific Research Inst1 tute of Hydraulics, 
Vol. I, pg. 1. 
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Vp., = Co,p, -(h--;;: {24) ---------r ,It 2-~ j m_ [ m-2d3-m -
Vp2 lv.001"m_J co2P2 -V tpr 2,, 12 

For similarity in model and prototype I, ~ I
2

• It is also 

not diffi.cul t to obtain equeli ty of porosity in the model and 
in the prototype so that 

= p P, 2 

and finally, according to Froude's rule 

Substituting these three relations in formula (24} we obtain: 

Vp, )0.5 d0~5 0.5 
= 2 I, 

Vp2 
Co, 

[' 2-m l 
O .001--.i-) Co2 

·m-2 -
~ 

d3-m • 1W -~ m 

( 
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(dz) 1.;m-3 (r) Q.5:-1 
from which A . C 

= o, 
p " 

[ 2-m] m-2 

0,001 m 
m 

• C ro-
0 

2 

The possibility· of arbitrarily varying many of the factors in -this 
equatiox:., i~:iecli::..tely bec0..1es apparent; as well as t~ c.,r.sequec.t 
dH'ficulties er.cour,terad i; .... pµlyi1,,, i"t2> to t;_.a c:Gl,Grul CciSe., 
Three specific cases will therefore be considered. · 

(a) If in the submerged d8I!l model the percolation flow is 
laminar. what will be the ~redominatinc influence due to small 
scale or s..18.ll pe:::·c'o1e.tio.i:. l:,radie •. ts. _?lacing m=l, in expression 
(25) we obtain: 

C 
A .. o, Vo 

p 
0.5 

Based on previously ~erformed laboratory experiments and using 
;:i.etric units: 

C = 20 o, ~-;- = 0.013 

d
2 

= 0.01 to 1.00, I < l 
with these conditio:::s it i!l seen t!:".tlt A > 1 . . p 

(b) Percolation flow in the model is transitional from 
le.;1:.::..r to t ... ~le:~1 - •.\ cac6 ..... ic~. occurs freCtuo,.tly in lab
orntory ;,:a.act.ea uGi.i•c- OVOl'ucO model scale ratios. In this case 
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Equation {25) still applies, and for uniformly round pebbles 
a dia.,etor of 0 .. ?0 ems, and a range of percolation gradients 
of 0.10 < I (1.00 the following empirical relations obtain 
( in ems) 

m = 2 0.34 ---
d2 

2 

and, as before, C
0 

c 20 
I 

Under these conditions A > l 
p 

C 
0 ·, 

2 

::: 20 - 14 
72 

witr. 

(c} Filtration flow in the model is turbulent~ This condi
tion occurs with vezy large scale models in which the range of 
gradient is 0.10 < l (1.00 and pebbles are rounded with d > 6 ems. 
Assuming as before in equation (25) m = 2 ve obtain as the cor
rection coefficient for this case 

A 
p 

C 
o, 

cr-
02 

and its calculated value becomes 

Ap > 1 

which closely approaches unity as the model scale increases and 
reaches this value when A = 1. 

The above discussion r.iay be summarized as follows: Using 
only Froude's law, percolation flows stepped up from model con
ditions will be less than those actually obtained in nature, and 
will be found more in error as the model grows smaller. Also, for 
geometrically· similar rockfills and equal effective percolation 
gradients, the percentage of discharge going through the body of 
the sumbere;ed da:ri will sho~ a le.rger stepped up value as the model· 
becomes larger. In other words, the prototyPe percolation discharge 
in nature will always be higher than the vlaue obtained by step
ping up the model discharge. 

SECTION 37. iaw of Similitude for the Uplift due to Percolation Flow. 

Let us consider only an isolated part of the surface ot 
the downstream face (Figure 44) of a submerged dam consisting of 
small cubes with the dimension of side b, assuming that the trans
ition to any other form of stone may affect the absolute values. 
of coefficients but not the form of th~ir interdependent relation
ship. 
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Upon any cube located on the surface of the face of the dam 
( for example, that shown in Figure 44, detail A) the following· 

·forces will act when "the direction of the :percolation flow is 
vertically upward: 

Ll 2 · 
(a) The downward pressurP. of the water wh b acting on 

the lower side ofthe cube - where 4w = the weight of water 
per unit volume. 

(b) The upward pressure .6w (h + bI)b2 , due to the gradient 
I in the s_pace nearest to the cube, acting on the lower..,side of 
the cube. 

(c) The upward pressure .6v.,Kb2 Vv 2 due to the impulse of - . 

2g 
percolation velocity, in which K 1s a coefficient dependill{r on the 
flow around the stones, V is the actual velocity in the voids V . 

which for the generel case may be obtained from the fomula: 

V ·= V 
V _E. 

p 

(d) The uplift due to percolation flow, or its pushing out 
action upon the stones T, where • 

T =- ~v2 wv 
2g 

3 A 2 
= b ~ (I +,KV ) 

W V 
2gb 

With the above discussion as a basis let us now turn to 
the fundamental problem of this chapter·-:.: that of establishing the 
law of hydraulic similitude for the uplift duo to percolation 
flow. 

The relation of model to prototype elements for uplift 
pressure may be written 

3 
~w (i, + K, 

v
2

) v, 
T, b, ' 2gb, = 
T2 

~2 

. t 
3 .6 :::J b2 +¾ w 

2 
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For geometrical similarity b, = 

")3 3 A b
2

, for the same fluid in 

model and proto.type ( b,. 
w, = ,6_ ) and for the same gradient I, = 

w2 

I* therefore: 2 J (i v·
2 

) 
I + K ~ 

e '2bg, (26) 

Direct use of the Froude rule shows the uplift in the model and 
prototYPe ·to vary as the cube root of the scale ratio (see Table 
19(, that ia: 

varies as 

It is therefore evident that the corrective coefficient 
applied to the Froude rule. in this case would be 

l•K.cg;d 
to be 

At=-------

l+K2 ~g::i:) 
(27) 

If the magnitudes of flow factors are apryroximately equal** and the 
porosity coefficients are also approximately equal, 

it may be seen that 

* It is to be noted that this equality, even for geometrically 
similar structures and heads, may be accepted only if the fonn of 
the stream lines and equipotential lines is the same in model and 
prototype .. 

** To assure this being the case it is necessary that the shape 
of fragments be essentially the same in model ·and prototYPe•· 
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At will be equal to unity only 

in the ratio of Froude's rule, 
if the velocities in the voids are 

that 1s . 

Vv 2 = Jv 2 
also b, 

' /I v2 
:z: lb 

/} 2 

If this were the case, 
2 

V 
K, v, 

2gb,I, 

and At would equal unity. 

But as shown in the previous section 
0.5 

whence A .>l 
f 

VP, = J AV II t P2 

(28) 

{29) 

and consequently, instead of equation (28) we obtain for actual 
velocity in the voids, 

when P, c P
2 

V = v, 

. Ao.5• 
= A V 

f V 
2 

V 
P, -P, 

a:: 

From which, taking into account expression {29) it is clear that 

2 
V 

K, v, 

2gb,I, 

and consequently A ) 1~ t . 
The condition 

T, 
3 

"" l A T 
// t 2 

may be expressed as follows: 
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With the sci.:ne effective grndients, fonn of stones, and 
porosity, ns well as the smne fluid percolatinf ·Ni th the same char
acter of flow through geometr-ically similar fockfill, the uplift due 
to percolation flow in the prototYPe will be ln.rge r than that 
stepped up fro::rr the model according to Froude's rule. It is clear 
therefore that stepped-up values indicate rreater stability of 
stor.es against flotl3.tion by percolation t:--.an ii- Q.Ctually obtained 
in the ryrototYPe• To show the extent of thit f13.lo~ excess stab
ility let us consider a case iP which the percolation flow is laminar 
in the model and turbulent in the prototYI)e. Referring to Eq~ation 
(2?) we see that the factor 2 

~ vv2 

2gb
2 

may be neglected as compared owing to the small velocities en
countered in laminar flow. The megnitude of 

=~ p, 

2 
P, 

corresponding to turbulent percolation flow may be obtained 

V =po bl in which V = V = G ble 
from the equntion c -v- 2 _ _2 2 

p _ V _l2__ 0 

p2 
Using the above two CCT.Sider~tions in F,quation (2?) we obtain 

A "' 1 '+ /c~\ -
t K(2€) 

Vii th C =20 and K = 1, as was mentioned in the previous section,. 
0 

202 
A = 1 + t ---

2 X 981 
= 1.20 (metr~c units) 

It should be noted that in many cases the value of At given 
above will be considerably increased owing to the fact that with 
small scales, the forces of cohesion in the material, which are 
not taken into account, and v:hich may be developed in the model, 
will incre~s~ the stabJlity of stones in the model against flotation 
by percolation f'lO'li while the presence of vacuum in the prototype, 
also not token bto account in this exr.mple, will increl¼se the uplift 
in full-scale conditions and, therefore, the surface fragments 
may be pushed out of the prototYPe even when the corresponding 
model tests indicate At less than unity. 

