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S. ISBASH

On the Construction of Weirs by Dropping Stones into Flowing Water.

, Engineers have known for somc time of the method of cops-
tructing weirs by dumping stones into flowing water, but it is '
only quite recently that the problem has bzen the subject of
" intensive research. Until the advent of a rational basis of de-
sign, isolated primitive dams afforded the only cxamples of this
form of econstruction. . A search of enginecring literature disclosed
a single instance, in America, in which the design had been pre—
dlcated upon the results of laborqtory model experlmentS.

The construction of dems by the method of dumping stones in
open water is characterized by certain well-defined stages; ini-
tially the cross-section tekes the form of an isosceles triangle;

- then after reaching a somewhat greater height the triangle loses
“the isosceles form and the downstresm slope becomes elongated;
subsequently the cross-section loses its original sharp angular
outline and passes to the trapezoidal form with rounded curves and a
. comparatively long erest having e -gradual slope in the downstream '
direction, the thickness of the overflowing nappe becoming stead-
ily thinner. Finally a critical stage is reached at which it is
necessary to ircrease the size of stones to resist displacement by
the overflow; from this stage on until the crest of the dam rises
above the water surfage, the size of stone nccessary to resist
displacement at any eleVatlon is a direct function of the overflow,
velocity.,' : ~

: The outline of the cross—section at any given stage of con-
struction may therefore be considered as a graphic representation
of a state of equilibrium between the veight of the compomnent stones
and the hydraulic forces tending to cause dlsplacement and subse-

" quent dlsintegration. : :

: In the course of analyzing this complex type of structure,
the following basic factors ruquire 1nvest1getion~ :

(1) The abllity of the individual’ stone, located in the
o downstream slope of dam, to resist displacement by
the combined hydraulic forces due to overflow and
percolation through the body of the dame

'(2) ,The spillway dlscharge coefflcient of the partly com-
‘pleted dem section for various stages of completion.

{(3) The general character of percolation flow through the
relatively coarse~grained material forming the bogdy
of the dam, and the ejector action of the overflow-
ing nappe in augmenting such percolation flow.




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 V is an application of the basic principles of -
hydraulic similitucd 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 been used &s the basis for developing. the law of similitude
-for the flow component due to purcolation. L

Chapter VI treats of the method of calculat1ng the dam pro-
file for any given site and corresponding avallable_materlals ‘the
graphical charts furpishing an aid to computation. - The numericdl
example given constitutes a case of reasonable agreement between
theoretical calculetion and laboratory aodel tests. ‘

The concluding.chapter deals with experlments relative to
the construction of impervious blankets for sealing the upstream
face of dam subsequent to the completion of the supporting rock-.
fill section, the basic law as derived frcow the laboratory work
belng experessed: : :

H . 2
S cp §7 x | ,
in which Hcp is the critical head at wiich the blanket starts to

become permeable, 7 is the permeability coerficient and x is the
blanket thickness. It therefore appears that the rational method
of designing a sealing blanket is to vary the thickness in propor-
tion to the square root of the hydr ostatic head.

. . . : - . .
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Tranq;etor'é Note

For the convenience of the reeder, the translator has as-
sembled the following 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 ofvstone in feet. ' S

b -~ the width of sione ir feet.

c, - a generalized coefficient of th: Chezy type modified and
-~ adapted to apply to percolaticn flew. o
¢ '~ the length of stone in feet.v

"d> - the size of stone reduced to the dlamoter of an equivalent
sphere in feet,

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

q'_ - the assumed percolation discharge in cubic fect per second
P passing through the body of the dam per foot length of
crest. .
Q. - the combined percolatlon and overflow discharge in cubic feeot

per second per foot length of dam crest,

R -~ the hydraullc ‘radius in feet.

s - hs - the coefflclent of submergence for the submerged con-

hy dition.
T - the tractivebcompbnent of the submerged weight of &an indi#-

idual stone located on the downstream slope of dam.

A4 - the velocity of flow acting on the individual stones of the
dam in feet per second, —

V. =~ the velocity of approach in feet per second,

v = qt = the dlscharge velocity of the stream below the dam in

q ht feet per second.
' Vb - the velocity of percolation flow in feet per second

area of voids
area of dam

V. - the actual local velocity of percolation flow measured in
V. - the voids of the rockfill, in feet per second,
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W, - the total weight of an individual stone in tons of 2000 1bs.
Y 57/, T ~ a coefficient expressing the combined effect
! of friction and form factor of the individual
stcne, (Y 2,....Y indicate Y at con-
structlnn stages 1, 2, ¢eee30)
Zo - the difference in elevation between the hcad and tailwater
for the free overflow condition in Teet.
Zs - the differernce in elevation between the head and tailwater

. G -
H -
h -
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“l -
h -
[0}
h -
t
I -
i =~
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k -
L -
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1 -
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n -~
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for the submerred conitition in feet,

the angle between the brrvzontal and the blOpin' crest of
tm for the fres overflcw condition.

the shear modulus of elnsiicity of thu fluid.
the maximum heizht of dem in feet.

the difference in elevatisn in feet boatwesn the tailwater
surface and the downstrea: edge of dam creste

the height of the dovmstream edpc of crest above the channel
bottom in feet.

the mcan depth of overflowins shect for the free overflow
condition in fieet,.
, . . . ‘
the depth of tailwater above thc channcl bottom in feet.
the average hydrqulJc gradlc“t for pcreclation flow.

the slons of cerest for th: free overflow condition or tan(}( .

a coefficicrt expressing the forrm Tactor of the individual
stone with reference to stre:mlining.

the basc widtk of the dam in fects

-

the longth of wnoreolation patk for the free overflow condition

in Teet.

tho lpn(tu of percolation oath for th: submergcd flow eondition
in iCbto '

the échficient of roughnsss in strism flow calculations,
havine @iffcrert characteristic ranges for the ienning,
Forchheimer ard Airy formules.

the natural porcsity or veid ratio of the rockrill.

- qp = the nct overflow disc}ar(u in cubie fuet pcr ssocond
cr foot fenpth of dum crest,
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‘g, - the actual percolation discharge in cubic fect per secord
N passing through the body of the dam per ;oot length of
: crests.

Band@- paramecters in the Airy formula as modified by Velicanov: <
v /le=0¢d +,8 |
As ~ the unit weight of stone in pounds per cubic foot.”
unit weight of water in pounds per cubic foot.
X— the coefficicent of roughness in-Bazin's fo;'mula» '

€ =] + 1 - a coefficicat involving the coefficient of
n2 +2n roughness in the Airy formula

2- the model scale ratio.

A4 - the coefficicnt of viscosity._

(- the coefficient of kinematic v1sco<51ty or,t(/ the Specific
density.

E = a frictional cOefflclent in form convement for
stability calculations. o

- the cross-sectional area of the submerged portion of dem in
square feet.

(}/ =qf2e/As - Aw - a coefficient correlating the specific
QDw weights of stone and water in feet®
seconds.

/0- a fractional part oi‘ "a", representing the lever arm of the
impulse force due to the overflow abOut the individual
stones of the rockrill,

T = the ratio. of the height of obstruction to the height of the
individual stone with referencé to the 1nterlocking action
of the componcnt stones of the f1ll,
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INTRODUCTION

Section 1. The History of the Method.A

Available literature furnishes no indication that this method
has ever been selected for a permanént major structure, although
it has been employed for wqilding temporary cofferdams, as in the .
- ¢losure of the Island Narrows of the River Svir, Figure 1. In all
.probability no calculations at all were mede to determine the
proper eutline of the cross-section, which is as a general practice
based only upon personal judgment reinforced by experience on sim-
ilar structures. Primitive submerged rock rill weirs are somewhat
-closely related to rock fill impounding dems 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 rmule. These
dams are however, constructed in the dry, bchind cofferdams, and the
downstream faces are frecquently paved by hand. With respect to
high dems, only occasionel scant reference is made to construction -
by stone dumping; even in the latest Russian Text-book by Anisimov
(*Impounding Dams," 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 1 on 1.5; permitted the discharge of
large quantities of water over the crest."” With reference to the
Escondido and Morena dems it is merely stated that "The Escondido
dam with a downstream.slope of 1 on 1 was undemaged by the dis-
charge of water over the top. The Morena dam was subjected to an
overflow of l% feet without daemsge." 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
proportions of standard earth £ill structures.

The flrst noteworthy model eXperlmentation applicable to rock-
£i1ll dsms subjected to overflow was undertaken by Professor A.
Snrcek 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 thig dam is shown in Figure 3.

The original design did not however contemplate the use of
the structure as 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
of the core and ultimate failure of the dam. Such a catastrophe
would of course destroy the City of Prague, lying 12% miles down-
stream, Professor Smrcek studied the situation by means of 1 to

--l- . )




. 100 scale models and reported that fallure of the dem 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 Kama-Pechora waterway. In March 1930, at the
request of the engineering organization charged with the design of
" the above canal, pertinent experiments were initiated at Energecentre,
at the Laboratory of the Leningrad Hydrotechnical Institute, under
the direction of N. N. Pavlovsky, to determine the basic features
of the Kolva dam. The studies, conducted by the author and Engineer
G. G, Shadrin, were completed in May 1930 and a laboratory report
submitted stating that from a hydrsulic standpoint the construetion
of a submerged rockfill dam by dumping was entirely feasible., The
detailed laboratory investigations for the Kolva River Dam supplied
much ‘valuable data for design, as outlined in my second report to the
Kama-Pechora daterway Authority. ;

Follow1ng the suggestion of- N. N. Pavlovsky, the final lab— '
oratory experiments relative to the construction of dams by dumping
stones ‘in flowing ‘water were included in the work of my subdivision
in the former hydrotechnical branch of the Leningrad section of the
State Construction Institute for October~December 1930 under the
. title "Hydraulic Construction." These experiments (made with the

~assistance of Engineers P. M. Bobin and I, T. Satylnikoy) as well as
the preparation of my report were concluded December 31, 1930, A°
month later specifications were reccived for the construction of a
new American dam - Hoover Dam, 650 feet high, (Engineering News-
record, October 25, 1630}, In 1932, Anerican engineers proposed to
construct eofferdams4 for this project by the method of dumping stones
~in flowing water. The cofferdams themselves are very large structures

.65 feet high, serving to divert the flow 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 all responsibility for any
damages that may result from overtOpping subscquent to the construc-

'e't1on of the corferdams.

, As a flnal example I discovered in the "Canadlan Engineer”
: that the m¢thod of dumping had already been-used on a large scale -

" in the construction of the submerged weir across the South Sault

channel of the St, lawrence River, under very difficult conditions L.
due to a stream velocity of fifteen feet per second. Co ‘

o The 11st of cxamples outlined above although incomplete,

- indicates a universal ard growing interest among hydraulic engincers
in the problems. of rock-fill dam construction by dumping stones .
in flowing water, In the following scction the attempt will be
made .to outline certain spccific cases in which construction by
the method of dumping is the only method available, '



SECTION 2. Cases in which it may be necessary to emplqg the method
of dumping stones in flowing water. ;

~

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

v (a) First Group. These are for the most part temporary
structures built to serve only during the period of construction

of the dam. TFrequently they are of small magnitude as in the
cofferdam for closing the Svir Island Narrows mentiomed in Section 1;
but occasionally they reach large proporiions as in the cofferdam

- for the Hoover Dam. However their basic characteristic in any case
is that they are temporary.

(b) Second Group. The sececnd group covers the case in which
a by-pass is provided to accommodate the discharge during construc-
- tion, and the rock-fill is a component part of the finished 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. .

(¢) Third Group. Tho third group includes permanent struc-
tures with no provision for by-passing the construction discharge
and built by dumping stones directly into the flowing siream 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 sccond class in which a
by-pass is provided to accommedate the discharge during constructione.

.

The distinguishing feature of this group of structures is
that 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 major portion of the discharge. Another
basic feature is that the final section of the dam in this case
is not designed to resist overflow. The function and relative
importance of stone Gumping in the structure vary widely as shown
by the three followzng exampless ,

1st example. The Kolva River project on the Kama-Pechora water-
way consists of a lock, power station, 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 impermeable blue sandy clay about 13 feet thick, beneath
vhich is a stratum of high permeability, containing ground water
under pressure. The level of the river bottom at the deam site is
at Elevation 124 and the width of channel is about 370 fe<t. The
normal reservoir level is at Elevation 750. The normal discharge
of the river during the construction pecriod is 21,000 c.f.s. and
the corresponding tajlwater is at Elcvation 656. It was proposed
to construct only portion ™A™ of the dam by dumping in flowing
water, the primary purposc being to create a cofferdam which could
later be incorporated as an integral part of the finished structure.



The invert of the by-pass tunnel Is located at Elevation 656 and
consequently the by-pass action starts when the water in the upstream
reservoir reaches that elevation. As the height of portion "A"
increases, the tunnel discharge stesdily increases., When the up-
stream water level reaches Elevation 670 the entire discharge goes
through the tunnel. With the exception of the lower layer which
serves as part of the sealing blanket system, stones weighing be~.
tween 175 and 225 pounds are necessary for the bedy of the dam.
Consequently the physical dimensions I the cross-section are de-
termined by the stability of such sitcnes 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 Turther necessity
for discharging over the partially completed dam vection. From
this stage on, there are two alternative methods of comnstructioni
first, the stone dumping overation may be continued until the
requisite cross-section is obtained after which a sealing blanket,
consisting of alternate layers of send 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 scrve as an upstream
section of the ¢offerdam, behind which the recessary bottom sealing
blanket may be deposited and the centire remainder of dam erected
in the dry. The hydraulic laboratory experiments for the Kolva Dam
were conducted at the Leningrad Hydrotechnical Insititue and will
be described subsequently. :

2nd example. The foundation material for thke Svir Dam #2. (iigure
5} consists of a layer of glacial till 2C feet thick, overlying en

impervious clay stratum. The bottom of thz dam will be located at
Elevation 50 and the top at Elevation 118. The average width of
river is about 800 fett and the calculated discharge during con-
struction is about 42,000 ¢.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 70 the entire discharge 1s 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 will lie within the profile
of the entire dam as designed. Construction conditions are very
severe, the stream velocities in the rapids 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 reguired for stability
against displacement by the overflow. No di-ficulty was encountered
in designing construction plant tc handle such large sizes or stone.

Srd example. The hydroelectric development at Pine Lake on the
River Niva, see figure 6, includes & dam having a crest lcngth of
2600 feet under a head of 50 feet, a side chenncl spillway and an
intake canal. The foundation of the dam is given &s pebble glacial
till 5 fect thick underlying glacial detritus., The maximum dis-
charge during construction is 16,500 c.f.s., the minimum discharge
1400 c+feSs, the minimum river bottom Elevation 375 fect, and the
maximum operating reservoir lecvecl Elcvatiop 425 fect. The invert

-4 -
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of the s1de—channel spillway is at Elovat1on 400 and thu 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 the above
elevation, it would be necessary to construct sections 40 feet .

high in order to dewater the site by cofferdaming. OSuch heights

ar¢ considered prohibitive. To permit construction at the originel
site and adhere to the original plan of development as far as pos~
iblc, any of the follow1ng schemes migat be employed ¥ :

: - The general design of dam, see Figure 6, includes a concrete
cut-off wall penetrating into the pebble glacial stratum, a bottom
sealing blanket carefully constructed in the dry, and cofferdams
which are to be incorporated subscquently as toes fTor the main body
of the permanent cross-section. The work is to hc started by con-
structing the cut-off walls and bottom sealing blankcts on the side
slopes of the river channel, above the normal water surface level -
at Elevation 370, stone up to 100 pounds weight o2eing avallable
for this sectlon of the work. .

. After constructlng the cofferdams up o Flovation A=A (Fi-
gure 6) the river discharge is handled thrcuzh notches extending
across the cofferdam area, and in the moentin: tre rock-fill forming
the body of the dam is deposited up to ¥leoiztion A-A in the dry
between the notches., As may be shown by a s.mple computation, the.
required height of cofferdam will not be greater than 21 feet., The
notches are then filled and the remainder -: the dam completed by
dumping material into flowing water, the senling blanket being de-
p051ted as the upstream face as the construction progresses. :

In the three examples given, the mﬂthod 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 dam 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 four schemes, which, according to my orinion, 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 dame. The bottom sealing
 blanket is deposited on the natural stream bed before rock dumping .

starts, while 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. S : »

o Presented ir my report to the Leningrad hydraulic Construction
Division.



The scheme shown by the second sketel differs from the first .
in that tripods of the form comm nly used in river regulation work .
are used to ancior and stabilize the component stones of the downe-
strean face arainst dlsplacenent by the overflowing dishcarge.
These  tripods or skeletel tetrahedrons are so designed as to take
upright stable positions when dropped into the cverflowing stream.
I know from personal observation on the construction of' regulating
dikes during spring flcod conditions on the Tala Char River in
Asserbajan, Soutkern Caucasus, that such devises may be depended
upon to maintain the desired upright position,.

The third sketch illustrates the use of anchor rods whish
are deposited in the roek-fill during the dumping overation, the
rods being attached to flexible cables which in turn are ultimately
sonnected to articulated precast slabs on the dovmstream slope of
~ the completed section. The use of such anchors was, I believe, .

first suggested by the hyaraulic 1aboratory of the Don Polytechnic
Ingtitute.

The fourth. sketcn illustrates the use of very heavy dindividual
stones to insure stabilization of the downstream slope. Such stones
should preferably be deposited by overhead cablewsy as is often done-
in typical heavy harbor constructed projects.

SECTION 3, TI;E Phenomena of Stone Dumping in Flowing Water.

v According tec laboratory model experiments there is a definite
sequence of events acccmpany’ing the deposition of stones in flowing
water, regardless of whether a by-pass turnel is provided to ac-
commodate the discrarg, during e nstruction. Initially the profile
of the dumped naterizl takes the form of an isoseeles iriangle with
side slopes at an inclination of 1 on 1 as shown by flgures Ba and
Ca and photogruvh Figure 10.

The isosceles form of profile, accompanied by relatively
smooth water surfzce oonditions continues up to a certain height,
above which tihe rofiles lose the true iscsceles form and the down-
stream slope becones elongated in accordance with figures 8b and 9b.
There is also a more pronounced drop in the water surface over the
dam at this transition stage and the downstream water surface becomes

slightly undulatery in eppesrances .

As the dumping operation is still further continued, it be-
cones increasingly difficult to make progress in the vertical
- direction as the durpped material tends to flow downstresm, giving -
the downstream face a flatter slope as comnared with the original
inelination of between 1 on ¥ and 1 on 1 » The difference in elev~
“'ntion between head =nd tail watéer also becomes larger'and_tail water
surface shows merked undulations (Photograph, Figure 11). ’

The profile of the submerged section wiiich up to this time
could be eonsidered as triangular becomes definitely trapezoidal in
~outline-as shown by Figures 8c and 9e¢. It is at this stage that

the ability of the individual component stones to resist displece-
mcnt by the overflow buecmes & definite factor. The effect of the

6 -



overflow velosity is noticed first on the trajectory of the dumped
material. The stones do not fall vertically in the water as was
observed during the construction of the trianpular stage, but

under the increascd vcloeity are transported noticeebly in a

lzteral direetion during their descent through the watere. After
rcaching the downstream face many of the stoncs do not remain in
place, but being subject evidently to the impulse of the overflow,
roll along the downstream slope until rcaching a stable position

at a lower elevation., This characteristie instability of individual
stoncs occurs throughout construction of the remainder of the seetion,

As a result cf the above mentioned pheromina the length of
the submerged scetion inereases repidly, but the accompenying
inercase in height is retarded. The top surface of thc- trapezoid
carries a slope of from 1 on 5 to 1 on 8, rcferred <o thc upper
surface of thc tuil weter, es is shown by figurcs 8¢, 84, 9, 94,
and photographs figurcs 12 and 13,

In the following, consideration will be given to two scparate
cases. First, wrcre & by-pass is nrovided for zccommodsting a8 dis-
charge during construction and sceond, the case in which no by-pass
is providced and the entirc discharge passcs over the rogk-fill
scetion for zll steges of construction.. ’

In cascs where a by-pass is provided the upper portion of the
slanting downstrcim foce becomes stecper, the vertieal height is
obtained morc quickly and the downstrczm faeo oxhibits two definite
points of contra-flexure. The thickness of the overflowing nuppe
gradually bzeomcs reduccd (Figure 13) and cventually the upper part
of the scction riscs zbove the waetcr surface (Figures 8f and photo-
graph, Figurc 14). Thcre is a noticcable purcolation discharge
through the ontire body of the submergcd deme The final shapce ob-
teincd under the sbove conditions is shown by Figurc 8f and photo-
pranh, Figurc 15. The profiles obtanin.d at various successive stages
during the cxperimentel work arc shown in Figurc 16.

