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Mn~ORANDUM TO CHI~ DESIGNING F2~INF~_~ 
Lane, Res.arch En~ineer 

Subject: Results of Hydraulic Modal Studies on the Cle Elum Dam 
Spillway. Final Report. 

The Cle Elum Dam 

The Cle Elum Dam is being constructed to store water for 
the Yakima Storage Project in Washington. It will be of the earth- 
fill type, 130 ft. high and store 360,000 acre feet of water, making 
a lake 4440 acres in area. Spillway capacity for 40,000 sec. ft. 
will be pro%lded. Ledge rock is too far beneath the surface to be 
used as a foundation for a spillway, and a trough ~pe founded upon 
gravel was decided upon. Under maximum flow conditions the water 
would fall II0 ft. in this spillway. A general plan of the dam and 
spillway is shown on Figure i. As an aid to developing an economical 
and safe design for these conditions, extensive model tests were 
Undert~Lken. 

Hydraulic Labor ator~ of the Colorado Agricultural 

By the generous permission of the Colorado Agricultural 
Colleg~, experiments for the design of the Cle Elum spillway were 
carried out in their hydraulic laboratory )(Plate I-A)which has 
been described in detail in the Eng.ineeri~ ~ News Volume 70, page 
662, Oct. 2, 1913. .- ' 

Figure 2 is a drawing of the laboratory showing the loca- 
tlon of the models. The flow was obts~.ned from a reservoir of 30,000 
cu. ~t. capacity located upon a hill behind the laboratory (Plate 
I-B). The flow out of the r~servoir was controlled by hand operated 
gates. From %hose gates the discharge ~assed into a weir box 19,5 
ft. long, I0 ft. wide, and 7 ft. deep. In the side of this box 13 
ft. upstream from the weir ,Bs a by-pass which was controlled by a 
movable crest, and another of smaller discharge controlled by a- 
valve. Fine adJus1~sents of %he quantity dlscharged through the model 
were made by varyi~ the flow +~hrouch these by-passes. The head on 
the weir was observed by ~a~s of a floa~ gauge similar to that de- 
veloped at the Cornell University. The gauge was located in a still- 
i:~ pool connected with a main channel by a pipe, as shown in Figure 
2. 
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The discharge through the spillway model was measured over 
two types of weirs. During .the first part of the work, a go ° V notch 
weir was used (Plate I-C). This had been Previously volumetrically 
calibrated by the laboratory staff of the Colorado Agricultural Col- 
lege in the exact setting in which it was used and their results were 
therefore adopted. In order to accolmmodate the experiments on the 
models of the Hoover Dam spillways, it was necessary to use a :weir 
of larger capacity ar.d higher crest level. The latter part of the 
Cle Elum experiments were therefore conducted with a 2 ft. Cipollettl 
weir with its crest 1 ft. higher than the apex of the V notch. This 
weir had been previously calibrated by the college :staff with a crest 
height above the channel floor of i ft. less than that at which it 
was used in these experiments. As the velocity head in both of these 
settings of the Ci~olletti weir was negligible, only a few calibra- 
tion observations on the weir in its higher setting wore made. These 
agreed with those previously run by the college staff at the i ft. 
lower ,;rest elew~tioz and discharges were therefore based on a curve 
giving the coefficient for various heads as derived from both sets 
of observations. 

From. the weir the water passed through a divertlng gate by 
means of which the flow could be rapidly deflected into the model or 
into a waste tank,. From this gate a short channel 6 ft. wide, 17 ft. 
long and 8.5 ft. deep formed a supply channel for the model. As :the : 
dlrectldn of the flow in the model w-.~ a~ rlCht angles to that in 
this channel, baffles were necessary re prevent boils and whirls in 
the water within the model. After considerable exD. erlmentatlo n a 
set of baffles was evolved ~which would eliminate practically all of 
these disturbances. From the supply tank the water :passed throug)[ 
the headgate structure of the model, do~ the trough and through ~the 
stilling pool. Fronl the stillln8 pool it dropped to the bottom of 
the tank in which the model was constru,:~ed, and wes ~ pumped back to 
the supply basin upon the hill behind the laboratory. 

De~scrlption of th,.~ Model. 

Fiaure 3 is a drswins, of the model of the Cle Elum spill- 
way and Plate II-A shows the t.~q0e of cormtruction used. This model 
was set up in the calibration tank which is located inside the 
Hydraulic Laboratory building. The '[Imer~sions of the tenk limited 
the scale of the model to 1/50 of the linear dimensions of the 
spillway of the dam. For this ratio the relation of the dimensions 
and quantities of the model and prototype are shown in the following 
tables. The symbol N will be used to express the ratlo of the linear 
dimension of the prototype to that of the model; i.e. N .-- 50, 
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A-THE LABORATORY 

B-THE .SUPPLY RESERVOIR FOR 
THE LABORATORY 

0 

' . T H E  WEIR BOX AND MEASURING WEIR 

T H E  H Y D R A U L I C  L A B O R A T O R Y  OF 
T H E  C O L O R A D O  A G R I C U L T U R A L  C O L L E G E  
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A-MOI)F..L OF CLE ELUM SPILLWAY 
ORIGINAL DESIGN-SCALE 1~50 

O 

I - U S E  OF "THE POINT" GAGIE ~1~ 
DETERMINE WATER LEV~.L 
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Ratio of Proto%y~e to Model 

Formula 
Value 

Li near D Imens i one N 50 
Head N 
Ve I oc i ty ~ 50 
Area N2 7.07.1 
D i s charge N5/2 2500 
Time N/r~---, 17,667 

7.071 

Model 
Prototype 

Length (approxlmate) 20 ft. ].000 ft. 
Max. WiSth 4.0 ft. 200 ft, 

Fall :2.2 ft. (Approxlmate) ll0 f t. 
Velocity Ii.6 ft. her see. 82.0 ft. per sec Design Dischar,-~e 2 '~ " 

• .~6 Sec. ft. 40,000 sec. ft. ,: 

The gate structure at the upper end of :the spillway was 
made with wooaen piers With 5 f, ates of 1:/8, sheet~steel, sliding in 
grooves in the .~ate piers.., The trough or flume section was ° built 
on a slo~inc floor, 5' flder supported by scaffolding With walkways 
along., both sides. The ~.~ cove~ed wi~h galvanized iron laid 
as smoothly as possible ¢o minimize friction. The sides of the flume 
were constructed of flexible boards resting on the galvanized iron 

floor. On account of the fact that the friction losses ,do not follow 
the law of geometric similarity, it was necessary to//incline the 
floor more steeply in the model than: in the protety[~e. The floor of 
the model was cozouted to ~.ive the s'~ne :relative velocity as the 
prototype using a roughness (:oefficient in M~..~..,_~',~ _ o 
0.014 ~in the prototv]0e -~ n ~ ~ ..... ,~n(~ s~lornn/la of 

• ....... ~)w ~or the smooth galvanized iron floor 
of the model. Blocks were placed under t)ie supports of:the flume 
leer in order to permit adjust~nents in the s <~ , , 

found necessary,. Obs~-o+,-~ - lope, should that b~ 
v . • - ..... ±cJns Oy r, eans of the Pito ': - elocity in the model almos e~,,~÷~- ZL t ~ube showed 

t ....... Y proportional to those indl i 
cated by the computations foe the protot~-De, and adjustments,of.the 
floor were therefore unnecessary. At "the lower end of the trough 
section the inclination of the 
tical curve to a slope of I~- H floor was char%~,ed by means of a vet- 

pool. The model was so -"onstructed that this slope could readily be changed to e:l, 3:1 or 4:1. to 1 V, ~':hich led to the stilli 

Two types of stilling pool were used, the first of ~hese 
was 4 ft. Wide with vertical side walls corresponding, to the 200 ft. 
width of the prototype. On oae side, the Irall was formed of plate 
glass in order that the actlon of the water within the pool might 
be observed. Downstream from the stilling pool was a p i t  of sand 
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eo~im~d ~ b o m n  in :~r ten81en  :e~ the ~ t t ~  w a l l s - e ~  the p o o l .  
Z~a~.~. a larKa~ mind '~.bex ~ *  eon~t '~m~d i n  .whloI~"the -eondtttem~'.mo~ 

w a l ~ r  in  : t h e ~ s t i l l i n ~  pool wae eont~ll~l"!b~ .~8nm ~l,Et L ~ I ~ |  " ~  , 
~ t  e~ 'tam o~st o~ ,~io~ oo.~ :~* .eju~e~ ~,~ sto~ ]qm.* -- i 

c .  . . , , .  , 

arl~mSpol~t :1~oI~e~ -two n~kn'~l~Ob1~, o~h ot wbi:oh had a ~nmbo~ ~ . 
ot ~ubdi~131o~. YI~ :ti~t m~or p~oblem w ~m.~4ui~m ot th-.~mush:., 
01" £1tms In ~$oh ,tb~ mtox. ~ma ,to !I~ :ga~-Iod~~,iDho :,ladm o1~al;od !by 
:t~ ~m to ~bo n.til]~L~!X.)ol. Yhe sooo~ problmmw~ .tho ,~ote~n~x~- 
t i o n  ~ the  :~aiBa ~o~ !Id~ pobl ~In w~Ioh ~-,tho .m~'l~r e~ th~ 1"83£inlK 
m~ml, oould bOL;dl~tpst4M ,without ~ 1 ~ : ~  to the ~Aem or-m~e-  
.1~U~dJ3~s. ~Ybo ,~o~%owln~ o u t ~ l n o  shows t h e  ~ ~subdl~ls1on~ 'c¢ : t h U g  
~m0 ]~eoblJms ~whleh ~ inv~St lBaM~'bY~mems, .o~  , the:mo~e~s.  ~ " 

Jk11 Imtu ~ 
*'.V~oum ooabtnattoma ,~e~ -Bates :open :a~d ~eloHd 

(4} :Urn , ~  iO~t~eol  .Boot ie=  :at  Y h ~ s t  

%- 

(e) ]Oew~lolmmnt ~ a-~Stenda.~d :~oeod,,u-e 
(~S) : ~  J,ltgmmnl; ~ m 4 e w a l l s  
(4} :ae~  . a l o ~  3 , N d l ~  .~tato :~)oI 

(9) aem~e.,at 2:~u, tt, a l ~  ~* 
(10) ~ laMn ..el iZom~e .,]Md.ot Bido WeLl~ 

:(22) 8 ~  Of Ttmaol ~latmmoe cm 51o1~ Lesdtn~ into Pool 
(LS} U ~ . - ~ - P ~ s u m  o= the Ylooz 
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Experiments on Design of the Or~gln~!_ Trough 

A preliminary design for the ~rough o~ the Cle Elum spill- 
way was worked out in the Denver office of the Bureau of Reclamation. 
The principal dimensions are shown on Figure 4 and Table I. Thorough 
studies were made in order to obtain the best form which could be 
determined without the aid of model studies. The results obtained on 
a model of this form illustrated clearly the limitations of t~is 
method of design and the necessity of model studies, if £ood designs 
of such structures are to be obtained. Upon tinning the Tater into 
the model based on this original design, it was immediately evident 
that major changes would be required. Two large waves were formed 
in the trough crosslr~ and recrossin~ it. This would have required 
high side walls on the prototype at certain places, and cause ex- 
cessive loads in the spillway floor and concentrated flow entering 
the stillln~ pool in a manner whlch would have resulted in undesir- 
able erosion. The nature of this wave produced with all the head- 
gates open is ~ shown on Pla~e III-~ On Figure 4 is plotted the re- 
sults of readln~s taken by means of the point gauge (shown ~ Plate 
II-B). This figure shows the depth of ~he v~ater and height of the 
waves st a number of cross sections alor~ the flume. 

The data on this figure is given in ~ex~s of the values on 
~he actual spillway rather than on the model. In the following dis- 
cussions and illustrations, unless other~.ise noted, all dimensions 
and quantities will be expressed in terms of the corresponding pre- 
Serves values, since this gives a picture which is more easy to vis- 
ualize. The station numbers differ from those finally adopted on 
~he p:roto~ype. Those used in this report are five s~ations less than 
those used on the contract drawings. ~ ~ 

The conditio:~s cf flor: produced bY all of the ~o~sible c~m- 
billions of headga~es o~en and closed in the original design w~re 
also investigated. Observations were not made of the various pos- 
sible combination~ with gates partly open, but only of those in which 
~he ga~es were either entirely open or entirely closed. Figure 7 
shows the helg~ht and location of the crest of severe waves at the 
sides of ~he trough, produced by all of the 18 possible combinations 
of gaines, open and closed. Plate III-B and ~ show the flow for two 
of She most severe cases. Althouch these poln~s indicate the height 
of wave which would be necessary to provide for if the action of 
the prototype followed exactly that of the model, it would not be 
safe to desl~n the structure on this basis because of the limitatio~ 
of model experiments. One of these limitations is that the surface 
~e~sion in the water is the s~une in both model and prototype. On 
this account the water in the model is relatively much more smooth 
~han in the prototype and therefore waves might be erpected to dash 
higher in proportion in the prototype than in the model. Another 
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limitation of model experlm~nts is that no i~formatlon on t h e  amoun t  
of air which would be entrained in the water flowing down the spill- 
way is ~ivsn by them. Experience has shown that in thin sheets of 
water at hi, h velocity larce quantities of air may be t s k e n  up aim 
the flow depth in the prototype may therefore be thicker than the 
tests on the model indicate. For this reason a liberal factor of 
safety would be necessary in designing the side walls usin£ the re- 
sults of those experiments. However, the experi:~mntal results have 
eliminated ::~ny of the unknown factors and are therefore valuable 
sve~ though they do not cor~letely solve the problum. Vanes were 
trie~ to improve the flow conditions in this flume but wore unsuc- 
cessful. CoDlngs on the, side walls w,~re tested to dutermine the 
possibility of turning out the crests of the waves and thus permit- 
tln~ the use of lower walls than would otherwise be ruqulrod, but 
no satlsfacto~, forms were developed. 

Ex~erlments on a TrouGh with l~arsllel Sides 

ExpurL~.onts were next made upon a trough with parallel 
sides 4 ft. apart, z~prosonting. 8 200 ft. width in the prototype. 
The flow in this trough was much smoother than that in the orig.inal 
design, although s~ wave action wr, s still sot up by the transi- 
tion section at the headgatoe, and by th:, 6ate piers. Plato IV-A 
is a photograph of the flow through this trough corrospom~im£ to 
the 40,000 sec. ft. maximum discharge of the prototype. The flo~v 
for various gate c~,binstions is shown on Plato IV-b and c. The 
depths of flow for vsrlous dlnchar~os in this flume with all gates 
open are shown ,,us.ntltatlvoly on~],'i~ro 5. )) 

It ,ins found that the conditions of flow in this flume 
were somenhat hnutablo. ?iorc%~flo~: was found to pass on the rIpht 
sldo of the flume at the lo~or:iond t~mn on the loft side. An attempt 
was lade to rtznody this oondltlun by closiru: somewhat the hoadEato 
on ~ho right ulde o~ thu flume. This ho::uver, increased the flow 
on the ri{~ht sidG instead uf docro~si~k it. To decrease the flo~1 on 
the rlght sldo at the lower end of the flume it was necessary to 
partially cloue th~ ~ates on the loft ~sido. This would indlcato 
that th~ greater flow obtalnud ~,t the lo.',ur end o%" the rll,ht side 
with all gates open, was duo to the floor at the Sate structur~ be- 
ing higher on the right side thus causing- a ~roater flow thr~ the 
gates on the loft side. ~leasur~m~nts, ho~ovur, showed that i n s t e a d  
of being hi£hor on the right side, the floor was ac~mlly 0.17~ f~ 
(prototype see/o) lower. No explanation of the unbalanced condition 
of flow was obtained, but as this type of flume was soon discarded 
it was not considered worth,while t o  continue the investigation of this 
point further. These results Indlcatod that the flo~ throu@h the par- 
allel sided flume was umstable, and that a condition of unequal flow 
might result fr~z small irr~gularltlos such as a curve in the approach 
channel I~ t h e  spillway. 

-7- 
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Development of a TrouGhwith Narrow Throat 
an d Uniform Bottor l Gradient 

.@ 
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In ord~:r to econ~mi:-e on concrete in the spillway floor, 
flume forms were developed with a narrow throat so::mwhat similar tc 
the original design, but with much less ablull)t'conver~,ence~ and di- 
vergence. By means of flexible sides, a groat man~, shapes of flume 
were tried and the best ones were measured and rocolxled. Shapes with 
throat widths of lO0, BO and 60 feet for the proto~y1~e were developed. 
From the standpoint of flow in the trough these were about squally 
desirable. Greater throat widths were also tried but were not so suc- 
cessful, especially in the case of those approaching 200 ft. width. 
In these for~ the waves set up by the transition at the entrance sec- 
tion above the gates did not travel entirely across the flume before 
the lower end was r~ached, and ridges of water entered the stilling 
pool and cau,',ed disturbances and excessive erosion. The sections 
developed expanded to 200 ft. width at the to~ of the steep drop. 
After a decision was made on the best width el' t!~roat to use, the 
shape was refined until a form was developed which expaaded to the 
200 ft. width at the lower end of the pool. The widths of these 
flumes are given in Table I. Plate V- A shows the shape of the 60 
ft. throat width and the wave action with maximum discharge and all 
gates open. Plate V- B and 0 show the condition with somo of the 
worst combinations of gates open and :closed in the trough of 60 ft. 
wldth for a water level in the reservoir at the maximum sai:e eleva- 
tion; i.e., the same as that for the 40,000 sac. ft. dischar~ with 
all gates open. These results are shown quantitatively onFigure 
6. A comparison of 6-a with 6-b shows that the wave action in the 
flume is not materially influenced by the sate piers. The effect 
of gate piers is also shown by a comparison of Plates IX-A with 
IX-C arid X-A with X-~. Fi~ro 6-d gives the depths of ~'lo.'," for 
various cross 'Jections for the flume of 80 ft. tin-oat width, and 6-e 
for i00 ft. width. Scour tests in the stlllJn4~ pool also showed these 
flumes to be preferable to the original desljn. A comparison of the 
scour caused by the two typos is :ivan on Fi?.ure 16. 

Use of Control Sectio:~ at Throat 

The grade of the trough section of" the CIo Elum spillway 
is to a certain extent controlled by th,: ~opo~raphy at the damsite. 
In order to build the spillway in ~, cu~ cud have no part of it on a 
fill, it is necessary that it havun ra~boA, stoop slope. As pro- 

viously explained, wave action d~)voloped in the flow in this trough. 
Little difficulty was experienced in securi]L a satisfactory expand- 
ing portion, but the form of the contractln& section at the upper end 
of the flume was found to have an important effect on ~hu :~ave action 
sot up. The flow throughout the flume ~Jith uniform gradlont was bolo,w 
the crl~ical depth. In flows at do~ths gro~tor than the critical, 
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such waves are not set up. 5.~, makinc the contracting., portion oi' the 

spillway on a sui'ficiontlv fla~ slope zo produce depths 6rearer than 
the critical dopCh, ":aves in this section could be eliminated. An 
attempt was therefore m.,~e Zo develop a flame wlZh the control sec- 

tion at ~he most contracted portion, with a flat 64radlent upstream 
so that the flow would be bolov: critical vcloclts in this section 
and u steel} gradient downszre~,m in the e.~.)andin,q section. Computa- 
tions showed that such n fo~-m could be dovelo~,ed ~,hich would pe,-form 
in this manno'~' above any p~'~deten~,inod di:;cht~r;c,,~ bu~ below this 
dischar~<o ~h,n'c ~ould ';e %v:o control soctlon~, one az the gates and 
the other at the spi!]",'u.v Zh~'oat, with a h:,'d]-,'ulic .jump between. If 
the m[nlmu~ ~i:~char,%e a~ w h t c h  the :'leone would perform with a 9in~le 
control section was ices thnn ~h:." m~Ximum dischart.o for which the 
spillw-~y was duzi~ ned, n lal':'.er cute s~m~cZure ~ould he required than 
for the flu~:o of uni:'o~, ~-adient. ]% was therefore desirable zo make 
tho.dinchac.,e canal:It',, at ~rhich the: flu~T~u weald or, crate with one con- 
trol secziOh, uqu:'l to the maxi:nun: f]ood discha]'gu. A 1:2.50 spillway 
model wa:~ built wit'.,: a 60 i't, t}n'oat width ~o .q,zut these r,:suircmunts 

in order ~0 :;uc how suvc~-o the c,~ndJtions ~uuld be due to the h}~.ruul- 
ic junco which would ". o zwn bct.~'oen tile %we con~'o] sections at dis- 
cha.m~,os loss than ~hc m~tximu~n. Th,. ~ results sho'::cd less dcsirc.blo 
conditions in this Yltunlc thus cotfld b,:. obtai:.cd in .~he flume of uni- 
form ~raaiunt an,,', therefore no l'u~'tI~cr ux~',el•i;:!en%s on this tS~o wuro 
perforated, The conditions of ~'io~ in ~his f[m~,~ ur:~ shown on Plato 

VI-A and B. A 1:250 model w~s built ~o act :~i.~Alal'Iv ~ith a 120 ft. 
throat, bu~ the cond~itions o£ '.'low v,'orc not bottler than in the model 
with unifo~:-- :'radiant. By tmu}:in£, the floo~: slope up,wurd in the ril- 
l'action o:' flow to Z|]e Zhroa~ scc$iun, th, control could have boon 

made to co,~,u ;:t the throat for all conditions of di=chaz6~o. Such a 
plan would !lave ru,.'uirgd much larG:or and more o)~ons%vc g.utus and 
would have rc~'uiued the ;.ut~ ,~m;ctur,;, nhich acts as a dam., to sus- 

tain a con~:ider~:hl:., hil h,n" h.,~.d. This ::at not dustra' in as the 17 
ft. head contntzplctod i~: t[ ~ duu1:tn ado" t~d :;'~,s l'oliovod to be as 

hi6h as was s,'..f<, ~or tgo "~,,In~. tion cohdiD~op.s uzisti:u at t h e  spill- 
way sl to, 

Duw:lop.monts o? ~ho Fin ! 'i ~'ough Des~n 

As provlou~:ly st~-t:.~d, .;x~) ri: ,o:~-, ' .~ :.'hot:ud 1~h~:t u tuou~"h on 
uniform g, rudi,:nt could bu d,.v..l(,,(;,i CoL" 5C,, 80 (~nd iO0 f~. ';;idths 
which woul~ b~ ucually d,.slr L', ],; f~'~ t~.~ s~a-dpoint of f lot in the 
trou(~) ~. but Idcr throat,s war.:, not nl'~,,~tl:::., ~i~, Cost usti.nat~s show- 
od the hi{hcr walls F~T*IIFI~" for fi.u i:a].!oo ~ ~;i.,'u~it [~)ou~ offset the 

savtn6 ~;: 21nor c,mcrutc which -:ouL- l'<Jsu[:. ['['OF" U narrower throat, 
~ssu~'.in£ the :~:~'z~. th~ci-n.2ss o!" ,Ioo1" in all cuu~;s. Sine.. the narrow- 
ur floors would h[:vc to bu thi.ck~:r on ~(:c~n~nt oi the ~.~ru[l~(:r pressure 
ux,.Ftud u.o,)n tho!,i ~,:, t!l~ d.'epur w~._.r I I'~ D}k~' ~:n'rowur suctions, the 
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narrow widths were foumi to be less economical. Slnce the I00 ft. 
throat was cheapest and also seemed to produce less scour below the 
Jump pool (See Figure i?) it was adopted. 

This section was s~udied in detail and the final form shown 
in Figure 3 was adonted as best. The widths are also given in ~ Table 
I. This form has a 100 ft. throat at station 4@00 and a gradually 
expamdln~ section which continues to expand to the downstream end of 
the stillln6 pool. Plate VII shows conditions of flow in this flume. 
The wave action with a 40,000 sac. ft. flow is sho;rn on Plate VII-A 
and VII-B. The @reatest waves were formed ~ar the center of the 
throat. They seemed to be little affected by the shape of the ex- 
pamdlng section of the flume. Plate VII-C shows the formation with 
am expansion to 120 ft. s~llllm& pool width instead of the 200 ft. 
of the final design. The shape of the contracting section seemed to 
be much more important in securing good flow conditions th~n that of 
the e ~ i ~  section. With the shape of the contracting section as 
developed for the original desi~ varlousexpandlng shapes to the 
120, i~0 an~ 200~ft. stilling pool widths gave very similar results. 

As in the case of the original design, experiments wore 
ms~lo with the 18 possible combinations of Gates open and closed. Ths 
wave heights aloes, the side walls tmre observed with each Of these 
eambima~Ioms of Dal;e openimgs. ~asurements were also made with all 
the 18 possible combinations of gates open with all the possible com- 

bimatloms of the mining gates partially open. 0nly one partial 
~a~e opening, 5.0 ft. in the prototype, was used. To have used el1 
possible partially gate openln~s would have involved an iaflnlte num- 
ber of observations, amd it is believed the one hundred and eleven 
eomblmatioms observed sufflciontly cover the field. The conditions 
wl~h several of the worst of Chose gate combinations are shown on 
Plate VIII. Figure ? shows the holght reached on thu side walls of 
the flume by waves produced ~;ith various gate combinations on the 
flmal design, original design, and O0 ft. ~hroat doslgno For the 
flmal design, the water surface alonL the sldo walls for the design 
discharge of 40,000 soc, ft. is also given. In ordgr to facilitate 
comparison, a line is drawn st an elovatio~l~ ft. above the flume 
floor. All of the wave holghts for the final deslgu fell below this 
llne but several waves of the original and 60 ft. throat dosigms 
reached above. As previously r~ntlonod, n liberal factor of safety. 
is aocessary to estira~o the wave holght~ o roe these obsorvatlons on 
account of surface ~nsion and entralnud air uffects. 

In order to permit a comparison of the conditlon~ of flow in 
the uz)del trough and those in the prntozyp~, plcturus wJr~: taken for 
I0,000 and 20,000 sec. ft. discharFos ur~lor various conditions, since 
floods producing such dlscharg.os will occasionally occur, but the 
chamco of a 40,00C sec. ft. flood is no~:li;:iblo. Thu~o aru shown on 
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Plates IX and X. The first picture of each pla~e shows the condl- 
tions with all the gates entirely open. In order to obtain ~he 
gx~ste,st possible s~ora~,e however, the gates may be set to keep 
the water ~o the m~ximum flow line by holdin~ them partially open. 
Am the best conditions of flow in the flume would result when all 
~a~ea were open the same mnount, it is probable that they would be 
set in this runner. The second picture on each plate shows the re- 
sults for these conditions. It is intended ~o delay the installs, 
tion of the ~iers and gates of this spillw~y until the irrigation 
demand reaches a ma~nituAde which will require them. The flow con- 
d i t i o n s  with no piers o.' gates are show~ in the thi~rd plct~re. 

Analysis of Wave Form~tlons 

The experlments showed that water is difficult to control 
when the flow is below the critical velocity, on aocoumt of the wave 
formations s e t  up. That the ridges formed were waves add not cur- 
rents of water was proven by introducing a solution of potasslmm 
per ma~ganate into the e~reeums. This color did not follow the waves 
at all~ but flowed in the general di1~ction of the flume. This is 
shown for the 1:250 model in Plate 60-A. Formations of such wm~ 
i n  d e p t h s  b e l o w  t h e  c r i t i o a l  has b e e n  o b s e r v e d  by  o t h e r  ~ x p e r i m e n t e r s  
(Hydraulic L a ~ r a t o r y  ~ e t i c e ,  Freeman, PaCes 125 & 169). In o r d e r  
t o  moro fully understand the cause and action of these waves, am 
euu~13nsis was made of the waves set u9 by the ~ste piers in t~o  fl~mDe 
with parallel sldos, where conditions for analysic were favorable. 
It was assumed that those waves move at rig.hi an61os to the flume, 
hut the die~onal direction is given bF the occ~onent due to the 
velocity of the water movin~ down the trough. The path of the 
ripplee for three discharges wer~ traced o u t  a s  shown on Figure 8. 
The e~s sectional arBa was measured at a number of points along 
the flume for each of throe dischargou, and from these areas a-~ the 
discharge determined by thu "J~eir, the mean velocity at each cross 
sec¢ion was computed. To reduce errors of o b s e r v a t i o n ,  a curve of 
velocities alon6, t h e  flume ~ms ~lottoc, as shown om Figur~ 9 and f r m a  
t h e  v e l o c i t i u s  t h u s  d e t e r m i n e d  und t h e  d i s c h a r ~ ,  a moan d e p t h  ourw~ 
was constructed. From thu veloci~r az~ tlm auC1e between the pe~ of 
the wave and direction ~ the flow of the water, the velocity of the 
wave movin~ acx~ss the flume was ommputed. In Figure I0 those ~loel- 
ties are plotted against the d~pth of flow at the point at which they 
occurred. The fox~m~la ~f the velocity of :vave travel in water is 
V : ~ ,  ";hero V is the volocit2,, 6 i~ ~he acceleration duo to 
gravity and D the depth of the water. The relation of the cross 
velocity V ~o the ~ is shown for a discharge of 40,000 second 
l uot t o  be approxi~toly 0.75 /~-uD----_ and for a discharge of 20,000 
s,~cond fuut, a',nroxlma~ely. 0.70 / g D . Erporlmonts by. Whitney M. 
[orland on models of b~aches h~,vo sho,,n that ~aves in v~ry sh-Llow 
;~:tor do not rut~ch velocities equal to /~-D-. His l~sults ;;uro 
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comparable with those shown in Figure i0 for the 20,000, & 40,000 
discharges. In order zo test g~euter depths a run was made at the 
maximum discharge capacity of the apparatus, which corresponded to 
a flow of 14C,000 second fee~. This showed (Fismre i0) velocities 
practically e~ual to /~, D . The variation of the observed re- 
sults at various points in uny run is no doubt partly due to the 
fact that the mean volecltlus and d~pths in the cross sections were 
used in the cc~putatlons instead of ~he actu~ul depths and velocities 
at each point, as the latter were not observed. 

It must be admitted tImt the assumT)tion :that the waves se~ 
up by the plnrs move at ri(<ht an~,les to) the directlon of flow in the 
flume does no~ rest on a very secure b~sis, i~o ~}articular reason is 
evident Why the impulse due to the plers zi.~'ht not set up waves st 
so~o other a~k:~le. However as the results worked ou~ on the basis of 
the right o.~le flow give velocities which acres with those of Borland 
for the shaLlo~:' deptlm and with the theoretical velocities a¢ greater 
depthu, the ar~sumptlon made seams to b(~ sufficiently established to 
form the basi~, off a workin~ hypoth(:sis. 

As the depth in the prototype would be sufflcien~ to caus~ 
waves with ve].ocitlo,~ equal to ~ and i~ the model at the desig.n 
capacity roached only 0.75 /-~'D , thv r~ults of this study throw 
sc~o doubts on the sufficiency of thu detonm~ina¢ions of the best shape 
of flume. Sin=e slight char~:'es in tl~J flum~ shapo, especially in the 
contractln~ section make cor~Jderablo dlffer, mco in the flow condi- 
tions, the difference between the c1~ss velocity in the model equal 

to 0.75 x ~ ana those in the prototype which would probably 
be equal to the ~ might bu sufflclont to somewhat alter the 
conditions of flow in the flume. This Indicates thu doslrability of 
conducting model experiments of thi:~ portion of the flume on suffici- 
ent scale to C ire cross velocities for the waves ecual to the g/"g'~-. 
Such ~.~dols might be cheaply constn~ctcd at the laboratory on the 
Unc ompahgre Project. 

otll o ~liu~ .wool Exo.,riments 

To dissipate the onor(~-y of thu w~:ter a¢ the bottom of a spill- 
way one of two followi,~, devlcus or a com~inatlon of them in ordinarily 
used. (1) hydraulic Jump pool and (2) plots or bafflus. Only the 
first of these was tested as thu second was bolievud to be unsultablo 
for the foundation conditions ozistin, az Clc Elum. 