SECTION 38. Swnmary. 

In Table 20 is presented a summary of data obtained in this 
chapter. Referring to that part of the table dealing with phenomenon 
#1, it is seenth~t the values of critical transportine velocity 
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stepped up to full-scale conditions from small -scale models by 
Froude' s rule alone, will show hie;her displacement velocities than 
those which nctually occur in the prototype, and hence the corres
ponding valu,:3 of A. !!l'JSt be <.i. Howe 0r'3r, for larger models (1:15 
orl: 10) t:-.e. vnl11es':istcpped. up by Froude ~ s rule alone will equal 
the prototype ·12.L1es or Aa_ = 1. ?he:r.omerron '/!2 does not apprt:lciably 

-effect the tra!lsference mnde in accordance :litl! Froude's law. 
Phenomena #3 and #4 introduce an error on the Sjde of safety in 
recalcula tine; prototype values from ·small-scale models in accord
ance with :F'roud' s law, In transferr5.n6 results from small -scale 
models to the prototYPe, the actual prototype velocity of water 
moving along the fflce of the full--scale darn is less than the value 
recalculated from the model tests by use of Froude's rule (A ( l}~ 
Also, the actual percolation flow is greater than the steppe8 -up 
value (Af) 1) which means that the velocities of water moving along 
the face of the prototype darn in nature will be less than obtained . 
from model tests a1:d stepped up by Froude' s rule alone. Phenomenon 
#5 , however, operates to reduce the factor of safety, since, the 
values of uplift irdicoted by stepped up s.::in.11 scale model tests 
in accordance with ,Froude's law, are smaller than those actually 
occurring in nature; in other words At> lo 

The resultant eff'ect of these various individual phenomena 
upon the stability of the submerged dam thus depends largely upon 
the interaction of the three following tendencies: Phenomena #3 
and #4 tend to give more stable prototype structures when trans
ference is made from the model according to Froude's rule~ 
Phenomena #5 has the opposite effect. The predominating effect 
may be found for any particulnr scnle ratio and for any definite 
profile either by me11ns of the methods presented in Chapter V 
_(taking into account the co'rrective coefficient A), or by means of 
experimental investigation of t~e effect of scale upon the phenomena 
as a whole. In this paper only the results of the latter method will 
be given. 

S:EX;TION 39. ~er:L:1ental Investication of the Effect of Scale upo:: 
the Pl:.enomP.na as a Wh.OlQ. 

Experiments were perfomed upon these models at scale ratios 
of 1:1, 1:2.4, a:,id 1:4.5. Laboratory ccndit::.ons were maintained 
the same for all cxpnriments, that is the sase flur:ic and the same 
ineth~·d of deposi tine the stones were used. The experiments were 
perforned by the author with the assistance of J. G. SatylnJikov. 
Cone rete cubes were used to insure strict geometric similarity, 
ond the discharges passinf the cube fill were held to those computed 
by .Froude's rule for the given dimension of cube used. 

The results of the experiments, stepped-up by Froude's 
rule to t!ie sa"ile prototype scale, having the cross-sec tior.s 
of the sub~erred dam plotted as abscissas, and water rise in the 
upper pool as ordinates, are shown in Figure 45. From this chart 
the cross-sections corresponding to different scale ratios at any 
given head may be otained. A horizontal line dr~½n f~on so~e 
predetermined vrilue of head, intersects the curves or scale ratios 
at abscissa values corresponding to the arcn differ~mt cross -sections. 
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TABLE 20 

CORRECTIOii COEI<"'.FICIEifiS TO }""HOUDE' S LAW :FDR THE 'I'AAl'lS
FERENCE OF MODEL TEST VALUES 

------··- ··- ·-·--I 

No. Variable to be Fonnula Eit:pression for I 
Investigated. for Correction I 

Transfer Coefficient 

·-
l Impulse force·of A ..• ..2 

V
2 

=A~ 
• 

overflow on indi- a 

vidual stones. 
, a-2 

{~l{~) f~} 2(
1 

- 1 ) S _ n
2 

w, 
E, .. 

2 Discharge-over ~. = 
top of dam r- . 2.5 

I A >l 
Ii-¾ 42 

b 

--
__ ,___ ___ 

---· 
3 Velocity of v, = 

over:flow over 
~ 0.5 A c, 

of dam. = top 
•' C -

AcV2 c2 

--- ..._ . 
4 Percolation V = - l.5m-3 0.5m-l 

velocity throueh P, 
LdJ 

m (1) m 
rock:fill dam 

'\ 0.5 
A "" Co, 

,; -p ) m-2 
/ AfV I 2-m ,c 

()-·- Ill 
p2 o.oo1f I o 

;-

··-----·- ,---- -
( 

2 5 Percolation up- T = 
' V 

lift force on. I v, _) 
individual I 

\ 2gb, I, I 
· stones on sur- r~ 3 1+.K, face 0£ <low1:.-

/ AtT2 s tre.~ slci;ic. A 
/7 2 ) t = 

l+K 
( . V 

' 2 
2 \ 2(.b I 

2 2 
··-------- ~ 

subscript 1 denotes protot~'pe; subscript 2 d.8no1.es model 
Geor.ietric si..'!lilarity is presup;osed for d1111l profile, surface roughness 
and Shape of constituent stonos. 
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, C. 

Magnitude of 
A compared 
to unity 

A < 1 
a 

A -= 1 
. a --- ··•-------

A8) l 

Ab slightly 
greater 
than 1 

A ......,_ 1 
C ./ 

A > 1 p 

TABLE 20 ( CON'l,Il-iUED) 

Remarks 

For ')i = 20 and moderate velocities 
-----·---- in full-scale _ _fil'Ototr~. _____ _ 

For '1 = 20 and high velocities in 
~ full-scltl~r.Q.tQ.typ~e~--·-~-

At very high velocities in protot1'!)e 
~~q_~iz:h __ dissolved air _co;itent. ______ 

1

1 

Practically no correction to 
Froude scale ratio Necessary. 

---·- -----------···-
For small models and comparatively 
rough surface in prototYPe• 
---· -------------·---- -- ----

__ j 
For large models, steep downstream 
slopes and rough surface 1n prototype 

·-····-·------·-·----·--- -----
Ap approaches ~nity when~~ 1 • 

---------------------------! 

At ) l for all model scales 
except l :1. 

I 
t __ _ 

·------------.J-- --'-
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It is seen that the naximum value of cross-section will be 
obtained, for any given head, from the intersection with 
curve C, i•c• at the sma)lest scale. In passing to larger 
models, that is, in the trcnsition from model to prototype, the 
cross-sections indicated are smaller. This proves that with 
recalculation from model to prototrye conditions in accordance 
with Froude's rule, the results of model investigations on dump
ing stones i_!l flowing water wo~ld give a safety factor, i.e. in 
reality the volu.rne of prototype dumping will prove to be some
what smaller than one obtained by recalculation from models ac
cording to Froude's rule. 

It is now clear which of the five phenomena have greatest 
influence in the transition from model to prototype. These are 
phenomena #3 and #4; phenomena #1 and #2 are neutral, while phe
nomenon #5 is apparently counteracted by- #3 or #4• 

This knm'lledge gives a more exact basis for recalculation. 
It also shows the neces:-;i ty in construe ting models of increasing 
or at least maintaing, the relative roughness of the shooting 
flow area and of also increasing or maintaining the relative 
percolation flow thrrugh the submerged dam5 

It is seen that the curves intersect near their extremities. 
The experiments show this to correspond to elongated base widths 
and it may be explained by the decreased percolation flow encoun
tered on elongated profiles with a consequent weakening of the 
influence of phenomepon #4. Abrupt chapges in the slepe of the 
curve are due to a downstream mass movement of the stones when the 
existing slopes become unstable. Following this downstrea~ move
ment the cross-section increases rapidly with little correspond 
ing increase in head. However, as this phenomena is common to 
models of any scale whatever it need not be further considered here. 
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SECTION 40. 

,.. 

CHAPTER VI 

CALCUIATIONS FOR ROCKFILL DN~ DESIGN 

The :fundamental Problem. 

The basic problefil in rockfill d~~ design 1s to determine 
the profile cori-esponding to the following riven data: 

Equivalent spherical diameter of available stone= d feet. 
Unit wtight of available stone = /::. pounds per cubic foot. 
Discharge of stream per foot width~ 4t c.f.s. per foot. · · 
Original depth pf strea!Il c ht feet. 
Required diffe:...·ence in headwater and tailwater elevation subsequent 
to construction 

= ls feet. 
At certain sites it is necessary to limit the b·ase width 

of the profile to a certain predeterr.iined value L
0

, in which case 
the required equivalent spherical dia~eter of stone becomes the 
basic variable to be determined. 