L}

The casc in which no fecilitics zrc rrovided for by-passing:
the construction discharge mey bz furthcer subdividcd into two scetions.
Under the first subdivision the size and peraccbility of the stones '
arc such that it is possible to continu: construction by dumping
- until the rrofile of the scetion cmerges chove the water surface.
Undcr thc sccond subdivision thc proportion betwecen the veloeity of
overflow and the sizc of componcnt stcnes is suchk that it is imnos-
sibl: to carry tho construction above watcr surfacc without rcesort-
ing to auxiliesry wmicans. The trapczoidazl suba.rged scetion inereascs
in hcight much morc slowly and the bzs. width sprcads out more
rapidly. An cxcmpl s of this clengoted subnergcd profile is shown by
FifFurcs 98 ond 9f. L -

Figurc 17 gives a swmary of succossive profilcs for verious
stoges of oonstruction for this subdivision,




'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 comnonent 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 forming the surface MLN are in equilibrium under
the action of hydrsulic impulse forces and gravity. In the attempt
-to analyse the action of these forces four topics are immedlately

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. The portion of the total discharge due to percolation will
. depend upon the porosity of the rockfill, As the percolation flow
emerges at the downstream fece ML its impulse will tend to decrease
the stability of individual stones against displacemente :

All four of trese facfors are of course mdie or less inter-
dependent. :

The arbitrary classification outlined above is nothing more
than a convenient schedulé for analyzing the hydraulic-side of the
‘problem.* Since laboratory experiments must be employed as a means
of investigating the verious pertinent factors, consideration must
be given to the laws of hydraulic similitude as applied to the
_specific case of the constructlon of dams by dumplng stone in flow—

.ing water.

‘The ultlmate ohJect 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 snecific detailed calculations to obtain the required
profile for any given site with the materials avallable locally.
Chapters I to V contain an extended treatment of the five principal

topics listed above.

* our investigation is primarily hydreulic in character and does
not .attempt to deal with structural considerations, which, as is
well known, are difficult to simulate in small scale models.




CHAPTER I

THE STABILITY OF INDIVIDUAL STONES. |

SECTION 5. General Considerations.

If, in Figure 20, the areas of submerged cross-section of
damyial, 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 corresponds to a
zone of."neutral™ equilibrium in which successive dumped increments
of stone serve only to increase the length of eross-section without
any attendant gain in height. At point C the stones recover some
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 disgram 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, uneccompanied 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 characieristic steges of dam construction.

SECTION 6. The First Stage of Constructione.

During the . process of construction by the stone dumping
method, a certain limiting height is reached at which the eross-
scections begin to lose the isosceles form, depending upon the ori-
¢inal natural velocity of the stream, the effect of the partially
completed structure in raising this velocity, and the physical di-
mensions of the irdividual component stones. Let us consider for
a moment the stability of an individual stone loeatcd near the apex
A (Figure 19) of the cross-section under the condition of "ncutral"
equilibrium corresponding to point B of the curve, Figure 20. Such
a stcne having the basic dimensions a, b, snd ¢ is shown to 2 some-
what larger scale in Figure 21. Using the mecthod of attack devel-

P

oped by wilfrcd Airy we may now write equations for the basic forces,f

neglecting percolation flow for the time being:
For Sliding:

kgbAw \ﬁl = fabe (L3, -A)

v
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or using the adopted notation

(2) v, = Y {f/T/Q?

For overturning about the edge 0~0:

|2 Pl
kab , o ~
zé Z%wgé;- %-— abe (ZXS - A;W ) .%
(3) V! oo, oy (L5 -BPw) . o
Ve V&

Sy '
or using the adopted notation: |

(@) v =gy e
Va

’..) .
For the convenience of the reader the physical constants
in the above derivation will be grouped and defined as follows:

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

‘ls'= the unit weight of stone in pounds per cubic foot.

Akw the unit weight of water in pounds per cubic foots

91=7/2g (féf_:_fxw ) = a coefficient- correlatlng the unit weights
/ AY of stone and water in feet } seconds.

friction and form factor of the individual stone.

(Y', Yz eiese Y indicate Y at construction

Y =bf§:= a coefficient expressing the combined effect of
k

n
Stages 1 2 eve e no) i

f% =.fl = a frictional coefficient in form anvenient for
= k stab111ty calculationse..

—

Equating (2) and (c):

(5) V. =7v' /T /a

* * —

Ve

It is evident from Equation 2, V, = Y{/{/c, that the vel-
ocity at which sliding of the individual stones is incipient,
for any given unit weight and characteristic shepe of stone and
any given fluid, varies directly a: the square root of the length of
gtone. :

‘It is cvident from Equation 4, V! =€ ¥ % thet the vel-
ocity at whiceh overturning of the 1nd1V1dua stanes is incipient,
for any given unit weight and characteristic shape of stone and

any given fluid, varies, directly as the length of the stone c,

' - 10 =~
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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 eXpressioniéé.
’ o v
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 ¢, V, will always be less then 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 triengle stage, it is desirable to
use thin, flat elongated stones*, =

: In calculating the limiting height of the isosceles form
ABC, characterizing the first stage of construction, the coeffi-
clent of stability w1th reference to slidlng, that isY, =

will govern. . , ]/~

' SECTION 7. The Second Stege 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 downstream face, increasing its length and decreasing

its slope. The stores 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 intermediate stage of construction.

SECTION 8, The Third Stage of Construction.

The third stage of construction begins when, in the course
of the dumping operetion, a definite flat surface starts to dev-.
elop at Point A. Figure 21A. Referring to figure 2lc, the equa-
tion for stability against'overturninp for a stone of basic d4i-

" mension "a" is developed as follows, the subseripts "3" denotlng

the third stage .of construction.

Moment of Impulse Force Moment of tangential component submerged
: A T ‘ " stone '
k3 Lw:% azf.}a ’ B (As - ) 83 s i n0<(3 —’Ca) weight.
- 28 _

Moment of Normal Component of submerged stone
. Wplghto

= -~w) a’c 0 5=
( ’ §E
* The dimension b must however be large enough to prevent over-

turning in the direction of b.

- 11 -
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Collecting like terms and transposing: -

V2 = 2{;:"’;.6:;'5_:;é_"i\} a "icosq— sin 9’(1-26)]

Vs ':‘I-!f;_;;_;‘ 1,,5 (As -.'ZS—{‘J) F ‘/cosq- sinqf (1~ Z'E)
y=P s L

/
Let us corsider an individual stcne located at poing B on
the dowr. stream slope, Figure 21B, 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 being, although the resultant error is not in the side
of safety. Just as stebility in the first stage of construction
ie governed by the ccefficient of friction with respect to sliding,
which in turn depends upon 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
nest together and resist displacement by interlocking. Stones
dumped on the sloping face move along until reaching a suitable
nest and a peighboring obstruction. Once established in such a
protected p031t10n, the stone remains there. :

Returning again to ﬁgure 21c, the megnitude of 6 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 § is less than 1, the component T contri-
butes to overturning; wbeni:equals 5 the component T will have
zero moment; end when § is greater than % the component T will con-
tribute to stability of the stones :

The usual method of depositing stones is such thét1>1s
greater than %. Weiwill however, for the sake of safety, assume
an average value of L to equal to % and obtain from Equation 6

(7) v, =Y3guy“ cT:'B‘j

in which Y , the coefficient governing the

: 3
stability of the individual stone during the third stage of

construction. SAUSEIE
Referring to the above coefflcient Y‘ ][” 1 « k
T

3 '.{l{-gp—k—-

3

“is 1eSS'than'k,,'the corresponding form factor for the first stage

of construction, because the overflow is more turbulent around the
individual stones during the third stege, 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 comment aprlies tor’, which is a constant expressing the
relation between the basic stone size "a™ and the lever amm of the
impulse force, see Figure 21c, o

- 12 -
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_ For any given size of stone, the coefficient of resist-
ance for the third stage of construction will thercfore depend
upon the capacity of the component stones to interlock as L
meesured by the coefficient 7 1 » and theoretically, at

zjaks
least, even small stones may resist displacement against a high
overflow velocity provided they possess the requisite capacity
to interlock and form rmtuel shelter. :

It is also evident that the magnitude of the above
stability coefficient depends upon the structure of the rock-
f£ill and not upon the absolute size of stones. It may there-
fore be stated as a corollary, that the mutual interlocking and
sheltering action of stones of a given physxcal size is always '
decreased by mixing them with stones of smaller size.

Having a glven type of stone available for construction;\\
the question arises: How will the degree of slope affect the
ability of the perticular stone to resist displacement by the
overflow? From Eqation 7 it is evident that the resistance
is proportionel to the square root of the cosine 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 cverflowing 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 sbove the water surface,
takes the initial or isosceles form. The corresponding con-
ditions for equilibrium are substantially the same as given
previously for the first and sccond stages.

SECTION 10. Experiments to Determine Stone Stability Coefficients.

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

‘{a) Rounded Stones - Rounded stones having an average diemeter
of equivalent sphere equal to 0.55 inches, an average volume
of 0.17 cubic inches, a void percentage of 37 per cent, a
specific gravity of 2,64 and a value-of the constanty =

/28 lfgf_:4~.ﬂ) =" 6.44 feet ¥ seconds.

Aw

The mechanlcal or sieve analysis of the stone is as
follows: :
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Diameter in inches Per cent of totsl ﬁolume Product Col 1

‘x Col 2

0.67 N 11.75 : 7.88 -
0.63 11.75 ‘ 7.41
0.57 - 23.51 T 13.40
0,50 . 47,02 , 23.50
0.40 5.97 - 2.39
100,00 ' 54,58

Average diameter of stone = 54.58 = 0.55 inches.
100.00 - »

The experiments were conducted upon a definite structure
for the three typical stages of construction, the isosceles
triangle stage, the intermcdiate stage and the trapezoidal
stage. Measurcment of total discharge was made by a Thomson
V-notch weir; hook gagres wcre employed to determiné the water
surfac. elevation for the overflowing discherge; the profile
of the cross scction was observed by means of a systcm of rec-
tangular coordinates painted upon thc glass side of the flume;
velocitics in the vicinity of the top were observed by universal
Pitot-Rehbock tube; and the percolation flow through the body
of the dam was observed by noting the time required for the pas-—
sage of dyes along severel flow lines.

Using the basic fommulas, V, = Y(‘J 7arand'

V:3 =Y, _'[a c o sq thc coefﬁ.cunts Y were determined for

various stages of constructicn and varlous methods of stone
dumpinge.

(b} Cubical Stoncs. For the tests on stones of cubical form,
model cubes were constructed of 1 to 3 concrete, having a side
length a = 0.95 inches, a void percentage of 47.5%, a specific
gravity of 2.21 and a value,of

I# }/28 (AS - W) = 5,53 feet 3 scconds.

The progrem of obscrvations was similar to the proccdure for
spheroidal stones, except that additional tests for persolation
velocity were made using apparatus of the Darcy type, which
gave the percolation velocity as a funstion of the hydraulle
gradient. ~ It should bc carefully noted that in ccaducting the
above experiments the relative valucs of overflow and perco-
lation dischargc werc detcmined for the cross-s:e¢tion normal
to the longitudinal axis of the dam. The vclocity distribution
in oblique suctions would naturally be something quite diffcrent.‘

- 14 -
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SECTION 11. Determination of COefficient'"X:_for Rounded Stones.

For rounded stones geparate determinations were made to
obtain the value of Y, corresponding to the initial or tri=-
angular stage of construction and Ys, corresponding to the third
or polygonal stage.. The data for Y, are given in the following:

TABLE I

Stones of Rounded Shape.

Results of experiments for determination of coefficient Y,.

Note: Y, is a dimensionless number.,

|Date of |Calculated velocity |Y, - R
lexperi~ jof overflow - assun~ j triangular; triangular
jments., ing that 105 of to- | shape def- ; shape Remarks
i tal discharge is due initely | distorted
‘1930 to percolation. ‘retained, |
I | Feet per second : _
R : )
iSept. 28! 1.47 ' 0.675
i .
Sept. 28] 2.30 1.06 Profile no
! longer tri-
: . 1 angular.
i + : .angular
i ) __|__profile.
Sept. 21° 1.43 0.66 Sharp tri-
; angular
e b4 | _profile
Septe 21° 1,93 f Triangle
: with roun-
: 0.89 ded epex,
. 2nd or in-
: — termediate
e | _stege.
, .
Apr. 6 3 1.85 ’ Intermediato
Apr..10 ! . ] stage.

In the above tabulation the values of the coefficient
corresponding to the second or intermediate stege have been.
The other values represent either the sharply de-
fined triangular profile or the stage wherec distortion was

circled.

15 -.
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quite advanced and the polygonal form incipient. The c0effif
cient typical of the first stage of construction may there-
fore be taken from the tasbular values as:

Y T = from. 0.86 to 0.90
\j k .
corresponding to values of £ from 0.74 to 0.81, This value
of f egrees closely with the value of 0.€0 obtained experi-

k )
mentally by Dubois in-studying the movement of transportable
material using a wooden flume 130 fect long. The results of
Dubois!' experiments viere published in 1786, "Traite d'Fydraulique.”

As can readily be seen from Table 2, there is comsider-
able variation in the values of Y,, which is to be expected
in view of the roughness 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 obteined
in this case by subtracting the percolation discharge ecross
a normal section from the total discharge. The data in Columns
14 to 17 inclusive are obtained by Pitot tube measurements.

The accuracy of such measurements is however decreased by the
turbulent character of the overflow and the presence of air
bubles in the stream. After analysing the data in Table 2,

we may accept as a fair value for the third stege of construction:

, Y3 4 between 1.10 and 1.20

- 16 =




TABLE 2

STONES OF ROUNDED SHAPE

RESULTS OF EXPERIMENTS FOR DETERMINATION OF COEFFICIENT Y3 '

, | | Velocities measured on the
I ' ' downstream face by Deans.
, ! of pitot tubes - VIt
@ ' i '
P . : i
o 1 G4 by ; 3, .
g g ° > ot i Upper part Lower part
H 8 § 52 ! 8 qg § 5 of the flow of the flow
& B oo s ° 9 ' D w6 oW O
ad (o] o PR [SRN) W b g b -t
0 e~ Q0 2 &) «rd el &)+
- SRR, OH A e 8 05 S Aver. Max.  Aver. Max.
o §do | ggg o B89 g5 I I I I
S h-g;c;i 2'28; ° .>mo.r>r—cmv v v \
8 g;s g i O™ o, & < HE AT A
! Sufs  'c.fesS. f£up.S.:f.p.S.| f.peS. F.p.Ss £ipe8. fup.S.
poower 1 - p ] ...p P ———-L_.
i i !
1 2 i 3 4 5 16 7 |8 it9 |10
s g
0.206 04605 2.95

46 (2:59 (264

Cepts 28 ' 83.5 | ‘2.
Dete 1 (76,5 ¢ 0.218 0.605 2.79 2.13 (2,16 |2.49
| 73 ' 04174 04517 2,98 '2.18 [2.23 |2.66 [2495 |3.38
, ;707 | 0.148 0,517 3.51 2.46 (2.04 |2.52 l2.72 l2.82
Sept. 21 | 90 ' 0.216 0,605 2.82 12,54
| 90 | 0.242 -0.605 2,51 2,26
85 | 04185 04605 3.22 |2474
85 | 04189 10,605 3.22 2,74
84 0.189 ‘0,605 3.22 (2,70
83.5 0.189 0,605 ,3.22 [2.69 :
' 70 0.162 ;04517 - 3.22 [2.25
. | 73 0.189 0,517 2475 (2402 |
Septs 23 |70 . | 0,162 0,517 3,22 [2.25
ApTs 6 ! 85 | 04174 0,517 2498 _[2.52
Apr. 10 |70 0.189 !0.517 '2.75 [1.93
ppr. 15 | 76.5 0.174 .'0.517 12.97 [2.28
| 70 0.174 ;0.517 ‘2.97 2.08
| | {4 , | i

Note: Y?: is a dimensionless number,:

- 17 -
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TABLE 2 j(Continued)  Calculated according to
| B[ 5].3] .5
2 el pd | pg| BE
o ot ot w4 4 -HH
@ Sel 891 8% 8%
° @ ° Tl De
® 3 S IR - 7l B
= 0 o o o
g R E
LRl g5 G588 88
n = O o, o) “’% gg
808 8 58153 43
7+ v yHI VIII VIII es
11 | 12 13 14 15 16 17
- —— 1
{
i Sept. 28 0.938 | 1.37] 1.14 | 1.22! 1.24 !
Ccte 1 0.993 | 1.29] 0.99 | 1.01; 1il6 ‘
04590 | 1.38] 1,01 | 1.03! 1.23; 1.37 { 156
04983 | 1.64] 1415 | 0495, 118} 1427 {1432
Sept. 21 0.968 | 1.33} 1.20 i '
| 0.985 | 1.18] 1.06 .
0.984 | 1,61} 1.28 ‘
0.988 | 1.49| 1.27 |
0.990 | 1.48] 1.26 i
0.990 | 1.47| 1.25 ;
0.990° | 1.13| 0.82 :
0.994 | 1.49] 1.04 %
0.992 | 1.28] 0.94 i
Sept. 23 0.9¢2 | 1.49) 1.04 !
April 6 0.989 {1.39] 1.18 !
April 10 0.995 | 1.27} 0.90 .
April 15 0.690 | 1.38] 1.06 |
: 0.994 |1.37] 0.96 i
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The resultis of th: laboratory «Xperimente show & substan~
tial increase in coefficient Y  as compared with. Y , confirmirg
the theory that the resistance™in the third stage >f construction
is due to interlocking whereas the resistarce of the first stage
derives princirzlly from the simple fricticrn of store on stone.

In conclusion the ccefficiernts of stability of the indiv-
Adual stones may bhe summarized for each of tlie three characteristic
stages of construction as follows: :

Y, = 0.86 to 0.90
Y2 = 0,90 to 1.10
y.s = 1-10 to 1020

SECTION 12. Dete rriration of Coefficient "y fof stones of
Cubic Fbrgy :

The purpose of exnerimernting with small concrete cubes was to

nake a detailed study of the effect ¢l shane of stone upon the

nercolation discharg. Referring tc 4able 3, Experinent 2,

rovember 14, Coluwns ¢ and 10, we note that the value of coef~

ficient Y = 0.83¢ to 0.842 fcr concrete cubes is very elose to

the value of Vi = 0.80 to 0.90 determined for spheroidal stones.

By studying the velues of Y. determined experimentally and listed

in Table 3, it is to be rotéd that the velocitiecs used in comput-

ing columnq 9 ard 10 have becn corrected for merely celeculated

and not obscrved values of the percolation flow and must therefore -

be considered too low. The valucs of column 11 ere certalnly too

high, Thus the actual values lie somcwhere between the limits of

these columns and it may be concluded that the cocffieients Y,

for cubie stcnus may be incrcased ﬂs compered with the same co-

fig#clcnts gﬂ{ vogrggdvftonus. &s be 11€XV€ owﬁge gat this
véﬁ age o crlocklpr‘fb %c cprc ijeu Gt %% would

be diseounted by the increased frontal preSSure exerted on this.

" shape of stonc. Duc to these countcer-acting foreces there appears

to be no reason to sugrcst an irnercase in the volucs of coeffieients

of stabil:ty in Scetion 11,

SECTION 13. The Scope of Expcriments and lMaterials Used.

Two groups of spheroidzl stoncs, both with & specifie weight
of 2.64 and ncrecntage of voids of 37 to 40, were used. The first
Lroup is desisretcd as "small stoncs™ in whieh d = 0.55" (with the
nedel scale of 25 this corresponds to a prototype wcight of 175%)
‘and th: sceend is designatad as "large stones” in which D = 0.S4"
(which corrcsponds to a prototype weight of 10504).