The hydraulic Jump pool will b J the most expensive part of 
the Cle Elum spillway. ~/ith any practical width of the flume the side 
walls of the pool zm~st be high and costly rotaininL walls. The floor 
must be of thick concrete in order so wlth~tand the vibration from 
the very turbulunt water in the hydraulic jump and to ~Jslst the un- 
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l ' ~ :P ' .o I id~  . . . . .  '. :1:" ~ o  L(['[ i ' t  [ ! .  t ] : (~  , h : " . , i c U } q ) o  TK,.~ "',:,., ~ .... *'OF,,' O f  t h e  ..,"". ,~. :['.1 :~ 

':OT'~£I.q];O/Id(~d "60 ~..[tJVII!.'iCII~ ',:(:'/4 [lli~ W~ttl 'I[~CP.]I: ;:['~ f~. i',t:]t,'%VJ ~Ll~(. l i ' J ~ l l t l  

low..[ c.t" t h e  'Ot~.c,,F. of t h o  , ' : I t ! i ] : i ~  p o o l .  This d o ~ ; t . t  w£~s f'oUr, d t o  

f~p, . :~  : ] U l ' ! " i c l o l .  t,. ~I,O l o , ; c r  :Iu ~. oi. t t l o  u : n : d  Po~: w a s  [ ' 7 5  I'~ d o w n -  

. . . .  I ' t ~ 8 / , ,  t ' T ' , ) t -  ~ } ! 0  . ] I I I I C ~ I O F .  0 "  * ' ~ "  

As t h e  l u n ,  : : '  o f  t h o  p o o l  l']~}~t.] ' v t : r i e : i ,  t, lK,, t e n . - t h  o f  %}~ : ; l i n d  b.i.I~ 

wa:~ also v,,~z'.utle, rnn:"Lnt" from 96 t n  : ! O k  fit,. 
q- 

"1%'t V o r y  v . . l u ~ . , , l ~  r u , s u J t : ~  r t o r c  o I , t n i r m d  w i t ,  t,, t, tl[:~ f o r m  o£  -rant:  

bin but i, bud the disadvt~n%a (; %ha% 1;!,o vOl't;ic~ :iori-orod~ihl¢; ,,id~,o 

o :  the :l[~lld fin did not u x a c t ] y  z'enr~:mnt: t h o  C O I ] d f t i O I l . ' l  v ' t ' l j ' t h  WOu].d 

O . X l t l t  !P~ t t l ~  I )~ . '0 ,501 ; .V~)L ' , t i tS t~}i¢. ] - t .n .~{ t ;  r iownsti , , .J tu ' r ,  fl l-ont ~he  c o : t c . r o t o  

, , t . ~ l i l l r  ~ o o ]  wo~:Jd  t'i~ sJ.oni'l[., ~11~ ,ql:} j ( : c z  t o  erosion. I t  w,l:~ | ' o l l n f i  

%hit% t h , :  voI '~ i~ .d .c"  s i d ( m  . " . v e  r i : J u  t o  o d d i J s  t~Ild .,,..-'~'~,"..., a ] . o n f  t h e m  , - : h i ( ' h  

rusullud in more sovuru ,wour alol:~., the sido:~ of t hu pool thun wn.- 

! i k o l y  z o  o c c t ~ r  kr: ~t:,~ D l ' O t O f i % ' p U  '"~ . . . . . . .  " • . . , , , l , ~ , L o , n  ks not .  i c , ; u h . l ~ ;  i n  m u n y  o f  
~ho picturus , " h o w i n y '  the :mm~ in thit~ t ' ~m, ,  of htr, uf~:r a run, taP- 

iIl~', Zho  f o n t ,  o f  a a r m - l ]  c h a n n e l  o r  ,"....]l.. 'y a t  t~.u" f o o t  o f  *~'~,,~, v u r t i c n l  

~,la:;s wn]l. The tlction i, ..... r.uzlu~ud''" tn [ J sut ul' by the rustralnin/_._ 

effect of t h e  wt:ll:~ on eddius. Aw:~y From ~hu wulls slzzila.." uddies 

rotnte har%%iossly in the surrouudl:v~ :,ct~r, hut wllon they comu in 

oontac~ with the .ullu, tile.'.' c~.llll:ot coI~[P,l,.~ to rota~c and uro p s i ' -  

"ci~lly dlvorted downh',~rd, con:inc in cor.t'~,"z with thu s~nd bet-ore and 

causing more scour than would nonnulJv occur. 

In ordor to be fruu from thiu off 'oct  end v.lso to Inw:u t l -  
F,:t,-' the scour ~z~ur-d ~he urals oi' the. stillin~ pool w}~.lls, ,~i larcer 

san(! bin was con~%ruc.~od in which the slu~Lm" oar~.L banks of th~ pro- 

totype bolov ~hu sti]lln[:, pool coul~t bc mo~ uccurat~ly rcFrod,:cod 

and u!Imin~tod th~ false indicutio.~u~ causud by ~he vurticul side walls. 
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I~LATE 

O 

SAND WAVE FORMED DURING 
EARLY PART OF RUN,, 

O 

F O R M A T I O N  OF S A N D  BAR S E Y O N D  S T I L L I N G  POOL 
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The resul~s ob%alned with this sand bcc~ are bellev~d %0 be a much more 
accurate represen%atlon of what would take plane in the prototype than 
those in the bln with vertical walls. 

The length of both of these bins was too short ~o obtain a 
perfect piczur~ of the scour produced. When wa~ter ster~ to flow 
through the spillway, It scoured first at the :i[~wer ed~" of the spill- 
way pool, rolling the sand back in the form of a sand wave, similar 
t o  those fox~md in a river (See Plate .XI). Thls c o n t i n u e d  t o  ~ove  
downstream untll it came within the influence of the weir con~rolling 
the %allw~ter level. Par% of the sand~was lifted over the weir and 
the r~malnder piled up against it. If the ssu~d b~x had been longer, 
the greater p a r ~  o f  the sand for~mlng the wave would have come 1:o r~st 
in e b a r  similar to that in Plate XI across the channel a:shor~ dis- 
%ance further dc~rnstree~ than the ~ailwater weir, where the boils am~ 
eddies had subslded. The result of the formation of such a bar 
slightly further dc~nstree~ than ~ %ailwator welr would differ 
little from that produced by th~ welt used, and it is %horefor~ bo- 
lloved that the results obtained are sufficiently close for prnctlcal 

C_on~Istency of Scour T~st Resul~s 

In the m~nds of sc~o there ,~y be s doubt as to how con- 
sls~en$ rusults could be obtalnod In a scour I~ooi, as used in these 
experiments. When the work was s ~ d  it was not certain ~ha% %h~ : 
resul~s obtained in one run could be closely dup.licn1~ in another. 
Unless ~Its could be so duplica1~d the smear pool might lead %0 ' 
unwarranted conclusions. In order to t ~  light on this polnt may- = 
oral scour runs were made. The first of these consls1~d of @we 
merle under nearly identical conditions. At the tlm~ of ~hese I~8~ 
the effect ~f thQ condition of compectn~s of the ~ was , ~ L ~ O t , ~  --- 
elated amd no especial effort was made t o  s~ur~ ide~%lemil~ cc~dl%i~ 
of the sand in the bin. The results of ~haao are shown in Figurm~IR. ..... 
Thi~ diagram shows the level of the sand in the sa~ ~b~ betc~re ~he 
run and %he average olcvatlon at any cross s o c l ; l o n  alb1~mX • the :~n.~ ~ It 
al~o gives a line roprusontlng the me_~m~n depth.of som~r, which was 
drawn by plottln& at ~ho location of uach cross seetion the eleva~iOm 
of the l~s~ point in thai'section, and Joinln~ ~h~o plo~ted p~In1~ 
by n llne. On accoun~ of the ~ffoct oi" %h~ vor%Ioal walls b e ~  
mentioned, the w e i g h t  which can be attached ~o thls ~ de~th is 
uncertedn. The r~sul~ of th~ ~sts given in Fl6ure IS show a v~-y 
close agreement, indicating that, ~i~hln • smp.~y cl~e li~%s, %he X~- 
suits ob~alned on one tos% san be dupllcat~d in a repeal%ion of that 
tes~, even if the sand conditions ~ not ~ a c t t y  dupllea~. I% is 
thought %ha% the sligh~ dlfferonc~- which existed between the r~sul~s 
of the two runs shown on Fi6uro 12 may hnve boon due to a dlffor~nt 
dogruc of compactnuss of %he sand. A strlkln6 oxemplo of consistency 

-14- 
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of the scour tests is shown on Plates X~I~ to XL, where the effect 
of equal increments of change in pool floor length showed consistent 
chnnges in scour. ~ 

In order to determine how far differences in compactness of 
the sand could influence the results, three runs were made. In one 
of these the sand was put In damp and as iooselF as possible. In 
another It was put in tightly packed and In ~ third it was placed in 
the manner ordinarily used. The results are shown in Figure 15~ They 
show very little dlffel~nce between the runs with the sand as ordinar- /~ 
!ly placed and that tightly packed. Somewhat more dlf~e~rence exists // 
between the results of those two runs and that for the loosely placed 
sand. It is believec that this difference is due to ~he b~lking of 
the loosely placed damp sand, which could be seen to settle consider- 
ably when the water was admitted ~o the sand pool. In the ordinary 
suLup most of the sand in the pool had been settled by water from 
the previous run, and only s relatively amall~ amount of sand was ad- 
ded. Ordinarily Zhls was sc~ewhat compacted and therefore settled 
little, but even if placed as ±u~seAy as posslblm the surface ~ould 
no~ settle appreciably. It Is therefore believed that although the 
resul~s oi' scour ~-nAns may differ very slightly due to difference in 
compactness of the sand, this difference would ordinarily be too 
small to be considered, end under the worst nossible conditions would 
not lead ~o serious errors. '~ 

Developi ~ .S~anda_-'d .Prooedu.rg., ~ ,:~ 

One of the first questions (arisin6 in the use of the ~and ~ 
bin for d~tor~inln~ scour was the length of runs necessary. If short 
runs were made they might not ~Ive the results w~ch would ~ake place : 
In the protot.vpo in a ~od. The ti~e ratio botwe~n tho~ prototype and 

• '~ 7 ° the model is ~ : ~ ,  or .0 1.1. A~half hour:run on ~ the 
model would ~herufor~ represent onl:, about ~ hours on the preserve. 
To get runs of duration corrusDondin~, to a larse f~ood ruquire su~Jh 

b 

a length as to seriously retard the pro&tess Of the tests. A ru~was 
Zherefore made to detormlno the m~nLmum ion~_~th which could be used. =, 
Tnls was of two hours duration, moasuramunts being made at the end of 
each ~O-minnto period to determine the pro(,%0ss of the scour. The 
results are shown on Fi~ro 14, It~ was found that most of the scour 
+ook place in the first 30 mlnutos and that vury little change occurred 
after 60 mlnutos. It was ~hoz~foro dec~d~ to use 60-minute runs. The 
above tests wore made in the pool with the ~l~es side, On the final = 

design a test of 5 hours duration, cmrrospondinc to over 35 hours on 
the prototype was made. Figure 15 shows a profile down the center of 
the channel below the stilling pool after n~ns of various duration. 
Althou£,h some movement of ~ho bottom was still ~,oin~ on at the end of 
the test, erosion near the stillin~ pool, where it would be dangerous, 
was nogli~:iblc. 

-15- :: 
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The shape of the trough was found to have considerable 
effect on the scour which would take place below the stilling pool. 
An extreme case of this Is shown in Figure 16, which gives the scour 
with the original design of fl~m~ as cc~pared with that developed for 
a 60 f~. throat. Figure l? snows comparative runs n~e with the 60 
and 100 ft. throat wldths and with the flume with parallel sides 
(i.e.) 800 foot width tl~rou(~hout. This shows appreciable difference 
in the results secured with the different flume sections, the best 
one belrtg the 100 ft. throat adopted for the fi;u~l design. TDmse 
experiments show that riEid icompariuons cannot be made of the scour 
resultln;; fro"! various cor~II~ions in the stillin£ pool where differ- 
ent flume sha~es were used. [:oy this reason all comparisons oi' still- 
ing pool results in this report, unless otherwise stated, were made 

with the scc~e ty~e of flIzmo. 

@ 

.B_osts.hape of Floor at End of the Pool 

The utillln@ pool of thu original design had a lewll bottom 
O~ a~,proxlr~toly i00 ft. in length at an elevation ~" ft; below the tail- 

water low~] nor u 40,000 BOC. ft. dlscharF~e, which was the computed 
depth necessary to keep the hydr~mlic jump within the stilli~ pool. 
At th,: end of the level portlon of the pool bottom, the floor sloped 
upward on a 4"i sloes for 44 ft. to the elevations of the bottom of 
the icadoff channel, beyond which point the floor was level for 6 ft. 

Expor£:aon~s ~sdo with this for -~- of floor showed ConsidorQblo 
scour. Plat,.) ~(II shows the r~sult usin, c the flume aa orisinally do- 
signed and Plato XIJI usin~ tDllt with %he G0 ft. throal;. In both 
cases the sand at the downntroam ud&,e of the pool floor was removed 
Zoa considerable do,~th, and in the prototype would have exposed the : 
cutoff wall beneath. The results el those experiments are shown 
quanti%aZlvol~/on Figu1"e 16. Talc was an undesirable condition and 
an attenpt w~/<~.ado to ~-cduco the scour b:~ placln~ s donta%ed sill 
at the top of~tl~o slope. Th~ dontated sill was invunted and patent- 
ud by Dr. RoI~L~6P of Karlsruhc, Ge:~mny, and has been considerably 
used as a -noans of p1"otuctir.5 foundations fro~ scour. The result 
of this test is ..~hown on Plato XIV. It shows that although the scour 
was reducc~3 sc~mwhat it was still severe. The depth of scour is shown 
on Figure 18 (Run 2). Substituting a plain sill for the dentated one 
g, ave somewhat lees desirable scour as sho~m on Plate XV and Figure 19, 

Run 5. 

The 4:1 slope az the do;:'nszremn end of the pool was then 
cl,angod to a l:l slope koopin~ the lensth of the level portion of the 
floor the same. With a dsntated sill at tha top of the slope the 
scour was more severe than ~ith the 1:4 slope, as shown on Plate 
XVI and Figure 18 (Run 5). Wl~h a plain sill at the top of the slope 
instead of the dontated sill the scour was especially severe, as shown 
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on Plate XVII and Figure . ) [Run 5]. With the sill moved 25 ft. 
downstream and %h~ apron e x t e n d e d  25 ~. the scour was still severe, 
as shown on Pinto XVIII and Yl~ 19 (Bun 4). 

As a result of those ~oste, it was concluded that any slope 
upward in the floor of the pool bottom was undoslrable from the stand- 
polng of scour and it was decided to build the pool floor level and 
zmako the ii ft. rise to tl~ level u~ the bottom c~ the load-off chan- 
nel i n  t h e  earth soctlon inm~dlatoly downstream from the stilling 
pool. Another factor influencing thla decision was the possibility 
of retrogression of the channel level due ~o scour of the banks and 
bed of the newly excavated leadoff channel. In an ordinary channel 
when movQmont of the material of the bed tsakos place, the material 
moved from one locality is ruplaced by that brought down f~ trp- 
stream points. Whore a dam is constructed, however, the movemen~ 
from above is usually cut off and the result is a lowering of the 
riverbed which in sce~ eases has caused considerable damage ~o dams. 
The effect of lowsrin~ the tailwnter on the scour with the pool floor 
at %he lower level is indicated on Figux~ 20. It shows that some- ~, 
what more scour would occur. The oxperlm~nts made on the final de- 
sign discussed la~er, shc~ that t,ho maximum scour with thin lowered 
tailwater, as shown on Figure 20 was an effect produced by the glass 
sldos and would not occur with the prototype oondl%lozm. 

A plain floor a% the lower lovul, without a sill at the end 
wus not satisfactory as shown by the scour tes~ on Plate XIX e.ud Fig- 
ore 24 (l~.l slope}. Very satisfactory ~esults were obtaln,6 however 
with the dsntated sill (Plate XX and Figure P~), the plain sill at 
the end of the apron (Plate XXI and Figure 2~) and the plain sill 25 
ft. upstromn f~ the end of  the apron (Plate XIIi and Figure 26}. 

When the exporlmonts showed that it was desirable to have 
the pool floor level and at an olovution below the bottom of the lead- 
off channel, the ~uostlon a r o s e  as  to whether the transition fram the 
floor level to channel level could be made abrputly or would hate to 
be made gradually. To haw made it ~radual/y would have required 
more s~eava%ion. T~sts ~ro therefore made ~ith a : , ~ l o ~ l  sand bottom 
below the end of thu pool and with one sloplnc up abruptly using a 
dentatod sill. Tlw results of those tests are shown on Plates XI ~nd 
XXZII and a quantltativo cc~parlson is given on Figure 21. The re- 
suits indlcatod that although the scour wa~ somewhat c~eter at the 
downstrumn edge of the cool floor whun the slope was abrupt, It was 

,s 

not sufficlont!y sevor~ to Justify the additional excavation and the 
slope up at ~bo end of the apron wm~ therefore adopted. 
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A-li~Lnment of the Side Walls of the 
Stillil~ Pool 

A series of tests were made to determine the best alignmmnt 
of the side walls near the lower end of the trough and in the stillln~ 
pool. Runs were made with four different conditions. In the first 
of these the sides of the flume expanded to a wldth of 200 ft. at 
Station 7+84r the tape,of the steep slope leading, into the stilling 
pool. The sides of the s~eel slope and the pool were parallel and 
200 ft. a~art. The second setup had sides expanding to the 200 ft. 
width at Station 9+00, the bottom of the steep slope leading into the 
pool, and the sides of the pool were parallel. In the third came the 
sides expanded gradually wlth a unlfor~nly Increasln6 curvature until 
Station 9+gG, the upstream side of the dentated sill was reached, be- 
low which the sides were parallel. It was found however that since 
the velocity increased gradually from the throat to the top of the 
steep slope, a~ which point it suddenly speeded up, there should be 
a change in the rate of expansion at the top of the slope. For a 
given rate of exnansion in a given time of travel of the water, the 
higher the velocity the lower would be the rate of expansion with ro- 
e]Duct • o distance of water travel or lozLgth of the flume. In order 
that the rate of expansion of the flume from the s~andpoint of time 
should not increase suddenly at the top of the steep slope,, it was 
neeeaaar.y to decrease the ra~e of expansion of the sldas, with re- 
spect to distance along the fltuno at that point. This led to a form 
similar to that shown in Figure Z. This fourth form more closely 
f~tted the natural tendencle~ of the water to expand than the third 
form, in which there was a sudden increase in the rate of expansion, 
with respect ~o time, a~ the top of the sl~pe. The results of all 
four setups with two different types of sill are shown on FIsu~s ~ 
amd aS and on Plates )C~V and ](XV. In each case the average scour 
-Ith the fourth form was less t)mn wlth the other three, and the max- 

scour at ~he critical point, the downstream edge of the concrete 
floor, was no more severe than the others. The fourth form was there- 
fore adopted, later hale6 sli6;htly mod~llod to the form shown in Figure 
S, wlth sides expanding to the downstream edge of the concrete floor. 

Effect of @lace of the Trough Floor Leadlnf, 
i to t ,u S llli  Pool 

A series of tests ~'ore run to deternulne the slope leading, 
into the stlllln~ pool which would Drc~luce the least scour. It has 
been the practice of the Bureau of "~eclamatlon as a result of their 
experience, to co~mtruct ~hetr chutes with a slope of i~:i entering 
the pool. It is the contontlon of Prof. S. ~" 

I~,. Woodward however, Shot 
a slope s~eopor than 3:1 reduces Zhe efficiency of the Jump in di~i- 
slpatlng onor[,y of the flowlne '~(~tur. Tests ~'eru therefore made ~v~th 
slopes of i~'] ; "~ 3:i and 4:1 with th~ trough with parallel sldos, 

-It'- 



@ 

@ 

This type of trough was used as it was believed that the results on 
it would be more likely to be of ~ensral application than if obtain- 
ed with a flume of other shapes. In all cases the Junction of the 
sloping floor with the level pool floor was made with an-~angle and 
not with a zransition curve. With no sill the results seem ~o sup- 
port Prof. S. M. Woodwa~.d,s contentions, as they~in ~eneral show 
less scour az the flatZer slopes (See FiguLre 24 ar~ Plates ~ and 
XX~TII). With s plain sill at the end of the floor and also 25 ft. 
upsZream ~ the results are similar (See Fisures 25 and 26 and Plates 
X]Gqi, XX-glII and XXIX) but with a dentated ~ill (Figure 27 and Plate 
XXX) the average depth of scour is about the same for the 2:1, 3:1 
and 4:1 slopes, bu~ the maximum scour depth was greater from the flat- 
ter slopes. As already stated, the significance of the maximum depth 
of scour is uncertain, 

In determining the best slope entering the pool_ other con- 
siderations than the scou~ effect downstream muss be considered. For 
a given position of the downstream end of the pool the flatter slopes 
require that Zhe high retaining walls forming the pool sides be longer, 
thus increasing their cost. A greater length of zrough floor is below 
the tailwater level when the slopes are flatter, and is subject to up- 
llft, as will be explained later, when a Jump is formed in the still- 
ing pool. A thick floor is necessary to resist the upllft especially 
if the pressure is nee rgZieved by vents and wlZh the flatter slopes 
this thick floor must be extended over a long, or distance, thus in- 
creasing the cost. l~oreover, a flat~er slope would require more sx- 
cavatlon than required in the dam, thus increasiug Zhe cost. As the 
results of the tes:s with the dsntated sills indicated that little 
difference in scour would result from chang, in~ the slope of the floor 
entering the s~llling pool, it was believed that the incr-~.~sed cost 
of the floor and slda T;alls which would result with slopes flatter 
than the l~:l used in the original deslg~-..ould in this case more than 
offset any adwlntagc in cost which might be gained. 

~5 

Effect of a Translzi~n Curve a~ the Bottom ,~ 
of the Slope '~.tor'!l~ the Pool 

As previously s~ated, Zhe tests of the effect of the slops 
of 1;he floor entering the stilllng~ pool were made with an an~le at 
the junction of the slope with tile pool floor. As she Cle Elum Dam 
is constructed in a timber country, where saw logs might pass through 
in times of flood, and since logs nearly always flow through such a 
structure end on, it was feared that the end of a large log passing 
through the spillway mic;h~ s÷-~ko the floor of thoC~poo I a nearly di- 
rect blow of great force. 8h~ i a pcs_Q1bIS.ity world be greatly do- 
creased if the junction of the\sloplng flour and pool bottom was made 
with a curve of sufficient radius so that only a 6lancing blow would 
be struck. The effect of such a curv~, with a radius of approxi~tely 

-19- 
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40 ft., on the scour below the stilling pool was determined by ex- 
periment. For both sill types tried the scour was less with the 
transition curve than with ~he apple and s curve was therefore 
adopted for the final deslan. Figul~ ~8 and Plate X3CXI shows dif- 
ferences in scour w.~th and without the curve usln& the dentated 
sill and Figure 29 and Plate XXXIII shows similar results with a 
plain s~ll. 

Study of the Dentated Sill 

Runs previously discussed showed that the bottom of the still- 
ing pool should be placed at a level below that of the river bed and 
zhaz it should be level, wlth some form ~f sill near the downstream 
end. In order to determine what form and location of sill was best 
adapted for the conditions existing at Cle Elum, extensive studies of 
various types of sills were made under a variety of conditions and com- 
parisons of the results were made. The form most extensively tested 
was ~he dentated sill perfected by Dr. Rehbock. 

The dentated sill was tested under a great varlety:of oon- 
ditions. In all cases its use considerably reduced the scour at the 
downstream edge of the floor, as compared with that occurring with no 
sill. Figures 30 to ~ inclusive show the results of some of these 
comparisons. The first was made with the flume wlth the 50 ft. 
throat and l~:: I slope entering the stilling, pool. The remainder were 
made with the ~rough 200 ft. wide throughout. In all cases the sill 
was i0 ft. high. Except for the scour along the edges, as shown by 
the maximum scour lines, the dentated sill prevented cuttlng at the 
downstream ~d~o of ~he floor. Later experiments, on the bin where 
the sand sides replaced the vortical walls, showed that ~his severe 
cutting alor~t, the edges would not take place in the prototype, a~d 
It is therefore safe to conclude that the dentatod sill in all cases 
would have practloally prevented severe scour at the downs~reem edge 
of the  a p r o n .  

One of the first studies was l'or the purpose o f  detorminin~ 
the size of sill to be used. Dr. Rnhbock's recommendations were for 
a height of abou~ one-tenth the fall. In these tests runs w~re made 
with sills 7.5, lO.O and 1H.5 ft. high, the velocity enteri~ the 
pool co:'rospondlng approxlmotely to a i00 ft. drop. A comparison of 
those results Is shown on Figure ~4. The scour for the 7.5 mad I~.5 
ft. hulghts is shown on Plato XXXIYr. Unfortunately the erperi~nts 
on the i0 ft. height wore not made under conditions otherwise identi- 
cal ,~ith those of the  other heights, but wore made with the wall ex- 
panslon endln~ ~,t Sta. 7~84 (Figure 22) while the others were made 
r:Ith the fourth ~'erm. The scour may be corrected with r~asonable ac- 
c~.acy acco~ia to the compar~.tlvo results obtalnod wi~h those two 
s,~;t-up,~, as sho~:~ on Figure 2~:. Th,~su results "Jhow that s slll i0 ft. 

r; 
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high gives prac~ically as good results as~one 12.5 ft. high, and 
considerably be~ter than one 7.5 ft. high. As large quantities of 
concrete are involved in these st.~uctures and the voltmm varies 
wlth the square of the l:ei~,ht, t'.:s lO ft. height would be much 
cheaper than the 1L'.5 ft. heifht, ~nd the former was therefore a- 
dopted. The 7.5 ft. helg!~t was not used, not only because it per- 
mitted somewhat undesirable scour but al~o because it was desirable 
to have a considerable mass of concrete in the danta~es in order that 
they mi~ht withstand possible blows from log:| passi~ over the spill- 
way. 

Another study was made Zo deterutlne t,he shape of ~hls sill 

adjacent zo the side walls. Available literature from Dr. Rehbock 
shows more z,h~n one form., of sill end and these with other possible 
forms were tested. Figures :J5 and 36 show the dir, lonsions of these 
ends. The first of these (A in ~" ifture ,'.',5) has a tooth at the end half 
as wide as the others. The second, B, has a tooth i~ times the nor- 
mal width wttl: a secondary block on top, zo cut down ~he eddies which 
ss~r.t to be s~;t up i:D~aontact with~i~ho side wall, which effect has 
boon mentioned in eSnnbctlon with thc excessivu scour along the g, lass 
wall of thu -:odol sand pit. The third from (C of Fipuro 36) is the 
ss~c as ~ wiz,h the secondary block removed. The fourth, D, has a space 
adjacent Zo the wall instead of a tooth. As the effect of these ends 
would be ovid-at in the scour on th~ sidu slooos of zh~ earth channel 
below th,B stillinF pool, as wcl] as on the bottom, those tests wore 
m~,do with a s:~nd bin whore the model of the channel sides wore of 
snna rather than beln~ roproscn+~od by thu ~lass wail of the flume. 

@ 

TIIJ J'asu!~, of the;~, tests is sho~#'n on Fi6uro 37. The first 
two sots of cros~ s(-ctio:u~ shows the shape of the sand bottom before 
and after t.uc run for sills with ends of t'~cs A, B and C :st the 
downstream end of th~ floor and lOC ft. below that point. The third 
so~ of cros~ sections was :::~tdo for ~.~peJs C and D at the downstream 
ed~,c of the floor. Condi~io,:s furth~,r do'~nstrosm were not strictly 
comparable. Thu rosul~ of thc~e co,~psrlsons does not show any marked 
superiority of one t~Tpc ow~r the othJr, indicatin~ that any~of th~so 
Forms would b u satisfactory. The choice of t~q~o C for most of the 
remaining oxperi:uonts and for use in tlm prototype was therefore som~- 
what arbitrary.. 

To dctorv...,in¢, the l../t:,nltudc of the prossur(Js exerted by the 
swiftly movlr~ ws~cr on *~ho dontat~d sill, in order to determine the 
feasibility of usln~ It, piezomoters ~;ere installed az various points 
in it as shown on Figure [Y~ and observations o£ the pressures at 
those points wore made. Thu sill used v~s l0 ft. high and the flow 
conditions wore as in thu final design except that other sill posi- 
tions 1L~. ft. further upntruam and dovmstr.Je.~." wore also tested, the 
floor length being varied to acconnnodate thcso changus. The results 

-.o 1. 
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locations for various setups is shown om-Fi~ ~ to 45 inclusl~m. 
The first of these comparlso~s was for a 60 f~. tht~at fl~me with I~I 
slopes lea~In~, into the pool. and the remainder for a 200 ft. 1 ~  
with slopes i n t o  t he  p o o l  as i~ica~e~.. In all c a s e s  ~he sill 
IC ft. high. The results show that %::ere was less scour in e~oh om 
with the sill at the downstream edge of the floor than 2~ f~. ab~vw 
it. 

A compar ison  of  t h e  e f f e c t  ~f . s i l l s  of  v a r i o u s  . he igh t s  .was 
a l s o  made wi th  t h e  x ~ s u l t s  g i v e n  on F i ~ u r ~  46 a n t i P l a t e  IXXXX~. I t  
showed t h a t  the s c o u r  d e e r ~ a s e d  as ~he.helght of t h e  .sill was i n c h -  
ed .  It is probable that the ?,5 ft. height sill would Eive satlst~o- 
tory results in the prototype, but to keep the results oc¢~arable with 
those on %he dentated sill', ~he l0 ft. height was used inmost of the 
runs'. 

A series of runs was also ms de to d e t e r m i n e  whether As- 
c ased hei t of the s i l l .  a t  t h e  a n a .  , . , .  

l n c r e a s e d ~ "  T ~  / - e s u l ~  .s~o~- 'E ' .a l i~ht  improvement  i n  some oasa.s bu t  
the hei@ht of  the sills w~uld be so gl~mt,,(~proxlmately 20 ft.) that 
they were Imprectlcel fz~ma .structu~ s t a n d p o i n t ;  and t h e ~ o r e  
would not  be desirable; 

A l t h o u ~  ,the l o c a t i o n  of t~ ~lain s i l l  a t  the d ~ t ~ l  
edge of t he  f l o o r  was . ~ 1 1  adap ted  to  t he  c o n d i t i o n s  at. t he  C l e  . J l t ~  
Dam, it might not  be. aAventaGeous in s~ other locations. Whe~ the 
tailwater is sufficiently low so t h a t  waterfalls a f t e r  pemeiZ~ over 
the sill, scour would be set up at the downmtremm edge of ~ floor 
which might  undermine the floor: With t h e  floor ""~ sill a t  a v e t  
low elevation with x~sp~ct to the tailw~er level am at Cle ~ . ~  
such drop existed, and l~her~oz~ the plain sill in much a lemati~ 
cou ld  be used t o  ~vantage~ In  o rdu r  t o  e s t a b l i s h  d e f i n i t e l y  t h a t  
no undesirable scour would take place below the sill, runs eo~el"tn4~ 
dlsohax~es less than the maximum were made, with thclr oozTe~i~ 
tailwater levels. The results of the scour obtained usher these eo~- 
ditlons ax~ shown on Figure 47. 