On many projects a side-channel spillway or by-pass tunnel 
is provided to handle part of the stream discharge during construc
tion, and in such instances the unit main channel discharge qt 
decreases as the reservoir level rises, owing to the increased 
capacity of the by-pass. However the two detailed modifications 
given, as well as several others, are all included in the basic 
problem as stated :initially. · 

The hyd1·aulic features controlling any particular design 
are them.selves very largely influenced by the following factors: 

(a)· Th~ effective 
crest -of dam, to.kint; into 
velocities in deter::iining 

width of river measured along the 
occount·the actual distribution of stream 
the proper value of q. 

t-
(b) The detennination of the streaT. discharges to be 

expected durinf the c_onstruction period, including estimates of 
duration. 

(c} The composition and {?radi~ of stones available at 
the site. 

(d} The necessity for passing ice during construction. 

(3) The construction schedule and machinery to be employed 
for handling and dumping material. 

As would naturally be expected from the earlier portions of 
the text, the procedure in designing will be separated into two 
steps corresponding to the two basic hydraulic conditions, the 
submerged flow condition .and tho free-overflo"J1 condition. In 
addition a number of simplifyinr assQ~ptions will be introduced 
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to reduce the labor of calculation. 

At the stage of submerged flow, the critical transporting 
velocities occur on the top or crest surface of the partially 
completed cross-section and conseque~tly desing calcuations for 
this stage wil~ be limited to consideration .of the top horizontal 
surface. 

At the stne:e of free overflow the critical transporting 
velocities occur on the downstream slope; but, as will be shown 
subsequently, the practical effect of changes in angle of down
strea~ face is so slight that it may be neglected in.calculating 
the coefficient c,f stone stability, Y. 

Since, us ,reviously outlined• very little is known regard
ing the energy loss in channels of great roughness and large slope, 
a very conservu.ti.e value, n = 0.04.-, will be selected as the coef' 
ficient of roughness in the Manning fornula, and as an additional 
factor of safety, the dissipation of. enerey resulting from the 
impact of percolation discharge and overflowinr nappe will be 
neglected.. · · 

In Section 46, a detailed cor;;parison wil 1 be made between 
profil0s for a specific job, as determined by calculation and by 
laboratory experiments. 

SECTION 41. Notation. 

The following notation (Figures 46 and 4?) will be used as 
a basis for developi!lf' design co:nputations: 

4t = the combined percolation and overflow discharge in cubic 
feet per second,per foot length of da~ crest. (Deducting 
any portion of natural discharge carried by_ by-pass struc~ 
tures) • 

~ = 

q = 

V ·-q 

the total percolation discharge in cubic feet persecond 
per foot length of dam crest. 

qt - qp = The net overflow uischarge in cubic feet per second 
per foot length of, dam crest. 

qt: the original natural discharte velocity of the stream 
below the da~ in feet per second, corre~ted if necessary 

ht to include the effect of by-passing structures. 

ht c: the depth of ta1lwater above t!:e channel bottom in feet. 

V = the velocity of flow acting on the individual stones of the 
dam, in feet per second.-

V6 = the velocity of approach in feet per second. 

V = the velocity of percolation flow in feet per second. 
p 

z : the difference in head and tailwater elevatior for the free 
0 

overflow condition in :feet •. 
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i\ = the difference in h_ead and tailWG.ter elevation for the sub
merged flow condition in feet. 

h1 = the height of the do-wnstream ede;e of crest above the chan
nBl bottom in feet. 

= the difference in elevation irl feet between the tailwater sur- . 
face anrl the downstream edge of da:!l cr'3st. 

·s = hs = th,; ratio between the head on the doll..'nstrea."'l edge of 
ht er~ st and the tail water depth ¾. 

H = the :r::.axirJU!l height of dam in feet. 

1
0 

== the base width of dam in feet. ·· 

i 0 = the slope of crest for the free overflow condition or 
tangent . o< • 

1 = the length of percolation for the free overflow condition 
P in feet. 

l' = p 

d = 

L), = s 

A w= 

the length of percolation path for the submerged flow con
dition in feet. 

the size of stone reduced to the diameter of an equivalent 
sphere in feet •. 

the unit weight of stone in pou.nds per cubic foot. 

the unit weight of watEr in pounds per cubic foot. 

I = the average hy<lrauUc gradient for percolation :flow. 

p = the natural porosity or void ratio of the rockfill • 

C0 = a generalized coefficient of the Chezy type, modified and 
adapted to apply to percolation flow. + = the broad-crested weir coeffi~c::.:i!:.!e~n.!..:t::..-!f~o:,.=r__.~~-bmerged con
dition in formula q =~he 2g(hc +7ti + va) 

2g 

SECTION 42. The Analytical ·gethod ot' Calculation. 

The first step in the analytical method of calculation 
is to determine the maximum limiting height of dam section at 
which the character of the overflow will still be submerged rather 
than rree, remembering that the critical velocity for transporting 
component individuel stones on the crest for the subl!lerged stage 
is from Section 6: 

v, = Y, ~1{un which 
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Y, = from o.86 to 0.90 and lJI = -11;;-~ s - b. w) 

I h.w 
{2) 

Assuming the unit percolation discharge equal to 4p we find that: 

q C qt C ~ 

From Equa.ti.o,t {2} above: 

S must be lenq th&n v, • 
hs 

Since the s::i--.:1lJ.er, critical flow depth marks the lower limit of 
the suhms::£?-f- l:.(N. condition, it appears th':lt for this'" stage: 

2 
h

8 
must be greater than 0.6 {h

5
+ Z+ va) 

2g 

Now q may be ex~ressed in tenns of h
8 

and:2
5 

by applying the 
Berneuilli equation to sections 1-1 and 2-2, Figure 46, as 
follows: 

(30) 

Values of h5 and 25 may be determined from the above formula by 
the method of trial and error. 
Then the required height h,, is obviously 

·-
h, = ht - h

8 

Now since we know from Section·30 that 

and also 

' 

t 
1 = 1.? h, 
p· 

I= .z_s 
'. 

l 
p 

We may next revise the assumed value of percolation flow q in 
accordance with t::-.e fonnula q = v h, in which v = c_n~~ p p p ocVOi 
and c

0 
= 3.623-0.0832, the stone dimension d being expressed in 

d 
feet. If the assumed value of q differs appreciably from the 
value obtained by substitution iR the above formula it will be 
necessary to repeat the en tire caJ.culation using the latter value. 
In this way h, may be detennined to the desired degree of ac
curacy by the method of successive approximations. 

For the free overflow condition it is necessary to make 
computations for successive sta ges of the construction, using the 
head and tailwat6r conditions that are critical at each particular 
stage. This first step is, as in the previous case, tq assume 
a value for the percolation flow and then compute: 
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The maximum pennissible transporting velocity v3 , mRy then be 
computed from the relation: ~r-;-

v3= Y3~,; V d 

in which Y3 = fro::i 1.10 to 1.20 and,P = 

Also, (Fif"l.!·-·f' 17) 
h0 = ..9. or v = .9. 

v ho 
(31) 

According tv tne Chezy fonnula 

v = C ,r;.r-
or for all practical purposes, since in the case of a wide river, 
R is substantially equal to h

0
, 

( 32) 

Using the well-known Hanning formula, the coefficient C may be 
expressed: 

C = 1.486 Rl/6 = 
n n 

in which n is the rouf..hness coefficient. 

Combining equations (31), (32), and (33): 
' 1/6 l. .l. 2/3 

.9.. = 1.486 h h2 i 2
- · = 1.486 • h

0 h n o o n 
or 

] 
006 

h 

-f" 
g 

0 1.,486 
, 

1r 

2 2 and 
1 = n 9 

3.33 
2.21 ho 

To.king n = 0.04 (a conservative low value). 

( 

o.s 
o 0.5 -

h "' .02691 
1 . 

and 1 c .0007 92 

3.33 
h 

0 
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Using Equation (37) we may calculate i from q and h; then. 
, 0 

assuming a difference 2.
0
between head and tailwater levels, we 

may calculate the base width of dam, L , from the expression 
, 0 

+2 
0 

1 

(13) 

Equation 13 being readily obtained from the geometry of Figure 4?. 
Now also according to the geometry of Figure 4?: ... ,,, 

. 1 
p 

In which H = h + 2 · - h 
t O O 

+ (H + ~ ) 2 . 

i 
(11) 

The percolation gradient I may then be found from the relation: 

I= ,2c 
l 

p 
The assu.'Jled p :,rcolation flow may now be checked from the 

fonnula 

in which 

= V H 
p 

vp :: Cop F -
If there is any appreciable difference between the assumed and 
calculated percolation flows, the calculation should be repeated 
and the desired degree of accuracy obtained by the method of suc
cessive approximations as in the case of the submerged flow stage. 

SECTION 43. Development of Charts. 

To save the time and labor required in making trial and error 
computations the following series of graphical charts has been 
prepared: 1· 

Graph I, Figure 48, has been prepared for determining the 
critical transporting velocities for displacing rounded stones of 
diameter d feet, having unit weights, b s, or 175, 165, and 155 
pounds per cubic feet. The criticai velocities for the stage of 
submerged flow have been calculated from the formula: 

V,-= Y,~ijd 

in which Y, = 0.86 and4' = 12g {- 4s -6~ 

As 
The corresponding critical velocities for the stage of free 
overflow have been computed from the equation: 
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For convenience in designing, an additional curve has been plotted 
giving the total weight of stones in this for various diameters. 