The tail water (elovetion 200) was Leld censtant at a
d:pth of 9.45" (which corrcspornds tc a prototyn: dupth of 19.7
fect)e The diserarpc was cquivelent to 21,200 c.f.s. in & strcam
of 368 foot avcerarc vidth. A tunncl by-pass was provided wriech
wont into action whon the head vator rese ahoeve ~levation 200,
At 5 depth in the uppur peel of 32,8 foot ( -lcvation 213,1)
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TABLE 3
- CCIfCRETE_CUBES
RESULTS OF EXPERTMENTS JOR DEIZR AT ATION OF COEFFICIEKT Y

' Culculatcd overflow velocity 1
! ’ allowing for percolation '
: flow through body of dam.
| When percolation | when percolation
: discharge is com-; discharge 1s com=
o o puted fTrom dye ! puted from void
D Al observations : porcentage - ’
98 | B |% Dischargs|Overilow .7 Discharge | Overflow
08 .80 duz to |Veloeity | due to | Velocity
g g . 5 5‘ percolation i percolation ' VII :
= per cent | f.p.s. per cent | TepeSe
1 o2 3 4 5 I 6
- é
Nov. 14' 1 26.0 1.63 '29.7 ! 1.54
Nov. 14' 2 33,7 | 2,08 33.5 | 2.09
Nove 7. 5 38.8 - | . 1.68 37,7 | 1m
Nove 7, 6 42.9 2.09 40,5 | 2.18
Nove 18! 7 54,3 1.55 42,7 ' 1.90
Nov. 18 € 63.6 1.60 | 47.0 bo2.33
Nov, 19 9 63.5 1.47 © 7 45.2 2.19
Yov, 221 10 65.C 1.52 5345 2.05
Nov, 23' 13 - 75.6 1.34 58..7 ' 2.27

SPEA DY

I
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TABLE 3 {Continued)

1 i T
i | ]
z \ ‘
3 o !
G4t Ed o o H1 !
HO o $ o 1 i )
O M ~ (X0 o : o
5> 3 G 0 & P IS - ' -
o 0o $t ot o LS - ot : o
<95 182 13 {3 % 1% i 5
c>sg oZO0 =] o o g : =
. ~g o o =) (4% P b
O+ o O 2 ¢ B cH 3]
+ 00 [IREY. PE] 0 i 0 D 44 t ju [V - :
‘M OP | PO O > O 4 - o) o jo b
odd | 3000 R T B . L% o Recmarks
o u 2,0 O ! ~ t O ‘ Q i [S3Ne}
—~ Edbw o | © . i Anl
Qe | VOO l 3] Yo : E: . : =
=00 | Obasg by ’ N i > . bl
TepeSefTepes. ' ! ! ;
T H 1 e ——
| ! !
7 8 9 P00 jn 12 13| 14
! : : o : .
% ': 1 -1-_- f Sharply
1.69 {2.20 '0.647 i 0.623 10.883 Triangle. 1 10,679, defined
2.33 ]3.14 :0.838 | 0.842 “1.264 |Triangle; 1 i triangle.
2.88 [2.75 0.694 - 0.704 ,1.116 |[Trape- .0.976 { Stones start
3.66 0.857 ! 0.891 1,500 zoidal 0,982 to slide.
2.01 3.38 04632 . 0.779 °1.385 Profile 30.982 0823 :
4.40  lo.e62  0.960 1.812 " '0.975
3.99 0.604 . 0.901 '1.639 " 10,979
4,39 0.624 |, 0.843 :1.809 n 0,979
4.39 0.585. ; 0.687 (1.792 - 0.987 |
5.50 N 00547 t 0.926 120240 ‘ " :00985
b : i v
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the by-pass will take all the discharge. The bottom of the
test flume was covered with & layer of sand 2" thick,

- The problem was to raise the level of the upper pool
11.5 feet using a minimum velume of £i11 with a miniiunm per-
centage of large stones constvituting this fill,

The experiments were performed "in an open glass flume
about 1' -8" wide at the leningrad Hydrotechnical Institute.
4 model scale of 1/25 was used. :

The data obtained on tr,,sve se nroflles and "Main.
Characteristics” ere plotted in Figures 22 to 25, The curves
show the relation of the following quantities to- eross-section
of the submerged dam: ~

{(a) Height of rock fill = h
~ (b) depth of the upper pool above the tailwater.
 (c) Effectiveness of stone dumping = 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).

TheseleXperiments were carried on in four fundamental c¢recles as
outlined in the following four sections.-

SECTION 14. Using small Stones in Body of Dam and large Cover
* Stones on Downstream.Face.
(Exnerlment of Sept. 12)

The possibility of coqstructlon of a barrier of small
stones protected agairst scour by large cover stones on the
downstream face was investigated. Stones were dropped from the
water surfece at a fixed point designated as Station I (see
Figure 22)., Dumping was egrried on through the various stages
described in Section 3 until Stege #3 had been reached with 2
total deposition of 1.65 cubic fect of small stones. At this
stage about 0.56 cubic feet o f small stones. At this '

" stage about 0.56 cubic fect of sand were deposited to increase

the water tightness and raise the unper pool but failed to ce-

1 complish this purpose; the upper pool rose only 0.08 inches.

A second barrier was then built up, down stream from the first,
by dropping about 0.56 cubic feet of smezll stones et 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 existin@ upstream barrier filling up the hollow between -
the upper and lower barriers. Subsequent alternate deposition
of large stones a2t II =nd small. stones at I revealed thut the
completed third stage profile will be the some as one built up
by deposition at Station I only. Comparison of the model profile
built up by the former method 2nd that of deposition at Stction I
only {see experiments of April 15, 1930, first series) shows a
prototype basce width increcse of about ? feet by the former
method. Figure 22 shows the succes: ive profiles obtained with
alternnte dumping ot Stations #I and #1I. ,The gereral cheracter




of the curve h = f (/1) is explained in Section 5. The curve
hula f{{1) shows an approximate straight line relation. The

curve of effectiveness sh0ws a tendency to gradual increase
except for cne peak due to the deposition of sand.

SECTION 15. Construction by aiternate dumping of small and

large siones (Ixper:cent 2, Septe 21, 1930),

This exneriment was bescd upon the fundamental principle
that although large stiones have tne greater resistance to dis-
placement, small stones offer greater resistance to percolatione.
The purpose of the tests was to d=termine whather any economy
in material would be affected above the critical elevation at
which large stores 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 a
effectiveness of dumping" on which is marked the different
sizes of stone employed, is the criterion for irdicating where
& change in stone size from larger to smaller or vice~versa is
necessary. Even where the curve showing the clange in eleve
ation of upper pool level shows a uniform upward slope, the
character of the curve of effectiveness may be materially 4if-
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 "height.
(Experiment 3, September 23-24, 1930)

1 ] N

Dumping was started at Station I (Figure 24), using small
stones. After passing successively through- the triangular,
intermediate and trapezoidal phases, the rate of increase in
height of the submerged dam was greatly retarded starting at
about profile ¥2, profile #3 exhibiting a marked tendency to
elongate in the down-strezm dircction. The effectiveness of
dumping at this pcint was very small (Figure 24). Upon introduc~
ing large stoncs there was an immediate and sustained rise in
“the effectiveness curve.

SECTION 17. Censtruction Using (a);large Stones Only
' (b) Small Stones Only.

For the purpose of comparison and to determine 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 scquence of profiles of the submerged
dam, The curves showing the results of the experiment using
small stones only &re not available,
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SECTION 18. Comparison of Results Obtained by Different Methods, .

Adhering strictly to the hydraulic features of construc-
tion and not touching at all upon questions of the strength of
materials and effect of settlement in sudmerged dams, a com~
parison will be made of the following: {a) final volume of
dubmerged dam; (b) percentege of large stone; (c) effectiveness
of dumping. The summary of results is given in Teble 4 and the
curves of Figure 26. In the same figure are also shown compara=- -
tive profiles of the submerged dams for ljfferent methods of
construction.

A %

SECITON 19. Conclusions regarding the rational method of Construc~ -
tion.

The above experiments support the following fundamental
statements:

-

From the hydraulic standpoint, the most rational method ‘
of construction is to use only small stones at the beginning -
and subsequently to change to larger sizes. This method gives '
greatest economy in total volume of submerged dem, gives the
minimum percentage of large size stones, gives a steadily in-
creasing effectiveness of dumping, gives maximum insurance egainst
"piping™ due to percolation flow between the dem 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,

it can readily be seen that the attendent expense is not justified
for the initial triangular steges because the equilibrium of
stones situated near the apex is determined by the coefficient -

- of stebility egainst sliding, Y,, rather than the coefficient
of overturning Y,. Furthermore the large stones in the lower
interior section of the triéngle are outside the zone of flow
action and are never subjected to the higher veloclties of over-

flow.v

The method of using alternate portions of small and large
stones decreases the resistance of the latter to overturning. ,
Consequently, the large stones simply roll along cover the smaller’
pieces and, not being able to find a hold capable of developing the.
requisite interlocking resistance, simply roll along the top
of the dam and gradually acquiring high kinetic energy, sometimes
~damage and destroy previously constructed scctions of the dam,

The corresponding curve of effectiveness of duuning 1is sudbject
to erratic changes and exhibits a series of negative slopes. At

"times an increment of stence actually results in a decrease in
the height of dam for the  reason given sbove. The final volume of
a submerged dam constructed of alternate portions of small and \
large stones is greater than the volume of a similar dum section
constructed entirely of small stones. : g/

- DD .



It is also essential to maintain uniformity of materisl
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-vclocity of overflow,
and the repair of such failures ig often a difficult task re-
quiring a considerable volume of stone.

At times it might appear desirable to raise s=sctions
of the dam crest locally; for exemple, in case i% was derired to
inerease the portion of the river discharge carricd oy a by-pass.
Experience shows such a procedure to be dcexdaodly precarious, as
the overflowing discharge from the high level «rests cequires
considerable velocity and tends to erode the matcrial ou the
lower levels comnleted downstream. ' '

The three principles just enumerated consti tute the
fundamental hydraulic features of constructing subme"gei rodkfill
dams by dumping stones in flowing water. Additionel suggestions
will now be offered in connection with the problens of general
stability and provision to limit settlement of thc completed
structure under its own welight. :

Tt may be stated on a general principle that settlement

of the dem subsequent to completion will be reduced in proportion
to the degree of consolidation or compacting acquired during the
movement of the individual stones imediately after dumping;

that is, the larger the paths traversed by a stone before getting
firmly 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 will have the great-
est void percentage, sfnce 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 small as possible.

" This may be accomplished by selecting the proper size of stone.

From the standpoint of developing the maximum degree of
interlocking of commonent stones, 80 as to give the optimum
resistanee 6f thse iadividunl picces to overturning, it has been
demonstrated that uniformIty in size of rock is c¢ssential. How=-
ever even from the hydraulic pcint of view & stratum consisting
only of such large material would result in 2 very high percola-
tion flow which might affect th: advantezes, Jucs to imnroved
interlocking powsr. As a nsticr of pract.ca® construction it is
desirablc to use a certeis admiture 2 small material not only
to restrict parealation but alsc to rzduze settlement of the

finished darm.

It is also nocessary to remcmber thet the stones forming
the downsticam ace of cdam are pres.cel into position t¢ some
extent by th: acstion of the overtla, lischarze, s2 that the
material is capablc of maintaining a slepe of the order of
1 on 1l during construetion; but that subscquent to completion
with the upper res—rvolr full and no ovbrflcw tuking place, a
flatter slope of the ordar of 1 to 1% or 1} may be nccessary to
insure structural stability.

©ory



: 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 genernl dependent upon
the local conditions of each individual job.

No claim is made to leaving completely covered the entire
subject; but it is hoped that the basic principles Jdeveloped will
serve as a useful adjunct to the initiaetive of the indiriiual
engineer. o - o

TABLE 4

Summary of results of the experiments for determination
of the rational method for construction of dams
by dumping stones into flowing water

- : i
0. of|Method of Volume | % of |% relation|Effect- -
Exper.| Construction [of modell large | of volume |iveness of Remarks
liters | stones| to experi-|dumping o
ment #4 as em/dem - |
a basis '
1 |Construction { 175 |28.6 128 0.34
using large ' :
stones . :
!
: 1
2  |Alternate por} 189 |35.4 138 0.68 gggfhglgeg%{m :
tions of lerg 203: 5 gnly vas
and small of 203.5 as in
stones ' _ other experi- -
ments. i
- - 1
3 First small 172 28.5"¢ 122 _ 2.88 i
stones only : :
and later
large stones
| only
| 4 lerge stones | 137 100 100 10,76
only | . : A ~ -
5 |Small stones |195 0 131 |
only

-24 -~
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CHAPTZk IT

SUBMERCED ROCZFILL DAMS AS GVFLFLOW STRUCTURES

SECTION 20. Discrharge Coefficient During First Stage of Construcetion.

During the first stsge of constraciion the rockfill
assumes the formm of & submerged weir o1 ~riangular shape closely
approximating a tvpe shown in INe K. Pavlovsky's "Eydraulie Hand
book"™ for which, with similar conditions as to face slope and -
ratio of height of rockfill to head, the coefficient

C = 3.53 ' : L
The American engireering practice of introducing a coefficilent of
submergence , wes checked experimentally on the triangulsar

shaped rockfifi, and has been stated by Pavlovsky, the cor-.
responding computed results were found to give only rough ap- 7
proximations to actual conditions.. Therefore,. . cunnot be soms e
cidered zpplicsble tc comditioio of.deeplyufiobiéd'crcste such cs
obtoin at this stzpe.ocIt isstheréforé concluded from thecdain.

of Teble 5.a2nd of Pavlovsky's "Frdrzulic Hardboox™ that for the

first stage of construction we mag.égke the coefficient
. C'n L] )

© SECTICH 21, 'Discharge Coefficient During Sceond Stage of Construetion.

In the second stage a condition of submergence similar to
the first stage exists, but the shape assumed by the 111 has
changed to one of trapezoidal cross-section with a curvilinear
erest. Referring rgain to Pavlovsky, o similar type of structure
_ epproximeting this shane (but for free overflow conditions) will

be found for which the'coefficient L

Cz t. 3.70

Exnerimental check wes rnade on the use ofib in the.discharge
equation and vms again found to give erronedus results.

It will be noted that the value of C_ found at the second
stage is ¢quivalent te the discharge coeff%cient obtained for idecl
profiles of ogee form. The explanation of this lies in the fzcet
thet the flowing water, by removing obstructing stones, tends to
improve the conditions of f{low.* However, there is no assurence
thet the above vclue of C will alwnys be obtnined. Consideration
of the data of Table 6 in conjunctior with Pavlovsky's data
(for free overflow) gives an avcrege working vzlue of

' ‘ 02.3068 -

* In some cxperincnts it will therefore be found n:cessary to
choose. neterisls which lend themselves to the moldirr action
of running water,

-m- 25077
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Date H = :
fend 1l By A |
Experi- |H 214 Q Fohe N = Q .
ment # |cm. liters/sec H 29 P = B 72 72
Y ' 2>n o
Sept. 28 For the condition
1930 of no submergence
_ 36°50 that is if
1l 10 10. 19.33 1}0.9 0.5 .
# 15 S 14 75 | 0.7 were = 1,00 m=0.46
- e . . - R 3"‘f.
Translator's Note: C in the English formula(ZJ=CLH2 equal to

X
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Results of Experiment for Determination of the Coefficient
of Dischzrge over the Submerged Dnm at the First Stage

m1f§§—above.

TABLE 6

Results of Experiment for Determinatioﬁ of the Coefficient
of Discharge Over the Submerged Dam at the Second

Stage.
Date H Hbc v
and cme [H¥V2 Q h A
Experi- L T a o= Q :
ment # leterS/Sec 5 2 Bv—éz- Ho
- oD : ‘
Sept. 28 |
. 1930 . . ,
#2 7.07{7.21 18,39 0.70610.855 For the condition

of no submergence,
that is if J were
o n

" aJ,0O0m= 0.48

-26 -
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SECTION 22. Diécharge Coefficient for Third Stege of Construction.

Hydraulic conditions for the third stage of construction
are the ssme as for a free-overflow broad-crested weir,
This stage will be reached when the width of crest is suf-

.. ficient to ceuse a close approach to shootinz flow, &s illus~
trated by Figure 12. :

Once having obtained the minimum wid'h of crest neces=-
sary to establish incipient shooting flow, the flow becomes
stable, and remains a function of criticel depth &t the up-
stream edge of t-e crest. Farther increase of crest width,
changing the slope of the downstream face of the dem, {which -
is in the order of 5° - 6% relative to the horizontel) or
changing the slope of the upstream water surface, has no
influence on the discherge. These observations are verified
by experimental data.* Also compare the coefficient of discharge
from experiment #4 of April 13, 1930 with those of #5 eand #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. 1In
experiments #1. to #3, April 13, 1930 an accumulation of stones
was built up along the crest. This produced a lowering of
the coefficient C to an average of 2.64. In contrast, experi-
ments #4 to #6, April 13, 1930, performed on a fill of cam~-
paratively flat horizontal crest show en average of C of 3.01.
It is difficult to assume, however,. that. such horizontal flat-
crested profiles could be obteined in actual prectice ( 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 03 = 2,80 {(according to Favlovsky,
this corresponds to a sill“with rounded epproaches). Thus the

coefficient for the third stege of construction should be
'Cs = 2064 to 2080. '

SECTION 23. Discharge Coefficient for Fourth Stege of Comstruction.

The fourth, and final,'spage is characterized by the ep~
pearance on the submerged dem of & crest of rounded fom with

' steep down-stream face. This ecrest is a repetition of the

second stage and at the sSeme time 18 transitionsl to the last
stage of the dam construction - the moment when the submerged
dam appears sbove the water surface.  As. should be expected,

.the coefficient of discharge over the dam for this stage must

be close to the coefficients for the crest of curvilinear
profile under free overflow. 1In fact, as Table 8 shows, the
coefficicnt C increcases to a value of 3.12 and may go es high

48 3,90

* In Table 7 it will be seen that tie de,tu L, at the end of the
overflow section does rnot excecd i.C criticul Gevrlue

-27 -
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TABLE 7

Experimental Results ~ Determination of Coefficient C for Third Stage.
. (Broad-crested weir - free overflow) -
Jatec of Experiment: April 13, 1930

ST T T T . T }-;-Qz _ :
‘| Type : ‘ Q* h = d_ lobserved | ¢ = _Q '
#: of H  H T X g Q lper ft. 1% & 1nyn . 3/21
Crest |Ft. , - and |, ic.f.s,} width ¢ feet Ho |
'V tan & | S : !
i X é '
- ! i i - 1
" é i i ~ |
1 0.115 1¢.115 |6°-31' 10,177 | 6,108 | 0.075 0.066 | 2.76 (b) i
? ; 0.114 ! i | !
i T , : ! K
‘2] see [0.164 0.164 |6°-31" ! 0.283 j 0.172 . 0,100 | 0,098 j 2.59 (b) i
Fig.29 i ,0 114 { : : : i : i
s e DO
i3] See 1.215 [0.214 ;5°-43' 0,424 [ 0.268 0,131 | 0.131 : 2.60 (b) !
| |Fig. 30 0.100 g 5 | P |
} i i J: . ; ‘ i
? i : o b ' : 4 :
4| See [0.246 |0.256 5°-00' .0.600 . 0,366 , 0.166 ' 0,148 ; 2.97
! ‘ | ! f ! |
' T "~ , : 1
Lo T
5 0,107 10.107 .5°-00" ‘0,177 : 0,108 | 0.075  0.03 ' 3.02 :
‘0,080 Q ' ' ' j
e dme

10 . : ‘ a 2 1
6 0.148 0.148 ;g ng' 10,212 0.172 . 0.216 . 0.88% , 3.01 :
[ l ¢ P ° i l | _‘

{a) In spite of the impermeable diaphragm installed a grezter percentage
of discharge passes through body of dem than in previous experhmente
~owing to a lower elevation of downstream pool.

“Yb) 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 velocities in cross-section. (k&>~1.0)

- 28 -
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It appears,“therefore, that for this stage, depehding on the form .
of the crest, ) " .

C, = 3.13 to 3.60

The value C, = 3.60, certainly may be applied in the case where
the crest is so perfect that it may, from the standpoint of hy-
draulics, approach the average type of ogee crests found in prac-
tice, and since this value is the maximum velne encountered it
may be taken as the upper limit of C, . However, under field con-
ditions of dropning the stones it is reasonable to assume that C
would not evceed the value of 3.20. : 4

In conclusion Table 9 is presented as a summAry of experi-
mental coefficients of discharge for submerged dams. ’

- 29 -



TABLE 8

Experimental Results - Determination of Coefficient C fér Fourth Steage,

- {Broad-crested Weir of Curvilinear Profile

--Free Overflow)

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

— b

: . - i % . o2
] = a H Q . ;5 k ] .
gt : HB H*%Z- " and Q Per Foot hcr= '/tiii Observed | C 33/2
*j tgn | C.f.8. | Width g { bin U
-/ : feet :
e e e e S PSRN EUNSIDIPIUGIE USRS AR UUS SRR -~
i (a) 1
0.211, 0.213 i8%-16" 0.508 ; 0,310 | - 0.148 0.115 | 3.12
.. ;_... o e .-.01145._ e e e e e s .
i ! (a) ]
0.171! 0.172 {119-30'1 0.455| 0.279 0.138 0.098 | 3.0
: ! 0.200 ; o ' :

(a)

*

Obtained from Chepter III based on percolation and overflow, .

k

a correction apnlied to the velocity head to compensate for non-

uniform distribution of velocities in cross-section (kJ >1.0)

TABLE 9

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

[ ]

I
1)

Stage of COnspruction :

Shape of Crest

Coefficient C for Free

! _
L Overflow
i | I \ Triengular 3.60
i : _
! 11 Curvilinear - ’ : 3.69
!
, Broad crested i
111 1 (Free. overflow . 2.54 to 2,81
T i |
- B : '
Curvilinear 1 -
Iv {Free overflow ' 3.12 to 3.60
! type) 1 ‘
: }
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CHAPTER III

. RCUGI:ESS COEFFICIENT I ZONE OF FREE OVEREiOW

SECTION 24. Scope and Technique of Experiments.

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 fiow, it vas dediced
- to make the downstream face of the submerged dam «n impermeable
surface and peace on it a uniform layer of cubes (a=0.945"), in
‘accordance with Figure 34. ' '

Since in actual conditions the downstream face of the dam
would be a surface with numerous depressions ard elevations owing
to washing out of the stones, the arrangement used for the initial
- experiments was not ccnsidered suitable for simulating actual
" conditions. Rows cf cubes vere therefore inserted nomnal to the
flow and at a fixed distance apart. The model was also equipped
with three hook gages to measure depth on the downstream face,
and discharge measurements were made by means of a Thomson V-notch
weir. Thirty-Tfour tests were made using different hydraulic resdii,
fourteen being condncted with s smooth downstream face and twenty
with a roughened face.