Study of the  ~vol~ S i l l  

A few tests woz~ mayo on .a mill I0 ft~ hIEht the ~t~emn 
face of which was beveled at a 45 ° an61e with the floor as shows on 
Plate XXXVI. It was believed that the reaction of the fores neces- 
sary to lift the hIEh velocity water up over the sill would Lncreue 
the stability of this type of sill. Flguro 48 shows e compar i son  
the scour ¢aue~ by this sill as ccerpared with that under otherwise  
identical oondi%ioms usln~, the dontated sill.' At the downstreem ed£o 
of the apron the scour on the bottom of the channel with the beveled 
sill was loss thnn with the dontated silly duo %o the eddy which ~ends 

-2~- 
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to  brin~ the sand upstream and pile it aF~Inst the downstream side of 
the sill em was the case with the plain sill. With the beveled sill 
there was considerably more scour on ~e sides of the oha~l 
the scc~r about I00 ft. downstream from the end of the floor was great- 
er on both bottom and sides o~ the chaunel. ~ 

In so~e respects this sill resembiedthat developed by the 
model tests for the lower end of the Madden Dam apron. Fr~n tho~e 
tests it was decided thst the sill should be ~ ,  havi~ o~ly mJf- 
flcient hsIsht to deflect the hi~:h velocity current off the river 
bed. This conclusion is not applicable to the co~ditlom, at Clo ~lum 
however as the pool floor at Cle Elum w,~s below the river bed, a~d 
considerabl- -;rester deflection of the currents would have been  ~c- 
essary to make t ~  clear the river bed. For this purpose a hlg~r 
sill would have been required than ~he Madden experlsmntm indloatod 
to be desirable'. 

Basle+ of the Selection of the Dentated Sill 

A comparison of runs made on the dentated sill and o~ the 
plain sill a~ the end of the floor, usi~ the pool with ff~ sld~, 
is shown on Yl~n~ss 49 1~o 55 incl. In gene ra l  the  aver86e d e p t h  o f  
scour is less with the dentated sill tha~ the plain sill, altho~ 
due to  the  b a c k r o l l ,  1;he s c o u r  a t  the dmlns t remn o d ~  o f  t he  f loes"  i s  
less with the plain sill. The nmxi~un depth of scour ~as ~ x ~  
less with the dentated sill. The result8 of compeA-atlve 1;estS ~L th  
the larger sand pit are shown on Figure ~ These results ~t~ q~tte 
similar to  those in the pool wlth glass s i d e s .  The dents~4~d II1~1 
usually ~ave somewhat less moo~Lr on the sides and bo~t~, ez(,;~ ~bat 
due to ~he backroll, s fill was built by @he plain sill at ~he 
stream edge ~f the flow, which ~ave this critical point be~te~ 
tectlon than with the denta1~d sill. 

Fz~n the hydraulic standpoint thorefor~ the don~ated sill 
showed up s~newhat bettor thnn the other types experlmen~ed upon, 
but it is believed that r~asonably satisfactory, results ~ have 
been obtained by the use of several of the other t.wpes ~ sill. 
Since this bureau has poxlnisslon to use the d,Jnteted sill on any 
its structures, ~he q~,ostion of royalties were not a fee@@r In the 
decision. £ structural adve~t~e of the dontated sill Is that the 
pressure on it would be dlstribu~d ovur a wide base, which wmAld be 
an n d ~ n t a o : e  on e a r t h  f o u n d a t i o n .  

S . e l c c t l o ~  ~ Bes t  C~nb ine t lon  o f  Pool  Width .  

The width of the stilllr~, pool of the preliminary deslg~ of 
the spillway was s~aewhat arbltr~rily sot at 200 ft. and the pool 
depth was fixed a t  that required to insure ~ho formation of a hydraulic 
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jump in  the pool for all flows includi~ the ~ dlemharge. It 
was recognized however that a wide ra~,,e of widths and depths were 
possible, and that model taste should be used to determine the b e e t  
combination of these dimen~ions, as well as the length of pool nec- 
essary t o  p r e v e n t  excessive s~'our d o w n s t r e s m .  

To work out the best solution of these questions a large 
r.,Jmber of tests were made with various widths, depths and len6ths 
of pool. In all cases a i0 ft. desisted sill with ends of type C 
(Figure ~5) was used, with sloping end walls (Type II, Figure 5~). 
Tests war,, made with pool widths of 200, leg) and 120 ft,, each width 
with ~wo ~o four different depths and each depth with two to four 

~dlfferent lengths, making, a total of 38 conditions. The width of the 
flumes for the various pool widths is given on Table I. 

An optical comparison of the 1~sults of these runs i~ given 
on Plates XDC~/II t o  XL inclusive. They show t h a t  for all conditions 
tested, even for those in which the pool was swept out, there was ~ no 

// ~ t • serious scour on theichannel bet om at th downstream edge of the 
behind the walls floor, The scour on t t he  channel sides and pool 

more variable than the scour on the bottom and was an important fac- 
tor in the decision of the best combination of length, width and 
depth of pool. The oonslstoncy of the scour results with the var- 
ious chances of len~:th and depth was -,,oh better than might be ex- 
pected, which gives considerable confidence in the ca~parative re- 
sults and in this form of model test in general. The results of 
those runs are shown @rephlcally on Fi~IAre 57. On this figure ~he 
elevation and length of floor is shown for the various rums. ~or 
each pool width a llne is shown passin~'~ through ~he points represent- 
in@ lengths and deptlm which ~ave slip.hi scour as shown on Plates 
X~II ~o XL and other lines Indicated those giving severe scour 
and very seve1~ scour. As nearly as it was possible to determine, 
the conditions of scour alol~ a~v line was the same. These limes 
indicate that the scour decreases as the floor length is increased. 
For the two runs on the hi~ hast floor level of the 150 ft. pool width 
the pool was swept out and sovor~ scour occurred. With the exeeptimn 
of these runs the results cause the lines of equal scour to have a 
slope nearly parallel to the floor slope entering the pool, which 
makes the floor lengths practically the same for a given eevmrity 
scour. There is a tendency for the severe smour lines to sl~pe more 
than the entrance slope, indicotin~ that for equal fl'oor lengths 
severity of scour increases as the death is increased. The reduction 
of scour with increasin6 length of pool was antielpa~ed but it was 
also expected that deeponlng the pool would have the some ~ffect, 
since it would ~Ive a greater mass of water in the pool in which 
the energy of the h16~ velocity struam could be dissipa~e~. 
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The explan~,tlon of thfs result probably lies in the s~eep- 
ness of the entrance slope to the pool and the curve at the bottom of 
it. With a tailwuter level near the elevation required to sustain a 
Jump for the flow co:uditio~ exiJtin:, the Jump begins near the bot- 
tom of the curve, and the w~ter enters the ~lump in a nearly horizontal 
direction. Under these circumstances the Junrp is quite efficient in 
dissipatin~ the kinetic ener~ ~ of the water. With greater ~ool depths 
the beginnin~r of the Jump moves upstream to a point where the water 
enters the Julep in an inclined direction and the swift moving water 
tends to dive under ~he other water without formin~ an efficient Jump. 
It is bellsved that with flatter entrance slopes or a greaCer radius 
curve at the bottom of the entrance slope, the advantage of a ~deeper 

poo I would be gruater. 

A rigid determination of the best combination of pool width, 
length and depth would involve the estimation of cost of a series 
of pool designs for the various conditions, as well as a considera- 
tion of the hydraulic aspects of the problem. It is believed however 
that quite accurate estimate of the situation can be made bymmans of 
a concise statement of the factors involved in the comparative costs 

without quantitatively evaluating, them. 

For a ~ivon width and depth of pool, there is a minimum 
safe length, which can only be shown by model tests. The results 
shown on Pl,,tes XXXVIII ¢o XL indicate that to lengthen the floor 
beyond thu line on Figure 571aboled "Sli~.ht Scour" would decrease 
the scour but little. Moruovor, the scour at this point is such as 
could easily be taken care of by riprap or pavin~ on the banks, or 
by raising the wing walls. It is bulioved therefore that Chis line 
marked "Slight Scour" represents the long, th cf~ pool which should be 

built for Zi~o various widths and dJnths. 

To narrow ~ho s.tllling pool and co:sponsors for the increased 
discharge per foot of width ontorlnc thu pool by ~ncroasin~ the depth 
has the followinr effects 1or the cundltions oxistin~ at Cle Elum. 

(i) It considerably reduces the width of the floor in the 
lower part of the flum~ section oK the spillway. Thin results in a 
considerablT savinL of cost of concrete, which is to a certain ex- 
tent offset by the increased height roquil-ed in the side walls. It 
is probable however that the net result is a decruaso in cost~ 

(2) It reduces the width oi" the pool floor but increases 
t h e  h e i g h t  o f  t h e  j u m p ,  w h i c h  n e e u s s l t a t u s  a n  i n c z ~ a s e  i n  t h e  t h i c k -  
n e s s  of the floor co resist the [~ruater unbalanced pressure of the 
Junrp. It is probable that the decrease in width is considerably more 
than offset by the increase in thlchnoss a:~ the nut r~sult is in- 
creased in cout. If the apron and pressur~ on the floor is relieved 
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by underdraina/,e, t he  balance in f~'~vor of a wider pool is d~creased 
az~d possibly eli:,inated, v,.;~ it is not believed that i~. would make 
the balance a'~,wrecin','ly in favor 0£ the narrower pool. 

(Z.) I~ probably r..~ducns the volume of excsvaZlon but in- 
creases the un~ price, due to the ~rsator cost of pumping as ~he 
dey. th below ,-round w~ter in('reas()s. The net resull is probably an 
increase in cost. 

(4) To obtetn ¢he s~"~e sev,}rit~ of scour with a dleet)er 
pool is sho~n b:, ex~(~riment to r~qulre an e('~ual or ~:reater ]~eu~th of 
pool floor and greaCer lenFCh of side wt~.lls which would resul¢ in an 
increase i:; cost. 

(5) It increases t h e  hei(;ht and stren th rnqulred in the 
w~lls. The increa:~ed strenc%h is due not only to the &rester earth 
nr:~.:~sure rezu] tiu~" from the hi,-her walls but also th~ grea~er unbal- 
~mcL:d w~ter o:-,:snu~"e resu]tinf from the lower level in ~he upper end 
o£ the stilli~a" poe] with ~ho i~ipher Jump, the tailwater level and 
the ~,,,,ter pru~isuro on the b~.~ck el" the wall bein: the s~no, Since ~ho 
h(,~i; )it o[" the walls ~'t Cle Elum is such ~hat the bearing_ pressure 
li;,;it is about roached, an incr~nso oi' hoi{~ht ~nd unbalanced v~ater 
prossul~ ..mv Lherefore necessitate an iDcl'e~ise iI1 the norms], base 
width of th~ wall :o secure a low once, h boa~'Jz~ pressure. In any 
event thnse off dots would cause an increase in cost. Von~in6, the 
side walls will l'educe the balance in favor of the wider pool bu*~ 
no~ ulitninate i~. 

It is evident therefore ~.hat the orly s~v!n6 in narrowinc 
and deeponlr,,, the pool is a dscreacc in ~he cost of the flume pavinE, L 
Hence it is desirable %o have ~I,e ~:ool relatively wide and shallow. 
Th~]re are faczors however which li~:It thu width to which the pool can 
econ~nicall- be built, The 2. ~.re: 

cussed. 
(I) The increase in cost of the fltuno pavin~ previously dis- 

(2) An. increase in t)lu excavation which mil~ht exceed the 
quantit:" l~nuired in the d~:/. 

(3) The extent ~o which tho stro~m flowln~ through the spill- 
way can spread before entorin" the pool. 

(4)  T~c u n d e s i r a b i l i t y  o f  i n c r e a s l n r ~  ~ n d e f i n i t e l y  t h e  a r e a  
o f  t h e  spi ! l~ ,~ny f l o o r  and t h u s  t h e  r i s k  o f  a f a i ! u r o  o f  i t  a t  some 
p o i n t .  

-27- 
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(5) The fact that there is a certain minimum depth of pool 

floor belo~ which it is undesirable to go. 

Vlithout evaulatin~ ~[uantitatlvely those of these factors 
subject ~o such analysis, it secure prnbable +.hat the limit of width 
from the economic and hydraulic standpoints is about reached at the 
200 ft. width, and i% was therefore considered ~c be the best width 
for the final design. The scour tests show that as long as the pool 
is not swept out, the scour for any pool width and reasonable depth 
is roughly the same for the sams horizontal length of pool floor. 
Pla~ the floor a + a lower level than is necessary to form the Jump 
will decrease somewhat the thickness of floor necessary., on account 
of a lesser reduction of downward pressure caused by the Jump, but it 
would Increase both the volume and unit price of the ox~avatlon and 
also increase the length and height of the pool walls. The ~groatest 
economy is therefore secured by placing, the floor as hi6h as safety 
pe~nlts. The experiments show that for the 200 ft. pool width, the 
bottom can be placed at least 5 ft. higher than the ccm~utatlons 
based on the theory of the Ju~mp indicates, without s~oping ~. 
This is probably duo to the obstructln~ effect of the sillo It is 
believed that the model test results would be duplicated in the pro- 
totype. If they ware not duplicated however and sweepi~ out c~c~ ~- 
red, destruction of the pool ml(~ht follow from the lifting of the 
pool floor fr~n upward pressur~ or from impact on the donta~d sill, 
which could hardly be anchored firmly enough with an earth founda- 
tion. A failure of the pool would almost certainly result in the 
failure of the dam, and a great disaster. To secure the factor~ 
safety which should exist under these circu~mstauces, Itls belie~ 
that depths should not be used which are less than those which the 
jump theory, indicate to be nscoesar?. This would require ~he pool 
floor of the 200 ft. wld~h<to be at El. 2093. As previously stated, 
i t  is believed tha~ t h e ~ c r ~ ; t h  of  floor required for safety:Is tha~ 
shown by the "Slieht Scour" line on Figure 57 which, fore p~l wld~h 
of 200 ft. and floor levul 209~ ~ivos a pool floor ex~ending a ~ -  
imately to Sta. I0+00. ~rizlnL the foregoing, r~asonln6; it was 
considered that the best pool width was 200 ft., the best p~L~l f~or 
level El. 2095 and best pool length to end at Sta. 1O~O~, givlng a 
pool length of approximately I00 ft. includlm~ the don~ate@~silll, 

B e s t  Typo of S ide  Wal l s  f o r  tho  P o o l  

?.xtenslve experlm~ntation was carried out te determine the 
best form of the onds of  the walls of t ho  stilling pool. As t he~ ~ 
walls were about forty feet hitch, consldorable saving would be ac- 
compllshed if the length or hoi6ht could be reduced. The types of 
wall tested are shown on Figure 56. Photog~--aphs of these are shown 
on Plates XLI avzl XLI!. Type I was used in so~e prolimlnary tests. 
With the raised ends on the plain sill however the sill extended 
above the wall and it was necessary to raise the wall to form types 
~II and IV. Typos VI and ~qI wore tested and gave good protection 

-28- 
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m ~  m k ~  t h a t  lower  valuem a r e  u ~ . u e s t t c m a b l ~  sa feb  ~ u i t e  a ~ o f  
dams w i t h  l o w r  v a l u e s  have been b u i l t  and bays ~ i ~ .  s a t i | i ~ s t s r 7  . |e l~-  
v i c e  over  a p e r i o d  o f  y e a r s .  Some e x p e r i e n c e d  e n g i n e e r s  u l  e ~ i ~  

-~ a b l y  lower  v ~ u e a .  In  a number o f  o ~ e e  however f a i l u ~ m  ~ o e ~ d  
c u d d l y  end wi thou t  . ~ e ~ i o ~  wL.~ning in m t r u c t ~ e s  w ~ o h  have g i v e n "  

~ l s f u c t o r ~  mervlce  over  a lon~ p e r i o d ,  r a n g i n g  up  to  t~mnty  y e a r s ~  
~ a set of values which were somewhat too low osme into general uslt 
~,~*~* it ,,~ht be a lon~ time before their insufficiency would be ~Bonm~rated 

and a large n,,~ber of insecure str~,etures would be built in the menntlmee 
The author therefore believes that it is better to take a conservative 
view and make a small step in the right direction, permitting ,.ore ex- 
perience t o  accumula te  b e f o r e  t ~ l n ~  a n o t h e r  s t e p ,  than  to  run the  r i s k  
o f  o v e r s t e p p i n g  and having t o  go back .  

The p r e s e n t  form o f  t h i s  paper  has been a gradual ,  development  and 
is the third step in this process which the author has made. In the 
f i r s t  r e p o r t ~  which was based upon d a t a  from a p p r o x i m a t e l y  one hundred 
d~ms, he recommended the plain creep theory with smmewhat lowe~ values 
than  reccmnended by Bl i~h:  As d a t a  from the  Dacha B a r r ~ e ,  K u l l i  I~n 
and Kulli Bye Wash became available, the weakness of the plain creep 
analysis becsme evident and a second report was prepared based on data 
from 120 dams reccmm..ending a sot \?f values ~ith a weisht for horizontal 
creep of one-half. Later data, largely furnished by the firms, Ambursen 
Dmn Compony, Ayros, I~wis, Norris and ~7; and Holland, Ackcr~m nnd 

,~ Hmll~md, which included m~my dsms with a high proportion of vortical 
,,~* creep, gave adoruate, basis for using s~u~llor relative weight t o  hori- 
i,~ zontal creep. The pruscnt report wus therefore prepared, based on over 
~: two hundred doms, using a .~oi 'ht for horizontal creep of one-third. 

~!~ Low values of creep for drams founded on sand havc boon reco~nond- 
~ cd by Konic ~. The shape of d~m~ ~nd sheet piling he advocated ~ive 

• ~" Vol. 73, p. 175. ' "Tr---. Am. Soc. C. ~., 

weighted creeps v~ryihg frum 8.5 for low dn~s ~o 5.6 or less for high 
O nes. I~ is doubt1%ul ho~cvcr if his recommendations for higher heads 

,eros based on ~ctu~tl e.xperience. 

*~ An exr.minatlon of minlm~un n~ichtcd creep r~.tios suc~ested as a re- 
~ sult of this study sho~s that they e_.a'o s~zc'~:~ut loss than one-half those 
;~ rocom.uended by Blish. A comparison is sho~n in the following' table: 
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~; me~ chow t h a t  l o w e r  v a l u e s  a~e u n c u e s t i o n a b l y  s a f e ~  Q ~ i t e  a m m b ~  o f  
! deem w i t h  lowe~ va luem have  b e e n  b u i l t  and b a v e - ~ i w m  s a t £ m l ~ e t m 7  mea.- 
'~ vloe over a period of yea~s. Same experienced engineers u~ ecm~i~kn~ 

ably lower values. In a number of caress however failure= have oeemnmwd 
suddenly and without ~revious warning im structures which have given 

~f t i s f u o t o r y  s e r v i c e  o v e r  a l on~  ,~er iod ,  r a n g i n ~  up t o  t ~ e n t y  yenrm,. 
a set of values which were somewhat too low osme into general um~ 

i t  m i g h t  be a l o n ~  t ime  b e f o r e  t h e i r  i n s u f f i c i e n c y  wou ld  be  d~mtrat~d 
and a . l a r g e  number o f  i n s e c u r e  . s t ~ t c t u r e s - w o u l d  b e - b u i l t  i n  t h e  m e - , t i m e s  
The author tha~efore believes that it is better to take a conservative 
view and came a small step in the right direction, permitting more ex- 
perience t o  aeo t~nula te  b e f o r e  teukin~ a n o t h e r  s t e p ,  t h a n  t o  r u n  t h e  r i s k  
o f  o v e r s t e p p i n g  and h a v i n g  t o  go b a c k .  

The present form of this paper has been a gradual development and 
is the third step in this process which the author has made. In the 
f i r s t  r e p o r t  e which  was b a s e d  upon  d a t a  f rom a ~ p r o x i m a t e l y  one hund red  
d~ns, he reo~nnended the pl~in creep theory with somewhat lower values 
than recannended by Bligh. As data from the Deoha Barrage, Kulli Dee 
and Kulli Bye Wash became available, the weakness of the plain creep 
a n a l y s i s  becsm~e e v i d e n t  and c. s e c o n d  r e p o r t  ~ s  p r e p a r o d : b a s e d  on d a t a  
from 120 d~ms recccm~.endin@ a set of values ~ith a weight for horizontal 
creep of one-half. Later data, largely furnis'Aed by the firms, Ambursem : 
~m Compony; Ayros, Lewis, Norris and Hay; and Holland, Ackerman cad 
Holland, which included many dsms with a high proportion of vertical 
creep, gave adequate basis for usiu~ sz,,Lller rolativc weight to hori- 
zontal creep. The pruscnt report was therefore prcpar6d, based on over 
two hundred dmns, usi~ a woiht for horizontal creep of one-third. 

Low v a l u e s  o f  c r e e p  f o r  d~ns f o u n d e d  o n  sand  ,~zvc b e e n  recommend-  
ed by Konig*. The shape of d~m~ and s h e e t  piling he advocated glve 

il 

~l~rans. Am. Soc. C. E., Vol. 73, p. 175. 

0 
weighted creeps varying from S.5 for low d~ns to 3.6 or less for high 
ones. It is doubtf~l however if his recomuondations for hicher heads 
wore based on actual enperienco. 

An examination of mininl~un wcichted creep r~.tios suggested am a re- 
sult of this study sho~rs tlu~t they are s~tc:r.hat loss than one-half those 
recc~z~ended by Blich. i com'parison is shown in the followin~' table: 

@ 
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V~a~ f i n s  sand or  s i l t  
F l m  sand 
Cm~xlle sand 
~ d A u m  ~ r ~ v o l  
@travel and sand 
Boulde r s  w l th  smuo cobbles  ~,nd g r a v c l  
Bou~dore,  gravel and sand 

~eiDhted 
Creep 
Ratio 

8.5 
7.0 
~.0 
3;5 ~ 

2.5 

BlIgh's 
Value 

iS 
15 
12 

9 

4 t o 6  

does not moan that Bllgh,s values are m~,i'~{han 100% too large, 
or t h a t  d~as dcsi&med according t o  the wcichted croo~~rdtlos ~dll .have 
only one-half the percolation distance which duns hav~ had in the nasa. 
The difference does not represent as rad~1 change dram the present 

custom am a cc~rparison of the ratios would suggest. The ruqulr~nents 
of l~ngth to protect ~&inst scour, and to sec~re sufficient bearing 
pressure will still necessitate considerable horizontal creep. For d~us 
on coarse gravel including cobbles and boulders .with sane cobbles and 
gravoX, the necGseity of conserving all the .~ator may in some cases ro- 
~_uire greater percolation distances, as thc values given may pcrmit too 
r~nlch s e e p a g e .  

The effect of the adoption of the weighted creep method will be to 
put the emphasis on deep cutoffs, and lead to their use as far ~s other 
limitations will permit. It will tend to climinatc the .wide mason~/ 
floor type without aubstantial cutoffs. For example, to meet the ~cight- 
sd creep requirements for a weir on fine sand with no vertical creep, 
would require ~u ordin~ creep distance of 3 x 7 .= 21 times the head, 
while the ordina~j creep distance according to Bligh should be 19 and 
~.ccording to Griffith I~ to 16. 

Because of the emphasis ~thlch the weichted creep method puts on 
deep cutoffs, if the greatest economy is to be secured, it will be 
necessary to investigate more fully than before the length of ~apron 
necessary to prevent scour, and the best sh .pc of dan to accomplish this 
purpose. The pressure on the dosigncr Till be to:Tcyd usinc as short cm 
apron _~ possible and unless careful studies ~u'c m~de thare Till bc a 
tendency to adopt one which is too short. It should be kept in mind 
that the wci=hted crc~,~ .~cthod deals "Tith pipin G only, and the require- 
ments of scour zz:~y dictate much more oxp~ns~vc structr~cs than safety 
frc~ plpins ~ould necessitate. The recent c,dvancos in hydraulic model 
• csts h:~vc clearly sho~nu the rcllability of this m~ans of dctcrminlnc 
the conditions nccess:~y to pr(vent scou~,. Thc dcsl n of ~npo~ta~t 
structures shoua.d therefore include a hydraulic model study. 
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• , . ' : ; ~ , ,  . : '  

Otha F .Cons!deratlmls ~ f l u e n c ~ n ~  the, S e l e c t i ~ .  o f  
Weighted ~ e p  R a t i o s  

Several factors besides the nature of the foundation material 
~hculd be considered by the designin~ cn~ineer in selecting the weight- 
ed creep or short path ratio to use in *the design of the type of struc- 
ttt~e under consideration, if the most econr,-ical result is to be se- 

!-~~.~ The s~fe ratios ~iven o2~ p~e ~ ~1~y tharcf~e ~ m~ified 
, ,  : what in view of these reuters. No definite rules can be given, as 
~: it is a matter of Jud~lent. Tt is believed, h~ever, that the data 
~ , ~  available do not Justify more than 011@ht reductions in the ratios 
',~i~'~ii~i' given, except for tu~important stractures. 

• : .  Perha:)s the most imgortant of these considerations is the d~utge 
~ to life and property which would result from a failure. For a ~ so 
~i~ sit~@ed that a failure would result in loss of life an unquestionably 

:~; safe design is required. If extensive property downstrea~ would be em- 
:~, dangered, conservatism of design is indicated. For most d~s on per- 
~2 ous foundations the conditions are such that little dsmage would re- 
~ii::~. *~*~' suit from their failure except to those directly served by the,, and 
:~"~', the degree of conservatism should be dictated by a comparison of the 
~'~'~ d~mge which ~ould result from failure with th~ cost of the additional 
i'-:~!: factors of s a f e t y .  One phase neceseary to c o n s i d e r  in  estima~l,~; the 
~i~ i~d~e which is likely to result from failure is the time necessary to 
/i~!~makei ~ repairs or temporarily patch up the structure. A failure which 

would put a hydro-electric plant out of service for a considerable time, 
~/i. or shut off the supply of irrigation water for a lon2~ enough period to 
:. cause the loss of a crop, or more especially of orchards or citru~ 
i~ ~ fruit zrovos, would be very serious and Justify larger ratios than for 

a structure which could be temporarily patched up in a short time./~ For 
...... this reason small structures of low head can usually be designed with 
~ lower wei%hted creep ratios for very minor str~cttu-es perhaps as low 
~" as 80% as much as those given in the table. 

Another consideration is the quality of supervision which the 
structure would have d1,~in~ and after construction. The weichted creep- 
head ratios m~gested iz this paper ass~e first class inspection dur- 
ing constxnlction. It is doubtful if an engineer should consent to de- 
sign adom on porous foundations unless he ,-ms satisfied that it would 
be built with intelligent supcr;ision, but should that not be availablep 
~izher values than those sug(:csted should be used. 

il ̧ 
J.: 

Most d~s on porous foundations require more or less maintenance. 
~y dm~s have experienced difficulties ~ time to time which .~d 
have eventu&lly led to failure ":sithout cmmpetcnt maintenance. Usually 
it is necessary occasionally to add riprap below them or repair the 
flexible apron. If repairs are not made with reasonable promptness 
scour at the lo.~er edge of the structure may attain such proport,~ns 

@ 
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r ,  

the conditions ass1:med in computing the travel paths for the de- 
~ mO l~er hold and the orisinal sec~trity ogainrt piping no. 

~er exist, 1~nlees a reasonable decree of maintenance can be count- 
[ upon, higher values of weighted creep-head ratios than those sug- 
, e t e d  s h o u l d  be u s e d .  

For dim on coarse sravel, a factor ~.;hich deserves consideration 
Seleotlm~ a creep head ratio is the money loss which would occur if 

seepage" took place ben,~ath the d~n w.ithout endangering the struc- 
~'A~Are, 7or exmnple, in dams for pouer plants, any loss would usually 
~eeult in a decreased plant output, but for an intake d~n for an irri- 
8arian syste~ .~here only part of the water in the stream was diverted 
az~ water would therefore be continually wasted over the dzan, the flow 
t r ade r  t h e  dmn ~ o u l d  be o f  no c o n s e q u e n c e .  

Since the avail~ble evidence indicates that there is ~apt to be a 
poor contact between the foundation and horizontal portions of dam 
foundations, improving this contact by grouti~, is worthy of consld- 
oration. This could usually be done without great expense thru holes 
drilled thru the floor slabs. HiGh pressures could not be used as 
they would lift the floor. By starting at one end of the structure 
and working toward the other, it is believed that good contact could 

'~be secured. If possible the ~routing :should be done before the head 
came on the structure, as otherwise much of the cement might be car- 
ried away in the flowing wuter. 

R e v e r s e ~  Holes and Drain~ 

Another factor which should be considered in s~lecting the proper 
ratio to use in the design of a masom-y dam on a porous foundation is 
the possibility of using reverse filters, weep holes or drains. The 
reverse filter was probably first developed by J. S. Beresford and 
seems to have been used extensively about twenty years age. It w~s 
used on Zifta and Assuit Barrages on the Nile River and on the Hindia 
Berrage in Mesopotamia. It has been used in this country on dams Nos. 
7 and I~ on the Mohawk River. It consists of a filter placed at the 
lower edge of the downstroke hi, ran, built up of a bottom layer of fine 
material surmounted by other layers of pro~resslvely coarser material. 
It is called a reverse filter because the position of the layers is 
the reverse of that in ordinary filters, but the water passes first 
through the fine and then the coarse material as in other fil~ers.~j Its 
only function is to filter the water s~:~ ~n~ beneath the dram and pre- 
vent the removal of any ef the fine founc~tion material, AlthouGh 
usually covered with riprap, the reverse filter is apt to be damaged 
or destroyed by the high velocity water passins over the dam. 
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hnl~, ~e been e~enslvely use4 ImJemrlea but no exRpleswe~e fotlnd 
of  %~etr use  i n ' o t ~  e o u n t r i e s , ~  .Nort  o f  t h e  , a v ~ l a b l e  l £ t e ~ a t m ~  ~ 
l u d i a  s~d ~ y p t ,  h o w l e r ,  was . l m h l i s l ~ l , m m ~  yearn  s~o c r e d i t  :tin p o r t -  
a l s  ~hnt th~ have c,.-e Into use t h e r e  since t h e n .  ~qze~r funo¢~o~ 

-'um a a l l y  ~ .:r~lie'w~ t q ~ a r d - ~ r e s s u ~ e  ~beneath t h e  apron o f : t h e  ~ / m a d . . : '  

~ mf p e r ~ l ~  ~he u s e  o f  a t h i u n e r  .apron w i t h o u t  . d a n ~ r  o f  . i t s  . b e ~  ~ l i - f ~  
am under  l : n ' e s s u r e .  I n  ~eoemt y e a r s  p i p e  d r a i n s  ~lur~ IMMm l a p ~  ~ 

in some oases instead of weep holes. The greatest advnntsge ;Is s e ~  
by se~b in ing  t h e  ~ n e ~ t o n s  o f  t he  ~Teve~se f i l ~ e r  and weep~lmle Iby :s~n- 
s t r u o t i n ~  a f i l t e r  behind t h e  weep ho les  or  a r o u n d  .~he p l p e ~ , d : r a i n a e  ~ .I~ 
thls posit lea the filter is p r o t e c t e d  : f r~n  seou~. 