Graphs II and III, Figures 49 and 
to facilitate computations for the stage 
Dividine; both sides of Equation (30): 

50, have been prepared 
of submerged flow. 

By ht, we obtain: 

s 
h 

t 

q = ~ hs.,k,-g -( z-s-+ -1:.-a)·~ 
i r ~ 2g 

(30) 

2g (~ + 

Now denote S by vq - the average unit "filament velocity" below 
. h 

t 
the dam; based on the net discharge only, that is with percolation 
flow deducted in obtaining q. 

h 
And lets c _J!_ = the ratio between the head on the downstream 

ht 

edge of crest nnd the tltilwater depth_ ht. 

Equation 30 may then be rewritten as follows: 

whence Z = v2 
0 q 

( -----
2gs2 'P 2 

v2 
+ a ) 

2g 
2 

V 
a 

2g 

:Furthermore, since the coefficient 4' has a value of the order of 
0.90 ar!d since, in addition, the percolation discharges for the 
submerged flow condition are on the average about 10 per cent of 
the total discharges, we may safely asstm1e that for V in the ra~e 

q 
between 1 and 12 feet per second; 

V =~Va q 

. 
Then: v2 z v2 ~ - I: 1 s 9 - _g_ ( - 1) 

2 +2 
.. 2 

2g+2. 
2 

2gs . 2gf ·s 
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Using an avera,ee value of 'f = ·o.92 .we obtain:. 
2 · 1 · 

~ = 0 • 0183 V q ( s2 - 1) 

GRAPHICAL ClIArtT II, Figure 49, has been prepared from the above 
formula by assignin~ various values to the velocity v and the 
ratio S = h q 

s 
n; 

Then by assuming that the flow over the crest is at the critical 
depth: 

+28 + v~~ 
2g<t,2 

' and since hs may be replaced by sht 
. 2 

h = L5 Z + 0.02?3 Ve t s I::> 

s 

Now on any given curve of the v q fa."llily, we may spot the posi
tion of any selected integral value of ht by successive trial and 
error substitutions of Z

8 
and s in the above expression. The 

f~"llily of curves for various selected integral values of ht was 
plotted in this way. 

Since the lower limitinf position of tailwater elevation 
for the submerged state is marked by the water surface elevg_tion 
for overflmv at the critical depth on the crest, it is evident 
that only such v lues of ~ and s as lie below the curve of ht 

. .~~ 
for the case in question, will ,be included in the st:bmerfed flow 
state,.-

For exa,aple, if the f iven originril depth of river be ht 
= 15 feet, W9 ,;iay use only that part of the chnrt lying below the 

curve r.iarked h = 15. t . 

To su -m.arize, G7<1phicai Chart II consi:.::;ts of' two families 
of intersecti:1g curves, plotted against Z and s as coordinates •. 
The first fa-:1ily corresponds to dif'fercnt ~onstant values of v q 
an.d the second to different constant values of ht• 

For l!-iven values of v
4

, h~~ -and s the va]ue of h
8

, the 
head in the downstre8!-:i edr,e of crest, and v, the velocity acting 
on the individual stones, m11:-,· easily be calculated from the equations: 

q ~ v h and v = ..9. q t 
hs 

Graphical Chart III, :neure 50, has been prepared for the· 
submerged condition frori.1 the above equations by plotting the 
velocities aciinf upon the.individual stones at the top of the 
da"ll as ordinates ag:ainst the coefficients (s = ~Ll as abscissas. 

ht 
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This chart also consists of two f~~ilies of intersecting curves, 
the first of which corresnonds to different constant values of 
v and the second of which corresponds to the lower limiting 
c2nstant VF.lues of ht for the submerged ~n1itions, exactly as 
explained for Chart II. In other words if ht = 15 feet, we may 
use only the portion of tl:e chart Jying below the curve marked ht=l5. 

Graphical Chart IV, Figure 51 has been plotted from the 
expression: 

. vp == C p Jfci"I. 
using v and d us coordjnatesi taking the void ratio, p, at 
35 per 8ent, and assuming I constant for various selected va lties 
of percolation gradient. 

Graphical Chart V, Figure 52, has been constructed for the 
state of free overflow in accordance with Equation (36): 

~

0.6 
h = .026 

· 10.5 
(36) 

for values of q from 3 to 500 c.f.s. and for values of i from 
0.04 to 0.40. 

SECTION 44. Calculation by means of Charts. 

To illustrate the use of the graphical charts, assume that 
.D.s, d, qt, and ht are ~iven and that it is required to determine 
the d~rnens1ons of the submerged dam. 

For the submerged flow condition .with d a~d bs given, 
we find the maxL~u.~ pennissible velocity v from Graphical Chart 
I. AssUr.Ji~ P.. value for the percolation discharre qp , we calculate: 

q == q - Q_ and-.~v ""' 3. 
t -P ~¥ q h 

,, t 
~ow enterine Chart III on the ordinate ·corresponding to 

the limiting ve1ocj ty v, we drow a horizontal line over to inter
sect with the curve ccrrespondintc to v • If tte point of inter
section lies below the 1\ curve fol' th~ given vn.luc of ht , then 
the vertical drnwr. dcwnward through the point of intersection gives 

· the proper value of s directly. If however, the point of inter
section of the 110rizontal line thr0ue-h v with the corresponding v q 
curve lies above th(" ht curve, ccr:respondi rig to th~ fiven value of 
ht, it is neccs:3ury to lower the horizontal J.ine until the point 
of intersection with tho v q curve comes to ;ncct th•D proper ht 
curve, which in this case will determine the proper value of Be 

After deterr.11ninf s, we find by calculation: 

h5 ~ s ht ; h, ~ ht - he ; 1; = l.7h• 
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Now entering Chart II with the above value of s we deter
mine the value of.z.s and substitute in the equation: 

I 

Then using Chart IT, with the given stone sized, and the 
above value of I we determine the pennissible velocity V and 
recalculate the corresponding percolation di.scharge. _.., p 

4p = Vph' 

, If q agrees substantially with the assumed value, no-· 
further ca18u1ation is required for the submerged ,stage. If any 
apnreciable difference exists bet~~en the assumed nnd calculated 
values of qp, the computations must be repeated using the new 
Vall;le of qp until ~.the repeated trials show a reason~ble agree:rent. 
In this way it is possible to obtain the value h 0 to any desired 
degree of refinement. 

For the stage of free overfiowp the method of prooedure is 
to make a separate calculation for each pertinent value of z4 , the 
difference in elevation between the head and tailwater, 

Assuming a value for the percolation dishcarge qp' we deter
mine by calcuJB. tion: 

q C qt - _4i, 
We next determine fror. Chart I the value of the limi<ting 

transporting velocity V, for the given vlaues of d and A
8

• 

Then by calcuation 

Using Chart V nnd drawing a horizontal line from the above 
value of h over to intersect the curve corresponding to q, we 
find the c8rrcc t ahsc fo sa i by projecting dcvm fonn the intersection. 

Using thP- asr.u~ed value Z
0

, we find the height of dam H from 
thr relation 
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-Also 2 

·~ and I = Zo 
1 

p 

From the above value of' I and the given stone size, the 
pennissible percolation velocity Vp• may be detemined by means 
of Chart IV; and the assumed v~lue of percolation discharge 
checked by substitution in the formula 

V H 
p 

If there is good practical agreement between the assumed 
and computed values of percolation discharge, tte computation may 
be completed by determining the base width of dam from the relation: 

Lo = + Zo 

T" 
1.25 {h, + ht + 

If however, there is any appreciable dU'ference between 
the assu.~ed and computed value of percoJation discharge; it Will 
be necessary to continue the trial computations. until satisfactory 
agreement is reached. 

The :nethod of calculation will be made clearer by the 
following munerical example. 

SECTION 45. Numerical exaTJ1ple of c-alculation of darn profile. · 

Given a stone of rourided shape havinr; an equivalent spher
ical diameter of 1.38 feet and having a unit ~•n-:ight of 166 pounds 
per cubic foot. 

Required to deteraine the dimensions of the subrierged der:i 
constructed by dumpinf the above naterinl into a st:-ea::i huving a 
natural depth ht = 19.? feet, so us to create a difference in . 
elevation of 12.l feet betwec:.n head•:;ater and toi1y1ater for a dis
charge of q = 5?.5 c.f.s. per foot width ::•t' s1;:ream .. A by-pass 
tunnel is provided havinr, the djscharge c3.pad ties sl1ovm by 
Table 21. 

The se1ue~ce of co::nputation will be the sa,11e as 011 tlined 
in the --irev1ous parauraph. 