SECTION 25. Method of Evaluating Experimentzal Data.

Although the energy loss along the rough surface of the
downstream face of the submerged dam under conditions of low
hydraulic radius mu§t be of different order than the surface
friction loss usually contemplated by the coefficient C, we shall
attempt to deal only with the determination of the ccefficient of .
roughness as ordinarlly defined.

The well-known equation of non-uniform flow

_ el - 2 l‘\_ ‘
A,y 2 v'5+(4§v As
L 2g 02 .

will be used to determine the roughness coefficient. Figure 34
shows the relationship between temms of this equation and the
model, the letters T indicating the location of hook geges. In.
the following section the coefficient of rcughness of the model is
" determined using the formulas of Bazin, Manning, and Forchheimer.

SECTION 26. Coefficients of Roughness'Obta;£§d from Experiments.

: The tabulated results of experiments to determine the rough-
- ness coefficient appear below. 1In these the hydruulic radium
.has been varied betwean 0.354" and 2.123" for both smooth and

roughened faces .

o= 31 -
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It should be noted that for the very small values of hy-,
draulic radius, particularly these anproaching the size of indiv-
jdual stones, the formula for coefficient C gives questionable
results since it fails to teke account of the actual phenomena.s
Recalculation of the model roughness coefficient to agree with .
- values obtained under full-scale conditions was made by assuming

 equality of Chezy coefficients for model and prototype.** This

" assumption combined with that ¢f increasing tle nodel hydraulic
radius to the prototype hydraulic radius by meeans of the scale’
ratio, furnished a basis for recalculation. Recalculated data’
are given in Tbbles‘#lz and #13 for both smooth and 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, e&s well as in the recal-
culated prototype. It will also be noted that the introduction
of additional ridges cauvses but a comparatively small increase .
in the computed roughneéss coefficient. In recalculating from
model to prototvpe account should be taken of the difference in
character of flow {Aifferent amount of air in solution, eted ),
which resulis from tle 1intrease in veleccities in the prototype
- compared with the model. - In computing C for cases of shooting
flow over surfaces of great roughness, it is obviously necessary
to use another formula in which an additiornal compensating factor
appears for greater slopes and which differs substantially from
the forrmla usually applied to open charnels. For these reasons
it is not considered sufficient to limit the discussion solely
to the analysis coefficients computed in routine fashion, when
data is available on roughness coefficients obtained under condi-
‘tions similar to those occurrlnp cn the downstrcam 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 distriet. Using the Chezy formula he computed
C for various conditions and later, by using the Ganguillet and

Kutter formule, computed the corresponding coefficients of roughness.

These data are shown in Table 14. It is evident from this table
as well a3 from the foregoing experimental results that the rough-
ness coefficient as computed by the usual enpirical 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 coefficient, Stepped up from model experiments to
prototype condit ons, corrcSpond to the minimum values in nature.

~ * "Transactions of the First All Russian Hydrological Convention,™ 1925.

** This assumption is usually proposed in current literature (see,

for example, L. Engecls "Die Vasserhaulaboratorien Buropas,” 1926

- or Esconde-Etude theorectique et experimentalc sur la similitude
"des fluides incompressibles " 1989)

- 32
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Maximum values of the roughness coefficient in nature may
exceed by almost five times values obtained by recalculetion of the
results of model experiments. This .is geen by comparison of Tables
#12 and #13 with Teble #l4. Consideration of these points leeds to-
the selection of the following values for roughness coefficient
corresponding to flow along the downstream face of a submerged
dam constructed of 220 pound stomes: - :

Manning's n = 0.04 Bazin's m = 3.17

As the above are minimum values for natural mountain streams, in a
largé majority of cases they will also hold true in the case of
rock dams.

In 00ncluding this chapter attcntion is directed to the
importance of the coefficient of roughness in determining the
velocity along the downstream face of the rockfill, and the con-~
sequent effect on the size of the stones to be used. The values
recommended above may be considered as having been stopped up
from model tests and arc thevefore conservative. A comparison of .’
the stepped up model valu=s aszinst the full-scale prototype will
undoubtedly give larger roug.ness coefficients, and result in a
very substantial decreacse n the required size of stone.*

-* See Chapter VI
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TABLE 10

EXPERIMENTAL VALUE OF ROUGHNESS COEFFICIENT

FLOW AT CRITICAL DEPTH OR LOVER (SHOOTING FLOQL

. Smooth downstresm face.

Concrete cubes (a = 0.945")"

Exp} Chezy | Hydr. Roughness Coefficient
| Coeff. ] Radius {Dimensions in feet) _
o in feet | n according |m according Remarks
to Manning }to Bazin

1| 48.5 | 0.0673 0.u195 0.581 211 0dd numbered experi-
2 57.0 | 0.0705 0.0167 0.464 ments are calculated

3 42,7 | 0,787 0.0227 0.755 with length of the shoot~-
4. 47.3 | 0.0820 0.0207 0.668 irgz stream surface equal-
5 | 46.7 |0.0840 0.0210 | 0.488 te 37.35 1in.

6 | 52.7 |0.0850 0.0187 ! 0.580

7 | 45.8 |0.0906 0.0216 | 0.733 All even numbered experi-
8 48.9 } 0,0912 0.0203 0.672 ments are calculated with
9 50.7 {0.1020 - 0.0200 0.674 length of shooting stream
10 | -52.9 }0,0971 0.0190 0.618 surface equal to 16.42
11 55.1 0.1070 0.0186 0.610 inches.

12 63.2 | 0.1001 0.0160 0.473 T :
13 80.19 | 0.0489 0.0100 0.166 (Trenslatort's Note: The
14 0.0463 ' "l column showing values of
15 95.4 | 0.0374 0.009. 0.126 n according to Forch-
16 0.0358 ‘ hiemer has been omitted
17 49.6 |0.1785 0.0224 0,922 owing to lack of suffi-
18 49,3 |0.1640 0.0223 0.893 | cient data to permit

19 47,1 }0.0915 0.0211 0.710 transformation of the
20 48.4 |0.0860 0.0204 " 0.663 . Forchhiemer formula

: ' ' : ' from metric to English

units.) : .

Menning Ebnnula (En,glish units) = ¢ g.1.4es R}; I

 Bazin Fbrmula (English units) = C = 222“2___

1l *-y R
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TABLE 11

EXPERIMENTAL VALUE OF ROUGHNESS COEFFICIENT

FLOW AT CRITICAL DEPTH OR LOWER (SHOOTING FLOW)

(Downstream face roughened by introducing 4 ridges of cubes)

Exp{ Chezy | Hydr. Roughness Coefficient

No.! Coeff, | Radius (Dimension in Feet)

c in feet ‘ Remarks
: n according |m asccording : :
to Nanning . | to Bazin

1 90.9 0.0404 | 0.0095 0.1349 1 All odd numbered experi-
2 54.5 0.0423 0.0160 0.3894 ments are calculated
3 47.8 0.0564 0.0192 - 0.5433 vwith length of the shoot-
| 4 5l.4 | 0.0541 | 0.0177 0.5542 icg curzam surface equal
S5 45,5 0.0712 0.0210 0,6592 to 32.95 inches,
6 49.6 0.0712 0.0192 : 0.5795 < s
7 | 40.7 | 0.0912 | 0.0244 0.8657 AlL even rumbered experi
: menls ere calculated with
8 42,2 00,0919 0.0236 0.8276 v s
. length of the shoot-
10 | 47.6 | 0.069 | 0.0293 | 0.7407 to 1£ 45 inches
11 44,9 | 0.1247 | 0.0234 0.8838 e *
(Trancslator's Note: The
12 36.4 0.1102 | 0.0282 1.1047
13 38 0.2090 | 0.0298 * 1 o6 - column showing values of
-4 * * - 4126 n according to Forch-
heimer has been omitted

14 33.1 0.1762 | 0.0336 1.5756

owirZz to leck of suffi-
cient data to permit
transfcmation of the
Forcnheimer formula
from netric to English
units.)

Bazin Formula (English units) C = 157.6

le m

e
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TABLE 12

COMPUTED VAILUE OF ROUGHNESS COEFFICIENT

FLOW AT CRITICAL DEPTH OR LOWER (SHOOTING FIOW) :

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

Expa.| Chszy Hydr. | Roughness Cosfficient
No. | Coeff. | Radius.| (Dimensions in Feet)
C‘. in feey , according m eccording Remgrka
to Manning to Bazin
; 1 | 48.5 1.010 0.0306 2,2583 Experiments # 13 and
t 2 | 57.0 1.040 | 0.0262 1.8092 #15 are doubtful; #1l4 -
3 | 4a2.7 1.181 0.0357 © 2.9338 ° {and #16 are missing.
4 | 47,3 1.230 0.0325 - 2.5915 _ v
5 { 43.1 1.260 | 0.0330 2.6730 Translator's Note: The
6 S52.7 1.276 0.0294. 2.2493 coliun showing the value
7 1 45.8 1.398 0.0339 2.8451 of n according to Forch-
8 | 48.9 1.368 0.0319 - 2.6078 heimer has heen omitted
9 1| 50.7 1.532 0.0314 2.6169 owinz to lack of suffi-
10 | 52.9 1.457 0.0298 2,3978 cien” data to permit
11 .} 55.1 1.604 %] 0.0292 2.3724 tranzformation of the
12 | 63.2 1.503 0.0252 1.8364 = |[Forchr-=imer formula
13 1 90.2 - ] 0.735 | 0.0157 2.4539 - |from meiiie to English
14 0.696 ; ’ units.) ' .
15 | 95.4 0.561 }-0.0141 0.4890
16 o 0.538 . -
17 | 49.6 | 2.667 0.0352 3.5749
18 | 49.6 2.461 0.0350 3.4626
19 | 47.1 1.375 0.0332 . 247527
20 48.4 1.289 0.0320, 2.5716
| Mean arithmetic valueg o -
| Excluding #13 and #15/ 0.0315 2.5970 -

. Manning Formula {English Units) C - ..1..%9.5 R%

Bazin Formula (English Units) ¢.= .1._52# _
_ -1
. ; .R -
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TABLE 13

 COMPUTED VALUE OF ROUGHNESS COEFFICIENT

FIOW AT CRITICAL DEPTH OR LOWER (SHOOTING FLOW) -

_(Recalculated-from Thble'll fbr cubes of a= 1.81')1

- Bazin Formula (English Units) C =

Y+ =
/R

- 37 -

Exp.| Chezy Hydr. Roughness Coefficient
No. | Coeff. | Radius (Dimension in Feet)
c in feet - o '
) 1 . ' REMARKS
n according | m according
to Manning to Bazin
1 90.9 | 0.607 0.0149 0.523 {Translator's Note: The
2 | 54.7 | 0.636 10.0251 1.512 column snowing the velues
3.1 47.8 0.846 0.0302 2.110 of n sccor’ ing to Forch-
4 5l.4 0.814 0.0278 2.151 heimer has heen omitted
5 45.5 1.070 0.0320 2.554 owing to leck or suffi-
6 45.5 1.070 0.0302 2,251 cizrnt data to nemit -
? 40.7 1.368 0.0384 3.359 transformation of the
8 42.2 1.380 0.0370 3.211 Forchheimer fermula
9 47.1 l1.644 0.0342 © 3,015 frow: metriec to English
10 | 47.6 1,539 0.0334 2.879 uri=s).
11 | 409 | 1.870 0.0368 3.441
12 | 36.4 | 1.654 0.0445 4.288
13 38.4 | 3.133 - 0.0468 5.487
14 } 33.1 2,641 - 0.0336 6.121
Mean arithmetic valus 0.0335 2.934
' |
- . | 3 L
{ Manning Formula (English Units) ¢ = 1.486 p1
o _ _ _ o n 6
157.6
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TABLE 14

Date of Q Area Ave. velocity |Hyd. Rad.|Surface | Roughness Coeffi-

Measuremenil c.f.s.| Sq. Ft}{ Ft. per sec, Ft. Slope cient
n Y

I 5

River Oullov - Kem (near conflien:e)

8/23/19 1070 |} 196.7 5.45 3.77 0.024%  ¢.218 15.34
8/27/19 1042 |210.6 4.89 3.97 0.02:¢ 10.J322 17.26
s/ 4/19 968 |192.0 5.02 3.64 0.02+7 ! 5.2S 16.06
11/1/19 219 {112.4 1.97 2.17 0.053% | 0.186 24.79
2/21/20 109 74.2 1.48 4.95 0.0240 | 0.200 28.12

River Teberda (near confluence)

'y -

?2/5/19 3814 |550.7 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 |488.7 9.22 . 4.63 0.0074 | 0.048 4,64
9/4/19 533 1217.0 2.46 5.38 0.0052 | 0.074 8.29
2/18/19 205 |127.0 1.61 1.74 0.0046 }0.086 10.18

River Kouban,(befére condluence with River Teberda)

7/5/19 7346 |789%.2 9.28 4.89 0,008 | 0.051 5.20
7/13/19 0072 1899.2 11.12 5.58 0.008 0.048 4.71
8/8/19 4715 |550.8 8,40 4,13 0,0082 ]0.050 4,93
9/4/19 671 |166.2 3.97 1.31 0,0103 | 0.062 4,11
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TABLE 15 ~

Form of Stone Dimension % of Specific Porosity]
of Stone Volunme Weight
Feet ;
Rounded Pebbles 0.0586 - 11.76
0.052 11.70
10.047 23.52 | z.e2 | 37
0.040 47.05 . i
- 0,033 5.97 !
Concrete Cubes - ' . : ‘
- 1:13 0.079 .100 . LEL ; 48.5%
. 14
. . 1
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CHAPTER IV,

PERCbLATION FLOW_THROUGH SUBMERGED ROCK FILL DAMS -

SICTION 27, Scope and Technique of Experiments.

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 plane through the axis of crest,
(b) streamlines and equipotentisl lines in the body ¢f the dem and,

{c) the magnitude of velocities over the top and on the downstream

face.

The velocity over the top of the dam was determined by
traverses with a Pitct-Rehbock universal tube. IUie 2verage vel-
ocity through the voids of the rock fill wus detcimine? by intro-
ducing coloring matter at the upstream face and (un-.ving its time
of passage through the rock fill. * The directior ¢! low lines
was also established by this method., The pressi:c urder the base
of the dam was measured by piezometers insertec irt.owzh the Tfloor

"of the flume, while the pressure on the crest wac o>%eved with

plezemeters acting as siphons over the flume wel:i. In Table 15

are given data regarding the size and shape of sicuecs used in the
model. Accurate determihation of the cross-sectiun ctuld not be
made because of the irregular'surface of the erest. Pitot-Rehbock
tube measurements of velocities taken close to stones projecting '
from the downstresm 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.

LagE et o e et S A ed T ey DAY Wt ] N A D g T Y

Tests on the penneability of materials used in the model were =

made with spparatus of the Darcy type [diameter 9 and 20 cm.).
From the data so obtained curves were plotted (Figures 35 and 36)

- showing percolation velocity sgeinst gradients The exponent of the

velocity in the formula o= X1, was found to be m;ilaﬁ for rounded
pebbles and m= %1.85 for cubes. : - : :

SECTION 28. Summary of Results Using Rounded Stones. 8

In summarizing the results of percolation flow through the
body of a submerged dam constructed of rounded stones, reference
is made to Figures 37 and 38. Figure 37 shows a cross-section on
which the paths of free overflow 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 relatlon 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 considerebly 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 of least resistance, that is
B'B rather than B'A. Above the line B*'-B the direction of the
percolation flow line is definitely influenced by the suction
effect of discharge over the crest and the downstream face B-E,

The tendency of the percolation zone to become established above

the line B'-B and that of the overflow disclarg: to _pull the
percolation flow into the zone BEB' will be zccent ‘aated when the
rational method of dumping is used (see Sectior 1%}  The use of
this method would place finer, more impervious m~.2vial in the lower
pert of the dam and would reach its maximum effect when a fill

more impervious than the rockfill itself, such as a cofferdam, was
used. It will also be seen that the filtration flow lines sub-divide
the upstream face FEB' and the downstream face intc =ones, which are

approximately proportional, so that for example f@ = g3 .
) )

The point B of the line BD is located approximatel - =t mid-height
of the submerged dam.

It is 2180 seen that the somewhat smaller G.riance between
lines of equal pressure in the upper part of the c<.:bmerged dam
indicate that the most intensive "pushing out" p*ewbare caused
by filtration flow must be expected on the downc-ircamr face close
to the top of the dems This zone, being subjecied simultaneously
to the impulse action of the flow over the crest as well as the
most intensive percolation flow is the most highly taxed zone of
the entire structure. A considereble part of the percolation flow
comes to the surface in this zone, increasing the emount moving
elong the face.,  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
stage, from which it can be seen that the attraction of the per-
colation flow lines into the upper zone of the dam occurs even
during the initial construction.

Table 16 13 a swmmary of experimental data on percolation
flow through- the body of the dam. With rounded fragments in which
d = 0.63 to 0.71 inches, the percolation discharge across a vertical
plane teken normal to the flow, amounts to 9.25/5 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 pessing over
the crest is, therefore, readily apparent.
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SECTION 29. ‘Summary of results using cubesa'

In gcneral the results obtained using cubes substantiate
- “the conclusions drawn in Section 28. Two of the models inves-~
- tigated under this hesding are shown in Figures 40a and 40db, 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 passege of the color,
these measurements can not be considered eccurate. However, they
may be considered sufficiently reliable to confirm the statement
. that for the given profile of the rockfill, the average percolation
velocities along the different flow lines in tl> zoune ebove B'-B
‘differ but slightly, the exception being fount 2 the 7cne near the
crest where suction produced by the overflowino £is uarge Increases
. the velocity of percolation.

'\

Table 17 contains a summary of observatnons on flow through
and over the dam. It will be seen that the percentage of totel
discharge passing the dam by percolation is higner for cuhes than
for rounded stones. This is due to the greater void perccnt:ge
(about 47.5%) of the dam constructed cubzs. Conctituting 263 of
the totel discharge for the first stage of cons*r.: ::m., c¢he perco-
lation exceeds 60% for the subsequent profilus. This &gain emphasizes
.the significance of percolation through tre rceidi.l lam. - :

SECTION 30. Method of calculating percolation flos,.

. . , . _
The fundemental considerations in-stuiies ¢f gercolation

through coarse-grained materials are set forih in my peper "Fil-

tration in Coarse~Grained Materials."” * In this treatise the partial

expression for the generalized Chezy formula epplicable to dump-

ing stones in flowing water is given as:

V.= C, pﬁ‘f | ~ (8)

in which Vﬁé the percolation veloeity in feet per second.

C.= a generalized Checy coefficient depending on per-
meability, roughness, and dimensions of the rockfillg ‘

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

4 = 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, - :

* See "Transactions of Scientific-Research Institute of Hydraulics,
Volune 1, OCtober 1931.
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. TABLE 16

SUMMARY OF RESULTS OF EXPERIMENTS FOR INVESTIGATION OF PERCOLATION FLOW IN
the body of a submerged rockfill dam made of rounded fragments,

and of bottom velocities on the face.

(Experiments. from Sept. 28 to Dec. 1, 1930)

Date off No. of .
Experi4 Experi- odard
ment ment 1 oaB8”?
: _ . oY
3] EO)G‘P
Q - Ed QR
& O < 0 .
HE O »o” O
o 040 [&]
> et I
o 0O T O+ O
/7] O 5]
R lye) TeA L A
g ¢ oovcog w
4 ABS O
55 . |Benf o
+ o OO0 K+
&g |8&28 ¢
c.T.5. c.f.9.
' (1) ‘
Sep.28 1 0.752 | 0.710
" 2 0.727 0.706¢
" 3 0.606 0.510
Dec.l 4 C.606 | 0.472
" 5(2) 1o.519 | 0.498(3)
" 6 10.519 | 0.353,

o fercolation discharge qg
., calculated from velocity

lT in voids.

|
|

oo

* -
WNeRe)
Qo ad
PR SRt

&)

-

-
bal

0.141
0.156

)
(2)
(3)

- Corresponding to Figuré 39

Undoubted error in measurements.
discounted in the aqalysis of results.