Since piping fnlltwe results fr~, the rm~al of fotmdatic~ ~te~- 
inl Tre~ beneath the d~, if a~filt~ pr~ts the r~al of this:ma- 
terial, ¢he dam ~ be safe, e~e~ though large quantities of water Ere 
p=esln~ beneath it. The quantity which passes throuchthe filter ~ 
pends upon the hoed actin~ ~ it. In ordinary filtratic~ praetie~m a 
filter is f~equently subjected to a head of ~ter se~rnl tlm~ its 
thickness. If an ordinary reverse filter ~re ~bJected to such ~ head 
it would be lifted ~cdily. 5~eh filters therefore cs~t be subject to 
much head. If however the filte~ is ~i~hted dc~ by a ~fTicient thl~ 
ness of concrete apron it esm be subjected to anuch hi~her head then 
a ~ex~ filter and the d~. be zmde safe for the passage of a ~p~eater , 
quantity of water beneath it. With such a filter near the endof the 
percolation path of the ~mtcr flowing beneath a den, a greater vel~ity 
of flc~ in this ~mter is therefore permissible ~d the~fore a shorter 
percolation path can safely be ~edo 

Weep holes and drains have been used with very short percolallon 
distances bet~en th,,~ emd the head~ter. In one case e flow t.hrou~h 
the weep holes m:fficient to cause geysers several inches h~h oumured 
without ap]~L~'ent Ill effects.* 

A~ans. ~n. Soc. C. E. r Vol. 88, 1925, P. ~19. 

A e f ctlven.s" of cede to 1 ht at the C on 

m 

Rapids Din. This is an o ~ e e  etructur~ havi.u~ a Zhln downstream apron 
with steel sheet piling cutoffs under the heel of the dam at the doI~- 
stremn edge Of the thin apron, hmmedlately behind the upstream cutofT 
a drain was constructed consl;Ttkn ~ of s reverse filter dischar~in~ into 

• / " 

a s~all tunnel ~uilt in the ds~. Due to an accident, one of the steel 
sheet piles of the upstream cutoff was pushed down far beyond its prop- 
er position leavlr~ an openlnC in the cutoff, and reducing the creep 
distance to the drain to c.G tl.zes the head. In spite of this the flow 
t~hrouch %he chain does not seem to have bean sufficient to excite alarm 
and the defect in the cutoff was not discovered until a large hole washed 
below the ds~ was primped out durlr~ re ralr~, to the anron and a blo~ut 



. : , , ,  

Nnd t h e  d r a i n  n o t  e x i s t e d  i t  see.us v e r y  p r o b a b I e  t h a t  t h e  ~ ] 
t h i n  c o n c r e t e  a p r c ~  b e l o w  t h e  d ~  wou ld  have b e e n  b lown up.  ~ -  

Table D gives data cm ~cms using weep holest ~ drains or reverse 
f i l t e r s ,  t o g e t h e r  w i t h  t h e  c r e e p  h e a d ,  w e i g h t e d  c r e e p  h e a d  and s h o r t  
p a t h  r a t i o s  t o  t h e  m o s t  upa t remn v e n t ,  t h e  f o u n d a t i o n  m a t e r i a l  emd 
other pertinent data. The ic~v ratio resulting from the short distance ~ cm the head~ter to the upstromm vent in many c~ses is striking. ~ 

The author does not believe that it is safe to use lewratios 
for drains or weep holes except where combined with a reverse filter, 
It is probable that the use of a drain without a filter contributed to 
the failure of the Corp,us Christi De~ abutment. The U. S. Bureau of 
Recl~ation has for many years used weep holes with fil~ters of grayel 
b e n e a t h  w~th Cood s u c c e s s .  E x p e r i e n c e  a t  t h e  L o s t  R i v e r  D e ~ s h o w s  ~' 
t h a t  weep h o l e s  w i t h o u t  f i l t e r s  o r  o t h e r  c o u r s e  m a t e r i a l  be i l ind  t~an~ . . . .  
ere liable to cloc. It is the author, s opinion that while weep holes 

__o 

and drains are valuable devices, the greatest cal.e must be exercised 
in their construction. A weep hole or drain which will permit the 
foundation material beneath ~he de~ to ~ass t.hrouqh in effect is 
~ipe already partially feigned- and cert:~-~-- - - . . , a 

• , =~,,y no sucn wca~:s ot in 
,refection of the dc~u should be deliberately construc~ted ~iPh the 

the im- pression that it was addins to the safety of the structure. . ~ 

Weep holes Qr drains have been used ~" ~ . . . . .  
on dsms on ~actiCally ~ . . . . . . . .  

classes of material. The necessity of a well constructed~fiiter is 
especially evident in the case of weep holes or dl'ains with clay foun- 
dations, as the fine clay could readily pass out t.hrouch them unless 
restrained by an effective filter. In gravel, a filter probably would 
form naturally by the washing out of the fi~e material near the weep 
hole or drain~, in the same mdrmcr as a filter tends ~o fo~ a~'ound the 
screen of a driven well. However, in view of the small expense in in- 
stalling a filter behind the weep hole it is b~lieved that their con- 
str~ction is Justified even in gravel. They a~ ~ ebsolutely necessary 
I sand or silt, if weep holes are depended upon to reduce the length 
n the percolation path required. 

The location of the weep holes and filters should be given consid- 
erable study in dam design. From the standnoint of the prevention of 
piping., the best locctlon for the 1'ilter is'urobcbly beneath the apron 
at the downstre~ end Just upstream from the" cutoff wall or row of 
sheet piling which is usually placed at the do~Tnstrecm edge of the 
structure, the weep holes dischcrcing throuch the wall or pilinc into 
the riprap or other scour protection material. The downstre~n wall or 
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row of piling in this case does not act so effectively as a cutoff but 
is very desirable to prevent undenrinin~. It need therefore be no long- 
er t!an necessary to acconlplish this purpose. To reduce the upward 
pressure on the apron it may be necessa~y to plE, ce the weep holes~far- 
ther upstremn. They should not be placed f~a-thar than necessary for 
this purpose (unless re[uired by safety from sliding) for to do so 
shortens the percolation path with no advantage , but brings a greater 

@)pressu~'e on the filter and therefore increases othe danger of failure; 
For this reason it is believed that the installation of a drain 
diately do.unstre~n froz., the upstre~ cutoff is not a good practice. 
On sand or silt foundations where flexible block ~r book slab pavements 
are used downstre~: ITem the solid apron of the d~n, it may be desir- ' 

able to inst~-ll weep holes and filter at the downstr~sm edge of, the 
apron. With the block p;'otcction the water passin~ beneath the d~m is 
prevented from escaping from a lar5e part of the area Just downstres~ 
from the apron but is free to cscape ~t~u the cracks Between the blocks. 
This tends to produce concentrated flows t.~zru these crac::s and causes 
the removal of fine nc.torial, z:a~:ing an incipient pipe. 

A word of caution also may not be ~m!iss regarding drains beneath 
the apron of dmn~l where a hydraulic Jump is fo~med. If the drain dis- 
charCus do~nstre~ from the Jump while its position under the awron is 
upstre~n from. the Jtm]l~, the pressure beneath the apron will be equal 
to or grecter than that where the drain discharges , which, being below 
the jump, will be greater than the press~[ce acting ~downward on the 
apron, due to the thin sheet of rrater upstres~ from the jump. This 
unbalanced pressure may be enough to lift the apron. In the Iron ~!oun- 
taln Dnm the drain discharges a'~ the toe of the ogee section, upstream 
from any J1~np which may form. In~,thls case the drai~ may be(idownstrea~ 
from the Jump and discharge upstremn, which would cause an unbalanced 
pressua'e acting downward on the~apron, increasing its Stability. Weep 
holes which disc}:arce directly through the apron equalize ~he pressure 
on the two s-ides, but they should be constructed in such a meamer that 
the high velocities can not suck foundation material t~hrough tHe~. 

if it can be conveniently done, it is advisable to have drains dis- 
charge where the flow from them~ can be observed, in order that any fail- 
ure to function properly zcay becc~e ~no,ur. In Northern climates re- 
li::nce should not be placed in weep holes or drains "yhich may freeze 
up Qmd thus becca~e inoperative. 

It is believed that by the use of weep holes or drains constructed 
with reverse filters ~hich prevent the removal of the foundation mater- 
ial a reduction of the safe weighted distances given on page 25 may be 
permitted. This assumes that the vents are of sufficient capa---~ty, are 
free from fruezinG and are located a sufficient distance upstre~n fr~n 
the lower end of the percolation path that practically all of the under- 
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seepage will reach the tailwater t1~rough the~. No fixed rule con be 
~iven on these requirements, but the exercise of reasonable Judgment 
should prevent serious z~istakes. For the location Just upetre~ from 
the downsCreem cutoff n reductiom of 10% might be pe~nitted, end small- 

i 

~ reductions could be allowed for less favorable locotions. 

Effect of Silting of Riverbed above the Dam 

The possibility of silting of the riverbed above the dan should 
be given eonsideraticm in determining the permissible percolation ratio, 
as it z:e~y greatly reduce the upward pressure beneath the dem and the 
probability of failure by piping. The upw~d pressure on the Island 
Park Dmm was almost entirely removed in ~wo years or less, only the 
upwurd press~Lre from ground w~,ter rer~aining. The upward pressure on 
the F~milton Dan was practically eliminated by silt deposit, in spite 
of the f~ct chat a Gravel plant continuously excavated gravel lO0 to 
200 feet upstre~n. Both of these d~s are on the T~i~nl River, ~hlch 
has a gravel bed (See Fistuoe 1. ) and does not carry an unusual sm~ount 
of silt. On the other hand, the upward pressure on the Sherman Ialand 
D~n on the Hudson River does not seem to have ch~uged materially over 

D a period of five years. ~ It is possible, however, tha~ considerable 

~r~ns. A~. Soc. C. ~, Vol. 93j 1929~ p. 1576. u, ~ , 

siltln~ took place when the pond wcs first filled, ~hich apparently was 
about 2 months before up,.~rd .pres~,.re measurements began. The ~ilt de- 
posits above the Granite Reef D~n~cut off extensive seepage which took 
place when the d~n first c~ne ~to~se° For an intake dam, where the 
entire width is composed Gates, extending nearly down to the riverbed, 
silting could not be relied upon to increase the security, as the flow 
throuc~h the gates micht remove the impervious silt bed. This effect 
has been noted at the Grand Valley Dmnon the Colorado River. ~* 

, = .  soo.lt. E., 1929, p. 1 3o_. .. 

It would not be advisable to count on the silting up above a dean 
to reduce the necessary travel ratios and at the s~ne time count on 
vents for further reduction, since if the siltin~z up was effective, 
the vents would be inoperative. It mus~ be remembered, moreover, that 
i~z~ediately after closu~-c, before the bed has had ~ chance to silt up, 
the d~nn would be subjected to more severe piping conditious, and, there- 
fore, it would be safe to assizes in the design only she limited reduc- 
tion which the dam might stand until it silted up. 
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I~ .on._. Pervious Mater4a! ~_erla~ d by_ C l a y  o r  
Ns~d~mm 

A n~mlber o f  eases were found o f  dsms r e s t i n g  on perv ious  m a t e r i a l  
umder lo id by c l=y  or  hardpan w i t h  the  c u t o f f s  extondimg i n t o  the  im- 
perv ious  ,mate r ia l .  These oammot be amaly~ed accord ing  to  e i t h e r  B l i gh~s  
or the short-path method. In fact, no satisfactory method of treatix~ 
them hns been found and therefore the data only is given in Table 6. 
In dete~nininc this d~ta, the short-path in the cl~ is asslzned to fol- 
low the creep line, as it seems unreasonable to consider s l~ath direot- 
ly t~hrou~h the pr~cticrlly ir~pervious clay. 

Consider such a dsm founded on a thick layer of pervious material 
with a sheet pile cutoff extending a few feet into the Clay beneath. 
If well constructed, such a cutoff would nearly entirely stop the flow 
of the r~ter beneath the dsm and result in a he:'d approximately equal 
to he~drr~tor elovation on the upstr~sm side of Jthe piling mud to the 
tailrr~tcr level on the dormstre~n side. This condition is mtriklngly 
shown by the upwurd pressure me~surmnents on the Sulemr~kl Weir in India.* 

~t-nbili~y of Wei% ".~nd Canal Works - i. N. Khosla, Punjab Engin'eerimg 
Con/Dross, lO30 - P&per No. 142. 

Nearly the ontlre h~;Qd of the dam would therefore be concentrated 
on the few fcct of creep along the piling in the ~clo~. This would be 
a scvore test on this contact and if oven a minute.passageway existed 
;;ater uould rapidly flo,7 tlu~ouCh it and would urobably enlarge it to 
a certain extent. He,rover, ~u~less the porvious'-mterial was very 
coarse, the cl~y .~;-shcd "~ out in enlarging this hole .no'~uld be filtered 
out in passir~ t~n.o~!~Lh the pervious m~tcrial and form an ~impervious 
coating on the "filtcr'. uhich ~otuld greatly reread flow through it. 
Also, the loss of head of the rmtor in passing at high velocity tkrough 
the pervious u~torlal in the in~nedicte vicinity of the up@trocr~ and down- 
stream ends of the "pipe:" tlu-ouch the cl~y :vould decrease the velocity 
and reduce the scour in the "pi:~o.,, ~is action-is some;~hat analogous 

'~ .... ~ ' closed valve. Under ordina/V conditions, 
to the flow tkrottch n ..~ly 

therefore, no gro~.t en!~rge::on t of the oponins could be expected, 

Another reason :vhy this '~o~d be the case is that t'l~e flow cc~Ing 
throuch the re:all openlnz upon entering the pervious :hater!a! wotuld 
sprcod out into the Creator flor: ,~rc~. of the pervious n~:terial and lose 
vcloclty. By tPe time it bud rc~.ch~d the surface ,where move~nent of the 
particles of ~er'-ious ~utorial :.,:~s possible it v~uld have too low a 
:'clocity to cause movement. No si~;nificant movo,-ent of the particles 
nc~u~ th~ bottom o~" the sheet Dillon ~Jould be possible because they 
-vou!d b(. nurrounded by mztcriul which ::us not mov0d. Therefore, un- 
less tTor.~ ~;oru onou:sh of these openings to permit sufficient flo'~; to 
cause pipinc velocities nt the do.~mstroam ed~c of the den, no d~ncer 
to the str~zctumc ::otuld result from them. 

@ 

~,!~'~!i ¸ 

@ 

/ 
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1~ 4s eyldm~t, ~borefore, t h a t  outol~o in to  imper ious  ~ t e = t a l  
beneath dams great ly  i n . e a s e  the safety o f  the dan ~ a l n s t  p l p l ~  
even 11" the contact  between the c u t o f f  end  the impervious m a t e r l s l  i s  
not  watm-tt@ht.  No s a t i s f a c t o r y  z~ethod has been wcr~ed om~ fro" e s t i -  
mating how much reduction of travel path can be allowed tm~er these 
eondLltloms, and since the data at hand is slight, it must re~ai~ for 
the premrat largely a matter of Judgment. For this sort of foumdatlom 

@~however, great care must be exercised to prevent the concentration of 
flow aro~ the end. of the pile cutoff fr~n fo~m~g a pipe under of 
b e h i n d  t h e  a b u ~ m ~ t .  

r .  

_ ~ ~ 

Drams on Clay Underlaid ~by Pervious materials 

Structures which rest on s thi~ layer ~f clay ,underlaid by per- 
vious material see~ sspeci~lly likely to cause trouble. Apparently 

• the water frequently enters the pervious layer over a large area and 
seeks to escape at the downstream end of the structure in a c~mpara- 
tively -moll area, giving rise to flowm bf/considerable magnitude which 
~re apt to enda~Ner the structure and possibly may blow up the imper- 
vious layer due to excessive upward pressure. The pressure in the 
pervious layer is sometimes due to groundvratcr conditions of the sur- 
rounding terrain stud only remotely connected with the local headwater 
conditions. 

The Pittsfield Dom seems to have h~ud this kind of foundation, its 
failure being probably due to a blow up Of the impervious layer. The 
Nrthaura Escape Head was c nother case of difficulty and fin~l failure 
under these conditions. ~ the details of this f:,ilure are not ~c- 
cessible to most engineers, a st~lary is given in Appendix III. 

In the report describing the Nuthauru faille mention is made of 
difficulties at the Udra, Rarwa and Jabari~ culverts of the s~me canal 
under similar conditions. Mr. ~Cnosla* has described in detail the dif- 

D ficulties with the Dugr~ No. 1 nnd Jau/'yan siphons in the Pure jab and 
the re~aediee %msuccossfully and successlh~!ly used to remedy the trouble. 
/klthouzh success i~ somet~_nes achieved under these condltions~*the num- 

"~The Desi~ and oonstruction of the Bash['/%o D~, k~ncineerln6 lYe, re, 
Vol. ,,7 2, A~ust 27~ 1914. 9- 425. 

her of failures and near failures should serve to ~:c_rn one cont~np!~tin~ 
the construction of ,: doe on such u found~tion to look into the nc,±zcr 
very carefully. As the conditions reaL" v~'y so ~roatly it is p~.'obably 

• best not to attempt to prescr~b~ a generul ~ule. > 
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Limitatio.~s o~ Or_ e ~  

As has already been nointod out, niningmay occur as a result of 
nercolation along the lines of contact of the dsm t~th its foundations, 
or by flo- throuch the foundation material itself. In=a given case 
failure -ould result by travel along the n:th "'hich off.=red the lea~t 

.esistnnce. 

In order to determine ox?orimentally the length of ~orcolatlon 
~th necessary to nrovcnt nioing from. flow th~'ough the material Mr. 
;. M Griffith nerfoimed a series of exnorimmnts ":ith a masonry trough 

• o 

1 ~ x 11 ft. in s~ction, filled uith fine mlcacoous ~and, and eovcr~,d 
-.ith ~ar~h, to d.tormino the h~ad of water necessary ~ to cause a bloc- 
out to occur. The r,~sults shotvod thut a blowout did not occur until 

@Data from an u_unublishcd ~ortion of ~,h'. Griffith~s namer "~roviously 

mentioned. . ,~ 

the ratio of length of cr~ew to hnad roached valuo~ of 3.53 to P.5 al- 
thouzh o::n-r-l.r.cc had ~ho'n that crc-n hoa~ ratios of about 14~-ere 
necessary to -.court rafet.~" in dams built on this sand. Hc found that 
the flo ° of -ater t"rough the ss~nd column increased directly Tith the 
hc,-d uutil failure occurred, -;hich came suddenly, - ithout the nrev!~As 
for-;,:_ttcn of snri.u,:r to form a channel and carry a"ay the ~m:,terial. He 
also fo--nd th_t londinc the sand -ecreased the ten..~oncy to blo': out, 
and that "atcr brought un sudd,~nly cn dry sand increased the tendency. 

Much the sane results or, obt',inod by~T6rzag~hi ~*, -he found that 
..,~ 5t~r .,~ou..h t)io s~uzd i:Icr~,ascd --ith the h6~d until a 

-- m 

~*T.~chn'ic%l Public tlon No. ZI5, n. ~ 36, Am. Olnst. of N in. & Met: En~s. 
o 

Boir.t .... as r~zc:'cd at 'hich the ~cru.c~bi!i~y of the s-u_nd suddenly do- 
crou.~.:.s, ~nd th:. v,locity throu.~h it consqcuontly increacos, .~nd ,a blo--- 
out t~/~o ~ - nlLc6. "-' 

This inc-,ace in "~cE.],-~bi!ity is the ro.~ult of c change ,of nosition 
of thu ~:~.d .~r~_i "s ~o : less com~-_ct ~r"_n~cm nt, giving them ~n in- 
cra~.sed bulk "~'~ .T "tar voids. The cff~,ct of the ~.ddz~ eiFht in Grif- 
fith'~ .;-n-ri~'~nts c.s ~rob-~bly ~o r:,~ist this ch~_u~o of vol~c und thorc- 
for~ incr:~.s:~ th~ h':.ud noc..sst~y to cause ~ blo-'out. Tb~is ohcnomenon ~ hns 

~ also bor;n rtudied by Ozborn ~:~oI~ ~ ' . . ~  ..... ~ , amd by Dr. ":~'arren 2. Nead *~. O 
f~A 

'~L"~);: ~'O~0~ern R~3moLd, ~ Scien'~-i~_c ?nner~, Vol'. II (19'01), ~. 21-7-.-' ~"~ 
;~/~ ~*'~9ho Geol,n-'ic Role of Di!at;'~ncy - Journal of Geology, Vol. ]CC,.'III, 
:~ No. Oc rob er_Nover.b,~r 1925. 
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I~ his paper wOn Percolation Under ~.prons of Irrigation Works," " 

S. Leliavsky discusses a number of ex~.~erln~ents to e~tablish the head 
ratio at which blowout occurs and explains the difference in the re- 
sultz obtained by different experimenters. This is largely due to the 
slope of the surfzce of the z~tcrial where the "Tater emerges. If the 
surface is inclined, leas pressure is necessary to move the particles 
m8 "~f the surface is level, as ~avity assistm in the mov~uent and 

blowout will therefore take place with lower head. 

The date on the head necessary to cause blowouts by flow directly 
tlzrough the material from actual dons is meagre. The only dam in which 
failure unquestionably took place by flow directly through the founda- 
tion material is that at Coon Rapids. There the t ail~ater level w:.s 
so far beneath the apron of the dam that percolation could not t'~kc 
place nlonc the line of creep, at least part of the distance. This 
d~m ~as on gravel and failed with a short path ratio of 2.7. It is 
probable however that the surface wh~re ~he blowout occurred w~,s on 
z slope, and therefore a blowout occurred ~t a less head than would 
have been the case if the surface was level. -, 

The failures at the Port Angeles and Puentes D~as may have been 
directly throu~;h the foundation material. In the for~er this serous 

D esnecially likely. The situation there how evor~;~-s compliant.ted by 'J 
the piling which ~.e driven just belo~ the d~n, which probably con- 
centratod the flo~7 and causo~ the blowout, ~hich took place -,i~h ~ a 
short-path ratio of 1.9, to ocmtr at n less r~tio than .~ould othoz~'rise~ " 

have been the cc~se. The Puontes Dc~ failed ~rith ~ short-path oS 1.@ 
and probably would have held at 2.4, ~lthou~h it had not sustained 
this ratio long onot~h to be sur6. 

: f 

It would seem th~.t considcrublc light on this subject would be 
shed by experience ,vith coffcrd~z~s, as a great many of these have 
been constructed. ,~.non cofferdams uhich are sunk in a sat'~ated ma- 
terial mrs pumped out, ,~.tor flous up throuLih the bottum tondlng to 
raise the foundation mat2ri~-~l uzd "~- m~...e it flow into the cofferd~. 
If th~ w~tor level outside the cofferdam is at the s~ne level as the - ~ - - ' ,  

ground surface :mE the oxc::vation in the cofferd~ at the luvel of the 
bottom of the sheet piling when the ~uter inside the cofferdam is 
pumped out, the head acting is approximately eLual to the length of 
percol~'tion path, m~'J~ing the sh~rt path (also the creep ratio) p~rae~ 
tically l.O. The lonbth of "~:th might be somo~vhat ~reatcr than the 
head, but this ,would prob~-bly be more them offset by the fact that 
the do.~n~.-~d flow of the ~Tr.ter outside the cofferda~n ~muld teJze ple, oe 
through a much lorgcr c~oa thca~ the flo'3 up~d into the cofferdam. 
~no condition .~ould be that of flow thro~Nh a c-~umul of~graduclly do- 
creasing cross section and the velocity at the smc_llor cad (in the cof- 
fcrdum) ,~ould therefore be gro~ter thc~ for flow thro~,h a uniform. 
prism of matcri~.l ~rlth a length e~'_u~_l to the he~d. 
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Time hzs not ,been available to So into this phase of the matter 
in detail, but two examples which have oc~e to the wr~Iter's attention 
may be mentioned. In the case of a n~nber of bridge pier foundations 
in the gravel of the Ar'.~unsan River bed at Pueblo, Colorado~ there was 
nc tendency of the gravel to flow up into the cofferdams. In a number 
of cofferd~ns in Florida, with sand of the fineness of table salt, 
there .-ms a considerable flow. These would indicate thst e short 

~i th ratio of l~0 would be sufficient for gravel and not sufficient for 
ne sand. ~. W. ~!. Griffith has ment~Ioned a case of a cofferdam in 

fine quartz sand witL cmall stones which failed with a short path ratio 
of 1.95. ~e ~,uthor hopes thst the readers of this paper will supply 
instances which will t,hrca~ light on this point, 

~ The data is insufficient to ~efine closely the safe limit of Icncth 
from the standpoint of flow directl.y throush the foundation mnteri~l~ 

~.~ It does indicate however in s rouqh wsy that the assumgtion is Justi- 
~~ lied that the flo~ takes place directly through the material ,.Then the 

distance is less than half the weishted creep distance. On this basis 
thut the limit of safe short o&th would be one-half one might asstlz~e 

:',~" that of s~:fe ' ~ "  i ~!!I w~, hted creep~ There is another if~ctor which enters 
here houev ". k~vcn uith well designed and maintained d~ns. scour may 

i~ occaslonall:" take place at the do~nstre~n edge. Under these conditions 
~ the znteriu~l on the side of the hole is more easily moved by percola- 
.... ]~ti:kg ~n:~or tlu~n if it wore on a flat st~rface. Moreover, the ~crcola- 
,~tinc ;~rt,-r reduces ~he effective ~eight of the particles at the down- 

stream edce of the d~z c~nd makes them more subject to scour. For this 
reason it is believed t~dvisable to li~it the sh0rt-pnth ratios to eight- 
tenths of those niven for wci:~hted creep. This limitv.tion will seldom 
control the d~nsions of the dz~n. 

As 9reviously stated, there is u defect in .the creep anal;-sis when 
ro:r ~ , of sheet [~ilinc "TU tOO close together. Bligh recognized this ~nd 

V stated that the pe='co!::tion followed the line of creep as long as rous 
, of sheet pi!ins v~ere not closer together than :t~:ice their depth.* Some 

:'~> ~The lh'actical Dusig~n of Irri~.t'ion W orksl, Biijh 2nd. Ed..~ ]~. 168. 

<@such limitution of sheet pile svaciz~ C is nocess~.rl., for it is obvious 
that. t~,o re:is of long shoot nilln., vc~-'y close Zoeothur would offer 
little more rcs!stancu to hi-,in C than one ro~v, wa.le if the ro~Ts ~lere 
o ":re:it distance , - "  • a,n,.l ~ the,- ~':o~!d offer considerably reel's resistance 
t! .n one ro~:. ~31i ..h did not suc~,]est nny ruuson for usin Z the limit 

• of t:'ice ""•~..~ d~?th r~%hur than so:lu other value, nor did he discuss 
.... ~ ":ou!d tckc pl~cc if :~i!ing ro~::; nG~.-o spaeud closer than his lim- 
itin~ . lUc 

As t~u ~'Io~: ['ol].o~:s the p~ Zh of least resistance, Bligh's limit 
scu:s to be ~. uiv~.l,.nt to stating that when the pilus are spaced trsico 
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, ~ e i r  ~ p t h  ~he r e s i s t a n c e  al~mg the  o~eep l i n e  i s e q u a l  t o  t h a t  d i r e c t -  
~ ~ba'o1~h the materlel and vhen closer than t~ice their de~th the re- 
s~s1~anee directly through the material is less than along the line of 
ore~p. 1~hen the ~iling are s~aced twice their depth apart the creep 
distance between their lower ends is twl~e the short path distance and 
sloes for this ~ondition the resistance along these t~vo ~aths are equal, 

~the reslstanoe per unit length along the short path is twi~e that per 
unit length alon~ the cree~ line. Wherever there are two points on the 
creep path so close together that a path exists directly through the 
foundatlozmaterial which is lees th~ half the weighted creepdistance 
b~tween the points, the flo~ would take place directly through the ma- 
~erlal with a resistance of t~Ice that alcn~ the creep path. Where sev- 
eral overlapping short paths are thus possible, theone ~hich ~ives the 
smallest combined weighted creep and short-path distance for the entre 
structure is the one on which the travel would take place. 

For example, two lines of steel sheet piling were driven for th~ 
Middle Loup River Dam, 21 feet apart. One extends 29 feet belew the 
bottc~ of the dean and the other 39 fe~t below. One possible ~hort path 
which fulfills the above ~ondition~ extends horizonteS.lyfrom the end 
of 29 foot piling to the longer piles. 3ther possible paths extend 
from various ~oints on the shorter row ~f piling tc various points ~1.on~ 
the longer row. The path extending between the lower ends cf the sheet 
pilin~ rews gives the lowest combined weighted creep and short-path 
distance for the structure ~f all the possible paths, end ~hould there- 
fore be adopted as the path -o "~ used. Where the wa~er follows, the 
short path, the path connec~:.g the ends of the two adjacent sheet piling 
rews will usually give the lowezt weighted creep for the structure. 

The above reasoning aTplies also to the weighted creep. In this 
case the horizontal creep is considered zo have a weight of one-third, 
the vertical croe~ a weight of one and the short-path a weisht of two. 
In cc~putin~ the plsin and weighted creeds for existing d~ns, these 
rules have been used wherever applicable. 

The rule that the flew follows thp short-path if its len~th is less 
than one-half the wei~:hted creep distance between any two points in the 
creep path p:rmits somewhat smaller p!l~ spaci~ than Bligh's rule, since 
the horizontal crest, which in Blich's rule has weight of one in comput- 
ing the creep distazce, has a weight of only one-third in computing the 
vei~hted ~reep distance. 

If boring records indicate a very pervious layer extending beneath 
the den and comins near the surface near the downstream toe, more con- 
servatisr: in the short path distance will be necessary, for a Terzasl~i* 
has ~olnted out this condition is ~ondllcive to hi h velocities where the 
water emerges and therefore to danger Of piping. 

~echnico_l Publication No. 21~j Am. Ln.s}. ~'in. & i~e~. '. Engrs,, p, 31. 
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Difficulties of the Flow Net 
and E-l-ectro-Hydraulic A n a l ~  

As previously stated, the difficulties in the use of the flow 
t aml electro-hydraulic analogy method are the necessity of a de- 

ailed knowledge of the nermeabili~y of the various horizons of ~he 
found~tion material and the lack of data showln~ what velocities can 
safely be uermitted in the various kind.~ of foundaZion meZerial. 