Submerged Flow Condition Chart I 

For d = 1.38 feet and ~ = 166 lb. pc:r cu. ft., the weight 
of individual stone ~-; = 200 lb. 

5
nnd tho correspondir,r; maxir:lwn 

peTinissiblc velocity = 10.6 feet per ::rncvnd. · 
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Now as a trial value aSSUt"1le a percolation flow equal to 10,% 
of the river discharge, which is given as qt= 57.5 per ft. width 
of river bed, or 

qp = 0.10 x qt= 0.10 x 57.5 :: 5.?5 c.f.s./ft. 

q = qt - ~ "'57.5 - 5.?5 = 51.?5 c.f.s.Jft. 

V = 51.75 = 2,-63 f .p.s. 
19.?0 

Entering Chart III with V = 10.6 f.p.s. we draw a horizontal 
line over to intersect the curve corresponding to v4t = 2.63 f.p.s. 

(by interpolation between curves marked v
4 

= 2 o.nd Vq = 3). 

Dropping a vertical from this point, we read on the axis of ab:::icissas: 

S = 0~25 

As the above intersection is located below the curve marked 
ht- +- 19, 70 t:1.e given conditions cor1·espond to tr.e subnerged flow 
state and Churt I is applicable. 

By substitution: 

he= sht 0.25 X 19.?0 = 4.93 ft. 

h, = ht • h
0 

= 19,70 - 4.93 ~ 14.?? ft, 

1P = 1,7 h, IC 1.7 x 14.7? = 25.10 rt. 

Entering Chart II with s = Oi25 we erect a vertical up to 
intersect with the curve• corresponding to v

4 
= 2c63 f.p.s. (by inter

polation between curves marked v = 2 and v q = 3). Drawing-~ 
horizontal line frOLJ. the point o~ intersection over to the axis of 
ordinates we find 

Z
9 

= 1.97 feet 

As the intersection with the curve fen- v "" 2 .63. 1::es below the 
curve ht = 19.70, the conditions confor.n to the sub:w~rg~C: flow 
state. 

Checkir.i; buc}: against t~1n dischnrce r1.1tbr tu1le for the 
tunnel by p3.sc we i'ind thr1t sincP:_ -2"" = l. Y? feet .:.s less than 
4.10 :feet. ~.;he dischar&e throuf~ll the ty pass ic z13ro. 

Wi -~h 3 kno,•m we can co:npu te 

1. 91 : o.oe 
lp 25.10 
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Also, us~ng, Chart IV, for ·d = 1.38 fe,:,t and I = 0.08 we find 

V = 0.43 f.p.s. 

and~= V h, = 0.43 x 14.77 = G.35 c.r.s. 
Since qp wRs assur.ied equal to 5. 75 c. f .s. it will not be necessary 
to make a second trial computation. 

Free Overflow Cor:di tion - Using Chart I we find that for d = 1.38 
feet ano. As•"" 1Gs··n;-:--per cu. ft., the maximum permissible velocity 

V::.: 14.75 f.p.s. 

Let us now consider 6 st~1ges of construction corresponding to 6 
specific differences in elevntion between headwater and tailwater 
as given in Table 21, showing the distribution of discharge between 
the river bed and by-pass. 

Eead Difference No. 1 -------
Z

0 
= 4~10 feet 

Assuming the filtration flow as 12-;,; of the river discharge 

q = 0.12 X 57.5 = 6.90 Ctfcs./fto . p 

q = qt - qp = ~7.5 - 6.90 = 50.6 c.f.so/ft •. 

h
0 

= _q = 50.6 = 3o43 ft. 
. V 14.75 

Entering Chart Vwith h
0 

='3.43 f.eet and q = 50.6 c.f.s./ft. 
we find 

i = 0.031. 

Aslo H = !1t+ Z0 - hO = 19.70 + 4.10 - 3.43 - 20.37 ft. 

Then 

ob:;ain 

+ 

z 
I - o = 4.10 = (). Ci:?.' ti 

1 15~0 
D 

Ea" e:~:i.c,:.: r:1~rt IV with 1 = 1. 3f fec)t an:! I =- O, 0268 we 
\ = ,1,30 feet per SP.Cond frcn which ":e obtain: p 

q = VPE = 0.30 x 20.37 = 6.11 Cof'.s./ft. p , 

The dizcrepar:cy 1JetwP,en the assumed JJ~rcolution flow q,., = 6. 90 
c.f.s./ft. and the calculated value q = 6.11 c.r.s./-rf.. is about 

q 
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10%·; which is within the desired limit of accurocy so that no 
second trial computation is necessary. We may now compute the 
base width of da"U. 

I. == 
0 

1.25 {ht + h, + zo ... h ) 
0 

+ Zo 
i 

= 1.25 (19.70 + 14. ?7 + 4.10 - 3.43) + 4,10 = 1?6 ft. 
0,031 

Head Difference No. 2 

Z
0 

~ 5. 90 feet q = 49.50 c.r.s./ft. 

Assuming a p,1rcolation flow of 20% 
,:· 

q = 0.20 x 49 50 = 9.90 c.r.s:/rt. p 

and q = qt - )> = 49.50 - 9.90 ~- 39.60 c.f.s./ft~ 

h0 = _g_ = 39.60 = 2.68 ft. 
V 14.?5 

According to Chart V for h = 2,68 and q = 39.60 
0 

i = 0.045 

Hence H = ht + Z - h = 19.?0 + 5.90 -2068 = 22.92 feet 
0 0 

and I= zo 
r 

p 

= pf 2t • 22. 92 + _5. 901 ~- = 155 feet 
• 14.7? o.o-i! 

. ) 

5.90 = 0.04 
155 

According to Chart IV; for I = 0.04 and d = ~ .• 3'.1 f0et, v = 0.30 
feet ner second and q = V H = 6.30 x ~G.94 = 6.90 c.f.s,/ft. 

- p ;, p 
The discrepancy b~lween t.he oss,1mrsd value o:.. .. pcrc,~Jation flow 

q = 9.90 and ·n .• ~ cor'JJ.)uted value q = 6. ~ O is in thi::: c.j::;~ nbou_t 
n P 

4Up so that a S'3cond trial computa".;ion will be necessary. 

q = 0.15 x 4~.50 = 7.45 c.r.s./ft. 
p 

and q = qt- qp = 49.50 - ?.43 a 42.07 c.f.s./ft. 

and h
0 

= ..9. = 42.07 = 2.85 feet 
V 14.75 

According to Chart V for h
0 

= 2.85 and q = 42.07, 

1 = 0.04 
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1 = p 

., 2 
I -,. 1 

+ "H + '-'0 , -I l i ,· l,..~2.?5 + 5 •9q_]
2

= l?l feet o.o,y 

I::: Zo - G. 9o = 0.035 · 
l - l?l -

p 

According to Chnrt :v for I= 0.035 and d c 1.38 feet 

VP= 0,30 feet per second 

and 4p = v
1
t::: 0~20 Y. 2?.?f -= 6.85 ~.r s./ft. 

In the Caf,(; of tl:. is second trial t:18 di screpn.ncy between 
the <".Ssumed percolation flow q :a ?.43 nnd the compute,1 percolation 
flow qp = G.85 ic about lOX, wh~ch is within the desired limits of 
accuracy. 

L
0 

= 1.25 (ht 1 h,1- 2
0 

- h} + Zo =- 1.23 (19.70 + 14.77 + 5.90-2.85). 
0 i 

· . 5.90 
+ o.o~( = 194 feet 

The above vn.luo of 191 feet is greater th,m tht, bnse width for the 
first head difference, 176 feet, In other wo:rd;:; the subi:ierged dam 
continues to widen. 

Heq.d Difference .No. 3 

qt= 40.? c.r.s./ft • 

.AsSUIJ.ing a percolation flow of 20% 
q = q - q = 40.7 - 0.20 x 40.7 = J?..5~ e.f.s./ft. t p 

h = .9.. c 32-55 
o V 14·.75 

= 2.20 fee•,; 

Entering Chart V with h 0 -=- 2.20 feet and g = 32 .55 c. f .s ./ft. we 
obtain 

1"" 0.053 

Because of the comparatively steep slope obtained let us 
check the heir-:ht &nd bottom width of the da.1n: 

H = ht + Z - h = 19.?0 + 6.56 - 2.20 ~ 24.06 feet 0 0 

+ 6.56 
0.055 = 15? feet. 
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In other words the base width corresponding to the third 
diff-erence in vm.ter levels is less than the base width for the 
second differe1:ce •. 'l'hat is the slope of the tlo11mstream face 
steep€ns and co11sequently, to be on the consE:r-mtive side, the 
percolation flciv1-will be computed on the basis of the lar£;est 
value of¾> previously obtained or~= 171 .feet. 

Thus: 
I = Zo = ~ = 0.04 

- l?l lp 

Referring to Chart V for I= 0.04 and d = 1.38 feet, 

V = 0.30 feet per second p 

and <1pc VPH = 0.30 x 24.06 = 7.22 c~f.s./~t. 