-~

Corresponding to Figures 37 & 38

43 -

Percolation Discharge

q¢ in % of q

|

S S

9.25'
10.73 1.
16.50 |
23,50 !
27,0
30.00 |

@
-t - -
w FEN
o ~ 0
+© 0 o 37 o
- o P =
QaQ | — - G
Ec32] 2% G P
M + )
2o 5 & o o
=8 2 ) s
é:gf 55 e
¥l O »
2 o -2 o3
> 50)_ n O
- = i
=+ £ - m%:
o o A @
4 4 P »00
[ O >
M= .20 O o
Ft./sec.
103.8 1.96 0.161
103.0 2.51 0,308
100.56 2.63 0.205
103.0 2.48 0.217
123.0. 1.96 .0.215"
28,0 2.08

P

The value obtalned 14 10 was




TABLE 17
SummAaTy of discharge; Distribution into portions passing over and through
the body of submerged dam made by dumping cubes. '

- (Referred to the vertical cross-section.
. through the axis-of crest)

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

——

Date of 1 Mo. of _galéulated percoiat;gg discharre through the dan

Experi- Experi- According to velocity According to velocity
ment ment. of percolation Vi ir voids.

cef.s. 7% of total c.f.s. 1 ;5 of total

flow - ~ flow
— e PPN ST . e U —
Nov. 14 1l 0.094 26.0 - 0.107 29.7
" ' 2% 0.121 33.7 0.121 335
wov, 17 -5 0.140 38.8 0.130 ' 377
" 6 0.140 38.8 0.136 37.7
" 6 0155 . 42.9 0.146 40.5
Nov. 18 7 0,166 54.3 0.154 42,7
" 8 0.228 63.6 0.169 47,0
Nov. 19 9 0.228 637 0.163 45.2
Nov. 22 10 0.235 65.5 - 0.192 : 53.5
Nov. 23 11 0.242 67.4 0.201 | . 55.9
" 13** I 0.272 75.6 0.211 58,7
. i 4 _ _

- " i o b i St iy e i ——— . e | i . e e

AN I

* Corresponding to Tigure 40a (upner profile)
**  Corresponding to ¥igure 40b (lower profile)
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TABLE 17 {Continued)

-
2? o - Date of - Calculated discharge over the dam
Experi- {(by subtracting from the total discharge)
ment According to velocity|According to velocity
of percolation V.. | in voids
cefess |% of totalf c.f.s. % of total
flow o flow
Nov. 14 0.266 74,0 0.264 ' 70.3
" 10.239 66.3 0.250 66.5
Nov. 17 0,220 61.2 0.235 62.3 - -
n 0.220 . 61.2 0.235 62.3
" 0.205 | 57.1 0.225 59.5
Nov. 18 0.164 45.7 0.217 . 57.3
" 10,131 36.4 0,208 53.0
Nov. 19 0.132 36.7 0,208 54.8
Nov., 22 0.123 34.5 0,178 46.5
Nov, 23 0.117 32.6 - 0,170 44,1
" 0.088 24.4 "§ 0.159 41.3

- 448 -
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For homogeneous rounded stones haviﬂg:an equivalent Sphefical
diameter d § 0.0023 feet, and a ranpe of gradients 0.104I¢ 1.00,

P,

the magnitude of the generallzed Chezy coefficient may be calculated

by the formula-‘

C_ = 3.623 - 0.0832 "where d is in feet. (9)
4 - .

A laboratory check was made on this formula using stones with
equivalent spherical diemeters up to 0,185 feet.* For stones
of larger size the results may be extrapolated.

- The method of attacring the problem of themagnitude of
percolation flow through the body of a rockfill dsm will now be

. summarizeds  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 XK-l-m-n-o-p (Figure

41) represent the free surface of the flow over the submerged dam

with the line 1-c parallel to tne downstream face BE. This line,
then, represents the direction of uniform flow along the face.

Let the points B and F be connected by a straight line of length
1¢ representing the general direction of percolation flow between
B and F. Divide the lines BE and EF into any convenient number of
equal lengths and connect corresponding points. If the lines thus
“drawn (DD', CC', etc.) are assumed to represent stream lines of
percolation, which according to the data of the experiments is
particularly intensive in the zone BEF, then it is easily shown
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 s1de and triangles non' and mom' on the
other: : » '

DE =DD' and on =_n11_'
CE cce om mm'

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

nn' = DDV

m' Co

and finally . : A :
nn' = mm' = h = I = constant.
DD! cc? 1 . . )
For the average size of stone having an equivalent spherical
diameter d, and average porosity p, the c¢ondition of constant
gradient derived above, gives rise to constant velocities of
percolation along the elementary tubes of flow, or:

= QP VDI = constant

* It is hoped additional experimental data using otones of larger
size w1ll be available in the near future.
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which ccincides in general with the results of ODSerthions (see
Sections 27 and 28). Continuing the calculations on the per foot
‘of width of dam basis, measured in the direction nerpendicular to
the plane of the drewing, and denoting the thickness of an €lemen-
tury tube by L\ (¥igure 41), there is obtained the . following ex-
precsion for the"elementqry percolation flow through the tube:
= A, v -
zﬁsq n p

from which the total discharge per foot of sub erged dam is'

N qP - Vp-.z.n . .1
viiere n is as stown On Figure 41 &ndjz_representé a coefficient
establishing trensition from the schematic flow of figure 41 to

the actuals For the majority of cases we may as"une from experi-
nental data that : :
Z.n=H

This equation accounts for that part of the discharge filtering
through the dam abcve the line B F. Substituting the value of
Z . n in the previous equation for discharge:

qp = vb « H (10)

. The terms in this equatlov are found frem the follouing expression:
Vb = C° p1/4I (in fect per second) ~(8)
C, = 3.623 - 0.0832 (for 4 irn fezt) (9)

- . . ‘. N "Z
I =% B " (See Fipure 47)

1 : : o .

1= e Zy 2 | |

S CAN S )
o 1 | |
E =hy + 2, . S . (12)
L, = 1.25 (hy + 2+ h, ).+ Z, (13)

1

The last three eouatlons .above are obtained geOmetrically from
Flgure 47,

Referring to Figure 42 and using thn-correSponding notation
we may write: ’ » '
| | 1¢ = Jlosm, + m, )% + c.2on

= 4 ) = =
where m_ h'cou.C{, and Z, h'cot.c{Z. Fbr the usual slopes m_

~ 1.25h, {approx.) and n, = 1.00n, (approx.), so that

. lf 1.72 h . ' ' (14)
" Table 18 shows ‘*e comparison between data obtained from nmodel
-expuriments and deta caleulated from observations ¢n a full size dam
built of 1757 to 2104 utones._ Tre full scale egquivalents of model
test values were obtrined b means of t“e scale transference rela~
tions &1ven in Table l‘
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- TABLE 18 |
e i b i et i e D
No. of | Percolatior discharge iPercolation{Difference
Experi-| from laboratory experi-l!discharge | between full
rent ments in & of total calculated | scale and o
: from obser-| experimental| Remarks
vations on | discharge in
full size '
structure
in % of
total e e |
i 9.25 10.5 - '+11.4 = |See Fig. 39
2 27 26.1 -3 See Fig. 38
- S N S A
 TABLE 19 °
e T T Sé_ale transference reigi;_ion o
No. Quantity /\ = gscale Ratio '
-1 Length L= '/\ //d
N~ Ny 2
2 Areas ’ . = 7\ w
. S 3
3 Volumes W= N
‘ ' ‘ 7\0.5
4 Velocities - V= v
. _ . N ‘
5 Pressures (in the height H + EVE = N+ X2
of fluid column) | € ‘
1 : : 0.5
6 Time T= A t
-. % 2.5 S
7 Discharge Q=:_. 7. .. q. .
8 Stress P= /‘ P
9 | Inclines I=1
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CHAPA’ER V

LA"J" OF r‘YDRAU'LIC oII\'ILI'IUDL AS APPLI:D TO QOCKFIIL DAMS

' SECTION 31. General Remarks.

Extension and development of the laws governing the appllca-'

‘tion of the principles of hydraulic similitude have not kept ‘

pace with the requirements of problems arising in the field of
- experimental hydraulics. This situation was discussed at the 15th
International liavigation Congress in Venice (September, 1931)

at which many highly theoreticel 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 apnlied to advuntege. C
One such field receiving attention in the hydro-technicel lab-
oratories of U.S.S.R. is that of stability of models of dams of .

the mass type. On the one hand we find expert dem designers
insisting that such problems are not susceptible to study by models;
while on the other reputable scientists cfien attempt to perfom
laboratory experiments of bewildering complexity before seriously
analyzing the limits within which the present laws of similitude

may be applied. These technicians do not stop to determine the

scale transference relations in advance but proceed hurriedly to

model experimentation. For the above reasons, the purpose of

the following remarks is to discuss some nroblems I have met 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 3z2. thdamental Considerations, -

'As has already been indicated, all experiments rade in
reference to the problem under investigation aré fundamentally
bydraulic. The questicns of strength of material used, stresses
" in the submerged dam and, settlement under superimposed lcad -
could not be investigated on small models in hydraulic laborato-
ries and are therefore not comnsidered in this study. . The law
of hydraulic similitude, strictly true for a heavy ideal fluid,
and for brevity and convenience referred to as Froude's law,*

- is given in detail in Teble 20. In this table the capital let- .
‘ters refer to prototype dime nsions and the small letters to model
dimensions; 4 is the scale ratic, and the fluid 1is assumed to be _
the same 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 fundamental role is played by

* This name is frequently found in Gernan literature on model
study. Froude, an engineer and ship-architect, first applied
the relation that the prototype velocity is equal to the model
velocity multiplied by the square root of the soalp ratio to
investlgations of ship models in 1872. : o
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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 (or 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 dams it will he necessary

to study the action of each separate variable by itself. Con-
sequently it will also be necessary to establish an expression

for the correction coefficients of each main variable, showing
whether transference relations based on Froude's law, give results
too large or too small compnared to full-scale coi ijtions. 1t

is highly de51rable, where possible, to estabilish ihe oTisr of
magnitude of those coefficients within certain limivc.™* The
final step is to combine the separate component corre=iive
efficients into an integrated coefficient that will sumrarize the
total effect and facilitate making the transition from mocel to.
prototype. This integrated coefficient will te thé resul*ant of

the individual tendencies of the separate components, some of

which will be positive in algebraic sign and some negatiive. Because
of this compensating cancellation of individual cumporent effects,
the resultant action as observed in experiment often differs both
qualitatively and quantitively from the action of any single factor

taken alone.

Co-

The last remarks hold true for the theory of hydrauliec
similitude as a whole, since it is necessary always to remember
that the transition from small models to large 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 tkLe overflow over the submerged dam

upon stones lying on the downstream slopes -
(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 detemination of the numerical values of coeffi-
cients for some model studies would involve a separate scientifie

o investigation which is beyond the scope of this paper.

* This rule is sometimes referred to in French literature as

"the law of gravitational similarity" (la loi de similitude gravit-

- ationelle).

- 49A.'



-~-=~-:':f*'_s\;;<r'-:;.q:u‘.:“,‘.':,mir*z:_‘»~~.‘,g»l»:-,--‘:‘v“:g'--:;"_ T Ty s H,.,M t"' R RO Rl o o

' SECTION 33. Law of Hydraulic Similitude fer Impulse Forces
Acting on a Stone Lying on the Downstiresm Face.

By the use of Froude's law it can be shown that the unit
impulse pressures acting upon the stones in the prototype are
equal to those in the model multiplied by the first power of
the scale ratio. (See Table 20). This is expressed in the sim-

plest form of Airyt's law: Vz é;&

" . 2% o o _
mmwia- g
f d =] since 4 = )d wh'e_n ép = em :
m _ d ) p / n 3 -

L

2g
’the subscripts p and m in this case denotlng proatciype and model
respectively. The results obtained sbove show that Irnuie rules
may be applied directly to the case under ccnsideratio: without
corrective coefficients. In foreign laboratory pra-tice the above
rule is expressed as follows: To preserve similurivy u;tg respect

to stability of individual stones against dluplﬁcCJ L: by the

impulse ofthe overflow, in both model and protOLyos it -S_

ot

necessary only to decrease the linear dimensions o’ lJP ?Egne ac-
cording to the first power of the model scale ratio  %o.o example,
the investigation of Professor Smrcek with reference to the sta-
bility of rockfill dems subjected to overflow, is an example of
' the application of this rule of similitude. From the data avail-
able on American practice, may be mentioned the laboratory 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 11100 and were~not checked subsequently
against full scale ondltlons. However a series of experiments
at larger scale, performed by Rehbock at Karlsrtuhe and by Thysse
- at Delft in connection with the closure dams for the Zuyder-Zee
Recleamation 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 and conSequently discussion will be limited to an abstract

of the above program by R. Seifert.***

To obtain a comparison between model and prototype con- ‘
ditions for the deposition of rockfill on woven mattresses for .
protecting the unfinished Zuyder~Zee Dam against washout, a
mattress built to natural scale was sunk in the flood chennel of
the Meuse Dam &t 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 Helations
~ for Model Tests Conducted at the Hydrotechnical Laboratory.”
* The Canadian Engineer, Vol. 39, Nov. 25, 1920, P. 551.
** Hydraulic Laboratory Practice, 1929, ew York, P. 798’

..
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OF THE FLOODWAY VELOCITIES OF FROM 20 TO 26 FEET PER SECOND WEKE
obtained, equal to those expected during & storm tide at closure.
The depth of overflow was from 2 to 4 feet. At ebout the same
- time, in the laboratory at Delft (1l'Universite Technique de -
Delft), a model of Mouse Dem 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
transfer 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 confirmed
by photogrephs and tabular comparisons. From this data K. 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 ccnvincing
to justify the use of the Froude rule in transferring from model
. tc 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 remeins: within what linmits
may one decreasc the size of models, compared with 1:20 as 1is -
scmetimes necessary when simulating structures of large dimensions.
For instance, are scale ratio: of the order of 1:100, such as
have been used by Smrcek and Great admissible and, if so, will
the transference of results from such small scale models accord-
- 1png to Froude's law involve error on the side of increased sta-
bility or will the model tests indicate a greater factory of
safety than actually exists in the full scale prototype.

In the foreign literature mentioned above no answer is fuund
to this importent question and we will therefore attempt to supoly
one, using the splendid work of M. A. Velicapov** in checking and
more accurately restating the Airy law.

Professor Velicanov states in & general way the conditions
for equilibrium of a solid body of cubical furm, having the basic

) dlmension d: .

P Vi véy = SOw - = a constant. (15)
gd : K '
o .

'wheré JZXs =\weight of unit volume of sfone particle.
Aw = weight of unit volume of water.

' K = a constant surmarizing friction and streamlining
effects. ssuming the following law of distribution of velocities

* The investigetion of critical tranSporting velocities.'

** The notation given by Velicanov hasg been chenged to confonn
to that adOpted in this volume, :
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in turbulent flow: |

- v, =v(_1_)
v ‘ i B .

where n i8 variable, increasing as shown by the experiments of

Nicouradze, with the increase of Keynolds® number, the followw

1 -
n

ing expression is derived: : A
2 2 B T :
y__(g_;l- 1+ 1 = Ly (15)
gd H. n” +2n K

This cxpression of Velicanov's will be taken as basic on consider-
ing the problem of similitude. For cornvenience let:

S = %. = the coefficient of submergence of the stone.
p=_Ss_ - 1 = a coefricient pertaining to the unit’
W welyht of the stcne.
E=1+ 1 = a numerical coefficient.
n +2n

Expre351on (1¢ ) then becomes

2 . ,
V = dep _ o
KE (s) ®

Designating the elements of the model by the sudbscript 2, end
those of the protctype by the subseript 1, the fcllowing ex-
pression is obtained; : '

£ den 5
| Bfﬁé(s )ﬂ
from which, with 4, = }d,end s, = 5, = 8

Vo | L .l -1
— AT 2 G- 1)

2 .
Vo o D KE '

l COmpuring this expression with

2
TJ . )
__%_. = ;\, obtained directly from the Frcude's
2

law, it can be seen that the expression by Velicanov gives the
same trensference rule if -

.

Py

R A L e B (17).
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Thus, in general, the corrective coefficient to Froude's lew will

depend upon the ratic of the the natural properties p (specific weights
of liquids and of stones), the ratio of coefricients K{dealing
_primarily with shares of fragments), the degres of submergence of

- stones S, and upon factors which are related to the values of -

.Reynolds' number in model and prototype.

“As has been stated previoualy, it is necessary to con-
.- sider separately the influence exerted by each indivijual com-
ponent on the integratéd value of the corrective coefficient.
For simplification of the discussicn let the same fluid, water,
and fragments of the same shape and specific weigh! be assumed

in the model and protctype, since these conditiicns can practically
be assured in the latorztory. With the sams fliid used in model
and prototype tha Keynoids’ numdber in the rdel Cecreases very
substantially as compared with the pro=ctyre beceuse v and 4 in
the expression N“V: ** are decreasing simlianeously ™

_ According to Nicouradze's experiments the magritude of
n is in some cases ircreased more than tenfold by an increase in
Reynolds™ number. fccording to Velicanov n wili decrease; and -
may even reach its minimum limiting value n = 2, with a decrease
‘ir Reynolds' number. %ith thesc data as a guide we may determine
whether some of the factors in equation (17) are larger or smaller
than unity. Since, for a decrease in leynolds' number in.the

model, the magnitude of n, decreases:

| ng {m | |

where ni refers to prototype conditions. Based on the above .

expression, the exponent to the cocfficient of stone submergence S,
l1-1

2(z  n).
: | B, B . ‘
~ will always be positive, and since s itself is always less than unity,
. 2 1 ] ‘
)<1 - (18)
It also follows from the eXpressiOn ny,> 0, that:
' 1+ 1 1+ . 1
2 2 2 + 2
o - TS T |
or in_oﬁher words L
B2E

i * For this reason it is necessary to check small scale models
to be sure that the character of flow (lamirar or turbulent)

remains the same in model and protctype.

** U = the kinematic viscosity of the liquid.
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from which E2 ;> 1

The coefficients X 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 approximation that Ké is approximately equal to 1,
K, '
_ , 1 o
Finally, for the coefficients of natural properties of stone and
fluid P, and P,, it can be shown that with the same weight per
unit volume Zﬁsln both model and prototype the increased v 1-
ocities encounte1ed in the prototype will cause an increase in
the amount of air dissolved in the fluid, and cons2quently the
weight per unit volume of fluid~£§win “he protoiyps will be
. .l .

decreased as compared with Zl.w in the mndel or jin general:

erom which .’Asil ¢ (0,

or p2‘<:p, from which 2__::7 1. It should bp noted that only
P2

. the fundamental tendency of this relation is establlshed. Pracr -

tically, the magnitude of departure of.the ratio ps+ from unity

‘ : . . » p2

is for many cases, &s 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 rocughness, such as occurs in the zone of shoot-
ing flow on the downstream face of the dam, the difference be-
tween p, . and unity may be quite appreciable. To summarize the
_ Py !
above discussion, we may rewrite Equation (17) in the following
schematic formm, so that the parentheses forming the right hand
member of the equation correspond in order to the algebraic fac=-
‘tors in parentheses forming the left hand member, and showing
in the same respective order whether any given factor taken
individually tends tc make the final integrated value of the
- corrective coefficient to FToude's law greater or less than unitys

-1

Db\ /Ko [E 2 ( ) —' — ‘\ »
(sz(f)(f:‘a) 5 (>1) (=1) (>1) (1) = .« (19)

<
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To judge whether the magnitude of the integrated correotive
- ¢oefficient is smaller or larger than unity, let us turn to the
report of laboratory experiments made under the direction of

M. A. Velicanov for the purpose checking and more accurately
restating the Airy law., The degree of precision with which the
separate factors nmay be evaluated is shown by following case.

The experiments were preformed in a horizontal rectangular channel
1.64 x 0.82 feet in cross-section and 30 feet long.

Weight per unit volume of material forming grainsAs =
165 puunds per cubic feet (sand alone-no voids) Ca

Form of grains = rounded

Diameter of fragments, reduced to equivalent sphere =

0.017 to 0.0003 feets

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)-

¥rom these datas it is seen that same relative shape and unit
weight of fragments were used, that the velocities and Reynolds'

humber were small and that the submergence s is relatively small,

Therefore the ratios p, and Kz are practically equal to unity.

P2 K,

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

_12=<Dd +B (20)
e |

the value of the parameters ®and .6 obtained by eﬁperiment being:
= 0.0197 feet; @ = 151

It is seen from Cquatlon (20) that with pebbles of 0.013 feet
diameter the influence of the factor () is only about one percent.
With stones of dimensions approcaching those used in the prototype
‘the influence of{3becomes totally in51gn1f1cant and the Airy
formula may be rewrltten.

=®d
g

and will give sufficiently accurate results.*
From the relations’

2
v, ‘

. A and d, = gd
v ' 2
.2 (9d2 +r o

* See also p. 28 of Seifert's paper,
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2 A ' | - L
' = dg - e , _ ) . ,
5 S == from which we obtal n:

vz d2+ L@t , '

(21)

Thus the integrated corrective coefficient for Froude's law, as
obtained from the data of Velicanovls experiments, is smaller
* than unity. ’ T o '

" Returning to formula (19) it can be seen from the exper~
imental data that final valpe of the integrated coefficient A
is materlal 7 affected by the factor

Sk 1)
nz )¢

which is itself deperdent upon the degree of submergence of the
stone.  For tie factor K, pertaining to the shapes of the stones
A is practically equal to unity. The influence of the ratio

EL might possibly bes . great enough to cancel out opposing tendencies
- p” and finally make the integrated value of A. greater than 1.