In order to re:~ch a reliable result, not only must the rc].stive 
nerm. eabiiity alon~ ~he contact and through the foundation material 
be l~1o.wn, but tile ",osition and relative ucrmcability of all the lay- 
ors beneath the dam mus~ also be kmown, mud they muzt not change ma- 

con- t~r.ally in short distances along the dam, s~nco the ~nalysis 
aiders flow in z,.:o dimensions only, while actually it may take nlace 
in three. In connection with the studics for this namer the author 
had the o~-~ortunity to examine the borin~ records for a number of 
d~s, and v,hilo hc did not ~ivo them the intensive study which one 
would if he ~ur. to dcsi~m the damz at those sites, it was z~-uront 
that it would bc imnossiblo zo form an accura¢c idea ~of the nosition 
~nd relative imnorm,;ability of thc various layers from boring rucords 

@avon in a siu::le cross soczion, and still loss posriblo to eonsidur 
the nzrm~ability in three dimcnrions. A ~ood cxsmnle of the varia- 
bility of foundation m~t,.rials of tan oncounter,.d is that shays by 
the borin;;~ for the Orad,,ll Dam ~. Some sand foundations are relative- 

@ 

@ 

~ _ ~ : .  Sac. C. E., Vol. 89~ 1926, D- 1187. 

ly uniform., but oven hJr the norm.~abillty would vary considerably. 
Moreover, avon if all of thos~ factors wer~ ]zlown, :so that the true 
vcl.~city of Zhc wat,.r ~mcr~ing below the dam was suscontiblo of ac- 
curate dot.rz, ination, it would be dif'~icult to relate this to dam 
safety, as saf.. v,~locltics for the vurtous classes of mat,~r~al arc 
not cv..n annroxi:~:ut:ly known. Sore -xncrl ,ontal work hue boon done 
alon~ this liu:;, hut much more -york and comparison wlth actual struc- 

fur,us is ncc~'reary bcf.',r ~b..~y can h u safely used as a basis oe design. 

The E'-; ctro-Hydruu] ic. Anal. o ~  ~p_onarntus 

The cxtrc,n variability oven of scrc.:nod sand under laboratory 
conditions was strikim:ly brou~ht out by some of the author's cxgori- 
z:cnts with the electro-hydraulic analogy anuaratus. The author is 
indebted to ~Ir. Ford Kurtz, ~r.., Am. Sac. C. ~., for a gen:~ral descrin- 
t~on of the Pavlovsky annaratus. As details wer:: not available it was 
necessary to develop them and the apparatus as built probably differs 
consid:.rably ~rgm that used by Pavlovsky. At the s:g4~o~tion of Mr. 

Walter H. Price a sa/t solution was substituted for the metal nlate 
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and alternating current indicated by earnhones was used to observe the 
~otential. The aopara~us consisted of a shallow tray 18" x 36" with 
plate glass bottom and sides, filled to a depth of 1/4"with a ~% solu- 
tion of ccmnon salt as shown in Figure 6 and orovided with means for 
accurate leveling to insure a uniform water deoth throughout. Near the 
center of one side were placed strips of:insulatin~ material represent- 
ing the sheet piling e~tending from the glass (to which they were ce- 
mented with a watertight Joint) to above the tow of the salt solution. 
At each side of this "dam" was placed co,wet terminals at the cosition 
of the contact of the headwater and ~tailwater wlth the foundation ma- 

terial. 

These wern connected to a ll0-volt alternating current source 
thru a lamp bank which reduced the voltage drew across the terminals 
to about 18 volts. At the opposite side of the tray over a meter 
scale, was a high resistance wire, one meter lonG, each enS of which 
was connected to one of the terminals by a heavy conner wire. A snring 
is necessary at one end of this wire to keep it in tension under all 
conditions of tampcraturo introduced by the current flowing thru it. 
On this resistance wire was a sliding contact connected thru a set 
of oarmhenes to a probing nencil. In passin~ from one terminal so 
the other the current follows uaths as shown by the li~t line con- 
necting the t~rminals. The heavier lines crossing those reDresen ~ 
lines of equal potential plotted for increments of 5% of the total uo- 
tential dron. It is the puroose of the a~paratus to det reins these 
lines of equal wotential. With these dot,.reined the current oaths 

can be d~awn as will be described later. To determine the wosit~on of 
any d~sired potential line, the sliding contact on the resistance wire 
was placed at the moint giving this notential and the urobing nencil 
moved around in the salt solution until the telcuhonc receivers indi- 
cated that no current flowed t.hru the wire from the sliding contact 
to the probing pencil. The oosition of this poin~ was observed by 

~< means of a system of coordinates ruled on a paper, ulaced beneath the~ 
bottom of the pla~e glass tray. For example, suDuose it was desired 
to find the position of the notential line representing a drop of no- 
tential from the "headwater" terminal of 40% of the total dron between 
the terminals. The sliding contact was olaced on the resistance wire 
at 40% of its length or 40 c.m. from the end connected to the "head- 
water" retinal. Since the resistance of the heavy ,~ires between the 

• terminals and the ends of the resistance wire was negligible, and the 
resistance wire ~as uniform in cross section and resistlvi~y, the re- 
sistance from the headwater terminal to the sliding contact was 40% 
of the total resistance between ter~r.inals and therefore the ootential 
drop to this ~oint was 4(~ of the total uotential drop. When the 

probing point was ulaced a~ any ~osition in the salt solution a cur- 
rent would flow from the resistance ~'~ire to the solution or visa versa 
if there was a difference of potential between these pointz. When the 
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probing point reached a point where the hum im the receiver ston~ed, 
~t indicated no current flowed and that the notentia! at the probing 
point was the same as that at the contact point on the resistance 
wire; n.~mely, a 40~,~ of the potential drop. By determining the coor- 
dinates of several points of equal ~otential and Joining them with 
a line, the position of the llne of equal potential could be Plotted. 
If it was desired to det-rmine the potential at any designated molnt 
in the salt solution, by Dlacing the nrobe at this point and moving 
the sliding contact until it reached anoint of equal potential as 
indicated by no flow thru the receiver, the notentlal of the oroblng 
ooint could be determined from the position of,~the sliding contact. 
Experience with this apparatus showed that potential lines could be 
located with a high degree of accuracy. To check it an experiment 
was performed with the tray clear and terminal~ entirely across each 
end. The potential lines wi~h this set-u~ for equal potential incre- 
ments should be straight, equally snaeed liner parallel to the ter- 
minals, and the results obtained agreed very closely with their theo- 
retical position, as sao~ on Drawln6 5 of Figure 7~ 

The mathematical theory ¢ of the flow net is difficult, but the 

~H~draulic Laboratory Practice,~ p. 605. 

nrincip!es of flo~ of electric CiLrrent thru the :sal/~ solution in the 
-u,l~ss tray are easily understood. For ex~.~nle, sunDose the setun of 
the apnaratus is such that the diseharg~e thru the apparatus es shown 
oh Figure 6 is 5 at.acres and ~he total voltage :Iron is 20 volts. If 
the flo~ lines dra':m on Fi~mre 6 represent the hath of flow of the 
current, eacL stria leadi:'Ag~ from the headwater to the ta~l':'ater ter- 
minal:; narri(~s one am-ere of current, and in flowins between adjacent 
ootential lines there is a drop of one volt in notential. Since the 
deo~h and rusistlvity ~bf the salt solution is the same throughout, 
where the ,~o~.p:~.tial lines a'~'e close together indicating a sudden 9o- 
tential drop, ~heme re.oct be a concentration of current since the po- 
tential drop for a conductor of riven cross section varies directly 
with the current. Closely s~aced notential lines therefore indicate 
high flow eoncentrF:tLc, ns, and it is not necessary to draw~the flow 
lilles ~o dcto~rmine most of the facts ~,hich the flow net ~ives. Ae- 
cor'!in~ to the thec, ry off hydro~]ynttmic~ the flow lines should cross the 
notential lin~s ~t rJ ht an~'les in the s~me way that water flo,,s at 
ric:):t angles to the topo~z-an~-ic contour lines on ~ hillside. 

The ordinary la";s oF Flow of :vaLer tbxu a homo~en~:ous soil is di- 
rectly analo(~ous tc the Plo~: of eleczr~eal curren~ thrua homogeneous 
eo:~ductor since in .both cases the quantity v[Iries directly w~th the 
pressure ~voltac:e) al,d inversely with the ar(:u and length. Therefore, 

by substitutin~ a unifomn soil for the salt solution the ~Istr!hution 
of pressure and flow thl'u the soil sho',~Id be the same as the flow of 
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.,~#~,~ eel conductor in such a way that at all points its resistivity is pro- 
~i~i portional to the water conductivity of the foundation material under 

a dam at the corresponding point, it is possible to determine the flow 
:~ of water beneath the dam for any given conditions. With-some modifi- 
:~,, cations the Pavlovsky apparatus can also be used for investigating 

saturation lines in earth dams and has numerous other hydraulic a~pli- 

_ , cations. 

~. Cc~=arison of Results Obtained. w%th Electro-Hydraulic AnalogY 
,. ::,~ ~ and a Model Dam on Sand 

:[. Extensive experiments on the flow of water under dams per .'~, ner- 
~: fetched by Colman.* He used a model dam formed in a lsr~.e tank, and 

;/ *Trans.~ Am. Soc. C. E.~ Vol. 80z 1916, p. 421. 

i/~:~:,~ measured the pressure distribution in the sand beneath the dam by means 
~ of over forty piezometers placed at various Doints in it. In order to 
:~ test the reliability of the electro-hydraulic analogy apnaratus the 

/~!~ author made a setup corresponding to thatscreenedUSed bYsandCOl.mmm.uscdTheandresultSwhere 
~,~ by the two methods for the runs where was 

@~ there was not obvious leakage in the CoLman ap9aratus are shown On 
Fi_~ure 7, those at the right being the results obtained by Colman and 
those at the left shoring the results obtained with analogous setups 
on the electrical apoaratus. In suite of the fact that the rcsul%~'s 

.. shown for the CoLman tests are avorases of several runs, tb.oy are ob- 
viously much more erratic than those obtained with"the ".~].ectrical 
method, which plot in smooth, ro.qular lines. There w~,s a much greater 

• resistanc~ to the flow of water thru the sand near the entrance and 
:- exit of the water. CoLman's comparison of this to entrance and uxi@ 
i losses is not sound, as the velocities wore so low that such losses 

• would be neglifible. It seems certain that greater resistance at 
those two lecalisios was duo zoa difference in the state of the sand 
at these 1~oints, probably a difforunco in the connecting and size and 
possibly somewhat to silting up or ~e a growth of plant or animal life. 

O , 
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current thru the salt water'. BY varying the resistance of the electri- • I 

That the sand mi"ht vary considurably in resistance with s little dlf- 
ference in compacting; can bc a nnreciatod when it is realized that s 
ch,Ango of voids from 40 to 3C% will increase its resistance 150 to 
25C~o. Colman's namer makes no men$1on of nrecautions co m:cure°uni - 
fo~. comoactinc or insure homo~.,eneous r, eterial except to remove all 
particles of over I/2 inch size. ~nall differences in size also 
have a great effect on resistance. Drcrcasinz the grain size from 
0.35 to 0.25 m.m. for examnlo would cause an Incr,.asc of 100% in the 
resistance. It is ,-robable therefore that differuncc.s of comnactiu~ 
and some sli"ht lack of absolute uniformity of the grain sizes through- 
out the matcri.:~l accounts for ~h~ obvious irrog.ul~u-i ty of the flow 
thru the Colman an~aratus. The regularity of the lines obtained with 
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the electrical an~aratue however indicates that th~s method can be re- 

lied ucon to give results with a high degree of accuracy. 

The obvious variability of the water transmission wro~erties of 
the sand used in the Colman a~warntus serves to emwhasize the diffi- 
culty which is inherent in the awwlication of the flow net method to 
the design of actual structures. If a laboratory e x~erlment using 

~screened sand gives variations within a few feet of several hundred 
~er cent in the resistance to flow, it is unlikelythat in a natural 

river bed where great variations in size of the material exi'st, esti- 
mates of resistance can be made with sufficient accuracy for safe de- 

sign except under very favorable conditions. 
5 

Upward Pressure 

In masonry dams upward pressure is importan~ because of its ten- 
dency to reduce the factor of safety against sliding. Sliding is not -~ 
so important a factor in the design of masonry dams on earth fouhda-- ' 
tions. The urinciual danger from uuward uressure on a dam on earth 
foLundations is that it will be sufficient to lift uu some portion of 
the dam, breaking a new outlet onening for the percolation which will 
give such a short ~ercolatlon ~ath that thedam will fail. U~ward ures- 

~sure is therofore a factor in the failure of dams frcf, piping. 

W 
As previously shown, dams may fail from pi~ing by flow along the 

line of contact of the structure with its foundation or by flow direct- 
ly through the fottP.dation material. In all dams some flow takes place 
directly through the foundation material and no doubt the usual condi- 
tion is that most of the flow occurs in this way. If a structure is 
designed so as to be ~afe a~ainst ~i~ing, ~he u~ward ~ressure under 
~ractically all of it will urobably depend more,uuon the conditions of 
flow through the foundation material than alon~ the line of contact .... 
Even if a oiue did form it would cover only a ~all area and ~he foun- 
dation masonry would bridge over it. Therefore although it is neces- 
sary to give creen along the contact the ~reeminent olace in determin- 
ing th~ safety acainst piuinz, it may have less bearing in regaNl to 
upward nressure. 

Un,,er co,~ditions whore the foundation meterial and i~s distribu 
tion is accurately known, it seems orobable that some light on the up- 
ward oressure to be orovided for could be obtained with considerable 
accuracy by the flow net or electro-hydraulic analogy, although these 
results would be modified somewhat by the case of creeo along horizon- 
tul surfaces. The author hopes in ~he near future to investigate this 
further by mca".s of a comnarison of observed up~Tard nressures on ac- 
tual structures and the results obtained by the electrical analog' 
method. WY~ere the foundation conditions arc comolica~ed or unknown, 
some anoroximato rule must be used. Measurement of upward ~ressure 
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:on actual dams and research by model experiment, flow net, and electro- 
,hydraulic analogy methods seem to indi~cate that the droD in nressure 
caused by a cutoff is greater in nroportlon to the creep di-~anee than 
for the horizontal contacts. Leliavsky ~, after a st:~dy of the works 

,i 

~On 'i~ercola~ion Under ~prous of Ir__r1~aticn Works, p. 46. . 

~of C~l~man, Forschheimer, Terzaghi and Pavlovsky states, ".Thus in cal- 
culating the hydraulic gradient th,~ denth of the sheet oiling should 

• be multiplied by a coefficient = 2, (sic) whereas there is'already suf- 
ficient evidence zo show that this coefficient should be three or four 
or more." In other words, the horizontal creep should be weighted 
three-fourths, one-half or less. Until more definite data is obtained 
therefore it is suggested that where it i~ necessary to use an emwiri- 
eal rule, the L' unward nrcssuro be assumed to vary along the contact 
line in orooortion to the weighted crooo; i.e., that the oressure drew 
along the vortical or steeoly sloning contacts nor unit of length be 
assumed to be three times that along horizontal •.contacts or slirohtly 

, slo~in~ contacts. This is believed to be a conservative ~rule as uo- 
"~ ward croesus's oxnor~monts frenuently indicate that a weight for hori- 

zontal cr~eo of zero would give reasonably close results. 

Whcrc sheet oiling is so close together tha~ the flowmay be con- 
sidorcd to follow thc short oath betwuen the oiling rather than the 
line of cree~, the unw~rd orossure along the croe~ line between the 
ends of the short ~ath maybe considered to vary according to the 
weighted c~c~p distance botv~con those ~oints. 

e 

Since the ~cig~ted creon rule cives loss alone of the niuzomotric 
line for horizontal croons than the method advocated by Bligh, and 
siuce ordinarily the cutoff malls, which constitute the greater hart 
of the vertical creep are located in the unstream oortion of the dam, 
the,wei~hted creeo rule usually indicate.s less upward nressure under 
the downstream oortion of the dam than t]~e Blich rule. Meaa, aremT,nts 
of up,1 .ard oressures on existing dams indicate results nearer to the 
weighted cree~ method. In other words, for the portion of the dam 
wher~ the macnitude of the unward nrassurc is important, the Blirh 
rule gives results which are too -~ ,~'~: -ar~;e. > This shows why that rule has 
given satisfactory results, although frequently the thickness of mas- 
onry used has been little if any g~reatcr than the theory ~euld indi- 
cate necessary. The factor of safety there-.fore has been in the theory 
and none was therefore necessary in apwlying it. It would be much 
more logical therefore to apnly a more correct theory wlth e reason- 
able factor of osafcty. It is suggested therefore that a factor of 
safety of at least 25% be used in det r:rmining the thickness of m.~somry 
required, to t~ke caA.u of the variations of the pressure from that 
indicated by the theory. 
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(!~/i ~'~ S!~_ecial conditions sometimes cause unusual distribution wither un- 
~ .~ressure. A dam founded on ~ervious material underlaid im- 

-~vious material and with a cutoff e':tnnding nearly to imnervious 
• .~erial, will have a lower unlift downstream from the cutoff. A 
• ~•~ with such a foundation, w~,ere the cross section of ncrvious ma- 
Larial under the downstremT, end of the anron is less than thereat - 
• 'ii~upstream edge, will have a ~,roater unward nressurc over ~n n- 

~ base than one founded on ~rvious material of great denth• This 
'~ition was noted in the upward nressure measurements on the Grand 
• ~1.1oy Dam*. A contracting of the snace through which the watar flows 

! i ~  Vol. -~--1929 . . E., n. 1532. _ _  

~ath the dam acts as a partially clo~ed valve and raises the ores- 
~i~e upstream from it and lowers it downstream. 

~ting upward ~ nresstu-e it should be remembered that the 
assumptions may be different from those for safety from 

the latter case the creep under flexible aprons and sim- 
ction downstream from the solid portion of the dam, should 
in estimating the security of the dam against 9inlng, as 
is uncertain and cannot be relied unon. In computing 

ressure they should be given consideration however, as 
se greater unward nressure to occur at the downstream 
solid portion of the dam than the other assumntion would 

!:i~cate. The unward wressure experiments on the Pinhook Dam,**for 
i~ple, showed a considerable upward ~rossure at the do~nstresm edgc 

~, " S. Am~ SOC. C. E. Vol~g$ 19~9 . 1551~ 

:~%he solid portion of the r.~.m, due no doubt to the flexible anron 
-~streem, altho,ch if the ordinary assumntion for the desicn of 
:~ structures for safety against piping -verc used in dctorminiug 

, i.~]~ position of the end of the creon ~ath, thcrc n, ould be no upward 
. ~ o  at that ooint. 

_ !~ It "is porhaos worth while at this point to suggest that the up- 
i ~  pressure bc assumed to be applied at the bottom of the founda- 
~ ~  as in fact it really is, and has a z..agnitudc equal to the dif- 

~Mmeo in elevation between this 9oint and the Diezometric line• 
~i~otal -rci~ht of the masonry (in air) and of any cuter which may bo 

it, can then ba considered: as resisting this nressure. This will 
.~nate any uncertainty as to ,':hothcr or not the masonry ou~ht to 
~nsidored as submerged, and thercfo.~u ~s having lost ,~ci~ht, and 
~ n t  a mistake sometimes madc, of moasurin~ the un'"ard nr,:ssurc 

I ~-iKLkln~ the diffcrcnco bot-,ccn the J,lcvazion of the to__2.n of the anron 
aga[:~%ho niezomctric line, while still assumdng the full -'ci~ht of the 
~ y  available to resist it. Ex9erimonts by H. ".~ B. Parsons~*~nd 

..,L ~, 

1317. 

46 



have shown the neeesslty of; assumin~ that the upward pressure 

~ over the enti~ area of the base of the dam. 

J 
,Etismellaneous Causes of Failure 

\\ 
Although a dam may a~narently be designed with sufficient length 

~,rcolation .na~h, it may still fail by .nining, due to causes ~,hich 
i designer ~ay not foresee. Failure may also occur from lack of 

in .construction. A number of aases in both classes are described 
~he accounts of dam failures given in Annendix III of this wa~er, 
it is believed to be desirable, by way ~of emphasis, to assemble 

s data in convenient form and to F.roun these noints together. 

~i Too great emnhasis cannot be given to the necessity of havin6 the 
~off walls absolutely tight, tied into the main masonry of the dsm 

in intimate contact with the foundation material. A sinple ~ile 
ising caused the failure at the Coon Ranids Dam and leakage between 

~ wiles and between their tows and the masonry was a isrgc Cactor 
the failure of the Deoha Barrage. Even with interlocking~ steel 

M~et oiling, rigid insnection is necessary to see that thor-, are no 
pea~.:s in the interlockin~ and that their tons are nronerly ~mbeddc~, 
the masonry of the main structure. The author suggests that sheet 

,~:iles be driven in such a way that at no time is the lo'ver end of 
• : limb nile more than say 4 feet u.~ay from the e~ds of the niles on both 

.,~des of it. '.~hen thus driven the adjacent ~niles sunuort ench other 
.!~d there is less .orobabili~y of bending out of line or breaking, the 
~>,r,~interlock. This scheme ":las successfully used in driving oiling to- 
• ~ 90 ft. denth thru sand and gravel in ~he construction of the core 
"A, 

• i~i trench of the Wanaoue Dam*. This method -fill involve more moving 

!~'-- . News-Record. Vol. 89 Yul~, 20 t 1922~92 

~ the nile driver and ther,~fore some additional e.xuense, but it is 
'~lieved that the additional secu~'ity ~ould ~ully justify it, The 
~:~toffs. must also be tied into ~he struct:~res in such a '~ay that the 

oi~ 
t~r cannot find a nassage around their ends, as occurred in the 
oha Barrage, since the .~ater .~ill al,:,ays seek the easiest oath and 

i~ver fail to find a ~eak neint if one exists. Where cutoffs are 
~ailt in trenches, great care should be exorcised to secure intimate 
'~ntact between the wall and the sides of the trench, if nosslblc 
~:~he m~sonry should be built directly against the e~rth, and if shoct- 
!~n6. is used in the trench it should never be allowed to :'cmain, since 
~t will cause nassages along the wall throug.h ",~hich ..~t..r can nass 
with little resistances. This is baliev~d to hava bean the cause of 

~he failure of the Plat~sburg Dam. 

O 
? 



, ~:~7: Considerable study is necessary in the design of the abutments 
'~ be sure that no uath exists either under or behind them wl th a 
~vel distance so Short as to cause 1~i~ing. The same rules should 
~ly to these ~aths as to those under the dam. Travel along the 
~k oT the ~all (or along the top of the floor in the ease of a 
~treesed wall) should bc~eonsi~der~d as vertical cree~. The water 

usually fellow any one of a number of naths, and it i~ therefore 
~essary to consider every ~osaible one, for if there is e~short cut, 

0~ water is sure to concentrate its flow in it. Such a short cut is 
~ieved to have been the cause of the failure of the ~orwus Christi 

i Gate must be exercised in the use of huddle aprons to see that 
are not located where they can be scoured away or where they can 

out and crack. The former accident resulted at the Narora weir, 
though there was a layer of ri~ran over it, and the latter oc- 

~red at the Kitcha Bye-~ash. Care should be taken also in the @aPe 
m~ :a dam on clay or similar earth, if the foundation at any timehas 
a.ilehance to dry out. The failure of the Dol~.arrog Dam can nrobably 
b@ ascribed to this cause, and cutoff walls should therefore bo ear- 
~d dorm to earth which will never dry. It is ~robablo that ~oatcr 
ImZvol distances should be allowed even in ~ravo! or sand if the foun- 
~ion has a chance to dry out. It is ~ossiblo that this was a fac- 

in the Kitcha Bye-wash falluro. ~T~oublc ha~ also boon eNncrlcncod 
securlng wat rti,:ht contact between huddle a~rons and masonry dams. 

Consideration shoL~Id be given to ~thc treatment of s~rings in the 
i~s~ndation, so that they do not ~a~h channels along which ~i~ing can 
18~er take place. If springs arc found in ~ the foundation azcav~tion 
I¢ is advisable to try to weather th(.xn. In case they are due ~o the 
i~Ot that the bottam of the =x'cav,~tion is below the surrounding water 
le~l, outlets for the snrings should be orovidod until thoi~ressuro 
@abe cqualizc~, and they can tl~cn be plugged. If they are duc to 

T 

Sra~nd water, and are in the form of permanent springs, itmay be do- 
~ l o  te wrovido a ocrmanent outlet with a filter and ~eeohole or 
~ ,  to eliminate the ~ossibility of them developing sufficient head 
~O!~rce an exit for themselves. Water from normancnt snrings can 
i~uently be diffcrcntlattd from ~hat~from the river by a difference 

~ ~qraturc. 
~ ~. 

~ Designed cree~ distances can be materially shortened by a blow- 
m~f the base of the dam from u~T~ard ~ressure. This action was n r o b -  
8b~ e material factor in the failure of the ~uentes, Narora and Deoha 

The apron mus~ be heavy enough to resist raislng. 

Although not connected with oi~ing, it may be worth while to men- 
ti@8 here several other causes of difficulty with masonry dams on 
~ h  foundations which should be avoided. In many streams there is 
a~@nstant "flow" of solid material com~6sing the river bottom. If 
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backwater from the dam nrevents this material from continuing to 
~ e  down, while the flow downstrear, from the ,]am continues to carry " 
~terialaway, a considerable lowering of the river bed often re- 
~ialts. (Mulllns* states that "a retrogression of the level in the 
~ver bed is a nearly invariable result of building a weir.") This 

a'ti on M a n ~ _ r a  s )' 189 ~3 , P- 16, 

~ cause greatly increased scour at the downstream edLge,/ of ~he dam, 
!'~d in the case of the Islam Weir ~,'as sufficient to causa~ a failure. 

: ~retrogression of as much as 8 feet has been observed on another darn. 

~i~- In computing the u~lift beneath the anron of dams where a hydraul- 
~m Jumo is forbad on the a~ron, the fact that the down,~ard ~ressure 
!~@f the thin stream of water upstream from the Jumo is less than that 
~bmlow the Jump, should be given consideration. The upward oressure 
~ the bottom of the apron is inf.luenced by the de,nth" below the jumw 
• /i!~mnd the downward pressure on top of a portion of the aoron deneuds 
,~on the lesser depth above the jump. Failure to nrovide sufficient 

~ight of apron to overcome this difference in addition to the normal 
:~mward ~ressure has resulted in failure in several cases. 

~i In designlng a dam "on a worous foundation it is necos'jary to be 
@l~Ltre the hydraulic jump uill be formed on the structure --here it that 

is expected. A case has occurred where a dam -~as placed at the to~ 
of a steep section of the river and the tail-,ater level vms so low 

~haz the jump occurred below the do-mstroar~ end of the aoron. In a 
~:~ort time it scoured out the rlpran and destroyed the structure. 

In several structures difficulty has boon exn.~rienced v, ith anrons 
i~rmed in layers, due zo the tendency of t~o swiftly flo~ing -"ator to 
~mt bet:oen them and "noel off" the upper ones. If poss'~ble, anrons 
i~ould be cast in blocks zathcr than 1,ayers, but ~f layers are noccs- 
j~ry they should be thoroughly bor.ded together. 

~ Although the bed of a stream~ may be considerably hi~her near the 
~]~Maks than in the centcr, the do-uastr~.am anron of the ~lam should be 

@ !~el all the ~"ay across. The constraction of the dam. is u~aally 
!~eh that the discharge is snread nearly uniformly over the entire _ 

• ~o~dth of the river, and if the a.nron is hiz'her at the lends the flow 
~er the dam at the sides of the river, after oas~ing off the anron 
"~l~nds to run along the downstream edge of the a~ron to"°ard the middle 
~,~ the river. If the slope in this direction is considerable, severe 
~ur is li' ely to be set un. This result has been obser~,ed at sev- 
~,al dams. Even if the do-.mszream aoron is level, it is advisable 
~m) plan the ~arth excavation below ~he dam in such a ::ay Zha~ sov,-ro 
~m~rrents are not set un along the too from the ends of ~ho 'am to' ard 
~e main channel. In long, lo-,', overflow dams difficulty has also 
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~'~frequently,~, been experienced from a tendency of the water %o form a 
,~ghannel ~arallel to the dam upstream from the crest and undermine 
i ~the upstream portion o's the dam. To prevent this, groins are some- ~ 

itlmes built extending upst~r~am from the crest at intervals along it. ~ ~ 

Conclusions 

The ordinary method of analysis of a masonry dam on an earth 
,foundAtion to secure safety against wiping, ~-;hich is usually ascribed 
;~o Bligh, is faulty in that it do.~s not consider the Kreater ~roba- 
• ~bility of ~rcolation along level or Slightly slo~ing contacts be- 
i twecn the dam and its foundation, than along vertical or steeply 

slowing contacts. 

The flow net and electrical analogy methods are faulty in neg- 
lecting the lesser resistance along the line of contact"bf a dam with 
~Its foundation as co~.~ared with that directly through the founda1~on ~ 

ilaterial. 

~inin~ may .occur in two distinct r,ays,~l)by _low along the 
line of contact ~of tile structure and its foundation or (2) by flow 
directly through the foundation material. Flo~ ordinarily takes ~ ~ 

@ 1~lace alon[~ bo~h of those paths in invors~: nronortion to thO~r rela- 

Considerable li('hz on the ~robabili~y of failure from the first 
of ~hcse causes can bc obtained by exo~erim~nt~'_l methods, but the sec- 

'~ i end must be studied lar~<~ly by an analyss of the action of actual -- 

dams. ~ 

From the rusuiz of an-analysis of the ae$ion of more ~han t'~O- 
hundred dams, ~ has cuun found thzt creed along, eonZact surfaces hav- 
~n~7 slones -.,~th the horizontutl of loss than 45 d~greos should b~ con- 

on~j one-third the r-esistanco to oiping as those with eider ~d to offer ~"' 
slones of 45 deg/-~%s or over. 

~ Analysis on this basis may be called the -o!{~hted crceo'analysi.s, ~; 
;%he surfaces under 4D slones c~llcd cr(~O along d~ree horizontal 
crete an~ that of 45 d grocs or over vortical croon. It should bc 
noted that these slooos arc the sloops of the surface of contact. 

The sloes of the oath taken by the ',accr may be dlfforonZ. ~Thc weight- 
ed croon dis~ancu of a dm~ cross section is the stun of the vortical 
crc,-o distances nlus onc-~hird of the sum of tho.~.~..:horlzontal~_ croco_~ .~is- 
t~u~cos, and the -'.:ightcd eros- h~ad rat~o is th.~n~e~ c1"~.tO di- 
vided by thu c~ffcct!vc h~ud. 
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The followin~, values are suggested as the safe weighted cree1~ 

ratios for use in the design of major structures: 

SUC~E.~I~E~D WEIGHTED CHEEP RATIOS 

i 
WE~IGHT OF HORIZONTAL ;CREEP ~" 

Very fine sand or silt ........ • ........ 8.5 
7.0 

Fine sand • • ° • .......... .......... 
Medimn sand . • . . . . . . . . . . . . . . . . . . . .  6.~in' 

5.01 
Coarse sand ..................... " " " O~ 

4, 
Fine gravel . . . . . . . . . . . . . . . . . . . . .  " 35 
Medium gravel . . . . . . . . . . . . . . . . . . . . . . .  
Coarse gravel includin~ cobbles ............ 3.0- 
Boulders with some cobbles and t~ravel .......... 2.5 

30 
Soft clay ...... • ........ 

2.0 
Medium clay . . . . . . . . . . . . . . . . . . . . . . .  

1.8 
Hard clay . . . . . . . . . . . . . . . . . . . . . . .  

1.6 Very hard clay or hardnan . . . . . . . . . . . . . . .  

~ These values can only be used for solid masonry cutoffs built 
::~ idirectly a~ainst the earth or interlocking steel or concrete sheet 

:A~I ~ilin~ driven so that ~he interlock is not broken and with the top 
~$of the oiling satisfactorily embedded in the masonry of the dam. 
i~mnetent su~ervislon during construction and efficient maintanance 

:~:mre assumed. If all these do not exist higher values must be used• 

• " For less imnor~ant structures these ratios may be reduccd some- 
:imhat dowr. to ~erhaos 80% of the values given for very minor structures. 