As the discrepancy between the assumed percolation discharre 
qp = 8•17 c.f.s./ft. and the computed perqolation disch~rge 
·q = ?.22 c.r.s,/ft. is about 10%, n seconc! trial computation 
will not be necessary. · · 

4th Difference in Water Surface Elevations 

z0 = 8.20 feet and qt= 33.1 c.r.s./ft • 

Assuming the percolation flow at 39%: 

q p = 0 • 30 x 3 3 .1 -= 9 .'95 c • f. s. / ft • 

and q = qt - q ~ 33.2 - 9.95 = 23.25 c.f.s./ft. 
p • 

h
0 

= .9. = 23 •25 = 1.58 ·feet 
V 14.75 

Entering Chart V with h
0 

= 1.58 feet and q = 23.25 c.f.s./tt • 

we obtain i = 0.085 

:frOI!l. which 

and 

H = (ht + Z
0 

- h
0

)-= (19.?0 + 8.20 - 1.58) =-26.32 feet 

I= Zo =-
18

• 20 ., 0.05 
1 ·m-
·P 

Entering Chart IV with I= 0.05 and d = 1.38 feet 

VP= 0.33 ft. per second 

and qp = YPH = 0.33 x 26.32 =_8.?0 c.f.s./ft • 

As the discrepnncy between the assumed value of the per
colation flow qp = 10 c.f.s./ft. and the computed value qp"' 8.70 
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is of' the order of 10;&, a second trial conpu tnt1 on will not be 
necessary. 'l''ne corresponding base v:id th of the dam will be 

L
0 

= 1.25 (ht + h, + z
0 

- h) + zo ·= 
o r 

1.25 (19,?0 + 14,7? + 8.20 - 1.58} + ~ = 148 feet which is o.os5 · 
less than the vaJue for the second head difference L

0 
= 194 feet. 

5th Difference in nater Surface Elevation 

E = 9.85. feet 
0 

4t = 24.30 c.f~s./ft. 

Assume percolation flow= 50% 

Then q = 0.50 x 2,1.20 = 12.10 c.f.s./ft. 

q = qt - qp = 24,20 -12, 10 = 12.10 C ,f e s./ft, 

ho~ .9.. c 12,10 = 0.82 
V 14.75 

Entering Chart V with h = 0,82 and q = 12.10 
0 

1 = 0.165 

H = (ht+ B0 - h0 ) = 19.70 + 9.85.,.. 0.82 = 28.?3 feet 

and I= Zo = 9.85 ~ 0.06 
1 171 

p 

Entering Chart IV and I= 0.06 and d = 1.38 feet we obtain 

VP= 0.36 feet per second 

and qp = VpH = 0.36 x 28. 73 = 10.35 which agrees closely enough with 

the assumed percolation value qp c 12.10 c.f.s./ft. 

La will obviously be less than for the second difference in 
in water surface elevation. 

=-· 
6th Difference in Water Surface Elevations. 

2
0 

= 11.80 feet and qt = 19.30 c.f,.s./ft. 

,Assuming a perco.lation discharge of ?01<, 

qp a 0.'70 X 19.25 = 13 •. t>O c.f.s./ft. 

and q = q - q = l~.25 ..:. 13.50 ..-. ri.?5 c.r.s./ft. 
t p . 

h0 = .9. : 5 •75 = 0.39 feet 
V 14.75 
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Enterine Chart V with h = 0.39 feet and q = 5.75 c.f.s./ft. 
we obtain ° 

read 

i = 0.33 

Then H = ht+ Go -

z 
and I = o 

lf 

h0 "" 19.70 

11.80 
= --- = 170 

+ 11.80 - O.J9 = 31.11 feet 

o.o? · 

Entering Cha::::-t IV with I'= 0.0? and d = 1.38 feet we 

VP= 0.40 feet per second 

and qp = VPH = 0.40 x 31~11 = 12.45 c.f.s./ft. which agrees 
closely.enough with thP. assumed percolation discharge qp = 13.50 c.f.s./ ~-

?th Difference in Water Surface Elevations 

Z
0 

= 12.30 and q = 8.90 c.f.s./ft. 

Since in the computation for the 6th water surface difference 
q..., = 12.45 is greater than q = 8.92 c.f.s. it follows that the dam -
profile came out above the w<lter surface. 

SECTION 46. Additional Comments on Calculation. It is apparent from 
the calculations of the previous paragraph and substantiated by model 
tests, that a rockfill dam constructed by dumping stones in flowing 
water goes tnrough a critical stage during which transition is made 
f'rom the condition of subm0rge·d flow to the condition of free overflow. 
During the critical stage the impulse of the overflow velocity against 
the individual stones .. ,is quite large; but th~ percolation discharBe is 
still quite small. In addition the portion of the discharge handled 
by the by-pass tunnel-is very smali. This stnge of construction is 
well termed ttcritical", because, it is just at this time that the base 
width L reaches its maximum value, 

- As previously noted, the critical stage is readily identified · 
in laboratory model tests. The experiments usually show a slight 
increase in base width even after the critical stage owing principal- , .1 
ly to the effect of a few isolated stones not finding anchorage for :; 
interlocking and consequently rolling along the downstream face of 
dam to the toe. 

It is particularly important ~t 
uniform dumping of material along the 
employ for the P.:ost part large stones 
locking capacity nnd stability against 

\ 
the critical stage to insure 
entire length of dam, and to , 
of llimilar size to insure inter~ 
displacement by the overflow. / 

In conclusion it may be instructive to compare the results of 
the previous numerical calculation with the results of 1/25 scale 
model studies, for the typical stages of submerged flow and free 
overflow. (See '!'able 22) 
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0 ·, 

·---.-
Difference 
in Elev-

Number ation, Head-
water & tail-

·------ - eet 

1 4.10 

2 5.90 

3 6.56 

4 8.20 

5 9.85 

6 11.80 

? 12.30 

TABLE 21 

i -·-·--·----!---'I 
i Discharge c.f.s. per ft. width of dam S1.lIJIDary I 

I . 
Overflow Plus , Discharge through 

ercolation flow

1
i -~~ss tunnel __ 

57.5 0 

49.5 a.o .J 

40.7 16.8 

33.1 24.4 

24.3 33.2 

19.3 38.2 

8.9 48.6 

TABLE 22 

57.5 

57.5 

57.5 

57.5 

5?,.5 

57.5 

5?.5 

--------------
Profile 

: ! Difference in Elevation I · I 
i Height of Dami Headwater and Tailwater Base Width of dam 
' Feet f , 

1: 
I 
I 

----~ ....... ------+----~-----! 
Submerge 
Flow 
Conditio 

14.?5 ! 14.60 1.9? 1.97 

Free 1 
Overflow : .31.10 

I Condi tion1. 

\. 
·:!\' 

30.20 11.80 11.80 199 135 

The difference in headwater Hnd taliwater levels at which the dam 
profile appears above the water is practically the same whether 
determined by computation or byriodel experiments. 
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. The exuerir.l.ental VAiues have heen tronsfomed to full scale 
quantities using the Froude Scale ratio.modified in accordance·with· 
the principles outlined ill Chapter V. -

As can 1•e1icli ly be seen :rrom· Table 22, the ngreement between 
calculated nnd experi!:lerital results is quite satisfactory except 
for the bottot1 width of dail 1

0
, the calculated bottom width (based 

on an assumed coefficient of ~ouchness n = 0.04 in the Manning 
formula) beine; 50,G larger tran the base width dete~1ine_d by experi
ment and transferred to full scale values using the Fr6ude scale 
ratio with proper corrective coefficients. It is believed that this 
excess base length mal' be traced to the selection of n very conserv
ative roughness coefficient n = 0.04 arid consequently calculations 
usinp this value may be considered as-limiting maximum values. If · 
the roughness coefficient were assuried as n = 0.06 the resultant 

· profile could probabl~.r he considered as having the· limiting minimum 
base width. -

After fixing the lir:1i ting values of bi-!Se \ddth ns outlined, 
the selection of the proper intermediate value will depend largely 
upon the character and size of the t)articular 1?roject. · In the case 
of .the larger structures the expense of constructing a laboratory 
CTodel to check,computations would appear to be well warranted. 

S~TION 47. Sealing i3lanket Construction. Ar). investigation of 
sealing blanket design and construe ti on should naturally be in
cluded in any treatise on rockfill da'!lS, but owing to the complexl ty 
of the subject 1·1e shall be forced to limit our descussion to the 
most elementary data as derived from use of the previously described 
laboratory tests. ' · 

Using n model scale. of 1 t'o 100, a purell• qualitative study 
was conducted relative to depositing graded material on the upstream 
face of dam to serve as a support for, and prevent washing out of 
the clay or similar colloidal material employed for effecting a 

. rinal water-tight seal. The basic dimensions of the model are 
.shown by Figure 53. 

Without giving any further nttention to the mechanism by 
which sealing is gradually accomplished or to the effect of the air·· 
dissolved in the water upon the accuracy of laboratory detennin- · 
ations, we shall ~roceed at once to the study of position of per
colation. gradients during the construction of the sealing.blanket 

· and the supportil1€ layers of graded rnateriale. 