From the expreestxon V2 EA Vz, where v, and Vy are

critlcal transporting velocities for prototype and medel reSpe01tively,
and taking into account the inequality expressed in {(21), it is

concluded that the direct use of Froude's law {that istaking A = 1)

would give larger values of velocity at which washout is incipient,

than would be true urnderprctotype conditionse. In other words,

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 would be higher than those actually safe

in nature for & given size stone. This indicates that care should

be exercised in applying the results of small scale model data

on stone sizes tc prototype structures.* As wiil be seen in the

following this caution is particularly necessary in the cases

in which the structure to be investigated is of suck type that

the friction losses along its lengih are insignificant. :

* As for ex;.plo oXperlmepts 21 Smrcek and Groat on scale modcls
of 1:10C



SECTION 34. Laws of Similitude for Discharge over the Top of a -
Submerged Danm.

Here, as ir the previous section, Froude's rule may be
-used. As an illustration of the tendency and the degree of
accuracy obtained in the transference of model discharge values

according to rroude's law, a fzmily of curves is given in Figure 43

relating to a coxparative test of four. models of the POuchabon dam.

(France) **
~ The values as plotted have been recalculated from model to
prototype scele, and illustrate the terdency toward diminishing

magnitudes of recalculated nrototype discharges due to the influence

of viscosity as the model scale grows smaller. To correct this
false indication it is necessary to introduce in the discharge
formula the ucrrectlve coefficlent : : :

A S%Q . where A, > 1

Usually this coefficient is interpreted as a factor of safety
in the sense th2? the discharge capacity of the prototype crest
‘will be higher than as shown by the values recalculated from

models. In the present case, however, the prupose of the submerged

dam is to raise the water level as high as vossible, and in the
model this level will therefore be disproportioralely higher than
in-actual conditiorns. It should be noted, however, that with g
scale ratio of 1:300 {such as was used fcr Figure 42) the error
in discharge is only 10%. On the other hand, the crest of the
submerged dam is very irregular in shape and measuremnents of its
profile may intrcduce an error in the coefficient of discharge

of 10 to 15%. It appears, therefore that. for practical purposes
in the casc of rock filled weirs Ay 1s substantially = 1.

SECTION 35. Flow on the Downstream Face of the Submerged Dam.

Discussion here will be limited to the area of uniform flow
- at the lower end of the downstream face. Apply the Chezy formual
for prototype and wmodel conditicns respectively we have

Vo= YR, mmd V- 02_‘@2

CWith R, = JByand i, =4y =1 .-
N . 20.5 '
'YVZ. 6—; ‘

** M, S. Esconde. "Ztuds thcorotique et experimentale sur la
similitude de fluicdes incompressible,” -~ kevue Generale de 1'Elec~
tricite. ' : :
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- from which A, = Ce

C
2 . C . ;
Formulas for ¥ by different authors give different values for this
coefficlent and if a formula of the exponential type is used the
general case may be written
- = D¢ %m (22)

where n is the roughness coefficienta From this it may be seen
that A, is dependent upon the ratio of roughness coefficients in
prototype and the model scales ' Therefore, for different
combinations of these relations - S ”

A, = maybe >1or (1.

As the values of scale reduction in hydraulic lahoratories
are rarely outside the 1limits 1:20 to 1:250, and as ‘A in equation
(22) has values of the order of 1.8 to 3,0, then by direct numer-
ical calculation using tables of roughness coefficients, the fol-.
lowing is trues: o

(1) Between thec limits of moderate roughness and smooth
surfaces in the prototype, and within the usual range of model
scales we may wrlte.

AL>L

(2) 73ith great rouchness and considerable water surface
slope in the rrototype and within the usual range of model Scales
simulating. this roughncss, it is probable that.

A <1

Only in the zone of shcoting flow nlong the downstream face of the
submerged dan do we encounter the conditions or the second group.
This statement is ‘alsc confirmed by the experimentsl and field
date given in Chapter III. It was showa thast the maximum values
of roughness coefficierts, transformed to full-scale conditions.

of geometrically similer roughnesses, gave only mlnimum viilues of
roughness coefficiernt for the nzototype‘ .

”he discusgcion has been 1limited to thg above points owing
to lack of data on the phennmena ¢f shooting flow cver aress of
great roughness I is evidently necessary to develop a special
formule for th. Chezy cocfficiant C, differing from all previous
forrulas apnlied to open chunnels, and containing terms involving
the factors of steeper =icnec und cmcunt of air in solution in the
overflow Since the sclution of this problems in its entirety is
hindered by lack 1 systemstically arranged experimental data, the
necessity for o series of ;ertinent full-scale experiments is ‘
manifecst. '
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SECTION 36. Iew of Similitude for Percolation Flow through the Body '
of Submerged Kockfill Yam. '

The generalized Chezy formule submitted by me in the paper
" entitled "Percolation in Coarse Grained Materials,"* can well be
applied here as it is equally appliceble to laminer, transitional,
or turbulent percolation flow, The formula and explanation of
its terms are &as follows: T I

Vp = % P““\/Tr LA U

the percolation velocity per square unit of area.

fl

gvgeneralized Chezy coefficient in the original form.

‘Q
]

p = the natural porosity of material, that is, the ratio of
volume of voids to the entire volume (magnitude <,l).

the equivalent-spherical diasmeter of individual stones.

2
]

the hydraulic gradient, that is, the ratio of head to
the length of percolation-path.

—
1}

V& = the numericel value of kinematic V1sc031ty in C. Gus. units
(for water at 10°C - [ = 0.013. : |

m=a varlable exponent.

06‘13 also equal to 1OOQ/L(wherg,/£/is a coefficient of viscosity
of the fluid and N\ is the [&welght of the fluid per unit volume.

, ) ¥
Co = Cp (1000)ER °F ¢! (. 001)ZB_ ¢,

where C0 = g generalized Chezy coefflcient correSponding to turbulent
flow conditions." :

Under the actual conditions of placing a rockfill of large
stones in flowing water, *he rormula for turbulent flow may be

wrltten. : . )

S T COP_D T ,

In laboratory investigations turbulent percolation flow is likely -

to exist in large models, transitional flow in average size models,

and laminer flow in very small models, Formula (23), therefore, 1is

probably the most applicable to percolation flow in models. Using, -
. as before, the subscript £ for model elements and the subscript 1

" for prototype elements, we may write

* fTransactions of Scientific Research Institute of Hydraulics,
Vol. I, P& 1. . ’

I T TR S T SR TR e £
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Vpy = Co,p, ’}1.1. _ , . (24)

' 2-m}| . mfm-2433-m
Vp, [6.001—,—;—} Cozpz-‘)ﬁ—’n—dz, 1,

For similarity in model and prototype I' = Iz', It is-also

not difficult to obtain equelity of porosity in the model and
in the prototype so that : :

p, = pz'
ahd finally, according to IToude's Tule

d, = )da

Substituting these three relations in formula (24) we obtaing

| 0.5 4045 0.5

_ a0 ]
vp' = Co' I) 2 I'
vpz - ‘ .

2-m : 1
0,002 | Co, - B2 ke o« Iy
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1.5m-3 - - 0.5m-1 -

’ : : m m
0.5 o
_ c
= ) o, {4, oI
2-m|  m2
m ' m-
0.001 000“' o -
.2
1.5m~3 0.5m-1
: m
from which A - = CO‘ (gz) R 1 n
2-m S m-2
x n o
04001 . ¢ s~
0 .
2

The possibility of arbitrarily varying many of the factors in this
equatior, izzediztely becaues ap,arent as well as tis cciusequernt
difficulties encountered iin &pplying ib to tue cenerul case.
Three specific cases will therefore be considered.

. {a) If in the submerged dam model the percolation flow is
laminar, what will be the predominating influence due to small
scale or s.all percolatior gredie.ts. Placing m=1, in expression
(25) we obtain: ' : '

A = % |
: . 1.5 0.5
s )

- Based on prev1ously nerformed 1aboratory experiments and using
aetric unlts'

C, =20 b\-oom ¢ = 0.22 to 4.00
: %s : ,

-a
2

_with these conditiozs it is secn tiat A >1

0.01 to ,1.(30 1 <1 .

(b} Percolation flow in the model is transitional from
daadner to turbuleit - 4 cace waicl Occurs freque.tly in lab- _
Oratory piaCtite uSiir AVEIGc0 model scale ratios, In this case

- Bl -
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Equation (25) still applies, and for uniformly round pebbles with
a dia.eter of Q.70 cms, and a range of percoletion gradients
of 0,10 ¢I {1.00 the rollowing empirical relations obtain

{in cms) ,
m=2- 9§§3 C =20 -14
o -, a
d 2 2
2 .

and, as before, Co = 20
. ]

‘Under these conditions Ap> 1

~(¢) Filtration flow in the model is turbulent. This condi-
tion occurs with very large scale models in which the range of
gradient is 0.10 {1 <:l.00 and pebbles are rounded with d »6 cms.
Assuming as before in equation (25) m = 2 we obtain as the cor-
rection coefficient for this case :

and its cal?ulated'value becomes

A > 1

which closely approaches un1ty as the model scale inereases and
reaches this value whend :a =1, . :

The above discussion may 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 sumberged dan will show a larger stepped up value as the model’

~becomes larger. In other words, the prototype percolation discharge
1n nature will always be higher thdn the vlaue obtained by step-
ping up the model discharge. . .

—

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

Let us consider only an isolated part of the surface of
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 cther form of stone may affect the absolute values.

- of coefficients but not the form of their 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 percolat1on flow is
vertically upwazd.

(a)  The downward pressure 2{ the water éawh p? acting on
the lower side of the cube - where = the weight of water

.~ per unit volume.

(b) The upward pressure st (h + bI)bz, due to the gradient
I in the space nearest to the cube, acting on the lower.side of
the cube, N v

(c) The upward pressure qusz v, 2 due to the impulse of

2g
percolatlon ve1001ty, in which K is a coefficient denending on the
flow around the stones, V_ 1s the actual velocity in the voids

which for the genersl case may be optained from the formula:

r m [m=2  3-m

Wl ot % a1

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

B et 0

T =
. .
=D (1 + K? V)
2g

B> A(1+.Kv )
Zgb
With the abeve discussion as a basis let us now turn to
the fundemental problem of this chapter™= that of establishing the

law of hydraulic similitude for the uplift due to percolation
flow,

The relatlon of model to prototypc Plements for upllft :
pressure may be written

m—/ o)

T'
T
2

v
e



A e 2 g, - ao
R IR P a0 Vs 9 1, o 1T ST + oM s e i et L AN A T I N B g S A M S A e,

o 3 ~3 3 o
For geometrical simllarity b, = ;% bz, for the ssme fluid in

model and prototype (43 4& ) and for the same gradient I,
'

T = . : N . . '
0 therefore._ //, 2 o

. K Vz
+
v2 2 v
- 2eby

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 is:
T, S
? Lo
— varies as 2
T, -

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

N, égﬁ‘

(27)

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

X, = - -
o T I
it maj be seen that G
o - At >> 1
* It is to be noted that this equality, even for geometrically
similar structures and heads, may be accepted only if the form of

the stream lines and equipotent1al 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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~If this were the case,
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A, will be equal to unity only if the velocities in the voids are
1n the ratio of Froude's rule, that is =

2 2 ' 4
Ve, =2Vv2 also b, =’Ab2 and V_ }f’ (28)

I

2 .2

v ~ Vo o

K' v' = % 2
2gb,I, 2gb212 _

and A, would equal unity.
But as shown in the previous section
| | 0.5 |
- V = ) Ay (29)
. p by
. v pz
whence A >1

and consequently, instead of equatlon (28} we obtain for actual
velocity in the v01ds,

v 4
V. = ,_Pi_'_ and V = p.?.
Vy v e
p. 2 p2
when p, = p2 . 0.5"
v, - ) AV,
) 2
From which, faking‘into account expression (29) it is clear that
2
KV x v
AN 2
2gb,1, 2eb

212

ons tly A .
and consequently t> 1

. . |
T, = ;a ‘At Té-

may be expressed as follows:

The condition

- 65 =-.
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With the same effective gradients, ferm of stones, and
porosity, as well as the same fluid percolating with the same char-
acter of flow through gecmetrically similar fockfill, the uplift due
to percolation flow in the prototype will be larger than that
stepped up from the model according to Froude's rule. It is clear
therefore that stevped-up values indicate greater stability of
stores against flotation by percolation than is actually obtained
in the nrototype. To show the extent of this false excess stab-
ility let us consider a case ir which the percolation flow is laminar-
in the model and turbulent in the prototype. Referring to Egqation
(27) we see that the factor - 2 § :

V;
% T
Zgbz

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

¥
v'=V§!

v

2
D,

correSpondlng to turbulent percolatlon flow may be obtained
from the equation 2
a4 V—poVbI inwhlchV—V2=GbL_

Using the above two c0p91der tions in Equation (27) we obtain

s

With Co =20 and KX = 1, as was mentioned in the previous section,

A, =1 +20 __ =1.,20 (metric units)
2 x 981 ,

It should be noted that in many cases the value of At given
above will be conciderably increased owing to the fact that with
small scales, the forces of cohesion in the material, which are
not taken into account, and which may be developed in the model,
will increase the stability of stones in the model against Tlotation
by_nggplatlon flow while the presence of vacuum in the prototype,
also not taken into account in this example, will increase 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 Ay less than unity.

SECTION 38. Summarye

" In Table 20 1is prcsented a summary of data obtained in this
_ chapter. Referring to that part of the table dealing with phenomenon
#1, it is seenthat the values of critical transporting velocity
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stepped up to full-cscale conditions from small -scalc models by
Froude's rule alone, will shew higher displacement velocities than
- those which actually occur in the prototyne, and hence the corres-
ponding valu= of @ must be <1. Howewvzr, for larger mocdels (1:15 -
orl:10) the valucs stcpped up by Froude's rule alone will equal
“the prototype vaelues or A, = 1. Phenomeron %2 does not appreciably
-effect the transference made in accordance v;th Froude's law.
Phenomena #3 and #4 iniroduce an error on the side of safety in
recalculating prototype values from small-scale mcdels in. accord-
ance with Froud's law, In transferring results from small -scale
models to the prototype, the actual prototype volocity of water ,
moving along the face of the full-scale dam is less than the value
recalculated from the model tests by use of Froude's rule (& < 1).
Also, the actual percolation flow is greater than the. stepped -up

Amy £ o o

velue (A_>1) which means that the velocities of water moving along

‘the face of the prototype dam in nature will be less. than obtained .
from model tests and stepped up by Froude's rule alone. Phenomenon
#5 , however, operates to reduce the factor of safety, since, the
values of uplift irdicated by stepped up small scale model tests

in accordance with Froude's law, are smaller than those actually
occurring in nature; in other words !H;:>JJ

The resultant effect of these various individual phenomena
upon the stability of the submerged dam thus depends largely upon
the interaction of the three following tendencies: FPhenomena #3
and #4 tend to give more stable prototype structures when trens-
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 particular scale ratio and for any definite
"profile either by means of the methods presented in Chapter V
(taking into account the corrective coefficient A), or by me&ans of

experimental investigation of the effect of scale upon the phenomena
as a whole. In this paper only the results of the latter method will

be given.

- SECTION 39. Experimental Investigat1on of the Effect of Scale qpo“
the Phenomena as a Whole.

Exnprlments were perforned upon these models at scale ratios

of 1 1, 1:2.4, and 1i4.5. Laboratory ccnditions were maintained
the same for all experiments, that is the same flume and the same
method of depositing the stones were used. The experiments were
performed by the author with the assistance of J. G. Satylnjikov.
Concrete cubes were used to insure strict geomestric similarity,

and the discharges passing the cube rill werc held to those computed

by Froudefs rule for the given dimension of cube used.

The results of the experimerts, stepped-up by Froude's
-rule to the sames prototype scale, having the cross-sectiorns
of the submerged 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 horizontel line drgwn fyom some
predetermined value of head, intersects the curves of scale ratios

at abscissa values correSponding to the arem different cross -sections.
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CORRECTIOI\" COEFFICIENTS TO i’ROUDE-'S 1AW FOR THE TRANS~

FERENCE OF MODEL TEST VALUES

No.| Variable to be Formula Fxpression for |
Investigated. for '~ Correction
.Transfer Coefficient
1 Impulse force-of 5 A = -
overflow on indi-f V. =4 Vz - o
vidual stones. . a-2 P ) S
5 (2 26 - 1)
2 'K, E‘ . »2 X,
2 Discharge -over q, =
top of dam s
i f‘- 2.5 A > 1 |
A b
A 9
3 Velocity of v, =
overflow over .
= C
top of dam. 0.5 Ac _
' AV C
c 2 2
4 Percolation v = - : 1. Smﬁ3 0. 5m-
veloeity through p,
rockfill dam 0.5 A = Co, |[d I
. p 1
A 2- C m-2
/ Afvf — % o "m"
2 0.001 |
5 Percolation up- T, = v 2
l1ift force onm. /W
individual 2gb,1, 7
" stones on sur- r : 14X
face of Qowu- /\ AT ) '
strezm slonee t2 AL /.2
. ’.f
' v
14K, {\—-—-——2
2¢b I
272 ‘

Subscript 1 denotes prototype;

subsceript 2 denotes model

 Geometric similarity is presuprosed for dam profile, surface roughness
and shape of congtituent stonese. .
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TABLE 20 (CONTINUED)

Magnitude of
A compared
to unity

’ Remarks'v

A 1
- ST

A slightly
b
greater
_than 1

Ac.:> 1

" gor )
cmmm ey AV full-scale prototype. =

e ———— o oo

For ‘) = 20 and moderate velocities
LY in full-scale prototype. .
= 20 and high velocities in

- ive 4

At very high velocities in prototype

.{and high dissolved air content.

Practically no correction to
Froude scale ratio Necessary.

For small models and comparatively
rough surface in prototype.

Ac <7 1

For largé models, steep downstream

slopes and rough surface in prototype

A N1
p >

Ap approaches unity when.A = 1.

~

4, > 1 for all model scales
t S
except 1:1,

' - 68a -
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It is seen that the maximum value of cross-section will be
obtained, for any given head, from the intersection with

curve C, 1.q0. at the smallest scale. In passing to larger
models, that is, in the trensition from model to prototype, the
cross-sections indicated are smaller. This proves that with
recalculation from model to prototype conditions in accordance
with Froude's rule, the results of model investigations on dump-
ing stones ir flowing water would give a safety factor, i.e. in -
reality the volume 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 cleér which of the five phenomena have greatest
influence in the transition from model to prototype. These &re
phenomena #3 and #4; phenomena #1 and #2 are neutral, while phe~
nomenon #5 is apparently counteracted by #3 or #. -

This knowledge gives a more exact basis for recalculation.
It also shows the necessity in constructing models of increasing
or at least maintaing, the relative roughness of the shooting
flow area and of alsc increasing or maintaining the relative
percolatlon flow ‘through the submerged dam.

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 phenomenon #4. Abrupt changes in the slope of the
curve are due to a downstream mass movement of the stones when the
existing slopes become unstable. Following this downstream 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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CHAPTER VI

CALCULATIONS FOK ROCKFILL DAN DESIGH

SECTION 40. The Fundamental Problem.

The basic problem in rockfill dam design is to determine
the prcfile corresponding to the followine given data'

Equivalent spherical diemeter of available stone = d feet,
Unit weight of available stone = /A pounds per cubic feot.
Discharge of stream per foot width = q; c.f.s. per foot. -
Original depth of stream = h feet.
Required diffeience in headwater and tailwater elevatlcn subseqdent'
to constructlon :

= Zg feot.

At certain 51tes it is necessary to limit the base width
of the profile to a certain predetermined value Loy in which case
"the required equivalent spherical diamester of gtone bccomes the
basic varlable to be determined.

On maﬂy pro jects a side~channel Spillway or by-~pass tunnel
is provided to handle part of the stream discharge during construe-
tion, and in such instances the unit main channel discharge q:
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 stayod initially,

The hydlaulic features controlling any particular design
are themselves very largely influenced by the following factors:

_ (a) - The effective width of river measured along the
crest of dam, taking into account -the actual distribution of stream

velocities in determining the proper value of q .

(b) The determination of the stream dlscharges to be
. expected during the construction perlod “including estimates of
.duration. S S

“{e) 'The composition and grading of stones available at
the site.. o : ' S _ '

(d) - The necessity for passing icé dufﬁng construction.,'

(3) The construction schedule and machxnery to be employed
for handling and dumping material. ) o g

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 thc free-overflow condition. In
eddition a number of simplifying assumptions will be introduced

-7 -
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to reduce the labor of calculation.

At the stage of submerged flow, the critical {ransporting
velocities occur on the top or crest surface of the partially
completed cross-section and consequently desing calcuations for
this stage w11¢ be limited to copsidnratlon of the top horizontal -

surface. .

At the stage 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-
stream face is so slight that it may be neglected in, calculatiny
the coefficient of stone stability, Y.