• ~ Additional factors which should be considered in selecting the 
~:~ro~er ratio are (i) the loss of life and nroDerty ,-hich would re- 
~i~Jult from. a failure, ~2) the ouaiity of supervision during construe- 

• ~,~ion and of maintnnance aftur comnletion, (3) the loss resultin~ 
:~i~Abrom percolation under a dam, (4) the difficulty in mending a broach 

; ~# it occurs, and (5) the ~osslbility of the r~vor bed upstream silt- 

~ng up. • 

e Reverse tilters, ~oe~ holes and drains arc an aid to security 
:~d ~#cightod c>eew head ratios may be reduccd uo to IC% if they arc 
~ed. The best form is a m.o~.n hole ~dzh a reverse filter behind it. 
i~r best results vents should be located far ~nou~h Irom th6 0nd of 
~hc travel oath to insure that most of the flo~" nasses through shcm. 

• , foIt ,~C i~cent to rc,luco un~'-'ard nros~uro they should no~ bc located ' "~ 
~a~strcam thm~ necessary to accomnl~ sh this nurnose. Usually th~ best 
~ocation, from. the standuoint of vicing, is just above the do,~nszr,'nm 

• @utoff, venting, through the cutoff. The ~osltion of the hydraulic 
J~mn should be consldcrod in locazing vents. Gr at care must bc ex- 
~:-clsed in constructing vents or drains. 
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The security of dm~:s on n ervious foundations underlaid by im~or- 
• "lous material will be f~'oatly increased if a cutoff is carried into 
~he imnervious material. No sat.i sfactory analysis for ~h~s condition 
has been develoued. D~-.s founded on ir, mervious material underlaid 
~y nervlous material a1"o ant to give trouble and should be designed 

~th care, 

~i must be cxorc~ed ~hat cutoffs are ~ronnrly In all caso~ cnre 
.ed in at .the ends, so that the water will not outflank them, and 

%hat theru is no short route behind or under the ahutr.,cnts tba'ough 

which a channul may be formed. 

In order to nrcvc::t failure of dams by ncrcolation directly through 
the found :tion material the short oath head ratios should not bc lass 

%hen cicht-t,~n'~hs of those recommcndr.d for the w'.iGhtcd cr .on. 

If any t~ro noints on the croon line are so close to~othcr that 
~@hc short na~h but'Teen ~hcm is loss th,J.u half the woi(~t~6 cr(~n dis- 
~uco bet,can ~hcm, :'low may bc considcr:.d to take nlacc dirc.ctly 
throuq;h the zat.rial, the icnmth of this travel being given a weight 
of t-'o. Whirr. more th_n one short oath is nosslblc bot~,ccn the same 
~rtions of the creep oath, the one which ~ivos the zmllc.st total 
wci~]~tc:~ c c~ for ~hc zcruc~urc should bc used. ~' 

.... i~n may bc osti~.~tcd by ms- The u~war:1 ~r~ssurc to bc us,z°! in ,~ ~ 
gumin~ that the dro~ in urcs.~urt from hs'-ad~'~tcr to tailwatcr along thc 
oont.:ct line of ~am and i'oundatien is ~rowortione_l to the ~cighted 
.orec~ d ~. stance. Bet-~ccn sh(~ct ~ilc lines ,"hich arc GO close together 
~hat the short ~a~h li~.,~t,utions a~'~ly the total .~rossuro dron may be 
o@~-ut.~d as ~rouortion=l ~o the short path distance with its ",eight 
of t~.o and dist:ibuted bct":~.~,n the two ends of the short ~nth in uro- 
.~ortion to the weighted crecu bot~,ecn those .~oints; 

~isccllancous cau~os of dirficu!ty or failure which can be avoid- 
o(1 by ~oocr dcsi~m and construction are cl.'-y foundations or a~rons 
which are located ".,her,..they c.m dry out, construction on dry ~o_ud, 
@ontrol of s~rings durin7 construction, .a~ron blo-~s duc to insuffl- 
olent .~llo,~mcc i'or u'o'~d "~rossu-c, :-D~'on uplift due to the hydrr.ulic 

~Jump, scour b.clo- thc ~!am due to jum.~ fo,~ming off the ":~ron, wecling 
of awron due to constr::ction in layers, rctrogr,~ssion of the river hod 
after construction, e.ud scour bole" u.~ron due to it not being level 
across the stream. 
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APP~mlK XL 

Data  ~ D ~ s  and Dam Failures 

In order to make available more detailed data than is possible 
~y means of tables for some of the structures which hay, an i~ortant 

arlng on ~he percolation distances ~equired for various foundation 
terla~s, the following brief state-ants have been Dre~ared: 

O 

@ 

~:,~8 on CI---- and He~_d-an. 

W o o d w a r d D e m a t H i l l :  New Hsnmsh i r e  

This dee was founded on material so hard that if an iron 
bar was driven into it 12 to 18 inches, it was sometimes neces- 
sary to use a derrick to pull it out. The adjacent banks were 
of a hard cQmented sand and clayey material with occasional lay- 
ers of pure sand. The foundations were said-to have been exca- 
vated I0 to 12 feet below the natural surface Of the earth. 
The line of creep and the short path were beth about 32 f6ot, 
which, with the 30 foot head, give ratios of length of oath to 
head of l.l. A large ,~ropcrtion of the creep on this dam was 
vertical. The welght~ed cree~ head ratio was 0.9. 

This dsm ~ after f~ve years of ~ service with ~no sign 
of #allure. Where dams fail after a considerable ~eriod~of~sat - 
Isfactory service with heads that have been carried before sat- 
isfact0rily, the probable cause of 1.~ilure is ~i~ing/alon~ the 
llne of contact of the dam with its f,~/~,udation.~* When fcllure 
takes place suddenly, at a head whi~Lh has*~ot beer, held~ be*fore, 
or wlth a ,Jath .which is suddenly shortened by an apron blowup, 
the cQllse may be percola+~ion directly t.hru the foundation ma- 
terial. As this dam failed eLTIer a iong service apparently at 
no unusual head, the failure was probably due ~e percolation 
aion~ the contact of the masonry with the earth. The layers of 
pure sand may ~Ave been responsible for the failure. 

D~:I~x~ Den, Lake FAgiau, North Wales. 

The Dol@arro~ Dam was founded on a glacial deposit of hard 
blue clay containing boulders, overlaid wi th  a layer of vest. 
Part of the foundation was not carried as deep as planned. This 
section failed by e blowout under the found.~tion after the dam 
had been  i n  s e r v i c e  f o u r t e e n  y e a r s .  The r e s e r v o i r  had v r e v i o u s -  
l y  been  d r a ~  d o ~  below t h e  dam f o u n d a t i o n  Cue to n ro longed  d r y  
w o a t h e r  add t h e  d ~ f i n g  o u t  o f  t he  c l a y  may have been the  r e a l  
o a u s e  o f  f a i l u r e .  The n o r t i o n  o f  t h e  dam b u i l t  a c c o r d i n g  to  

p l a n  d i d  n o t  f a i l .  The c r e o p  d i s t a n c e  f o r  the  l a t t , e r  p o r t i o n  
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wee ~g f e e t  end f o r  t h e  ~ e r t  which  f a i ~ e d  3S f e e t  wh ich  f e ~  t h e  
10 f o o t  head g i v e s  o r e @  head r a t i o s  o f  S . 9  and 3 . ~  r e s m e o t i v e l y .  
The oorres.~ondin~ weighted cree~ ratios are 1.4 end 1.2 teen,ac- 
tively. As the dam held fourteen years with the lower ratio this 
s h o u l d  be  n e a r l y ,  i f  n o t  e n t i r e l y  s a f e .  

F ergus Falls a Red River I Minnesota 
/~. T 
,? /, \ 

The Forgus Falls Dam was fotln~ed on hard~an. It failed after 
eleven months service by a blowout c~'andor the power house, It ap- 
pears that a s~ring was encountered in the pc,or house foundation 
and no o u t l e t  was p r o v i d e d  f o r  i t .  T h i s  s ~ r l n g  p r o b a b l y  f o r c e d  
an o u t l e t  f o r  i t s e l f  and g r a d u a l l y  e n l a r g e d  i t .  The l~ath f rom 
t h e  h e a d w a t e r  t o  t h e  s p r i n 8  was t o o  s h o r t  and ~ l p i n g  o c c u r r e d  
from the headwater to the spring and thence along the s11rlng out- 
let channel. There is no e~Idence to show that the smiliwey had 
insufficient length of path. The cree~ distance for the s~iLlway 
was 104 feet, siring a plain crees ratio of 4.5 and a weig3ted 
creed ratio of 3.6. The cree~ distance to the spring was 45 feet, 
glvins a ulaln creep ratio of 2.0 and a weishted croe~ ratio of 
1.1. 

Dams on Gravel a Cobbles and Boulders 

The data on dams on gravel, cobbles and boulders is given in 
Tables 3 and 4. The results are sho-m graphically on Figure ~3. Dams 
on foundations composed largely of sand but with consid(:rable propor- 
tions of gravel are included in this grou~. They regresmnt an inter- 
medlatc condit.ion butweon coarsc sand and ~-avol, and to Jinclude thus 
in this classification is on the side of conservatism. 

To sot forth more fully the basis fo{~the lengths of. wcrcolation 
path required for various materials, the dams having most influence on 
the conclusions will be described at some length. 

Puontcs Dam, Guadalantin R.., Spain 

The Puentos Dam was built in 1785-1791. Most of it was on 
rock but in the co~it~r of the v~lloy it was founded on uilus in 
earth variously described as "on?'th," "~lluvinl sell end sand" 
and "sand and gravel at least 25 foot deep," the latter classi- 
fication being assumed as being the most conservativc. The d.~m 
~es 151 feet wide on the base and had .a masonry apron 7.3 feet 
thick extondinc 131 foot further downstro~m. Nearly all the creep 
was horizontal. The failure occurred suddenly after ll years of 
use. The ~rossure bun..ath lifted the apron az the toe of the dam 
causing it to fail and thus greatly reducing the croo~ distance, 
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resulting in a blowout. The reservoir was said to be silted 44 
feet above the base of the dam and at the time of failurethe head 
was 143 feet. It had reached 75 feet head in ~revious years ~ith- 
out failure. 

Considering the effect of the silt, the line of ereen to the 
end of the a~ron was Z39 fee~. With the head of 145 feet at time 
of failure this gave a creep head ratio of 2.37 and a weighted 
creep ratio of 1.0. No signs of failure at the end of the auren 
appeared for this ratio, but might have, had these conditions con- 
tinued. The blowout reduced the creep distance to 200 feet, the 
~laln creed ratio to 1.40 and the weighted creed ratio to.67. 
In a ~revious year wlth 75 feet head, the respective ratios were 
4.5 and 2.0 assuming the same'silt conditions at the time of fail- 
ure, although it is ~essible that they were loss. This indicates 
that the dam was safe with a 2.0 weighted creep head ratio, ~ossi- 
bly safe with a 1.0 welghtcd ratio, and certainly unsafe with 67 
~eighted creep ratio. 

Port --elos Dam Elwha R.. Washln--ton 

The base of the Port Angeles Dam rested upon a "glacial de- 
posit consisting ~rlncioally of gravel and small grit or coarse 
sand.- It was 97 feet wide on the base below which a caisson had 
been sunk ii feet. An earth fill w~;s constructed on the upstream 

L I 
side ~Ith a height of 50 feet and ~es~ of about i00 feet. A 

row of sheet piling 30 to 40 feet loh~ was driven 8 feet do.n~- 
stream from the toe of the dam, but not comlected to It. This 
piling was detrimental, as it tended to concentrate the under- 
seenage into the space bet-~en the dam and the mili~. The water 
had been at about soil!way level for nine daYs ~hon signs of in- 
creased wres~ure ~er:: noticed bole ~. the dam and rrlt/lin two or three 
hours the ~.ntire bottom gave -.aY. 

The croon dlstanco was about 169 feet. The head ~as uncertain, 
nrobably 79 feet, but may have been higher. The nlain creed hoed 
ratio -las there:ore not more than 2.1. The :tc{ghted creo D ratio 
~'as 1.3. The shortest oath :las 150 foot and gave a short ~ath ratio of 1.9. 

The dam ~as  r e p a i r e d  by f i l l i n g  the  canyon  w i t h  r o c k  b l a s t e d  
from the sidu hills, reinforced ~7ith "'illo~mats, shoot nillng and 
a large concrete block. The short u~th distance ie~about 650 to 
700 feet and the head uractics/ly I00 feet, makln~ a short oath 
ratio of 5.5 to 7.0. Under those conditions it has been in sat- 
isfactory service since 1913. On account of the lack ~rf a defl- 
nits contact between the fill and the oricir.al material no croon 
distance can be ¢,stimatod. ' 
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_l~L~sl"ield De~.a, Wee, t m'~o,ok, ~_~_~oimaetts 

The l ~ [ t t s f i e l d  Dam was founded on an u ~ e r  l aye r  o f  gravel 
and f i n e  m a t e r i a l  4 to  5 f e e t  deep ,  u n d e r l a i d  by a much f i n e r  and 
a ~ p a r e n t l y  i m p e r v i o u s  s t r a tum o f  c l a y e y  m a t e r i a l  5 to  6 f e e t  t h i c k ,  
beneath which was a waterbearing gravelly mass containing much 
fine material with boulders from hens-egg size to ~ossibly a cubic 
yard in volume. The upstream cutoff wall extended into the immer- 
vious isygr, but not down through i~the pervious material beneath. 
The dam seems to have been designed on the assumption that the 
foundation material below the top layer was impervious. Annar- 
ently the flow thru the p~vious material a~neared downstream, 
either lifting the impervious layer or causing piping along some 
channel leading thru it. The failure was urobably more in the 
nature of piping through ~he material rather than along the llne 
of contact with the dam. The shortest hath was 65 foot and the 
head $3 feet, giving a short path ratio of 1.9. The plain creed 

distance and ratio were 76 feet and 2.3 respectively. The weight- 
ed creep ratio was 1.4. The dam was repaired with a cutoff wall 
extending through the ~orvious layer and has been giving satis- 
factory s~rvice for about 20 years. 

Coon Rapids Dam~ Mississlp]0i River r Minnesota 

The Coon Rapids Dam on the unner Mississipni River failed 
from a sudden blowout during re~alrs, after thedam had been glv- 
ing satisfactory service (from the standpoint of piping) for over 
three years. The primary cause was a gap one nile wide in the 
sheet nile cutoff. The hole below the dam caused by scour ~as 
out to build an extension of the apron, causing an increased head 
on the structure. The head was aonroxi~.atcly 48 feet, and the 
shortest path 130 feet, giving a short ~ath ratio of 2.7. Since 
the water level below the dam at this time was considerably below 
the bottom of the do:n~stream piling, the water did not follow the 
creep llne and therefore the creed head ratio cannot be estimated. 

The earth below the dam had a sloping surface and would there- 
fore fall more ~asily than if the ground wore level. On the other 
hand the gap of only one nile would considerably restrict the flow 
as comuared .~ith the ordinary conditions assumed in design. 

.Plattsbur~ Dam, West Brook Plattsburg I Ne.-. YOrk 

The Plattsburg Dam was founded on a glacial material of the ~-~ 
following composition: 25% boulders, 26% fine gravel, 1% very coarse 
sand, ~% coerse sand, 4% medium coarse sand, 4% medium sand, 8% rood- 
lure fine sand, 1% fine sand and 2g% sand and silt nassing a lO0-mesh 
screen. There was less than 1% clayey material. The base of the 
dam was stepoed up the sides of the hills. The upstream cutoff wall 
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wag sa id  to  be ~0 f e e t  d e o ~  - ~ t  i s  l~pOz~ed t o  havo been b u i l t  
w i t h  wood ghoot tn~  l o f t  be~woe~ the  oeelaa~to ~ the  na tura l  e a r t h  
and the t  t,~e b a e k ~ l l l  was made w i t h  ezeevatod  m a t e r i a l  and con-  
s t r u c t i o n  d e b r i s .  The wee.~ ~,oles  p l a ~ e 8  f o r  t h e  s t r u e t u r e  w e r e  
plul~ged.' It is also reported that a trench was excavated alc~ 
the upstream side of the cutoff and refilled with puddle, but this 
report could not be confirmed. Leakage was evident from the flr~, 
and the dean failed from a blowout~ Wrobab~v from seepage along the 
line of creep, apparently about two months after it was filled. 

Tht~ length of the line of creep varied for different sections 
of the d~ and the creep head ratios varied from 7.1 to S°~, the 
higher ratios being for the lower ~arts of the dam whore it was 
stepned u~ the side of the valley. The Icorreaw~nding weighted 
cree~ ratios were 5.1 to 2.0. The shortost path ratios varied 
from 5.8 to 2.6. Where the failure took ~lacethe.head was nroba- 
bly approximately 22' and the creo~ 87,, giving a-plain creed ratio 
of 4.0 and a weighted creep ratio of 2.8. The shortest math at 
this ~oint was probably 70,, gi~g a shortest hath ratio of 3.2. 

P i n h o o k  Dam. A M a q u o k o t a  R i v e r  m Iowa 

T h i s  dam and power  h o u s e  e r e  f o u n d e d  on  wha t  i s  r e p o r t e d  to  
be "fairly well graded sand, altho there is considerable gravel 
and occasional boulders as large as i/S cu. ydo Another descrip- 

tion gives it as "fine sand with sand silt intermixed and almost 
the nature of quicks'and.m (A sieve analysis is given on Figure 1. ) 
The head is 25' and the creep distance to the end of the fixed 
apron below both the power house and soillway is 130', giving a 
nlain cree~ ho~ ratio of 5.2 and e weighted cree~ head ratio of 
3.5. Below this fixed nortion however, there are concrete slabs 
constructed to allow settlement without cracking, but without 
watertight Joints. Since these slabs no doubt to some extent 

increase the resistance to oi~ing, it would not be correct to 
assume that thm e~cces8 of this dam indicated that the 3.5 ratio 
was safe. The creel~ distances ~o the and of this slab auron for 
the no~er house and th~ soll~way s~ctlon a~e 206' and 231' resnec- 
tivoly, -hich ~vc plain creep head ratios of 8.0 and g.2 and 
woig~hted ratios oi" 4.5 to 5.9. The shortest oaths, not including 

the block aoron aru 92' and 91' for the pomor house and swlllway 
respor l;Ively, glvln6 r~tlos of 3.2 and 3.1. Including the block 
anron these dlst~&ncos are 161' ,And 179' and the ratios 5.6 and 
6.2 r~s~uct~voly. Some trouble "as oxnorienced from sand being 
carried thru the cracks of the oavoment, nrobably due to the fact 
that the flexible having oart~ally cutoff the outlet for the water 
at the downstream ed~;c of the sol~d anr~n and considerable flows 
esca;~ed t~,ru the cracks bct~o~n the bloc;:s. The d~fficulty was 
remedied by dumoin~ clay on the unstream side of ~hc dam. 
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This ~ failed from blowout thru the central l~ortton, yt 
was founded on gravel. The data is not very complete, but there 

@ ~  a p ~ r e : l t l y  cons iderable  eros ion downstream before  the blowout 
~c~tl-redo 
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Omm -atchie River New York 

This dsm~, for ~art of its leech,, is reported as being found- 
ed on -glacial boulders" but as light sheet piling was driven, the 
boulders were more than likely combined with sand or gravel. The 
head was ~S feet. The cutoffs were formed by concrete w~lls with 
2 x 6 inch sheet piling on each side of the wall driven do.,~n 4 to 
7 feet beyond the bott~.~m of the concrete. Excent for sorings cn- 

c~o-...-.tmred during construction, there was no seepage and the cu~- 
o f t  walls showed no seepage. The piling is assumed ~ator tight 
and that the resistance to travel bet-~en the two adjacent rows 

is equivalent to a creep t~ice the distance between the piles. 
The creep distance is 82 foot and ¢he head 23 feet., making the 
plain creep ratio ~.6. The ~eighted creep ratio is 2.5. The 
shortest ~ath is 5V feet, giving a short path ratio of 2.5. 

Gran!te Reef Dsm.! Salt Rivor.m A r i z o n a  

The Granlto Reef Dam is founded on gravel and boulders and 
sustains a head of 20feet. The total creep distance to the po~'- 
ous aaron is 77feet, giving a plain creep head ratio of 3.8 and a 
~eighted creep head ,ratio of 2.8. The shortest path to the uv- 
stratum edge of the porous apron is 58 feet, giving a short ~ath 
ratio of 2.9, and the short hath to the weopholos is 47, giving 

a ratio of 2.3. 

When first put into opcratlon there was a seenago of t~.o to 
three sac. ft. under thec300 feet length not founded on rock, but 

the pool above the dam filled with sand and silt, ~hich reduced 
or stop~ed the sea,ago. It is Oossible that the rock fill under 

the downstrosm enron acted some-hat as a reverse filter a:id in- 
creased the security of the structure. After some years in ser- 
vice the anron -,ms destroyed by a flood, and the dam stood some 
time ~ithout it before it was repaired, sho'~ing that at that tlr:e 
it was not necessary for security.. 
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Dram on CoarN Sand 
L 

Riverdale Dam A nle River Wisconsin ~zv~raa±e ~am A ~Ae ~iver. Wisconsin 

This dsm was founded on torpedo sand, and held a head of 
24 feet. It was completed in 1905. and was still annarently in 
serviee in Ig09. The maximum line of creep is 101"feet, but 
this includes 20 feet for sheet ~iling cam~osed of steel railm 
driven as close together ae ~osslble, whlch would urobably not 
be watertirht, and the ~robable creen was therefore 81 feet, 
the plain cree~ head ratio 3.4 and the weighted ratlo 1.7. 
Considerin~ the rails to have made an effe0tive cutoff, the 
plain creep ratio would be 4.2 and the weighted ratio 2.5. 
This value will be used as it Is more conservative. The short- 
est path is 71 feet, and the short hath ratio 3.0. Downstream 
from the dam is an auron of large stones which may have acted 
to same extent as a filter• The foundation was full of s~rings 
during construction. 

Prairi~du Sac Dam and Power House Wisconsin River Wisconsin 

This dam was built about 1912 and is founded on ~xlre coarse ' 
sand. It is hollow concrete, the buttresses are su~norted by 
~iles and there is no floor under the dsm. Seepage is orevent- 
ed by a 50' row of sheet piling and an u~stresm clay blanket 
about 20 feet Trlde. The inside of the dam is filled vr~th loose 
rock, through which any water uassing under the sheet oiling may 
rise and until the vents ~ero closed escaped thru them in the 
downstream side of the dam. .Water may also seep out thru the 
sand and under the downstream sheet wile cutoff. Since the 

]~lain creo~ ratio from the inside of the ds~ to tail~stcr is 
much greater than between the headwater and the vent, the under- 
flow undoubtedly escened through the vents, until they wore 
closed. THe head from headwater to vents is 29 feet, and the 
total ordinary head 52 feet. The croon distance to the inside 
of the" dam, ~hcr. ~.t formerly could discharge thru the vents, 
was 124 foot. With the vents closed, the total creed distance -~ 

is 198 feet. The creep head ratio to the inside of the dam, 
with the vents open ';:as therefore 4.5 and ~ith the ve~ts closed 
the ratio for the entire structure "~as 5.2. The corres,~ondlng 
weigJ~ted creep ratios are 5.7 and 4.8. The shortest ~ath with 
the vents onen is 104 feet, giving a ratio of 5.6, and with vents 
closed 149 feet, -r~th ratio of 4.7. The creco distance under the 
pc-or house ~s 501; feet, 'rhlch, -dth a head of 52 foot, gives a 
plain croe~ ratio of 9.4 and -clghted croon ratio of 6,5. The 
shortest oath is 216 feet and short hath ratio 6,8. ,~ 

t" 
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.Dims on Sa~d_, Fine ~nd -n~ Silt 
I |  - -  -- 

Nar~a WeAr, Ganges. Ri.ver, India 

This weir was founded on Tins nicaceoua sand, nrobably 
falling into Bligh's class ,,of which 80% of the @rains pass 
a 75~mesh sieve.- It sUstained a head of about IS feet. 
After about 20 ~wars of service it failed and was repaired 
with  a nmch l o n g e r  c reep  d i s t a n c e .  

This failure has occupied a larPe ~lace in discussions 
o f  the  d e s i g n  o f  dams on porous f o u n d a t i o n s ,  and t h e r e f o r e  
has been studies in considerable detail. Bllgh contended 
that it was a case of ~iping, Which had been going on for 
twenty years, and on the basis of this failure, and that of ~ 
the F~hanki~ weir, built the structure of his widely used meth- 
ods. A thorough study of the data leads to considerable 
doubt as to the accuracy of some of Bligh's conclusions. 
There are many differing o~inions on the exact manner in which 
the failure took place. In Bligh's Practical Design of Irri- 
gation W~rhs, 3rd Edition, Mr. F. W. Woods records several 
opinions, and Griffith has still another. Woods contends at 
length, apnarently with considerable justification, that the 

failure was ~rimarily due to undercutting of the upstream 
portion of the weir by a lateral ~ current and that this oc- 

curred in the river channel secZion ~here it~as built on a 
fill. 

For the ~u~pose of this ~a~er it is not necessary to de- 
termlne exactly how the structmre failed. Certain facts seem 
to be ~ll establi~hed. The greeter portion of the structure 
which Was not built on a fill stood ~ithout failure for t',onty 
years, althouF~h some trouble ~ith ~rings at the do~n2traa~ 
edge seems to have been exwerienced. This portion had a creep 
head ratio of 13.0 and a .~eighted" creep ratio of 6.3. The un- 
stream puddle awron in the section where failure occurred had 
been washed away. In some portions of the ~ir, snrings of 
considerable magnitude came up through the upstream edge of 
the grou~ed riprep. The scaces between the ~lells forming the 
dow~streem cutoff were said to be "indifferently closed- by 
piles. 

Bligh awnarently was not in Possession of all these facts 
when he reached hle conclusions. He assumed that the llne of 
creep follo~ed the line A C D E F G H I J K L M N. (Plate XIV) 
This gives a length of apnroximately 169 feet, and s creeo head 
ratio of 13.0. The upstream wuddle is kno,~n to have been -ashed 
away, and this reduced ~he creed ratio to ii.0. Ho::cver it is 
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v e r y  l i k e l y  ~ @ a  ~ho aooounts  o f ~ h e  f a i l u r e  that  the  seepage 
~ath  ended in  s ~ r i n g s  a t  the u~s~roe~, edge o f  the  grouted p i t c h -  
ing. If this is the ease, the ra%io m~uld be still further re- 
dueed to 7.5. If, in addition to this, the creep ~ath Dassed 
through the indifferent staunching between the wells of the 
do--nstream cutoff, ~he ratio would reach the lo~ value of 5.4. 

It is apparent therefore that Bllgh's conclusion ,that the fail- 
re occurred -ith a ratio of 13.0 is incorrect, and if the dm, 

ailed from plping at ell it o~curred '~th a ratio of not more " 

than ll.O, probably with 7.~ and ~erhaps as low as 5.4. The 
corresponding weighted croe~ head ratios are 6.0, 4.8 an~ 2.8 
res~sctively. The data for the distances and ratios for ~lain 
creep, weighted 'croon and short hath are as follows: 

. I I 

Conditions As- :A,C,D,E,F,: 
sumed by BIIgh:G,H,I,J,K,: 169 

:L,M,N 
: 

Puddle ADron :B,C,D,E,F,: 
Missing :G,H,I,J,K,: 143 

:L,M.N : 
: 

Exit of Perco- :B,C,D,E,F,: 
lation at J :G,H,I,J,~ : 95 

: 

Puddle Missin~ : 
Exit at J and : 
Percolation :B,C,D,E,F,: 
Bet'leon Wells :G,I,P : 70 

: 

Reconstructed : 
-cir : - - - : 201 

: 

: Plaln. Creew :Wclghter; Creew:_ ~hort inuth 
• : Path_• :Dist. : Rat'io: Dist. : Ratio: ~ Path :Dist.:Ratio 

: i~.0 : 82.3 
: 

: ll.0 : 7V 

: 

: 7.3 : 61.7 

: 

: 

: 5.4 : 36.7 
: 

: 

: 15.4:106.3 

: : : : 

: :A,D,E,H, : : 
: 6.3 : I,M,N. : IS5:10.4 
: : : : 

: : : : 
J~ 

: :B,C,D%H, : : 
: 6.0 : I,M,N : 123 : 8.7 

: : : : 

: :B,C,D,H,. . 
: 4.8 : l,J,~ : 80 : 6.2 
: : : : 

: : : : 

: : : : 

:B,C,D,E,: 
2.8 : G,J,P : 67 : 5.2 

: : : 

8.2 : --- : i[~ :12.2 

@ 

@ 

Khanki (Lower C!)enab)•Weir, Chenab River~ "?un~ab, India 

This weir was founded on fine sand and failed about three 
years after conrtruction. V~en it wa~ renaire~', the aoron was 
extended and rheet niles were added. The data on cree~ distance 
from various ~ources d~fferr considerably and the values used 
are therefore ~omewhat arbitrarily selected. 

Blich'.~ meshed of desi~Tn and his constant~ ~ e r e  ba-ed ~rin- 
cinally on the result~ ~;ith this ~tructure and the Narora ?geJr. 
There is unfortunately considerable uncertainty regardJn~ the 
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cause e~ . ~ .  Bligh contended ~hat it was ~ ~i~in~ but 
Wo~d~ ~ vwry convincingly that it 'was due to subsidence 
r e m a l ~ i ~  f r ~  u n d e r m i n i n g  on t h e  u . ~ a t r e ~  s i d e  b y  a l a t e r a l  
e u r r e ~ t ,  t ~ a t  t h i s  ooaur red  where  t h e  de~ was b u i l t  on a f i l l  ~ 
~ d  t h a t  t h e  w e i r  was s a f e  wher~ n o t  u ~ e r l a i D m d .  B u c k l e y  how- 
ever states that there were bad s-fringe belo~ all bays of the 
weir before it failed, ~ , ~  sine@ failure occurred o n l y  three 
y e a r s  a f t e r  ~ i cone t ruc t i on ,  i t  i s  r e a s o n a b l e  to  c o n c l u d e  t h a t  the  
origin-i desi~ was not very secure, oven if the failure did 
not result i~ ~iping. 

The origlnal design included very little vertical creep. 
It was rouaired by extending the uDstToam anron and adding a 
ou~ff of w~lls or sheet ~illng, the nature of t,:c~nalr~ dlf- 
fering a% different r~rte of the weir. Bligh gives the head as 
IS foot. Buckloy st~Jtee that the maximum head may have boon 
12 foot, and the average 8 to 9 foot. In thc followin~ t~blo 
is given a ~ of the analysis of Dlnin creo~, short ~ath 
and wci~ht~d creo~ for both 12 and 13-foot heads. The 12-foot 
hc~d is aden.ted ~s being more conservative. 

-( 

,? Before Failure 
. . , ,,., ,,. 