Jn Figure 54, line #1 denotes the position of the percolation 
gradient for the rockfill only, while line #2 shows the change in 
position of saturation line afber a layer of spalls has beLn depos
ited on the upstrea~ face. As can readily be seen f'rom the figure, 
the layer of. spalls has only n neglifible effect on the position of 
the gradient. Line #3 shows a very pronounced dropping of the 
gradient, due to the addition of a lnyer or s.Rnd upon the upstream 
.face, while the subsequent addition of· three layers of clay, as· 
shown by lines #4, #5, and #6 cause the percolation gradient to 
drop almost to the tailwater level. 
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It i$ important to note that the effectiveness of the sealing 
blRnket is not unfforn frcm top to bottom of da~, the sections at the 
low head havi!lf thr, least effectiveness and the sections deposited 
near the top causing the percolation gr1:.dient to drop sharply, 
indicating that the:: mr.jor· portion of the percolation discharg flows 
through the upper section of the upstrenm face. 

Tho above experiment serves chiefly as a visual information 
of a well-known !:'let.hod of sealing rock-fill dmns, it beinc obvious 
that the detoiled analysis of the effect of clays and graded fines 
could not be atter.1pted on tl:e small scale of 1 to 100, as th'3 pro
blem deals rrincipally with the r:iovement of sedimentary material. 
Leading enginecrirg creanizations reccrnize that the movement of 
colloidal material in percolation flow is one· of the most vital of 
present day hyur::i.ulic problems and one on which informntion is 
markedly lacking. 

The basis for P..nalysing this comple~ and inter ~Stillf' problem 
will be developed from my oxpt:rience with different construction 
organizations. A paper entitled ttThe i.1lovement of Colloidal Clays 
in Percolation t½rourh Ro•:!kfilJ Dams", prepared under my direction 
serves to sum.'Tlarize tbc prin..::iples mosi useful in actual construction. 
To show the method of Fipproacb, tho deduction 01' the law of 
permeability will be abstracted fron the above work. 

Referring to Figure 55, let us consider an isolated cylinder 
abcdt havinf the lencth L, and the crabs secUonal area A, and con
sisting of some isotrop}c materiAl -~atu1·ated 11ii th water, such as 
water saturated soil or concrete immersed in wa. ter. Also let the 
reduced pressure heads at sections ab and cd be H,·and H;a res
pectively and the limitinc head, with reference to dat~ plance 0-0, 
at which the 1ayor of material o:f thickne::ss t is still impervious, 
be Her tho so-called "critical" head • 

. We seek to :find, for any fluid anyir.at1!rinl, the low 
connectinr; the cri tic

1
nl head Hcrwith the thickness of layer L, 

in other words tJ1e fundamental law of pennenbility. 

Upon AB as an axis let us find the projections of the forces 
acting upon the fluid filli?lf' the pores of th.: material in the volume 
abcd: 

(1) Forces due to pressures on cross-sections ab end ed. · 

in which 6 is the unit weight of fluid and the direction from A 
to Bis taken as posit .ive. 

It" the total area of the poies in the material is A
0 

and the 
coefficient of curfaco porosity 

then the projection 

- 89 



e 

1 
I 
1 

I 

upon the axis AB of the total force of the hydrostatic pressure · 
transmitted.to the fluid in the pores 1s 

P"-::, = .b.E A (H - Lcoso<) = D.E AL (i - cos-~) (38) = s er s er . 

Also the projection upon the axis ;.n of the total hydro
static pressure actinr. upon the m.nterial in the remainder of the 
cross-section A 

p' = L.\A (1 - E } (H - Lcos4(') = L1AL (1 - E ) (1 - cosaf} (39) 
AB s er s er 

{2) Force due _tJ_~!~W.!3ight of fluiq in_ }_E._~~s of the materials. 

If X be the total cylindricnl volume and X0 the volume of pores, 
then the volume coefficient of porosity 

E = Xo (40) 
x 

(3) Molecular forces due to the elastic resistance of water to 
shearing. Let T denote the projeotioh of these forces upon the 
axis AB, and S the sum of the areas of the internal side surfaces 
of the material on which the elastic resistance to shearing is 
concentrated. Now let 

S = t AL 

t C: .§_ 
AL 

from which we may write 

{41) 

The quantity t, as a quantity referred to the unit of volume may be 
called the specific surface ff the elastic resistance. Then quantity 
t, having the dimesion feet- , depends principally upon the 
stucture of' the material. 

At the instant of limiting equilibrium or the fluid in the 
pores or the soil, the sum of the projections of active forces and 
:resistance forces is equal to zero nnd hence: . r 

AE8A (Her - Leos o{) + AEy.ALcos~- T = 0 '(42) 

or T u .L:,, A [Fs (Her 1"os "() + E,Leos Cf'j 
When E = E =- E 

S V . 

T - Ail f'er -ieos <{- Leos 1j = .A AE!ler (43) 

as is well knovm, the energy of elastic deformation of shearing 
(within the limits of applicability of Hooke's law) stored during the 
gradual increase of load starting fran zero is expressed, per unit 
volwne of the body, by p2 

.t 
2(1 
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_in which Pt= the u~it tangential or shearing stress 
and G = the shearing modulus of elasticity. 

For the total volume of fluid in the pores of the material, 
the magnitude of the er.ergy of elastic deformatior. will be 

2 2 
A =Ptx =Pt.EAL (44). 

y 2G o · 2G V 

At the instant of limiting equilibrium this elastic energy 
will be co.npletely converted into potential energy and the latter 
may be easily detennined for the water included in the pores of 
the material. 

Finally, if the molecular or capillarJ forces were released, 
the water in the pores of the soil would be able to produce work 
equal to 

A= 6AELH 
p . v er 

Equating expressions (44) and (45): 
p2 

t ~ = ~~LHcr 
2G 

Whence H er 
2 

= Pt 
2 tl.G 

(45) 

(46) 

From F..quations (42) and (43): 

pt = T e: .6AEvHcr ;:: L'.l Ei.r 
. s tAL t 

HLcr = ~ Ev icr (47) 
. t 

--substituting the value of Pt from Equation (47) in Equation (46) 

' (48) 

From which finally the fundamental b w of penneabili ty may be written 
for saturated isotropic material, for the case -of a gradual increase 
o~ head from Oto H , as follows: 

er . 

or as a general case: 

H = n 12 
er V 

(49) 

(50) 
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In other words, the critical heed is :prcportional to the 
square of the thickness of the layer. The coefficient tJ may be 
called-the per.:ieability coefficient and.is tletemined experimentally. 
by testing samples in the laboratory • 

. !fhe -connection between the_ pe1motJ.bility coeft'icient; the 
:shearing modulus of elasticity for the fluid in the pores of the 
material, the specific area t, the coefficient of porosity Ev 
and the weight 01' the fluid per unit of volume A; may.,be 
expressed 

'v = 2Gt2 

~-

(51) 

Formula {50) shows how the thickness of blanket should be 
changed for various heads to give the same degree of i.'llpervlous
ness throughout all parts of the entire structure. 

Formula (51) indicates that in general imperviousness is 
secured by 

(a} Selecting a fluid for filling the pores of the material 
such that there will be maximum cohesion between the material and 
the fluid so as to obtain a high value of G (For instance the com
bination of asphalt filling in the pores of a sand blanket). 

(b) For any fixed selection of fluid and material, by ra_::nm.ing 
or packing, as packing tends to decrease Ev and simultaneously in
crease t. In other wo,i:ds the ratio t2 

.-- t' and consequently the degree 
.v 

of imperviousness is increased vezy materially by ramming. 

SECTION 48. The limits of applicability of the method of Dumping. 

The lLnitin~ height to which a rockfill dam may be carried 
using a given slope can readily be determined by detailed calcul
ation, but in many cases it is useful to have at least a.~ approx
imate advance figure ror estimating. 

The solid line in Figure 56 represents the profile of a 
dam constructed iri flowing water by the dumping method. The 
heavy dotted lin~ represents the limiting profile that may be 
obtained if desired by dumping additional material up to crest 
height H . , using the same side slopes and the same base width. m1n 
It is evident that it would be pos~ible to construct a still 
larger dam with crest height at H , using the same side slopes _ 
but widenin£ the base width; as sfiown by the light dotted line in 
Figure 56. In order that the designing engineer may not waste stone 
during the initial dumping process, it is essential to detemine 
lhin in advance •. 
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Table 23 applies to cases in which no by-pass tunnel or 
spillway has been provided. The dnta have been obtained from 
laboratory model tests and stepped up to full-scale values by the 
application of Froude's law. The individual stones for the dam 
were cubes made from concrete having a unit weight of 138 pounds 
per cubic foot. 