Since, as nreviously outlined, very little is known regard-
ing the energy loss in channels of great roughness and large slope,
a very conservative value, n = 0.04, will be selected as the coef
ficient of rcughiess in the Manning forrmulae, and as an additional
factor of safety, the dissipation of energy resulting from the .
impact of percolation discharge and overflowing nappe will be
neglected.

In Section 46, a detailed comparison will be made between
profiles for a specific job, as determined by calculatlon and by
laboratory experiments. :

SECTION 41. Notation.

The following notation (Figures 46 and 47) will be used as
a basis for developing design computations:

Q¢ = the combined percolation and overflow discharge in cubic
feet per second,per foot length of dam crest. (Deducting .
any portion of natural discharge carried by. by- pass struc-
tures).

qp = the total percolation discharge in cubic feet persecond
per foot length of dam crest, : :

q = Q4 = q, = The net overflow discharge in cubic feet per second
per foot length of dam creste :

q q, = the original natural discharte velocity of the stream
];- below the dam in feet per second, corrected if necessary
to include the effect of by-passing structures.

= the depth of tailwatnr above tle channel bottom in feet.

Vv = the velocity of flow actlng on the individual stones of the
dam, in feet per second.

V_ .= the velocity of approach in feet pér second.
V = the velocity of percolaticn flow in feet per second.

Z. = the difference in head and tallwater clevatior for the free
overflow condition in feet. -

- 708 -
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the difference in head and tailwater elevation for the sub-
merged flow condition in feet., :

‘the height of the downstream edge of crest above +he chan- -
- nel bottem in feet. - '

- the diffcrence in elevation ir feet betwsen thé tailwater sur- .

face and the downstreanm edge of dam erest., =

hs = the ratic between the head on the downstrean edge of

3; cr.st and the tailwater depth hy.

the maxirmum height of dam in feet.

the base width of dem in feet. -

the slope of crest for the fxee overflow condition or.
tangent X -

the length of percolation for the free overflow condition

" in feet.

the length of pcrcolation 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 pounds per cublic foot.

the unit weight of water in pounds per cubic foot.

the average hydraulie gradient. for percolation.flow.

‘the natural porosity or void ratio of the rockfill.

a generalized coefficient of the Chezy type, modified and
adapted to apply to percolation flow. :

2g

the broad-crested weir coefficient for bmerged con~
» »dlt;on‘ln fqrmula q = é hc 2g(hc +% + .v_a-) -

SECTION 42. The Analytical HMethod of Calculation.

The first step in the analytical method of celculation

is to determine the mexirmum 1imiting height of dam secticn at

which the character of the overflow will still be submerged rather
- than free, remembering that the critical velocity for transporting
‘component individuel stones on the crest for the submerged stage

is from Section 6:

= Y, \}/V d in which
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Y, from 0.86 to 0,90 and = {f2g (s - w) (2)
S ) e
Ay
" Assuming the unit percolation discharge equal to ap we find that:
q = qt = qp

From ZEquation (Z) abdve:

%. mist be less then v .

. s . . .
Since the so--callec critical flow depth marks the lower limit of
- the submerg2d (low.condition, it appears thst for this stage:

2
h must be greater‘ than 0.6 (h + 2+ Zg_)
. 2g
- Now q may be expressed in terms of hg and‘? by applying the
Berneuilli equation to sections 1-1 and 2-2, Figure 46, as
follows :
L vz | | |
q=$hs 2g (£ + - a) (30)
. T

Values of hg and‘Eé may be determined from the above formula by
the method of trial and error.
Then the required height h,, is obviously
h, f ht - hB
Now since we know from Section 30 that

¥

. S
lp .= 107 h'
and also ' ' '
: | I = Zq

v

- .

P 2 S
We may next revise the assumed value of percolation flo
accordance with t*e formula qp = vph in which vp = zf&%‘
and C, = 3.623-0,0832, the stone dimension d being expressed in

d
feet. If the assumed value of g differs appreciably from the
value obtained by substitution iR the above formula it will be
necessary to repeat the entire calculation using the latter value.
In this way h, may be determined 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 tailwater conditions that are critical at each particuler
. 8tage. This first step 1is, as in the previous case, to assume

a value for the percolation flow and then compute:
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The maximum permissible transporting velocity vs, may then be
- computed from the relation: :

Vo= YQVE/'."

in which Y, = from 1.10 to 1.20 andQJ gyzg ( 4ﬁ*"7§k
A

w

Also, (Fieu?e 17) : - v ‘
hy=gq orv=gq (31)
v - ‘ho ’ .

According tu tae Chezy formula

= ¢ 1Rt

or for all practical purposes, since in the case of a wide river,
R is substantially equal to h,,

=c)ni : o (32)

Using the well-known iManning formula the coefficient C may be
expressed.
1/6

- 1.486 p1/6 _ 1i486 hy - (33)
n : . n
in which n is the roughness coefficient.
Comblnlng equatlons (31), (32), ahd_(SS): .
/6 2 % ' 2/3 &
a- 1. 486 h, hg 1% = 1,486 s b 4°
N n ' ’
or 0.6
l 486 (34)
and ,
= n S : v
R 35
3. 33 : o (35)
2.21 b, |
Taking n = 0.04 ' (arconservative low value).
B, =026} o 3
. 0-5 . . : . :
Ve
- N 2
and i = ,0007 q° ) -
3.33 . , ' - (37)
h _ v :
o
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Using EQuatlon {37) we may calculate i from q and h then .
agsuming a difference Z_between head and tailwater levels, we
may calculate the base width of dam, Lo’ from the expression

Lo = 1.25 (h.‘+ hy .»_,zb' - ho)' +2° T )
- T | | »
: Equatlon 13 being readily obtalned from the geometry of Flgure 47.h; 7
- Now also eccording to the geometry of rigure 47: s o
' = 1he
‘lp.'vh' +(H'+;22) o m
InwhichH= +Z~-
o _
The percolatlon gradient I may then be found from the relation.
122,
1
P

The assumed p:rcolation flow may now be checked from. the
G ST E
D

in which _

vp = CyP ]/dl - | |
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.

Nfbrmnla

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: r

Graph I, Fipure 48, has been prepared for determining the
critical tranSportlng velocitles for displacing rounded stones of
diameter d feet, having unit weights, Ds, or 175, 165, end 155
pounds per cubic feet., The. critical ve1001ties for the stage of
submerged flow have been calculated from the formula.

v, = Y Yya
in which Y, = 0.86 and(_V = zg_(As .y )
| A

]

The corresponding critical velocities for the stage of free
overflow have been computed from the equation:
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in which Y, = 1,20 andg) 26 (Ls - “w)

S

-For convenience in de31gn1ng, an addltional curve has been plotted
giving the total weight of stones in thls for various diameters.

: Graphs II and I1I, Flgures 49 and 50,_have been prepared

to facilitate computations for the stege of submerged flow.
Dividing both sides of Equation (30): : »

Q= éhsyé:g (Zy + Y o)

. ‘ 28
By ht’ we obtain: ‘ 5~
. ' v
& =éh$ 2g (& + a)
t {5 2g

. t . ,

Now denote g by V_ - the average unit "filament velocity" below
. B

the dam; based on the net discharge only, that is with percolation

- flow deducted in obtaining qe. '

q .

And let s = Eg = the ratio between the head on the downstream
hg ' .

edge of crestiand the tqilwater'depth ht.

Equation 30 may then be rewritteﬁAas follows:

whence

"Furthermore, since the coefficient ¢Pphas a valuec of the order of
0.90 and 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 assume that for V. in the Tange
_ between 1 and 12 feet per second: 1

v=$v
g V¥ a

Then: ‘ Z .__;VZ ‘ vz . =v§
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Using an average value of ¢- 0.92 we obtain. .

2 .
£ = 0.0183 e (—g - 1)

CRAPHICAL CHART II, Figure 49, has been prepared from the above

fornmla by assigning various Values to the velocity v and the
ratio S hs 4

e

Thpp by assuming that the flow over the crest is at the critical
- depth: _ . 5
- . v

.hs = 0.6 (hs +ES'+ | q2

‘ 2g§bv

and since h_ may be féplaced bf sh,

L end

h, = 1.5Z + 0.0273 v2
t E €

8

How on any given curve of the v, family, we may spot the posi-
tion of any selected integral value of ht by successive trisl and
-error substitutions OfVE% and s in the above expression. The
family of curves for various selected integral values of h was
plotited in this way.

Since the lower limiting position of tailwater elevation
for the submerged state is marked by the water surface elevation
for overflow at the critical depth on the crest, it is evident
that only such v lues of .Z_ and s as lie below the curve of h
for the case in questlon, will be included in the subnerged flow

- States :

- For example, if thc given origins=l depth of river be hy
= 15 feet, we may use only that part of the chart lying below the
curve marked nt = 15.

To su narlZe Graphical Chart II consists of two families
of intersecting curves, plotted against Z and s as coordinates, .
"The first family corresponds to different gonstant values of v
and the second to diiferent coqstant values of h 4

For given values of v _, ht' ‘and s the value of hS the
. head in the downstream edre of . crest, and v, the velocity acting
- on the individual stones, may eusily be calculated from the equations:
hs'=sht qnv(ihtandja%
: L 8
Graphical Chart III, ¥ipure 50, has been prepared for the
subnerged condition from the above equations by plotting the
velocities acting upon the individual stones at the top of the
dam as ordinates against the coefficients (8 = 'S ) as abscissas.

By

-~ 76 -




This chart also consists of two families of intersecting curves,

the first of which corresponds to differsnt constant values of

v_ and the second of which corresponds to the lower limiting
cgnstant velues of h, for the submerged eonditions, exactly as
explained for Chart il. In other words if h, = 15 feet, we may

use only the portion of tlie chart lying below the curve marked htcls.

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

vp=Cop ]/d I~

using v. and 4 hs coordinates; taking'the void ratio, p, at
35 per gent, and assuming I constant for various selected valies
* of percolation gradient, - :

Graphical Chart V, Figure 52, has been constructed for the-
statevof free overflow in accordance with Equation_(SB):

0.6

e

for values of g 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. f

, To illustrate the use of the graphical charts, assume that
158, 4, q,, and h, are given and that it is required to determine
the dimensions of the submerged dam. ' ’

For the submerged flow condition .with d ard lls glven,
we find the maximum permissible velocity v from Graphical Chart
I. Assuming & value for the percolation discharge U » We calculate:

q = 9 - qp and??q*= %
o 1: ot i _ : ,
Now entering Chart III on the ordinate corresponding to
‘the limiting velocity v, we draw a horizontal line over tc inter-
sect with the curve cerresponding to v,. If the point of inter-
section lies below the curve for theé given value of ht , then
the vertical drawn dewnward through the point of intersection gives
"the proper value of s directly. If however, the point of inter-
section of the horizontal line through v with the corresponding v
curve lies above the hy curve, ccrresponding to the given value og
hy, it is neccssary to lower the horizontal line until the point
of intersection with the v, curve comes to meet the proper hy
curve, which in this case will determine the proper value of s.

After detemining s, we Tind by calculation:

‘hg = s hg ; hy = by - h ;_1; = 1.7h,

SR T 2



Now entering Chart II with the above value of 5. we deter-
mine the value of £s and substitute in the equation:

Then using Chart IV, with the given stone size 4, and the
above value of I we determine the permissible velocity V_ and
recalculate the corresponding percolation discharge.

qp = V h,

. If q, agrees substantially with the assumed value, no - _
further calgulatlon is required for the submerged .stage. 1T eny
apnreciable difference exists between the assumed and calculated
values of q_, the computations must be repeated using the new
value of q, until the repeated trials show a reasonsble agreezent.
‘In this way it is possible to obtaln the value h, to any desired
degree of refinement.

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

Assumlng a value for the percolation dishcarge qp; we deter-
mine by calculd tion: .

, 4= q, - _?p | |
We next determine frog Chart I the value of the'limiting ’

transporting velocity V, for the given vlaues of 4 and A;
Then by calcuation o

h = ‘é

: Using Chart V'end drewihg a horizontal line from the above -
value of h over to intersect the curve corresponding to q, we '
find the correct abscissa i by projectina down. form the intersection.

Using the assumed value Z ’ we fing the helght of dam H from
thr relatlon

H=hg+ 2, -h
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Also

S , 2 - "
1 =}nd + jE o+ %ol ana1 =%
P ¥ - TF )

From the above value of I and the given stone size, the
permissible percolation velocity V. , may be détermined by means

of Chart IV, and the assumed value of percolation dlqcharge
checked by substitutlon in the fonnula

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

Io= 1.25 (ke + by + 8 = hy) + %0
. i
If however, there is any appreciable difference between
the assumed and computed value of percolation discharge, it will
be necessary to continue the trial computations. until satisfactory
agrecement is reached. .

The method of calculation will be made clearer by the
following numerical example. .

SECTION 45. Numerical example of calculation of dam profile.

, Given a stone of rourded shape having an equivalent spher- :
ical diameter of 1.38 feet and having a unit. vPlght of 166 pounds
per cubic foot.

Required to determine the dimensions of the’submerged dam
constructed by dumping the above naterial into a stream having a

- natural depth h, = 19.7 feet, so a&as to create a difference in

elevation of 12.1 feet betwe:zn headwuater and teilwater for a dis-
charge of g = 57.5 c.f.5. per toot width % stream. A by-pass
"tunnel is provided having the dzscharce capacitles shown by

Table 21. =~ : ‘ . S

The sequence of computatzon w111 be the same as outlined
~in the nrevious paragraph, - e

Submerged Flow Condition ~- Chart I

4 For @ = 1.33 Teet and &_ = 166 1b. per cu. ft., the weight
- of individual stone W = 200 1b. and the corresponding maximum
permissible velocity = 10.6 feet per second. '
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Now as a trial value assume a percolation flow equal to 10%

of the river discharge, which is glven as Qg = 57.5 per ft. width

of river bed, or : '

q

> 0.10 x q, = 0.10 x 57.5 = 5.75 c.fose /Tte

q q, - qP = 57.5 - 5.75 = 51.75 cefeSeffte

v =217 - 2,63 f.p.s.
15.70 ! _

Entering Chart IIT with V = 10.6 f.p.s. we draw a horizontal
line over to intersect the curve corresponding to Vqt = . 2463 Tepa8es

N (by interpolation between curves marked vq = 2 and Vq = 3). ,
Df0pping‘a vertical from this point, we read on the axis of abscissas:
| S = 0i25 | -

As the above intersection is located Below thé curve marked
hy + 19470 the given conditions correspond to the submerged flow
s%ate and Chart I is applicables ' '

By substitution:

hg = Shy ; 0:25 x 19.%0 = 4.93 ft.

h,

B

i}

hy = h, = 18470 - 4.93 = 14,77 Tt
147 hy = 1.7 x 14,77 = 25.10 Tt,

]

1
_ b .
Entering Chart II with 8 = 0:25 we erect a vertical up to
intersect with the curve: corresponding to v, = £.63 f.p.s. (by inter-
polation between curves marked v =2 and vq = 3). Drawing a
horizontal line from the point of intersection over to the exis of
ordinates we find ' - '

2y = 1.97 feet

As the intersection with the curve for v = 2.63 lies below the
~ curve hy = 19.70, the conditions conforn to the submerged flow
State. ’

. Checking back against the discharge rating table for the
tunnel by pasc we find thnt since 2, = 1.97 feet 1s iess than
4,10 feet. the discharge through the by pass ic zero.

With 3 known we can coupute

T="%=_1.97 -o0.08

——

1p 25,10



.0.0aiwe find

il

~ Also, using, Chart IV, for'd = 1.38 fest and I
| V = 0.43 f.p.s.

and a, = V_h, = 0.43 x 14,77 = 6.35 c.f.s.
Since q wgq assuried equal to 5.75 c.f.s. it will not be necessary
" to make a second trial computation. :

Free Overflow Condition - stng Chart I we find that for d = 1.38 ,
feet and &g = 165716 per cus ft., the maxirmum permissible velocity

V = 14075 fop.S.

"Let us now consider 6 stages of construction corresponding to 6
specific differences in clevation between headwater and tailwater
as given in Teble 21, showing the distribution of discharge between
the river bed and by-pass. :

Fead Difference No; 1

Zy = %;10 feect . : : qy = 575 c.f.s;/ft;

Assuming the Tiltration flow as 12} of the river discharge

G = 0412 x 57,5 = 8,90 c.fes./Tte

q = qt -q. = ?7.5 - 6,90 = 50,6 C-f.So/ft-,

P
ho =g = 280.6 = 3.43 ft..
' v 14.75 C

Entering Chart ¥ with hy = '3.43 feet and g = 50.6 c.f.s./ft.
we find : :

i= 0,031, | |
Aslo . H = hg+ Z = 19.70 + 4.10 - 3,43 = 20,37 ft.
. Then . _ T, : B
o ' 2 v z | T 2 l, ,
1, =|/hr+ JE + D = YTLT7T o+ 12037+
: : i i ’ i i
N ' \
Zo = 4,10 = 0.0

I="0
1 - 1530
. Faterin: Chart IV with 1 = 1,38 feat and I = 0.0268 we
oblain Vv, = 0.20 feet per second from which we obtain:
q, = Vf = 0.30 X 20.37 = 6.11 c.f.8./Tt.

The discrepancy beiween the assumed percolation: flow %@ = 6,90
c.f.s./ft. and the calculated value g = 6.11 c.f.s. / . is about

- B8] -




10%; which 1s within the desired limit of accuracy so that no
second trial computation is necessary, We may now compute the
base width of dam, : S

L, = }.25 (ht +hy + 2, =h, )+

2

i
= 1.25 (19.70 + 14.77 + 4.10 - 3. 43) + 4,10 = 176 Tt.
S 0,031

. Heed leference No. 2

Z, = S. 90 feet g = 49.50 c.f.5./1t.

Assuming a pxrco’ation flow of 20%
' q = 0. 20 x 49 ﬂo = 9,90 c.f.S% /ft.

= 60 = 2.68 ft,
14 75

= .50 = 0,90 i 39.60 c.f.s./Tt.

and q = g - qp . 60 c.f.s./Tt.
=g
v

According to Chart V for B = 2468 and q = 39,60
i=0.045 |

Hence H=hy + %~ h_ = 19.70 + 5.90 -2.68 = 22.92 feet

]

3
1 = = I/ 2 +faa.02 + 5. 96l = 185 feet
P 14 A QL
and o

5.90 = 0,04
155 |

Accordlng to Chart 1IV; for I=20.04 and d=2.33 feet, v = 0.30
fect per second and 9, = VﬁH 6.30 x 22,94 = 6.90 c.T.s./ft,

The discrepancy between the assumzd value ol peres Jatlon flow |

q = 9.90 and tLe corputed value Q.= 6.¢0 is in this case about
48% s0 that a second trial conputa ion will be necessary.

AssummAn; qp 15% of qt S

qQ, = 0-15 x 4€.50 = 7, 45 c.;.s./ft.‘

and ho =q= 42,07 = 2.85 feet
v 14.75 ‘

Acg¢ording to Chart V for ho 2.85 and q = 42.07,

[oS
L]

0.04
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Then E = hy + Z, - hy = 19.70 + 5.90 - 2.65 = 22.75 feet

e ,_]2 2 7 5 90‘2 .
1,= [/ +jH + o T4.77 -+ 122.75 . 2 ‘i = 171 feet

P L -..i." X 004
I =20=5:9 « 0,035
= 17 -
D

 According to Chart IV for I = G.035 end d = 1.38 feet

Vp = 0.30 feet per second

and g = V.H = 0.70 ¥ 20,75 = 6.85 c.f s./fte
o I ,
In the case of this second trial the discrepancy between
the assumed percolation flow ¢ = 7.43 and the computed percolation

flow g, = G.35 iz adbout 10% whgch is within the desired limits of
&CCUracy. ' :

Lo = 125 (hy + bys 2, - b)) + Zo = 1.25 (19.70 + 14.77 + 5.90 -2.85)

i .
© ., 5,90 ' » . ;
*'m' = 194 feet . _ |

The above valuc of 194 feeil is greater than the base width for the
first head difference, 176 fects In other words the submerged dam
continues to widen.

Head Difference No. 3

) ZO = 5,56 ’ . qt = 40,7 C.f‘.S./ft-

Assunming a percolation flow of 20%
Q=4q; -q, = 40.7 - 0,20 x 40.7 = 32.5% c.f.8./Tt.
ho=4 = 38:35 2.20 fee® ‘;
o Vv  1a% . | ,

Entering Chart V with h, = 2.20 feet and g = 32.55 c.f.s./ft. we
obtain B : '

it

n

i=0,05
" Because of the comparatively steep slope obtained let us
check the height and bottom width of the dam:

H=hyg + &, - by = 19.70 + 6.56 - 2.20 = 24.06 feet

L, = 1.25 (hy + h, + Z, - h ) + Zo = 1.25 (19.70 + 14,77 + 6.56 ~ 2.20)
' . 1 : : |

+ 6.56 '
5o055 = 157 feet.
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In cther words the base width correspouding to the third
difference in water levels is less than the base width for the
second difference. - That is the slope of the downstream face
steepens and consequently, to be on the conservative side, the
percolation flow.will be computed on the basis of the largest
value of 1p previously obtained or lp = 171 feet. '

Thus: T =20 = 628 = 0,04
I; 171

Referring to Chart V for I = 0.,04 and d = 1.38 feet,
va = 0,30 feet per second '

and q,= VH = 0.30 X 24.06 = 7.22 c.fus./fte -

As the discrepancy between the assumed percolation discharge
q, = 8417 c.f.s./Tt. and the computed percolation discharge
q = 7422 cif.s4/fts is about 10%, a second trial computation
will not be necessary. ' ~

4th Difference in Water Surface Elevations

Z, = 8.20 feet and q = 33.1 c.f.8./Tt.