...... :Bli~h Creo~ : ?Ioi~hto:l_ Crco~: Short.. ,Perth 
. ., . : Dist.:~af~o..- DlstJ : Rati o ; Dist.: Ratio 

• • : : : : 

Using l~-foot head: 119 : 9.~ : 48 : 3.V : 110 : 8.5 

Using 12-foot head: 119 : 9.9 : 48 : 4.0 : ii0 : 9.2 
. . : : : • ./ 

,, . • . 

° 

J 

O 
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A f t e r  Reconstruction 
, n , 

: BliEh Croon" :_~hted Croon: Shor~ ~ath 
: Di~t.:Ratio : Dist. : Retie : Dist.: Ratio 
: : : --. 

: : - . : 

Usin6 iB~foot head: 209 : 16.1 : i01 : ?.8 : 188 : 14.5 
: : : : : : 

: • : : : ; 
. . ,, , 

Deoha Barrage.z L .De o, h,,a, Ri.ver - United Provinces r India -- 
% 

This barrette was constructed on fine sand, -:Ith a cree~ 
head retie ,of 17, the entire travel bein~ slant: the base of 
the structure, as there was no sheet nilin~. It osss rut into 
service in July 1925. Trouble was experienced ~i th crackln~ 
in 192.5-26. In 1927 some evidences of -iDin9 and subrldence 
were observed and strong, snrin~s ~'ith send di~-ch~r~In~ down- 
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s't~eam l~om the .eanal headgate developed during a flood but 
ceased as the ~flood receded.. On aeoo,,nt of da~er of un~er- 
mining  a t  t he  do wnstresm edge o f  the  auron in  1928-29 s t e e l  
sheet ~iling 15 feet long was driven, but difficul~y was ex- 
perienced in getting a continuous cutoff ~ro~erly tied into 
the floor. Thickening of the floor on acoount of the in- 
creased upward ~ressure was found to be unnecessary. Inte~- 
locking steel sheet piling 20 feet long wee also driv~ ul)- 
stream from the heatgate and no more trouble endeared fr~ 
the h~adgate smringso A llne of interlocking stool sheet 9il- 
ing ,  25 f o o t  lonG, was s t a r t e d  a long  the  u p s t r e a m  edge o f  the  
floor. 

In Septembur 1929, when i t  was n e c e s s a r y  to  c a r r y  the  f u l l  
12 f o o t  head,  s u r i n g s  s~ddoni~Y annoarod downstream o f  the  shoo t  (~ 
piling in the first bay, creeks soon developed and the floor 
was slightly raised. A distinct channel formed loading from 
the end of the upstream line of sheet ~illng at one abu~nt to 
the dowastream row of nillng, thru ~hich the water escaped. Por- 
tions of the floor wore undermined and one portion u~strea~ of 
the  g a t e s  was f o r c e d  down by t h e  ~ c i g h t  o f  the  ~ a t e r  o v e r  i t ,  
m~d a section downstream .was blo.~n up, 

The length of the cree~" path was more than S20feet, giv- 
ing a creep head ratio of at least 2 6 . 6 .  No aunreciable ~ e r t  
of this wsth wa~ alon~ a vertical or inclined surface. This 
distance is so extreme that it is reasonable to assume that 
the channels along at least a ~ortion of the oath had started 
to develou before sheet piling was driven. As the length of 
the u-~th ~hich developed under the various conditions is un- 
known the ~tructure at the time failure occurred cannot be 
analyzed i~ a quanti.tive ~ay but it does serve to bring out 
several imuortant points. It is evident that the original 
creed distance giving creep head a ratio of 17 was insuffi- 
cient. ~ The long distances that creep can develou under a hori- 
zontal foundation surface are strikingly showm, emVhasizing the 
value of creep distances along vertical surfaces. ~e neces- 
sity of tight sheet piling well connected to the foundation ,: 
nmsonry and .of tying in the ends of the sheet wiling~cutoff at 
the a~utments so that the ~a~er cannot find it~<~y around the 
end of the cutoff are convlncinGly illustrated. 

Edtcha B e-Wash Weir Rohilihand Canals United Provinces India 

This structure was founded upon dry sand above ground ~ater 
level. It had a muddle upstream anron covered with grouted r~- 
rap and 8 stepped ~sonry drop, w~th 12' sheet oiling at ~he 
downstream edge. There was no upstream cutoff. Normally no 
water was against this structure. Several ti~.:es small flows 
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e ~  i t ,  each  ~ l ~  e a u s i n ~  p i p i n g  and f a i l u r e  o f  the  
~ ,  ~ f i r s t  t i ~  a r e a l  t e s t  of ~ s t r u c t u r e  ooou~red, 
i t  ~ t l ~  t o  such an e x t e n t  as  to  r e q u i r e  abandonment .  

There are differing o.~inione as to the cause of the fail- 
ure, evidently it was a case of ~i~ing, but the neth of the 
pi~Ing is not definite. The ~ater seems to have ~nassed thru 
~.e~aeke in the ~uddle, v~hich had ~obably dried out, or thru 
• ne contact of the puddle and the masonry. The h~ad was about 
8 ,0  f e e t  and the  c r eep  d i s t a n c e  ~.hich the  mater  a c t u a l l y  took,  

p r o b a b l y  about  58 f e e t ,  ~ i ~  t h e  p l a i n  c reep  heed r a t i o  7.2 
and a .~ei~hted c reep  h e ~  r a t i o  o f  • . 3 .  The c o r r e s p o n d i n g  f i g -  
t t ~ s  f o r  ~hor t  ~a~h a r e  47 f e e t  and 5 .9 .  POss ib ly  t h e  . e e t t l e -  
~ t  o f  t h e  dry  sa~d when b rough t  i n t o  c o n t a c t  r ~ t h  ~ a t e r  con- 
t a ~ b u t e d  to  the  f a i l u r e  o f  t h e  s t r u c t u r e .  I t  i s  ~ o s s i b l e  a l s o  
t h a t  a head brought  s u d d o ~ y  on a d ry  sand would g ive  r i s e  to 
greeter  ~ e r c o l a t i o n  than  sand c o n t i n u o u s l y  wet .  Th i s  f a i l u r e  
sez~es  to  b r i n g  to a t t e n t i o n  the  danger  of  ~uddle a~rons  ~hero 
they ~ dry out, and the possible danger of founding a struc- 
ture on dry soil. 

Dam! Rohil!h.,~. O,m.jl Ind i~  

T h i s  d e s  .-ms o r i g i n a l l y  c o n s t r u c t e d  r.~th an apron o f  l n s u f -  
• f i e l e n ~  ~ s i g h t ,  .~hich mas blorm up,  n e c e s s i t a t i n g  t h e  r e c o n s t r u c -  

t i o n  Of the ~ i r .  The r e c o n s t r u c t e d  wei r  stood .~.ithout any 
a i ~ s  o f  l~roubl© f o r  about t e n  y e a r s ,  -.h~m I t  s u d d e n l y  failed, 
ap~M~e~ ly  f ~  .~lpin~ a long the  l i n e  of  c r e e p .  The s t r u c t u r e  

f ~ L ~ o d  on f i f o  saed, .-rlthout any c u t o f f  r : a l l e  or  shee t  p i i -  
t ~ .  The c r e e p  r a t i o  ~us b e t r e e n  1:14 and 1 :16 .  The s t rucnAre  
r~a ~1~Lilt .~,Ith much tho se l e  section as bofore," but wlth an 
U p ~  C u t o f f  'of i n t e r l o c k i n g  s t e e l  shee t  p i l i n g ,  and has g i v -  
en no trouble since. The data available is insufficient to give 
exact data on this st~cture, but its failure is of major in~or- 
~,oe as sho.--In~ the noceaslty of vortical staunching if short- 
or creep ratios than those advocated by Bli~h and Oriffith ~ro 
to  be u s e d .  

E a l l i  ~Wo ~ash-,. Roht]th,~,a Canal ,  : Ind t -  

Th i s  s t r u c t u r e  had s e v e r a l  f a i l u r e s  of the  u~st ream auron 
which . ~ r e  patched up ..-Ith r e i n f o r c e d  concrot , . ,  but  a f t e r  3 or 
• y e a r s  i t  f a i l e d  beyond r o ~ a i r .  I t  t e a s ' b u i l t  on f i n e  sand,  
.--rlthout cutoff ~alls or sheet piling and had a blain creep ratio 
o f  betr~oon ~4 and 16, 
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C o r p u s  Christi Dam (Abutment Failure I Nuecee River, Texas 

The author believes that the failure of the Cereus Chrieti 
Dam abutment wds due to the existence of a short .nercolatlon 
oath undo2 emd<behind the abutment. This is the only record 
of a failure due to this cause.vthich he hus found, and the o n l y  

warning of this posslhillty of such a failure seems to have be~n 
given by Griffith.* The short oath was ao~arently down the up~ 

~Proe.; Instit.u'tion of Civil Engineers, Vol. lgT, Pt. III, .~ a29 

stream face of the dam directlit over the edge of the abutment, 
under the abutw:ent to i t~ reariledge , un over the ton of the 
sheet oiling, down to the. bottom of the abutment and thence to _ 
the drain. Thor,. were two lines of tile drain under ~thc d~m~ 
Th~ creep oath to the end of the upstrcsm one of these~was aw- 
parently about 103 foot and to ~ithe d o,~nstrcam one 154 ~i~cot which 
with a head of ap-.roximately 3W foot woul~ ~ .... ~.. ~",~ 

tlos of 2.8 and 4.2 and -~oighte'd creed ratios of 1.6 and ~.I '~'o- 
spectivc]:y. The data avai!able:doen not indicate a filter around 
the tile drain and fine matcri~d so(:ms to have escaped thrnuch 
one of the drains, until a "n~De" was form, ed loading to that 
drain. As this enlarned the f ! . o w  bec~mc Eruav~r t~.an the drain 
could carry without nressure, ~and a nros.,;uro under the apron 
was built u n~cl~ eventu~].ly b/to-, u p  the adrian, The t ' a t u r  rush- 
ing throu(,h this oneninf; and the "oige" ~L]]'oady formed, ra.gidly 
en].ar~.ud its n.nssap, cway and un'}urmincd the abutTnen~!. It, may be 
concluded from ,',his that t}lu Weighted creed r~tio responsible 
for fai lure ",'as not ow:r 2.1 P.n,J may haw: been [.G. Th6 .mat, ar- 
ia] at the abutment r . 'Ss sund. ': 

f~ 

Iron M_ounta[n Dam;, Eonominee F.iver.~ Michip, ur. ~ • 

b 

,The bud of the river [:t the ,!~.q~te is covered ":ith t, h!vcr" 
of s-oDd aI~,! -r.'vcl, ~'~v,.,d ..-~, th --~). ~ 

.... u. .]  boul~I,;rs, ),on¢:~', t;h ".'h i ch It, 
flee sand, Ti-:c dam nro:',bly rest, s o n  t h i s  s,?.n6kl,:fur. It sus- 
ruins n ho~d of" [~0 feet 'Tith u croup distance el' 257 foo~, piv- 
in.c "~ .n['~in creed head :':~:ti0 o:' £.6 ,.ted .u "'o~,<hted crcc~ hot,d 
ratio of 5.5. The "3e%,n.~tr~:~m noro:l of this dam is thin and thu 
~russurc beneath it i,,~ relieve:! by c drain o~l • ti!c surround~d~ 

by gravel. TJ;i:- dam .hcs been Civin,z ~,'-tisf'-c~ory service since 
about 1926. ~: 

Nudrai Esv4.oe F ~ l  L o , r c r  G,n,'ur. C ~ . , , ~  

This structure ;-'~z built for ~. 14 ?t. free at: first a-:DiM ": 
soil hut,',r~trol.r.:-sion o'~" the ..... tar Icvcl bole", incre,:s,.-.d the 
h,J':d to 2,3 foot. The f i r s t  ~rcuh[c "':uc oxncri, need nine Yc'.rs 
?,. tur co:Istrtiction. The ' l o ' n . ~ t ,  rc.-tm . ' . n r o n  ' , '" .s  ext.,mood t h e  ncx~ 
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but would be ver~" expensive to build. Most of the tests were made 
w~th T~pe If, but this gave som(~'hat ~oo severe scour, so that ~rpe 
V wa~ adopted for the flnal doaiFn. This conslstsd of a wall ex- 
tendln~, out horizontally to the, ,.~q of ~ho flooJ' v~here it e~ided ver- 
tlcally. The earth bank nlop~:d uD Le .~ Iz" this wall on a 2:]. slope 
from near the bottom of the ,~ull at Its; ena ~n ~he ton some dls~ance 
back. Thls leaves a ~riangul~,r seci~l~n c" the wal~ projecting above 
th~ earth which merely acts as a ,~u!d+) wall for the water. As the 
pressure on the two slden di1"fers little, great s~rength is no~ re- 
~.ulred and therefore It need no~ be very e~sns~ve. This form. of 
wall, tea, ether with the sl.ope pavin~ described later, was believed 
to be best form, considering both the hydraulic effects and cost. 

Best Form of ~mn]~ Protection 

The ~estL~ showed that ther~ would be considerable scou~-~of ...... 
~he bar.ks below the pool during hi'h floods. This resulted from wave 
action rather than hi~[h velocity curu.ents. The washing was similar ~ 
to that of waves breaking on a beach. At ~he Cle Elum Dam the topo- 
graphy is such that no dmaage will result from this action except 
n~ar the ends of the pool walls. Differen~ forms of protection for 
~hls ar~a was therefore experlnented upon. The first type simulated 
a concrete slab paving. It consizted of a layer of paraffin cast~ on 
the channel side slope as shown on Plate ~LIII-A. The scour along 
~he edge of this t v1~s undermined the p~ving, and the next test was 
run w~th a cutoff wall ui~ht feet deep along ~he edge of the paving. 
This prevented the undermlnln~T,, as shown on Plato XI~II-B. Better 
results however were accomplished by the further addition of a strip 
of rlprap i0 feet wide at the outer ~dge of the pavin6, as sho~n on 
Plate XLIII-C. A pavin~ ~ entirely el' riprap of stone to about two feet 
dimension (on the prototype) was to~tud. With Type II headwall this 
protection was not sufficient, as shown on Plate ~S~III-D. With the 
type V walls finally adopted, this protectionwa s adequate. The rip- 
rap on a l~:l slope however, was not very secure and it was decided 
to use a 2:1 slope instead. 

Dor,~lwa2~ Pross~l-os 

n ~ho design of a stilling pool founded on permeable mater- 
i~,l, provision must be made to take care of the unbalanced pressure on 
the floor caused by- the hydraulic Jump. In s masonry lined pool, the 
pressure beneath the lining is caused by the level of the tailwater, 
since water from the tailwater cun percolate threu£.h the foundation 
material to the lower side of the lining. This pressure acts upward 
and tends to lift thu pool lining. On the upp;r sld~ of the lining 
the weight of the watel, in the pool acts downward, reslstln~, the up- 
ward pressura. Upstream from the Jum,~ this downward pressure depends 
on the level of the water surface flowing at ~hat point, which is much 
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less than the tailwuter level which is below the Jump. The upward pres- 
sure on the bottom of the pool lining is therefore greater than the 
downward pressure due to the water on the top of the lining, and un- 
less the lining is h6avy enou~:h, it will be raised up. This was 
strikingly shown on the model at one t,me when the sheet Ircm on the 
wooden floor of the pool was not fastened down securely and p e r m i t -  
ted a flne film of water to flow under it from ~the tailwater. When 
flow through the model was s ta r~ed  and the hydraulic jump formed, 
the excess of pressure beneath the sheet iron lining pulled out the 
nails with which It ~as fastemsd dowra amd caused it to rise up. 
There are quite a number of records of failures to stilling pools and 
dam aprons due %o thls cause. 

Extensive observations were made to determine the water pres- 
sures which would act to hold the pool lining down in the Cle Elum 
stilling pool, To record these~pressures piezometers were placed in 
the lining of the pool at various points. The results of the obeer- 
vntlons for a 40,000 sac. ft. discharge is shown on~gure 59. This 
shows that the downward pressure on the pool bottom shown by the 
piezome~ers, and the actual water surface elevations. The downward 
pressure is considerably loss thnn the hei,~ht of the water surface 
in the Jump due no doubt to the air content of the water in the Jump 
which decreases its density and therefore its downward pressure.. 
This dlff~renee bot~;een the doT~nward pressure and the water surface 
may be observud on Plates XIII to YIX and several others by noting 
the dlffer~nco of water level In the pool and in the pioz~noter ~uboe 
which are connected to the pool bottom dlrectlv behind the point ~= at 
which they are loca~od. 

Experiments were a l so  mud,, showinc ~ho presauro~, f o r  va r -  
ious discharges, %ailwater levels, typ~,s of Dills"~nd ont~'-~Oe slopes 
as shown on Figures 60 to 65 inclu, z~. They show that thQ reduction 
in pressure due to the Jump Increases a, the dlschar~e incroase~s and 
as the ~allwater level is lowr, rud. FI6.~Lros 02 SO 54 Indloa~e that 
the existence or shape of the sill has little effect on these pres- 
sures, within the ram~o covered by ~hos~ ex~erlments, and Figure 65 
indicaSes the on' t r~neo slope t o  the pool is not  o f  great Importance. 
Prossuree were also observed on %hu bot~n of the pools of 150 and 
120 ft. ~¢Idth, for • 40,000 sec. ft. discharge, as shown on Figures 
66 and 67. 

It should be noted that the pro,sures shovm in th~ dlagrmam 
are average pressures, and momentary, pressurus vary from those con- 
slderab!y in both diroctlons. The values given should therefore be 
used with a consldorable factor of safety. Probably the best ~ay to 
provlde for thls upward uressure is to build an adooueto system of 
drains beneath the pool floor, discharging, into the pool at th~ point 
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dowawa  px'sssu.  o n  r oox-- 
xsc~L~Eln~ t h r o u ~ : h  t h e  slde ~all of the Is a mln~t. Such a oyster,. 

ls to be built at th~ Cle Elum Dam.. pool aaar 1~ ~ u~st~am end 

Studies of tho Tunnel .Outlet 

The p l a n  f o r  t h e  o ~ t l e t  t u n n e l  ~ c~ 
d i s c h a l ~ l n g  t h e  w a ~ e r  f x ~ m  - - -  . . . . .  . . . .  ~he x ~ s e r v o l ~ -  con l a~em 
of t h e  s ~  el---- " - - = "  : ~ .  Auto ~ne s ~ I ~ L I ~  POol th~--.-~ ~t~_ l 
. . ~ ~ - A o e m z n ~ .  ln~o the ---- . __ . - ' , .e~ ~ms race ~ 

• /gUUA 0~ Z ~  ~OWe~1. t ~  W ~ I ~  ~_~e.4.. ~___ ~J~ An rlowll~, o~el. thin .o~n. 

supported and w o u l d  d x ~ p  mor~  nearly v e ~ i c a l  t h a ~  t h e  flmmo slope,. 
w i t h  t h e  l * e s u l t  t h a t  i t  w o u l d  i ~ p l n g e  on  t h e  t u n n e l  b o t t o m  w i t h  c o n -  s Ide1~ablo l~zpac t. 

I n  o r d e r  t o  r e m e d y  t h i s  a c u r v ~  d 
p i a o e d  on  t h e  slope abm, , -  +.~,,~ ~. . . . . . .  eflee~a*~ 
%0 . . . .  "~  ~--Au~l OpeDl as s ~ l ~ e  t h e  flowln~ st~mn.--~- . . . . . . . . .  ~ " r " h ~  On " P ~  ~ " 

ano~J~Z* m ~ h o d  was .,..v n e l  flOOr d~ward - -  - _ t o  eu lw~  ~th~ b o t t o m  . ~  +~-  ~ - - -  
. . . . .  ' ~us shown on F1 "~  " ~ "  *~" 

sln~ ove~ mlZht s~A- +.~. ~..__ , ~ 68 In oz 'dol ,  that t h e  ~-~-- - - .  

An ezi~nsive sex~les of tests we1-e ma4e 
In ord.cr to detect woaMncas in 4+ 4, .... ; on ~ ~lasldosl~n 
a sOl'lee of ~. ............ --t ~ any QXls~ed,. 7~ th4- ~-.~------ 

*--~ -~u mac w~th disc es - - - u ~  
the structux~ was deslm~M +~ ._..ha~E~ less than t h a t  for w~oh 
~c the dlsoha~ u~,.~'~_ ' _'" _~AAwa~er Aevsl In each em-~sno,~i~ 

next ;  tbA'oo s~ow +~ . . . . . . . .  ~ u A u  rAOW *0~" 1G,O00 see- ,  ~+ ~ -  
, ~ A ^  _ v , . ~  . u u J t z z Z - ~ l o n  s t  t 0 ~.a .~, ~ . . . .  • ~ " ,  A ~ O  -- 

• - - .  ,~spoe~zw~ly. In s h . . . . . .  '~ , '~- . ,  
o f  o n .  h o t ~  d u r s t . n ,  c o x n ~ s p o n d l ~  t o  7 . 0 7 1  h o u ~  cm t l ~  p ~ o t ~ y p o .  
The  e o ~ d l t i o ~  a t  t h ~  b c ~ l ~ i ~  O~ e a c h  r u n  I s  s h o w n  o n  P l a ~ c  XLV~I -A~  

T h e  " s c o u r  a t  t h e  dowxmtre~r , ,  o d g o  'of  the p o o l  ~Ioo~ and IGO 
Tt** do~nstPoam is shown g x ' a p h i c e l / y  en Fly, ire 59,. T~mse tests sho~ed 
g~'oater ~eur with the Inulase in disohn~,, but An ~ oa~e was ¢hel-e 
a sovo~ at.~aoh on tho bottom whoro it would e~da~er th~ pool walls 
and  ~ l o o r ;  I n  f a c t ,  t h o r .  was a d o p o s l t  a t  t h e  oral ~ t h e  f l o o r  emd 
on  t h ~  r l p x ~ p  b a n k  P r ~ ) t o c t l o n  r a t h e r  t h a n  a s c o u r  on  t h e  c h a n n e l  sides.. 

In oz~Ior to show the of Tloaoy of the sill, a run Was m~e 
without on~, as shown on Plate XLVI-A and B.' By oo,~son wlth the 
~sults of the one hour run with 40,000 s,c. ft. discharge, on Pla~e 
X]SV It will be soon that wlthout the slll thex~ ~as consldo~-ably 
more scour cn the riprup o f  t h e  channel sldos and s~what mo~ at the 
bottom. At the ond of the 1-hour run ~?.071 hours PX~toty]~u timo) 

-~l- 



0 

! 

Q 

! 

o ,,~ 

i 

n I , ~  

, . J  

i 
; w 

I z ~  ,,,?= 

> 1",1 
I~  liE" 

I 

i 

;/ 

J - 3 3 : 1  N I  S N O I J ~ ' I ~ A 3 " 1 3  ~ J d A £ O J . O H d  
o I( o 

q~ 

...... j 

. . . . . . . . . . .  C~ 
c- ~3 

(E 

n 

o 

i io  

' i i , 

1 

- 1  I 
n 

I ;  

¥ 

"Ol - - ' l  ' :  g ,  

~ - ~ : ,  ~. :~ 
W ~O 
i -  o J 

• T ' E " ~ .  I .  N O 

oo 

t 

F I G U R E  5 9  

W 
r r  
D 
~oZ 
o n ©  

(n Ld : -  
on P- r r  ~ 
F- Z E L ~  
c o w  ' ;>  . 

~ a b . . J  d 

::) " ~ O  _j L~ O 
,.,z ~ 8  

D z u d  
'-'-1 ~ - o  < ,,t 
U I - ~  

. J  

E. :E 

u 

t 

, O  
O 
..f. 
p.. 

. . . . .  l . . . . . . . . . . . . . . . . . .  

,I 
i ~ '!1 

:i " f 

I 

I 

I 

I 



@ 

o 

,,I !t ' ,  
i l  4 I ! 

i,I 'i . i l 
i~i / ,i I 

, J , !  

I 

..t 33.-I" N! ¢~NOIZV^3"13 3d~,.t .OJ.OU¢l " ' 

/I 
U .... 

:I-,iI . . . . . .  

0 
0 ~} 

i 

; 

I O  

II. 

Z 

1 , 0  

L.__ _ 

. . . . . . . . . . . . . . . . . . .  :., I ! ~  . . . . .  L I .I 

il ' i '" i} 

; "7- ................... " ....... ~V "\ -~ 

! 

" -'!1 - 
• ,11~ " 7 / . " ~ =  N 

1 
/ "-@,Irl=E 

'J " /  i 

r~ 0 
~ 0  

. . . .  ; f t .  
~ 0  

;FIGbNE 60: 

O3 
W J 

ZZ):W 
OOwUJ w 

_j.b3 .J O - 

~ n  u 
C } 0 9  o 

D O r - r  ~ o _.J 

Of- ~> 
-COOn. 

E30 
L 

OI1g= ~: 
_J 
_J 

t o  E 
,~r) 
-"#" m, 

i 0 

e~E=n" ro 
W c; ' Z  

O 
8 -  

' 4 -  ~ 
~ Z 

0 ; 

' O  
.... 4uP 

[ 

J ~O ~) ~ 0 0 0 0 0 
i - -  z z z  z z 

~F- 

' Z Z Z z z z  
f ~ n ' ~  nr ~r 
; O  " J  

/ 

I 
! 

i ~0 J ;  i 0 ii 
A q I 

'i 

11 
l ! :  

i i  

J 

i, 
4; 
H 
r~ 
H 

H 
q 
H iI. 

j /  

Ii 
FL 

i! 

ii 

!i 
HL 
i i "  

i! .; 

t 
r • 

i 



F I G U R E  61 

.e 

Q 

0 
I t ' )  
I "I ....... 

J.]3. ' l  NI ~;NOIJI.¥^3"I] ]~ lh / .O/ .Ol~l  

. . . . . . . . . . . .  . . . . . .  r . , .  

)I 

t 

" 0 

IIM I~ 
Ill w 

IIi' Z 
II o 

o 

tt J 

0 

/ 
/ 

0 
+ 

0 

Ii,, ............ 

v) co 
IjJ --I • ~>~ 

:,.~ Z D ~u-! 
'CO "W =t ,'~ ._I I.~ 

._ , . ,~ifr W < 
& ~,,'D~ -r 

a_ ~ n" ~ . 

0 ~.I--"~ -- 

~ . u,, 
~b ~ S ~o o , , 

w Z .~ 0 i ,© 

._.,~ z <>i'- 

o n.- 
,. nO 

~: " 
.J 

iI I" 

ii :° 
o 

I! 

I! °"' 

' :' 0 

// 

!/ ..0 

'cO 

0 

0 
0 
F 

~ ~ 0  

0 0 0 0 0  
_ Z Z Z Z Z  

< 
z z Z z z z  

~ l  ' I 
W I 

1 t' I ' 
I 

1 ~, 

I • J T  ..... 



.0 

i 

o 
i¢) 

f -  

I 

I . . . . . .  . .  , , '  . .  t ¸ 
! 

i 

iiii • i 

. . . . . . . . . . . .  ) . .  , ~ .  

' t 1 , 
I ! 

I ' 
I 

.... ° ..... 

I 

.......... i ........... "I_ 

>',/ 

• _ ........... _ ._.._ . . . . .  ! 

I 
I 

I 

I 

I 

H 

h 

:: 9 +  _ L u l l  
L:-,.,.1- . ~: u ' i > O j  
" ~ I -  ~ I.-, rr 

| .~ Z ::) °° 
" i',,, " '  U - " '  I ;J 
.i~ ,!~ , i ' @ ~ ,  < 

! ~ - ' I  U J : u ' ) - J  -_z" 

o u ~ o  
. . . . . .  + O n "  

, o  C~ o 
b 

F IGURE 6 2  

# )-,, 

' . J i .  

............ ~-.~:--,,.;---- ~ 
], 

0 
.Z 
J"O 

+~ 
0 

I'- 
,( 

I-- 
It) 

/ 

)1 

// E 
~, , bJ 

b J .  ~'- : o~-~--,. 

' . O  ./.~ - ~  

, , , , , { 

: 0 
i;! ,'/ - : 0 

/ >. t :, ,© 

; 0 
I O  

0 
0 

0 0 
0 -- 

,~ 0 t -  
- -  if) 

1- "J  
J 

if? 
J 
" J  O 

F- 

'~ Z Z j j , . ,  
0 j ~ o  
I - "  ~O • • 

t - -  I - -  

Z z O O  
. J I I I 

W 

I , i  
II 
i- I 
I 
:! 

7 
! 

L 

• !c 
I: 

• ,i 
, ! 

:',:. 

v; 
,i 

/.-:. 

";I 



.! 

l 

.0 

0 

F I G U R E  6 3  
£33~ N I  S N O I J . V A 3 " I 3  

_ ~ o ° ~ ,, w 
o . + 0 .  ! . . . . . . . . . .  - '-  . . . . . . . . . . . . . . . . . . .  U 

~ I -  I l L  
., ~ z :3 co 

i v } w U - - w  
!+~ ~- :~ ~ ° . :<.:? ~:'"' " I I W :nr 

x (.q-q .~ 
d w.ul -J,"' 

\] .o~-.. 
' o .~." .. 

o :E 13_ ../.u ! .. 

.............. _ ~ o:o.O,Wo>.~_ 

1 "J: .LLO " I ~ ~ z .~ w o.  
..J 

U.I~:..I "7 I~. ~1" . 

......... ~'I'"~ r L= 
.J 

oE 
................ ~ - 9-~.~-~;--- +~ ~ 

i " Ill I . . o o 

! ~I J .. I~ ~.-- oor, ~ . . . . . . . . . . . .  ~- , - -  ~ = - ÷  ~ : .  ÷ . 

i Ot O~ Z 0 0 + ~  

, . ) -  ~ > . .  . - C _  . . . .  ~ ' , . . . .  ~ . 

) I " ~ . : ) -  J 

, . . . . .  i . . . . . . . . . . .  i ~ /  9 .  - . / 7 ~  - . . , ~  
' ) i i' I I :::I J o : 

i I. I I • " ~ ~'~ 

................................... ,..: ......... .. _+. _. .~,~,; 

i I ~  I .-~ I -J )- )- ~- - 

i 
....... ................... X- ....... 

ii 

<: v 

;! 



.0 

0 

0 1 3 3 4  N I  ~ N O I I V & 3 7 3  3 d & 1 O l O E l d  
g o 

° .  . . . . .  . . . . . . .  0 . . . . . . . . .  

I 
I 

I 

I 

- - . o  . . . . . . . . . . . . . . . . .  

I 

I 
I 
I 

. . . . . .  ~ '° 

I 

I 
I 

.4 -  

! 

O 

4- 

,, Z :::~U3 
, i~ ~ O:='WO 

- w ,,I" a: 
o n" 1 < 
o w I T  

" 3oVO ....... t ~ ~- D ~ T 
- x cO . . I  ID 

_J ,.z oo ..J -~ 4 ~ 3  

- rr . i  
m g 0_ ,I" 

.o : ~ n  Zd 
- C3 I'dO 
O..rr 'I3C O 
z ~ w q  W 
_5~';~ u_ ,d g ~:b_ .'4" j-- 

UP ='..9 
0 u -  C ~ O  

,la. 

._I 
_.I 

~ 0  ~. " 

! O . 