I 

Test #2 from this table refers to stone about 2 feet on a 
side weighing about 1/2 ton. The original depth of river is taken 
a:s 19.?0 feet and the average original velocity 2.3 fe'ct per second. 
The dam profile started to emerge from the ·water at a heightof 29 
f"eet. It was found that the total heightof crest for the completed 
section with equal upstream and downstream slopes and a standard 
crest VJidth was about 38 feet. 

Table 24 covers the case in which a by-pass is provided, the 
invert of tunnel in this case being at the tailwater level and with 
a. depth of 2/3 h ~over the invert, the tunnel is CEpable of accom
modating the entire river discharge. The individunl stones used 
were of the rounded form, having a.n average woicht of 165 pounds per 
cubic foot. 

The methods of design outlined in this book have been suc
cessfully applied to a full-scale structure in the case of the 
SV1r !/2 Dam, for which the original natural velocities were in some 
pl.aces as hich as 10 feet per- second. In spite of such severe con
ditions, the profile As constru~ted conformed closely to the cal
culated dimensions. . 
SECTION 49. !£.£ interest of engine-ers ~ the method. 

I have several tL~es presented the results of laboratory 
experiments on the stone dtupping method to audiences of engineers, 
technicians and stud0nts in Moscow, and the interest in the subject 
was mHnii'est from the character of the subsequent discussions. 

In conclusion I will simply cite the resolutions adopted at 
tbe Convention of Hydrualic Engineers, regarding thJ construction 
or da.~s by this method: · 

(l} The Convention believes that step.s should be taken to 
acquaint engineers with the necessary model testine and design pro-. 
cedure. 

{2) Immediate steps should be taken toward the construction 
or a large scale experimental dam of this type. 

(3) The ..nethod reduces the hazard and expense of winter 
construction. 

(4) The method serves to eliminate coffcrdams and reduce 
the expense of temporary construction. 
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merged nod~l dam made of rounded stones. 

Rockfill at the stage of submerged fl~8. 

Charact0r of percolation flow in a submerged model dam 
made of snall cubes. 

Percolat1 on through submerg€:d da":l at the stage of free 
overflow. 

Percolation flow through 11 submerged dam at the stage of 
sub:aerged flow. 

Investiration of the effect of model scnle upon ovGrflow. 

Model for studyinf uplift pressure of the percolation 
flow throur.h a rockfill •. · 
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Fig. 45. Th,, effect of model scale upon results of experiments 
relative to du..-;iping stones into flowing wuter {for 
concrete cubes a = 1.0 -4e5 cm.). 

Fig. 46. .Notation for the stage of submerged flow. 

Fig. 4'?. Notation for the stage of free oYerflow. 

Fig. 4B. Chart I. Weight of indi vid1.1al sti:me required for various 
velocities of overflow. 

Fig. 49. Chart II. Relation between .the difference of head and tail 
water levels and the coefficient "S" of the rockfill dam. 

Fig. 50 Chart III. Velocity act.in~ upon intliviclual stone as 
function of the coeffichmt "S11 of the rockt'Hl. 

Fig. 51.. Chart IV. Percolation velocity ns function of the dia
meter of stone for subm,1rged darn with porosity p-= 0.35. 

Fig. 52. 

. Fig. 5::3. 

Fig. 54. 

Fig. 55. 

Fig. 56. 

Chart V. DBpth of overflow versus slope of overflow face 
of dam for various stone sizes and discharres. 

Sketch of senling blanket model. 

Saturation Lines in Model for Various Steps in Construction 
of a Sea ling Blanket. ; 

Notation for sealing blanket studies. 

Limits of application or the ~ethod of dan coristruction 
b)\ dur1pine stone into flowing water. 
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SUPPI.EMEI;TARY EXPU\ATION OF FIGURES 16 to 41 Sh.::et l of 3 

In preparing the translation of the hi1ssian text. data 
that might, in the opinion of the tronslator, be useful in 
making desicn computations, have bee,::1 co~1vcrt€'d to the English 
system of measurement. Where the resu:ts of model tests are 
used only to illustrate comparativ8 tendencies, the1metric · 
system has been retained • 

Supplementary shci.~ts 1 ·to 3 inclusive have been prepared 
to assist the reader in understanding th~ figures. They also 
p~esent a convenient method for trans~ering tbo model data, 
given to full-scale conditions in ejti10r the metric or English 
system. 

The results of hydraulic model exper~~cnts given in the 
Russian pamphlet were oI'iginnlly obtained for the report on 
the Kolva River Project (compare Figure 4), and are therefore 
directly applicable to conditions at that site • 

The experir.ients were made in a flu.~e of 50 cm (1.64 ft.) 
width. The model scale was 1:25, with exception of the tests 
shown in Figure 45. 

The data for figures 16 to 41 are given jn model dimen
sions, the units of ·measurement being surrnarized in the con
version table on supplementary sheet 3. It should be noted 
however that river bottom and water surface elevations are 
presented in thes8 fi~ures in metres for full-scale conditions. 
The length of rock-fill profiles in Figure 26 are also given in 
metres and converted to conditions in nature. 

For plotting rockfill profiles a system of coordinates 
in centimetre spacing is used in the figures, this coordinate 
system having an equivalent spacing of 5 cm in mo~el conditions. 
The stationing shown on the bottom of the profiles is the same 
as that used in the experiments. Stations are 5 cm apart in 
model dimens ions. · 

i .; 
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Supplementary Explanation of Figures 16 to 41 Sheet 2 or 3 

Figures 22 to 26 

Data on model setting are given in full detail in the text. The 
following compilation shows test eondi tirn,s ani '.!onversion to full scale, 
according to Froude's law. 

Properties of stone fill used: 
rounded stones 0 specific weight 2.64 
percent of voids in stone fill 3? to 40% 

Small stones, dia.11eter 
Large " " 
S:nall " weight 
Large " " 
Depth of tailwater 
Elevation of tailwater 

Depth of headwater 
Elev.ati.on of head....,'8.ter 

Original River Discharge 
( Th,e original discharge 
decreases gradually witl 
the rise in headwater 
owing to the action of 
the by-pass) 

Model 
Dimensions 

14 mm 
24 II 

5 g 
30' g 
24 cm 

24 to 38 cm 

21.4 Ltr/sec 
for 59 cm 

width of 
model flume 

A'.!tual Dimensions 
Meiri~ system foot system 

0.35 m 1.15 ft. 
0.60" 1.97 " · 

80 kg 1'?6 lbs 
480" 1060 II 

6.0 m 19.? ft 
El 200 

6.0 to 9.5 m 19.? to 31.2 ft 
El 200 to 203.! 

600 m3/sec 21200 cfs. 
for 112 m widt1 for 367 ft widtl 

or 
5.35 m3/sec/m 

or 
57.5 cfs./ft. 

The test conditions for the remaining figures, 26 to 41 inclusive, 
are not given completely in the text. These figures serve only illustra
tions to th~oretical considerations. 

Figures 16, l?, 20 illustrate the gradual development of profiles of a 
rockfill dam built in flowing water, and the sequence of hydraulic 
phenomena accompanyiilf the tonstruction. 

Figure.a 27 to :53 pertab to the detennination of discharge coefficie.nts, 
for successive stages of construction. 

Figures 37, 38, 39, 40a 1 40b are inserted to show the characteristics of 
percolation flow. 
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Sup1plementary :Explanation of Figures 16 to 41 - Sheet 3 of 3, 

.Conversion of model data to full-scale dimensions in the metric 
and. the English foot systems, based on 1:25 model scale and on Froude's 
laWr. 

Unit of Equ ivale!lt full-scale dimensions 
1'..1odel Dimensions metric svstem EnP-l'ish !=lv~t<=>m 

Lln!?:.er 1Hmens ions~ 
Size of' stones and 
sa1md grains, d 
He~ght of rock-
1'i]til dam, H 
In(e:.rease of' height 
of' <dam, .6 h 
De-~lth of' Headwater 
et(!;'!., ¾l 

A rtWas: 
-Crc:i,'.ss-section of 

rml!'.ik-fill dam, fl. 
Ime:ir'ease ot cross
sere:'ttion o:f' dam, l\11. 

Weigl:!!: 
Wef1~ht of' stones 

Vel~ities: 
Ove1d'low velocities 
Per~olation veloci
tiee 

Disclllllaree: 
Over.flow plus per
colation flow, qt 

Volumie: 
in :r.iockfill dam 

Effecdti veness of 

1.0 mm 

1.0 cm 

1.0 dcm2 

LOg 

1.0 m/sec 

1.0 cm/se·c 

1.0 ltr/sec 
for 50 9rn. 
width 

1.0 ltr for 
50 cm width 

. . 
Dump::li.:ng Ah_ 1. 0 dcm 2 

I 6f\ cm 

0.025 m 

. 0.25 " 

6.25 m2 

15.6 kg 

5.0 m/sec 

0.05" 

0.25m3/sec/m 

0.082 ft 

0.82 " 

6? .2 rt2 

34.5 lbs 

16.4 ft/sec 

0.164 " 

2.69 cfs/ft 

0.498 cyd/ft 

·rt 
0.0122 rt2 
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