Assuming the percolation'flow at 30%:
Qp = 0430 x 33.1 = 9.95 cefes./Tt.
and q = g4 - q, = 33.2 - 9,95 = 23,25 c.f.8./ft.

h = 9= 2325 - 1 58 feet
O v 14.75 :

Entering Chart V with hy = 1.58 feet and q = 23.25 c.f.s./ft.

we obtain 1=10.085
fram which = (n, + g - h ) = (19.70 + 8.20 - 1.58) =.26.32 Teet
end T=2% = 820 .o0,05
. T I
P

Entering Chart IV with I = 0,05 and 4 = 1.38 feet
v, = 0.33 ft. per second

and qp = V,H = 0.33 X 26.32 = 8.70 cefes./Tte

As the discrepancy 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 computation will not be
necessary. The corresponding base width of the dam will be

. " Z. -
LO--_J"B‘) (htfh,ivzo-ho)-f-?(l =

1.25 (15,70 + 14.77 + 8.20 - 1.58) + §°§gs = 148 feet which is

less than the value for the second head difference Lo = 194 feet.

5th Difference in mater Surface Elevation

g, = 9.85 feet ' Q4 = 24.30 c.f.s./ft.

Assume percolation Tlow = 50% .
‘Then ¢ = 0,50 x 24.20 = 12.10 c.f.s./ft.

Q= qy - q, = 24.20 -1?‘10 = 12,10 cifese/Tts

- Q= 12410 _ 0.62
° ¥ T7i.75

Entering Chert V with h = 0.82 and q = 12.10
‘ 1 = 0.165

H= (hg+ 2, -~ hy) = 19.70 + 9.85 ~ 0.82 = 28.73 feet
~and I = "0 = 9.85 = 0.06
1 171
p :

Enterlng Chart IVand I = 0 06 and d = 1.38 feet we obtain
, Vb = 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 = 12.10 ¢.f,s./ft.

L, will obV1ously be less than for the second difference in
in water surface elevation. :

6th Difference in Water Sﬁrface Elevatfgis{
:_zo - 11.80 feet and‘qt 19.30 c.f.s. /ft.
'VJAssuming a porcolation dlscharge of 70%
gy = 0.70 x 19.25 = 13.oo_c.r.s./rt.
and qﬂ= qt - QP = 19f25:; 13.50 = 5,75 c.f.s./ftf'

hg =2 =35:75 . 0,39 feet
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Entering Chart V with h = 0.39 feet and q = 5.75 c.f.5./fts

we obtaln
i = 0. 33

‘Then H = hy+ 2, - hg = 19,70 + 11,80 = 0.39 = 31.11 feet

and I = Zo = 11.€0 = 0,07
i - 170
Entering Chart IV with I'= 0.07 and d = 1.38 feet we
-read ' '
Vb = 0,40 feet per second - I
and q, =V H = 0.40 x 31. .11 = 12,45 c.f.s. /ft. which agrees

closely. engugh glth the assumed percolation discharge qp = 13.50 CofeSe/
ft. ) : - : ’ '

7th Difference in Water Surface Elevations

= 12.30 and q = 8.90 c.f.8./Ft.

Zo_f

Since in the computation for thé 6th water surface difference
qg 12.45 is greater than q = 8,92 c.f.s. it follows that the dam
P oflle came out above the water surface.

SECTION 46. Additional Comments on Calculatlon. 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 through a critical stage during which transition is made
from the condition of submerged 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 the percoletion discharge is
still quite small. In addition the portion of the discharge handled

by the by-pass tunnel  is very small. This stage of construction is - ;

well termed "critical"”, because, it is just at this time that the base /
width L reaches its max1mum 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-

. ly to the effect of 4 Tew isolated stones not finding anchorage for f
interlocking and consequently rnlling along the downstream face of !

. dam to the toe,

-~ It is particularly important at the eritical stage to insure
uniform dumping of material along the entire length of dam, and to
employ for the most part large stones of similar size to insure inter-
locking capacity and stability against displacement by the overflow. g

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 Table 22)
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TABLE 21
Diffg;énce : o o : B
in Elev- Discharge c.f.s. per ft. width of dam | Summary
Numberjation, Head- '“‘ P _
water & tail- |Overflow Plus : Discharge through
— water-feet, jpercolation flow ! By-pass tunnel .
1 4.10 . 5745 0 5745
2  5.90 49.5 8.0 57.5
3 6456 40.7 16.8 5745
a 8.20 33.1 - 24,4 57.5
s | 9.5 24.3 33.2 | 575
6 ~ 11.80 19.3 .2 | 575
o 12.30 8.9 | 486 57,5
£ |
TABLE 22

4 : § Difference in Elevation
Profile | Height of Dam | Headwater and Tailwater

Base Width of dam

[ Feet __Teat Feet
4 Calcyl,: Fxper, ICaleylated . Sxperimental | Calcul, E;ner.
Submerge
Flow 14.75 ; 14.60 1.97 © 1.97
Condition| -
Free 4 ' '§§ ,
| Overflow ;31.10 30.20 11.80 11.80 199 135
Condition. ' - ' i

The difference in headwater and tallwater levels at which the dem
profile appears above the water is practically the same whether
determined by computation or by rodel experiments.

h-Ant N
i
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_ _The exverimental values have been tranoforﬁed to full scale
N quantltles using the Froude Scale ratio modified Jn accordance with -
_the priHC1p]eq outlined in Chapter V.- '

: ' As can 1eadlly be seen from Table 22, the agreement- betveen
' calculated and experimental results is quite satisfactory except
for the bottom width of dam L,» the calculated bottom width (based.

o on an assumed coefficient of rouphneSS n = 0.04 in the Manning

_formula) being 505 larger thran the base width determined by experi-
ment and transferréd to full scale values using the Froude scale

" . ratio with proper corrective coefficients. It is believed that this

. excess base length may be traced to the selection of a very conserv~
- ative roughness coefficient n = 0.04 and consequently calculaticns.

~using this value may be considered as-limiting meximum values. If’
- . the roughness coefficient were assumed as n = 0.06 the resultant

- -profile could probably he" considered as havinp the lim1t1ng minimum
- base w1dth.- . . _

After f1x1ng the llmltlng values of base width as outlined,
the selection of the proper intermédiate value will depend largely
upon the character and size of the nrarticular nroject. - In the case
. of the larger structures the eXpense of constructing a laboratory
model to check-computations would appear to be well warranted.

SECTION 47. Sealing Blanket Construction. An investigation of

. sealing blanket design and construction should naturally be in-

" cluded in any treatise on rockfill dams, but owing to the complexity
of- the subject we shall be forced to limit our descussion to the

- most elementary data as derived from use of the previously described
- laboratory tests., . :

Us1ng a model scale of 1 to 100, a purely qualitative study
vas conducted relative to depositing graded material on the upstream
face of dam to serve as a support for, and prevent washing out of
the eclay or similar colloidal material employed for effecting a -

 final water-tight seal. The basie dimensions'of the model are.
lshown by Figure 53, -

" Without givifhg any further attention t0 the mechanism by
which sealing is gradually accomplished or to the effect of the air .-

- dissolved in the water upon the accuraéy of laboratory determin-

ations, we shall proceed at once to the study of position of per-

: colation gradients quring the construction of the sealing.blanket =~

- and the supporting layers of graded materialo.

: _ "In Figure 54, line #1 denotes the position of the percolation
gradient for the rockrlll only, while line #2 shows the change in
‘position of saturation line after a layer of spalls has becn depos=
“ited on the upstream face. As can readily be seen from the figure,
the layer of spalls has only a negligible effect on the position of
the gradient. Line #3 shows a very .pronounced dropping of the
gradient, due to the addition of a layer of sand upon the upstreem
face, while the subsequent addition of three layers of clay, as-
- shown by lines #4, #5, and #6 cause the pcrcolatlon gradient to
drop almost to the tailwater level. 4 S
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It is importani to note that the effectiveress of the sealing
blanket is not uniform frcm top to bottom of dam, the sections at the
low head having the least effectiveness and the sections deposited
near the top causing the percolation grndient to drop sharply,
indicating that the mazjor portion of the percolation discharg flows
through the upper section of the upsiresm face.

The above experiment serves chiefly as a visual information
of a well-known method of sealing rock-fill dams, it being obvious
that the detsiled analysis of the effect of clays and graded fines
could not be attempted or the small scale of 1 to 100, as the pro-
blem deals principally with the movement of sedimentsry material,
Leading enginecrirg creanizations recornize that the movement of
colloidal material in percolation flow is one of tihe most vital of
present day hyaraulic problems and one on which information is )
markedly lacking.

The basis for analysing this complex and interesting problem
will be developed from my experience with different construction
organizations. A paper entitled "The ulovement of Colioidal Clays
in Percolation through Rockfill Dams", prepared under my direction
gerves to summarize the principles mosi useful in actual construction.
T o show the method of approach, the deduction of the law of
permeability will be abstracted from the above work.

Referring to Figure 55, let us consider an isolated cylinder
abedy having the lenrth 1, and the ¢ross sectional area A, and con-
sisting of some isotropic materiml saturated with water, such as
water saturated soil or concrete immersed in water. Also let the
reduced pressure heads at sections ab and cd be H, and H; res-
pectively and the limiting head, with reference to datum plance 0-0,
at which the layer of material of thickness t is still 1mpervious,
be H the so-called "ceritical™ head.

We seek to find for any rluid any material, the law
connecting the critical head H,.with the thicknuss of layer L,
in other words the fundamental faw of permenbility.

Upbn AB as an axis let us Tind the progectioﬁs of the forces
acting upon the fluid filling the pores of th: material in the volume

abed:
(1) Forces due to pressures on cross-sections ab and ecd.

= Ah, and py = A h,
in which A is the unit weipht of fluid and the direction from A
to B 1s taken as posit ive,

If the total area of the pores in the mnterial is A and the

coefficlient of surface pnorosity
Es =€;g , then the projection

A
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upon the axis AB of the total force of the hydrostatic pressurs -
. transmitted to the fluid in the pores is

Py =‘AESA (Hcr - LeoseX) = VAN (1ér'~ cos 6X) ~ (38)

Also the projection upon the axis AB of the total hydro-
static pressure acting upon the material in thc remainder of the - -
cross-section . 7

PAB=AA(1-E)(H -Lcosé{)=AAL(1—E)(i —éoéOO (39)

(2) Force due to the e weight of fluid in the_pores of the materials.

If X be the total cyllndrical volume and X, the volume of pores,
then the volume coefficient of porosity - :

g . fg : | (40)

X

(3) Wolecular forces due to the elastic¢ resistance of watef to

shearing. Let T denote the projectioh 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

= t-AL from which we may write

t=s

ot

{41)

“The quantity t, as a quantity referred to the unit of volume may be

called the spocific surface gf the elastic resistance. Then quantity
t, having the dimesion feet™™ , depends principally upon the
stucture of the material.

At the instant of limiting eduilibrium of the fluid in the
pores of the soil, the sum of the projections of active forces and
resistance forces is equal to zero and hence:

AE sA (hcr - Leosof) + AEV.ALcosO(- = | '(42)- A
F p=An [F (Pcr - Leosgf) + EvLcosO{J

| When Eg = E, “E

T = AAE[ - Lcos% Lcosqj A AFH, | - (43)

as is well known, the energy of elastic deformation of shearing

B (within the limits of applicability of Hooke's law) stored during the

gradual increase of load starting from zero is expressed, per unit

volume of the body, by 'Pz
- t

2G




the urit tangential or shearing stress

-in which P,=
and - G = the shearlng modulus of elasticity.

t_

: For ‘the total volume of fluid in the pores of the material
the magnitude of the erergy of elastic deformatior w1ll be

A= fgxo PEa | o (4)
Y ;¢ °m v |
At the instent of limiting equilibrium this elastic energy
will be completely converted into potential energy and the latter
may be easily determined for the water included in the pores of
the material, :
Finally, 1f the molecular or capillary forces were released,
the water in the pores of the soil would be able to produce work

equal to A . - I
- s AEVLHcr ' - | -(45)
Equating expressions (44) and (45):
2
P - .
Lt EAL = A AR LH, ..
2G - B .
) Pz - o . 4 - . .
Whence - H = <% : T ) {46)
‘ ¢ Z20G6 : . .

 From Fquations (42) and (43): o
. ’= . H ‘ .
P, = _g - QAEgHer = A By er LA _‘:ig_ .

tAL T L ,(47)

— Substituting the velue oi‘ P, from Equation (47) in Equation (46) (-
2 ) R ' .
< A A E‘-icr - * (48)

28 Gt°L 2AG £2 ' :

From which finally thr fundamental s w of pemeability may be written :
for saturated isotropic material, for the case of a gradual increase
of head from O to H " as follows.

" AE?-. , N

‘or as a general case:

Hcr= VI : , - ' (50)
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; .-In other words, the critical head is prcportionsl to the
“square of the thickmess of the layer. The coefficient {7 may be

" ¢alled -the permeability coefficient and .is deterrmined experﬁmentaliy.

v by testing samples in the laboratory.

ghe connection between the permeability coef*icient, the
shearing modulus of elasticity for the fluid in the pores of the
material, the specific area t, the coefficient of porosity E,
and the weight of the fluid per unit of volume Jﬁ, may-bs
expressed

7 . 26 | (51}

“Formula (50) shows how the thickness of blanket should be
changed for various heads to give the same degree of impervious-
ness throughout all parts of the entire structure.

Formula (51) indicates that in general imperviousness is
.secured by o A .
(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 mateziél by razming
or packing, as packing tends to decrease Ev and simultaneously in-
crease t. In other words the ratio t2

, _ _ ?‘, ‘and consequently the degree
of imperviousness i1s increased very materially by ramming.

SECTION 48. The limits of applicability of the method of Dumping.

The l1m1tin§ height to which a rockfill dam may be carried
usmng a given slope can readily be determined by detailed calcul-
ation, but in many cases it is useful to have at least an approx-
imate advance figure for estimating.

C . The solid line in F&gure 56 represents the proflle of a
dmn constructed in flowing water by the dumping method. The
heavy dotted line represents the limiting profile that may be
obtained if desired by dumping additional material up to crest
height %nin » using the same side slopes and the same base width.

It is evident that it would be possible to construct a still

larger dam with crest height at H, , using the same side slopes .
but widening the base width; as séown‘by the light dotted line in
Figure 56. In order that the designing engineer may not waste stone
during the initial dumpinp process, it is essential to determine
thn 1n advance.. B . : :
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Table 23 applies to cases in which no by-pass tunnel or
spillway has been provided. The data have been obtained from ‘
laboratory model tests and stepped up to full-scsle 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. :

Test #2 from this table refers to stone about 2 feet on a
side welghing about 1/2 ton. The original depth of river is taken '~
" as 19.70 feet and the average original velocity 2.3 feet per second.
The dam profile started to emerge from the water at a heightof 29
feet. It was found that the total heightof crest for the completed
section with equal upstreasm and downstream slopes and a standard
erest width was about 38 feet. ' ' :

Table 24 covers the case in which a by-pass is provided the
imvert of tunnel in this case being at the tailwater level and with
a depth of 2/3 h “over the invert, the tunnel is capable of accom-
modating the entire river discharge. The individual stones used
“were of the rounded form, having an avorage leght of 165 pounds per

cubic foot.

" The methodv‘of design outlined in this book have been suc-
CeSSfully applied to a full-scale structure in the case of the
Svir #2 Dam, for which the original natural velocities were in some
places as high as 10 feet per-second. In spite of such severe con-
ditions, the profile as construsted conformed closely to the cal-
culated dimensions,

SECTION 49. The interest of engineers in fhe.method.‘

I have several times presented the results of laboratory
experiments on the stone dupiping method to audiences of engineers,

" technicians and students in Moscow, and the interest in the subject

was mﬂnifest from the character of the subsecquent discussions.

In conclusion I will simply cite the resolutions adopted at
the Convention of Hydrualie Engineers, regarding the construction .
of dams by this method: ' .

{1) The Convention believes that ufen should be taken to
acquaint engineers with the necessary model testing and design pro=- .
. cedure. .

. (2) Imediate steps should be taken toward the construction
of a large scale experimental dem of this type.

(3) The method reduces the hazard and expense of winter
construction. :

{(4) The method serves to eliminate cofferdems and reduce
the expense of temporary construction. :

-9 -
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SUPPLEMENTARY EXPLANATION OF FIGURES 16 to 41  Sheet 1 of 3

In preparing the translation of the kussian text, data
that might, in the opinion of the translator, be useful in
making desipgn computations, have beea converted to the English
system of measurement. Where the results of model tests are -
used only to illustrate comparative tendencies, the.metric
system has been retained.

Supplementary she#ts 1 to 3 inclusive have been prepared
to assist the reader in understanding the figures. They also
present a convenient method for transZering the model data,
given to full-scale conditions in eithcr the metric or English
system. ’
The results of hydraulic model experiments given in the
Russian pamphlet were originally obtained for the report on
the Kolva River Project (compare Figure 4), and are therefore
directly applicable to conditions at that site. :

The experiments were made in a flume 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 in model dimen-
sions, the units of'measurement being suimarized in the con-
version table on supplementary sheet 3., It should be noted
however that river bottom and water surface elevations are
presented in these figures 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 model 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.




' Supplementary Explenation of Figures 16 to 41

"Figures 22 to 26

" Data on model setting are given in full detnil in the text.

Sheet 2 or 3

The

following compilation shows test ¢onditinns ani conversion to full scale,
according to Froude's law. »

Properties of stone flll used:

rounded stones, specific weight 2.64
percent of voids in stone £ill 37 to 40%

Model Aztual Dimensions

Dimensions Meiric system foot system
Small stones, diameter 14 mm 0.35 m - 1.15 ft.
large " " 24 " 0.60 " 1.97 -
Snall " weight Sg 80 kg . 176 1bs
lLarge " " 30 g 480 " 1060 v
Depth of tailwater 24 cm 6.0 m 19.7 ft
Elevation of tallwater El 200
Depth of headwater 24 to 38 em 6.0 to 9.5 m |19.7 to 31.2 £t

Elevation of headwater

- Original River Discharge
(The original discharge
decreases gradually with
the risé in headwater
owing to the action of

21.4 Ltr/sec
for 50 cm

width of

model flume

~ the by-pass)

El 200 to 203.%

600 mS/sec
for 112 m width

or
5.35 m°/sec/m

21200 cfs.
for 367 It widt%
or
57.5 cfs./ft.

The test conditions for the remaining figﬁres, 26 to 41 inclusive,

are not given completely in the text.
- tions to theoretical considerations.

These figures serve only illustra-

Figures 16, 17, 20 illustrate the gradual development of profiles of a
rockfill dam built in flowing water, and the sequerce of hydraulic ’

phenOmena accompanyinc the 'onstruction.

Figureg 27 to 23 pertawl to the determination of discharge coefficiants,

for successive: stages of construction,

Figures 37,

percolation flow.

38, 29, 408 40b are inserted to show the characterisﬁics of




Supplementary Explanation of Figures 16 to 41 - Sheet 3 of 3.

.Ccmversion of model data to ﬁxll-scale dlmensions in the metrie
and the English foot systems, based on 1:25 model scale and on Froude's

FAY)

laww
- Unit of Equivalent full-scale dimensions
o - - Model Dimensions| metrie system English system
Linear Dimensions:
Size of stones and : '
samd grains, d 1.0 mm’ 0.025 m - 0.082 1t
Height of rock- : : ' ‘
i1 dam, H 1.0 em "0.25 " 0.82 "
Inerease of height ' '
of dam, Ah
Depith of Headwater
ete., - ha
A reas: :
“Crass-section of 1.0 dem® 6425 m2 67.2 £t
roek-1111 dam, /L o
Inerease of cross-
segttion of dam, A}
Welgiht: .
Weight of stones 1.0 g 15.6 kg 34.5 lbs
Velowities: :
Overflow velocities| 1.0 m/sec 5.0 m/sec - 16.4 ft/sec
Pereolation veloci- : ; '
ties 1.0 cm/sec 0.05 " 0.164 . "
Discharge:
Overflow plus per- | 1.0 11r/sec 0.25m°/sec/m 2,69 cfs/ft
colmition flow, a4 | for 50 cm
' width
Volume: ' :
in mockfill dam 1.0 ltr for 1.25 m3/m 0.498 cyd/ft
50 cm width ' '
Effectiveness of . )
Domping Ah 1050 0.04 & 0.0122 It
' dem® m rt
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