: O 

{ 

,{> 

OI 'g "~m I Z 
0 

' ~ e  I t '  i ,  '"  " <1:o 

F I G U R E  ,q 

W13.. 
u0 > 0  

. . . . . . .  . . . .  ° . . . . . .  

i 

i ' 
............ i--'_,,- ........ --~- , , i 

l 

I 
i 
i 

Y 

. i +  

18 
.4- 

- i  

t 

i 

, 0  
. 0  

< ? . 7  

8 
0 0 
0 - -  

0 

J 

;l.i.I " % 
~'~ • ,; I-- "<% 
,Z-~ ¸ ': 

.J u 
L 0 n O 

zo u- u- Z o o  

_ 1 1  i T 
1 3 .  P 1.-- I -  

t~  

i 
I 
I 
I 

~4 

fh i 

J ii i 
.... -- ,. -- . 



.0 

i" 

o o 
o 

h 

.L 3 3 a N I S N O I I V A 3 7 3  3 d  A I O X O U ~ - - d  

0 , 0  
" 0 ~¢~ 

............ I "r .... T ............... + 
I 

| l-- 

J 1 • 

i ~ :) : 
i ~ I I : 

I : ' "I ] :! 
! i 1 ) 

: - ,  

;F : ' IGURE,65 

:o:I 

ix~l l  .~ 'O._j 
,~ Z ,co 

cO :I- ~ "W 

. . j  ,h~ 

': ..................... i .................... "; ...... :'-~>~¥. "" ;z Z rr.'~ 

. . ' . : . . . "  ..'.."~.; , -1., J - I / ' ) ' "  

, . . "  , :. ~i~,"!. .U~..'~L d i;~. I 

. . . . . . . . . . .  ! . .I i .  :~i:::~to :~. ' :  : ' ~  : 
. . . . . .  I . . . . . .  . . . . .  " , -  ~ ' , ~ ~  :~ : o ; ~ :  ~:: 

" . '1  : , "  , '  L /  I T  " '  

I i ".:: ! ' :~.. ":', i B : :. ' - 

<:- :  " , ' . -  :"." :.i~; : , " - :  . . . . . .  : :*:" 

• ' . ' ~" . '~:." '. " .;I," '. ..-" . • 4 . . . . .  . . . . .  , 

. . . . . . . . . . .  ' - -  . .  ~ . . . . .  ' .  : b , ! -  . , 1 ~ .  't : " . 

J Is,, 
. I ,I , . : 7 .  : . - ' /  . '  , .: 1 : " -  "' ' - , 0  O 

~;.,~ +~I~ -. I - ,.~:~..- - ~.. 
. . . . . . . . . . .  • .,4 . . . . . . . .  ..: ~ , 7  :~ : . / - "  ' ' :  • . i. la,~,:. '"  I M  - I I1  ~'!~1' ) ....... - . . . .  ) .,, .+; " " 

0 ' , .' " ~:[l';!: :Z, 0 ~ 0  i O  " 
. u ~ - . . .  !: '- , O . ~ l ~ . . ! i ~ . . , ' ~ .  

• ~ i ' ~ ~. ' .. : z . . : ~ ' ~ o  
................. ................ l: dl.: .... , 

! i 1 ' ¢ 1  ~ !+ ~- , , ':~ 
I /~  / I 1 x !~f  :. 

I < ; J " 

'b, 



O 

i 

0 G 

l id 

~':11¥~ - I 0  1"]~-I NI ]l:Ifl'~31:Id . " 
0 0 0 :0 0 :~ 

_j_ ' 1 

; I ~  ~ ' . 7 . "  . . . .  

' ~ ~ ! i',:/, I~,iI 

~ o ~ _  , .  ,,.. , .. 
0 + . O .  ! " ~ " ~ ' ' i  

o -~., 

t ~  ,,w • " .  

: ~ :  ' , :  ; , ~ ,  ~ 

• ,, ! , ,  . _  

" U I~ , 

i 
i 

I 

T 

I 
i 

. /  

~ , , ° 

J 

• 5 i . 

I " I 

i 

! 

r 

J . ,  

i t 

0 

0 
I ' -  

7 ~  
$.,. 

f M  

0 

FIGURE 66 
ii 

q,  I 

t,.- 

,w .J 
: ~  0 

,Z" 0 

5 

l 

.0 

. . . . .  i 

w 

-t 

o,~ 

~." ' . . .  :I,.L 

.J 
,_I 

0 
~bJ . 

uZ 

0 

",z 

.... i 



F I G U R E  6 7  

.0 

O 
9 ' 1 3  

- -  T , , - - - r  , ! i ~ ~o 

i ~ ! I ,;,/ I b /  

. . . . . . . . .  :;; . . . . .  B OT'T/TOM END~ . . . .  "J . . . . .  - / ,  , / t / - - ~ ~ ;  l ' " ' " ' t - -  B O T T O M  E N D  

: , *  ~ ,  ' t Y  I y ~ t ~ + o7~.  

...................... : ..~_."z'.~"-----~_ -"~.~ .-"/-T .... L~. ~ ~ -J , "ZO 

I ~ ~ T A I L W A T E R  D E P T H  3 8 . F E E T  
i l i g " 

. . . .  t . . . . .  i ~ . . . . . .  i . . . . . . . . .  : . . . . . . .  ~ " '~"~ 

; i t I , I.:.: 0'..%~ r 

~,-a'~'~,~,J_ ' !BOTTOM EL. ZO~Z¢-'":,. : . J I : . . : . ~ - k ~ , ~  

~ ' - " - "  '; ~. :~--~ ~I-".-~ .i~ ' ,  .:I,...--=~..-~ '-:i.~ :.,ll~,~x.d~:5;L~".t;:..~. • :.~l 

9 ~" 0 5  9 +  2 5 9-'.4,5 lit.~ l~S 9 -I.B~ I~ 
IL 

S T A T I O N S  A L O N G  ~ 'OF S P I L L W A Y  Z 

: 

I ' [ 
i 

_ . . . . . . .  . . . .  I } I i I 1 
, , , , B O T T O M  E N D  I ~ . B O T T O M  E N D  I . B O T T O M  E N D  ,'," 

. . . . . . . . . . . . . . . . . . . . . .  ~ - - ~  " ~  . . . . .  ! / "  " ~ r I ' ' r ' l  X - ' - .  i I ] 

" " [ i " " " - -  '~ 

. . . . . . .  !.~.~~4 ---/ ~ > "  ! I '°.L:~, 

' } ......... j , i ~  ~o : 1 
, I ' I 

i I I I TA ILWATEI~ ,  ; D E P T H  4 3  F E E T  

i ' ~ ! : ' J i o  
I . , O .  

; B O T T O M  EL 2087-["-' , j | - t~.  " ~ . ~ ! " ~  
. , , , . . . .  • ~ . ~ . . l .  - '  . ' .  . ; ' : - .  • : ' - :  . . ~ - .  - . "  • . - . ~  . .  • . . '  - ,~ . . . . .  " '  l . . ~ "  : • ' ~ , , 4 ?  , 0  • ~, I1. • : , . . , s . . i t . . . . 1 . ~ ,  . . . .  li . ~ . . .  #-~ .~ l l ~ ' , ~ o . , . . . - - ,  ,~  . . . . . . . . .  I , 

9 + : 3 3  9 4 5 3  9 4 7 3  9 + ~ 3  

S T A T I O N S  A L O N D  ~P-OF S P I L L W A Y  

CLE E L U M  SPILLWAY E X P E R I M E N T S  
D O W N W A R D  P R E S S U R E  O N  P O O L  B O T T O M  

120 FT. POOL WIDTH 



. 0  

0 

- i  

0 
I 

I N  

T 

• / I; 
[. 
I" ,° 

i 

' 0 -  

~ ,  / - "  

j ;  6: ' 

" -  / j 

0 

6 

/ 
. . . . . . .  I[__~ .__,f 

J 

/ 

I , ,  " f  

/ ;L ! 

f , 

i, 

,~. 

. o ~  

I "  
r.. 

o 

.J 
taJ 

• ° ° 

. t  

, . °  

,i 

, ! . - ,  

t "  

! ' ../ 
/? 

0 - -  

I t,~l. 
tJ. .  

f o~, 

- I U .  1 

4 ~ 
0 >- 
- -  t-- jo 

I-- 
i o  

1 
I 

0 "  

FtGURE ~8 

I-- 

or) LU 
I--.-3 
Zk- 
uJ~ 
~0 

n Z . 
~z 

--) 

J ~  
J 
Err 
m O  

0 
~ . . J  

. ~ t a -  
.-I 
W ~  

U 



, i;'k F I G U R E  6 9  ;! 
I I I : '  
: ' : • 1 ] ' 

. . . .  I . . . . . . . . . . .  ! ,, ,, t l / : 

• " ; ! I i ; ! + 

~ .  f , • ! ~ • . . . 

' - i ' 

. . . . . . . . .  ~ . . . .  ~ , i ; ; , J . . ~ ' f  , - -  I 

\ ~  , I t l,.//J! ! ~ I  
l ' - - - ¢ - - "  - - - - - ~ - - ~ ~  - - 7  ~ . . . . .  ~ - . ~ I  
I c r o s s  S E C T I O N  A T  E N D : O F  P 6 0 L  F L O O R '  - - '  ; ] 

t | ' . , 

; . . . . .  T . . . .  . . . .  ' . . . .  

I . . . . . . . . . . . . . . .  

, , , - 4  , . . . .  j 

. . . . .  L ~x!~, ' 

| " 

/ ; ,  
. . , .u,.?; . . . . . . . . .  ~ .  . _ .  

I ~0' 

I 
• , .  . . , ~ -  . • , ~ . . . ~ { = , . .  , • , ~ . : ~ : ~ . , ' , - - [  . : . - ,  . 

I : • 

, , 

I 

~ : .  ' " 2: ' " ' ~  ' ' " "  ' '~" ' " ~  : i i ]  - - x - - - - -  A I r ~ l ~  ' 3 0 . 0 0 0  S " ;  . . . .  " ' ": • ' ' ~ ; - '  ~ : . . '  ;;, . SEC.  

i :: 

• 2 1  5 ' .  ,- ; ' : " i  ; [  ~ '  

I ~,:~ ', 
¢ - K . I  , , ' " • , "  . , ~ .  ~ I ~  - '  ~ > z ~  : "  - (  ~ - , ~ ' ,  

| o , I 
/ !2 I ' ' ~ ' " ;F I  , . ~"'2~,'.; ' I 

I 

I 



0 

FIGURE 7 0  
J 'l t '~ " 1 ~ ' ; ; '  , 

/ I I . t J ~ i : I - , ~  
.... .J. J 1' / , ' t% 

I . . . . . . .  " I  . . . . . . . . . . . .  1 ' - " -  . . . . . . . . . . . . . . . . . .  - 4 . -  . . . . .  J . . . . . . . . .  ; . . . . . . . .  "1  . . . . . .  , 

" ~ k  ~ I , t i i ; t ~ . J "  

! , , X " ~ ,  I ~ ~ ! t ~ , T . . . .  x ' - - - ; - - - -  

I CROSS SECTION AT END OF POOL !FLOOR 

.... ; . . . . . . . .  : . . . .  l . . . . . . . . .  L . . . . . .  i ~. t . . .  t ,1. ,~. . 1 
CROSS SECTION I00 FT.--DOWNSTREAM FROM !EI~ID OF; POOL:Iri~"C~0"R " 

........ L . . . . . . .  L . . . . . .  1. f L ......... Jl .... : _.;1 ........... I . . . . . . .  J ...... 3 _ '  

SPILLWAY BOTTOM 

BEFORE RUN 

END OF RUN I HR. k4ODEL- 7.1 HR, PROTOT~'PE 

END OF RUN 5HR.MOOEL-  35 .4  HR. PROTOTYPE 

0 2 5  5 0  
L _  . I 1 

VERTICAL 3CALE OF FEET 

0 25 ~0 75 100 
• , r 

HORIZONTAL SCALE OF FEET CLE ELUM SPILLWA~¢ E X P E R I M E N T S  

E F F E C T  O F  L E N G T H  O F  R U N Q N  S C O U R  

FINAL DE SIGN 

I 

I 
I 

r 
' 1  



F I G U R E  71 

.Q 

0 

>.,  

. . . . . . . .  i ....... t 

• ' ~ 1 P 

C R O S S  S E C T I O N  AT E N D  OF P O O L  F L O O R  
! f .  

- "  ! - - ' +  ...... ~ - T - - - - ' .  I 

r- " - / I  ¸1¸¸ I -I-- I f " 

......... ~ . . . . . . . . . . . . . . . . . . . . .  L ........ -k-.~ . . . . .  . ........ ~ - _ . i . .  : . . . . t  . . . . . . . . .  . t . / ~ ' _ _ L _ _ : J _ ~ _ _  
CROSS S E C T I O N  I O O F T .  r D O W N S T R E A M  F R O M  :END O F : P O O L  F L O O R  

......... L . . . . . .  ± . . . . . . .  [ . . . .  ~ . . . . . . .  ~ . . . . . . . . . . . . . .  

SPILLWAY B O T T O M  

BEFORE RUN 

- -  × - -  AFTER R U N - O R I G I N A L  DESIGN 

A F T E R  R U N -  F I N A L  DESIGN 

0 25 50  
• I ! 

V E R T I C A L  .SCALE OF F E E T  

0 25 50 75 i00 
I I , 

H O R I Z O N T A L  SCALE OF FEET C L E  E L U M  S P I L L W A Y  E X P E R I M E N ' r S  

C O M P A R I S O ' N  OF SCOUR 

O R I G I N A L  A N D  F I N A L  D E S I G N  



0 

o 

2~  

- .  

F' L. A'T E: X L I I I  

uJ  

2 

Q 

n 
o i  

g ,  

N 

0 
t 

I 

• -~ 

u l  

~ u 

~l l  ° l  
i i  

[, 

t~ 



P LAI"E X~[.V 

0 

,~ , :~HOWIIJC, D E F L E C T O t ~  OVER 
"I'UI'J r l  EL OUTLET 

0 

S T U D Y  OI r T U N N E L  O U T L E T  



0 

L. ,~T E ~,2"~. 

| 

_J 

p- 

L I  
t~ J 

0 
0 

0 

0 
,J  

t,. 

U 

r ,  

0 
i 

C' 

L~ 
~J 

0 

0 
~q 



0 

/ 

J~ 

] 

J! 

Q~ 



Oi 

0 



• " " i  : ' Z_  

O 
W , f  , , W d  .', f . l  " , ° t  I t , ~  

i 



# 

B 



pit before ~he run and a~ the end of each h- ! At the and of the 
 .our t ere was co iderable de"o' T : 

f~- " it on the riprap and practic~--v ' 5-h.o/~ period o~!ly 
,~dor, ,in Other words, the bottom st ;he'~ n°ne at/~He end of. the\\:~ 

oac~ to its original 1~v.~ .L =~. " ~/oT~.:.t:~e floor had \~ 
...... ~ ~n~s co~6n the pool ~ ~ 

sS~Z~e;y%Us~i;lSf~rthafe.as before the flood. In order to increase the 
• ~ nowever, rlprap will be ~laced across the chan- nel bottom at the end of the floor, 

the pool without the sill would "st'ill be safe, but it is doub1~l if~ 
it WoUld be in 6oed conzli,tion at the end of a 5-hour z~u~. 

=, 

In order to be sure that the structure would not be en- 
dangered in case the tailwater del~th prov~d to be less than was ex- 
pected, a run was made with the tailwate~ death 4 ft' lower than that 
assmmed in design. The result of this run is shown ~on Pla~e ]ELVI-C ~ 
This differs very little from the conditions with the standard tail" 
Water, so ~hat no appreciable effect would be experienced if the 
tailwa%er level had been overestimated. ~ 

a high flood of long duration, a run o 
In order to show that the final design would'stand up um~er 

the model, corresponding to ~5.4 hoursfon 5 hours duration 
the protTtype, was made on 

• with a 40,000 sec ft. flow. Plates XLVII and XLVIII show the~condition of the sand 

on Fi~urm 15 and cross-sections at as Well as on the side slopes. The scour alonL the center line of the channel is shown graphically 

ft. downstream for the ~ ....... the end of the pool floor and lnn 
~ - n u u r  anG O-h " . . . .  

i0. They show that at t~= ~-~ . . . .  our per lods =are shown on Fisuz~ 
.... ~ uA ~ne perzoa ~soour was still go~ 

i~g on a% a distance below the pool, but wOuld not endanger the strut- 

@ 

C o ~ l s o n  o f  Original and F i n ~  ~ ~ ~. . 

I n  o r d e r  to  show the  improvement  wh'ich was o b t a i n e d  fz~m 
the h y d r a u l i c  s t a n d p o i n t  by means or" t h e  ~nOdel t e s t s ,  a r u n  was made 
with a model of the or~cina I design under C6nditions as nearly sim- 
ilar to those of the final design as~possible. The results are shown 
on Plate MIX and F~gure 71 ~, These ~dica~e fairly similar condi- 
stions of scour on the banks in the two oas 
~our on %he bottom of t~^ - ...... ~. es, but shows much moz~ 

~.u~.= ~ypes. The principal: advantage of ; ~  zs much the same for 
in ae r~ased ~ost The lea th ~. 6_ ,1~e rlnai design however is 
ft. shorter than the orl~i~W~ or t~e pooil)of the final design is @8 
the latter are ellmlna~e; "~ uu~gn anc $~e expensive wing walls of 

• These savings toK~ether with those made 
possible by narrowing the trough, represent a saving of several times 
the entire cost of the laboratory experiments. By means of the labor- 
story studies therefore it was possible to obtain not only a batter earl 
safer structure but a much cheaper one as well. 
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•ests of Small Models and the Law of Similitude 

In order to try out several variations im the trc~h while 
other experiments on the 1:50 model were in p~o~.ess, several small 
models mm~e made on ~: 250 scale. The results on some of these 
shown c~ Pla~es ~, L and LI. A 1:2.~ model of'the original 
design, a~ shown on Plate L-A was al~o made. A Comparison of this 
with Plate III-A shows that the action of the two models is very 
similar. The diamon~ shape wave formation is set up in the same 
way and in almost exactly the same position in the spillway. Those 
in the 1:2~0 spillway however were relatively smaller, due no doubt 
te the relatively ~reater effect of surface tension n the smaller i model° 

To still further test the law of similitude a 1:500 rondel 
was also constructed, as shown on Plate Y~-A and B. The wave action 
in this model was almost entirely absent and did not follow the pat- 
tern shown by the 1:50 and 1:250 sizes,. Ccm~utatlons show that the 
Reynolds nUmber at the throat for~this size was 2770 which was lea t 
than the critical value and since the flow would therefore be in a 
streamline stats, its action would be different. A thin stream of 
colored fluid introduced through a ca~illiary tube flowed th-~ough 
the flume in a hair llne without bre~in~ up, as shown on Plate Z~ 
proving that the flow was in a stream line state, as the theory in- 
dicated. The 1:250 model however, had a Reynolds number"of 7760 
which was above the critical value indlcatln~, turbulent flow. This 
was eonfizms~ by the rapid spread of the colored fluid Int~uced 
into it, as shown on Plate L-A. 

In the 1:500 model the surface tension also had the effect 
of making the results from it unreliable when applied :to the p~tc~- 
type size. A~ the same fluid would be handled by the prototype as 
was used in the modBl the surface tension effects would be of the 
se~ae magnitude in both, and therefom~ 500 times ~reeter then com- 
pared to the size of the model. A striking example of the unrelia- 
bility of this small model due to surface tension effect is indicated 
by the fact that it was posslblc to make a stream of water about 1/4- 
1rich in diameter run along the flat top of one of the stilling pool 
walls, held there by the surfect tension. This wuuld Indicate a 
stream of water ten feet in dlam~ter runnin~ elo~ on the flat top 
of a wall, as if it were flowin~ through an ~ invisible pipe, which le 
obviously far from the result which would be obtained in the proto- 
type. As previously mentioned, surface tension exerted a consider- 
able effect in the 1:250 model but it is believed that the effect in 
the 1:50 scale model was ~egligible. Plates L-C and LI-C show re- 
suits on small models made for preliminary studies on the Madden 
r em~ and illustrate *he wave action in a short wide t rough and in a 
spillway with the contro.~ section at the ~op of the chute. 
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General ApDllcatlont " 

Although this memorandum, is primarily a report on the hy- 
draulic erperiments which led to ~'h~ nartlcular design adopted for 
the Cle Elum spillway, one of the s'~r~nC~.nt reasons for preparing it 
is to make the info~-nnetlon collsct.m oh th~n~o tests available for 
studies of similar problems in the future. Zt will be worthwhile 
therefore to outline the conditions to wh.~ci~ the results of this study 
m'n apnlJcable, and certain aspects which m~v be vcluuble in consider- 
iiW ~hose results from the standpoint of their bearing, on some other problems. 

The model scale of 1:50 was selected lar6elvbecnuse specs 
limitations nroventud a lar,~er scale. ManF other scale ratios mi,?.ht 
have been used and would have shown practically the same results. 
I1: ~he same ~va;.:, t h e  r e s u l t s  of  the:3e t e s t s  u re  p r a c t i c a l l y . a s  a p p l i -  
c a b l e  to a lar6e number of o~hsr sizes of :~pilb~ay. For example, 
if we consider the model as it was built ~o be a 1:25 model instead 
of a 1:50 mod~l it will Live the rusults which may be expected:on a 
structure whose dimuns.[ons az-e just half that of ~he Cle Elum spiTl- 
way and whose rated discharge is 7075 sec. ft. FiL-ure 72 shows ~he 
principal di'.~ensions of the various soillwa~s and the discharges to 
which these tests could be d iructly a~plied by assumi:~_~ various model 
ratios. For conditions approxima~in(; any of these sets of values, 
the result~ could be ~ppliud :;'i,thout further investigation. In most 
instances however the conditions "~.'ill be too dlveruenr from those 
given on , i, ure 72 and the results :7111 be only partly applicable. 

T~II Desitn 

The results obtaim,.d by crpertmentation on the trou£~h will 
not have as t.onoral an application v:~ those obtuined on the stilling 
pool. For o trouih of unifoI~n width with entronce conditions similar 
to those orpori:nented upon, no difl?icult, ius need by anticipated. If 
i~ is desired ho~ever to have a variabl~ wld~h the problem is com- 
plex and unlJss tho conditions clo.~ul,v ~pprozinatu those on Figure 
72, model studi~s ;'ill probabl~- be no~.-~,..u. Thj model studios Indl- 
eatc that for trounhs off the ~qi~p~s shoT:n on Table I a loss discnarge 
th~,n those "lyon on Figure ~ .ill onorut~, sctisf~c*.orily and prob- 
abl,, also a large r on-, up to possi~.Iv z~vlco that given. 
ncc_.ssary to use a ~r~ater d ~ ' . If it is 

~schar(.u or a difI'.;ront slope or length the results ccnl~ot bu directly apnllud. 

Thu oxporlm,~nts did not Jovur a ":Ide c:~Ou~h flold to on- 
able the prlnci.~les of the dosl{,n of ~uch fl.[umus to bu workud out in 
detail. A 6,rest many thin~s wore discovcrud ho:~ovcr ;~hich should be 
valuable to one hm'in(~ a similar problem. The ideas on trou~h do- 
si(.n oxpr~sse,! !:slow are speculutlvo, b u t  are L i v e n  as ;An aid to the 
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preparation of px~limlnary d~Jsi~;ns. They should n o t  be used in t h e  
design of important structures unless they will later be tested by 

model experiments. 

It appears that the shape of th~ flu~m which will work most 

satisfactorily is inti:~tely relat,~dlto ~he la~Is of wave motion. If 
a contraction of width is n,~:'de in the miadle o.. the fltune,waves are 
set up where thn centr(,ctlou of tile wa]ls be~.inn, which travel across 
the fl~nne. If the trou~.'h is lo:~ enough, they will cross and impinge 
on the opposlte side and be reflected buck. The wave set up by the 
contractin, ~' sides L~ee:~s to move across the flume with a somewhat 
@rearer ve]oclty than would be computed for a wave movin( at rigJlt 
angles Zo the direction of flow, using', the foznule V= ~/'-~---. This 
may be due to the fact that the wage :motion is somewhat inclined up- 
stream. Apparently the abruptness of the contraction influences the 
rapidity with which ~heso waves move across, perl,aps because it in- 
fluences the dlrection of motion of the wave with respect to the cen- 
ter llne of the flume. It would be unsafe to assu~ae that the wave 
can move acroz,.~ the '"lumu at a (,creator vcleclty than could occur with 
a wave moviut ~':i ~h a voloclty of /.gD inclined at the ang.le with 
the center line o Zhc flume which would glve the greatest resultant 
cress velocity. Probably the best r(Jsults ar:~ obtained when the wave 
mov(:s across, intersecting, in the center anQ roachin6 the opposite 
side at the lower end of thu t'lum~. If ~he wave does not reach the 
opposite sidc,a condition shown on Flats L-C occul.s. If the wave 
reaches the (,pposito side before the und of the flume is reached the 
condition it, that obtained wJ ~h the ori~:inal Cle Vlum t'~'ouch design 
shown on Fi,,:uro 4. Yt could probably be shown by computations wheth- 
oz" or not the wave could be made to roach the other ~ide with the 
depth and vc.locity conditions ~J~u~ed in the llumo, end thus the lim- 
i t a t i o m ~  o f  a -"sod s o l u t i o n  ,e,'oul~ b.~ d, : t~zuino,1.  A model  s t u d y  would 
still be necessary to dote:~.~:~no how the contraction should be shaped 
to give the rsuuired cro'~s voloclty to the wa~.e:s. 

The exp~riment~; showed that th,; expanding ~ortion was not 
as sensitive to chan::us of sh-~po as ~ho contrac$ing portion .... For ex- 
ample, with tl~c flume abov~ the t~re~,t ~s for the final design, no 
difficulty was experienced v'hon thu lowe~ end was narrowed ~%o 150 or 
120 f~et. It therefore anpears that any fc~rm of erpansion in which 
the waves intersect the side walls at a very acute angle should be 
satisfactory. 

©, 

Although a fl~me in which the width was contracted to the 
maxlmum extent above th~ control sJction w~s not applicable to the 
conditions at Clo Elum, it would probably bs in many ~ other cases. 
As this type would not involve the complicated wave actions, it could 
be duslgned much more satisfactorily without model tests than the form 
d~veloped for Cle Elum. Plate LI-C shows a model of such a type which 
was developed in connection with prollminary studios for the Madden 
Dam Spillway. 
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Stil].ing~_, Pool Deslgn 
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The resultr of the .modal zests on the spillway pool have a 
much wider ~,~r~ral o'.,,plication thvn thorpe on the//t_~ough. It would 
be possible t o  develop formulas for t h e  dlnen:,ig'~ required for the 
pools, but it ~'ould be difficult to indicate tl~ range of, these form- % 
ulas for which their sufficiency was substantiated by the exPeri- 
ments. As the ex])erlments were not ~ufficlently broad to permit 
the develoFAment of a ~eneral formula applic~bl~ to all cases, it is 
believed zo be better to indicate the results by diagrams and permit 
any designer having a problem which cannot be exactly solved by %he 
diagrams to Judge how closely it does I'i~ the conditions for which 
there ia e..~p, erimontal data. 

On the assumption that the wa~.er in ~he Cle EI~ modal ap- 
proached the pool with an equal distribution across its widSh, and 
with a direction of flow parallel to the center line of the channel, 
which is close enough to the truth for practical purposes, a nn~ch 
wider application of the results of the stilling pool exp~rlmsx~te can 
be made. Fi-ure 73 shows the results from the 200, 150 and 120 ft. 
pool widths reduced to the basis of discharge per foot of width. 
Theme diaGr~ns show the depth, and ion@th of, the pool required for 
~rious discharges per foot of width and velocities and heads at the 
tailwnter level for the entorin6 strQam. The pool lengths are meas- 
ured frc~n the point of intersection of the incc~nlnt straight slope 
wlth the pool bottom, to the downstream end of the floor dewxlstro~ 
fl~n ~he dontated sill. The length of the wool required cc,~Id not 
be determined with exactness but it is believed that t h e  le~$hs @Ivan 
are conservative. Tho depth given is the theoretical depth neces- 
sary to form the Jump. The expurimDnts indicated that ~for the con- 
ditloms at Cle Elum a lesser depth could be used, but in order to 
insure ~hat the d,~nth will be sufficient for o~her conditions the 
full theoretical d~,th is used. 

It is believed that these dia~,rmms make the rosult~ of theme 
experiments applicable to a wldo rant~c of eonditlon~. For exs~1~le , 
suppose it is d,~.irod to design a spillway for a discharge of ~5,000 
sac. ft. and a fall of 80 ft. The "velocity h~ad at tailwater level" 
curve of Flguro 73 shows a 80 ft. velocit,v head for e m~xlel r~tlo 
4~. With this model ratio, the discharge pox. foot of width, as ~e- 
termlned frown ~he sxporlments on the 1E0 t't. pool wid¢h, w~s ~0, and 
for 2~00 sac. ft. a pool width of ll4 ft. would be roqulr~d. The 
depth, for a 4~ model retie, as doton,~Inod f~om the lg0 ft. pool ~- 
suits is shown to be ~6 ft. and thu len~,~h 99 ft. If it is desired 
to u~o a wider pool, the results obtained by o~Per~enti~ with 1;he 
200 ft. pool width could be used, in which cas~ the results wo~Lld be: 
discharge per f o o t  of width 140 sue. ft., pool Width I~9 ft.,d~pth B8 
ft., and le~..th 85 ft. Oars should be taken not to ~Lix ~D~v:Isio~ 
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determined fr~n the experiments on the various pool widt]m by using, 
for example, the width de~o~L1ined from the 200 ft. pool experiments 
wlth the depth from the 120 ft. pool tests. 

In applyin~ these diagr~:,s to oth~,r cases the following 
facts should be kept in mind. The tailwatur ratln6 curve for the 
model tests was such that there was auple pool depth at all dis- 
charges to f~rce the formation of the Jut, u.p zo take place in the 
pool, and this condition would also b~ necessary in any installa- 
tion based on these results. Althou, h the dia~rams were developed 
from tests with the i0 Ct. dent,,ted sill, they could also be used 
~:Ith a plain sill corresDondinF Zo i0 ft. hel,'~:ht al; the end of the 
floor if the Zailwater ratin~ curve is such a~ at all discharges thoru 
will be no appreciable fall of the water passlnf~ over thu plain sill. 
In other words, the top of the sill must be sufficiently below the 
chann,~l bottom so that it forms no obstruction bt low flows and the 
pool bottom must therefore be below the cham~el bottom. A plain 
sill correspondin;' in slzo and location toga I0 ft. sill ~.5 ft. up- 
stream from th~J end of the floor mif'.ht b~ used also, but this would 
cause sli,:htly m(n'o scour on the bottom and conslderably more wave 
wash on the chamnol sides. There will be considerable wave wash on 
the channel sides downstream from th~ structure in any casu and whore 
such erosion would be undesirable, bamk protection for a considerable 
distance downstream will be necessary. The :mcossar. ~ distance would 
not be dotez:nined from tht~so ux-ueri,nonts. The results of those ex- 
periments are not anplicablo unless the flow ~s squall:, distrlbutod 
and ~arallel zo the axis when entorlr<: the stillinc pool. Although 
the rmsults were derived for a 1½:l slope loadinE into the pool, it 
is hollered that they can be used with substantial ~:ccuracy for 
flatter slopes. For steeper slopes the results may not be so satis- 
factory. 

These dic~r~q .wor~ developed primarily for spillways, when 
floods of the design capacl~y would be vomj infrequent and of short 
duration. In usin~ thom:~for falls in irrication canals, where the 
design capaclt.v would bc fre,:?:ontly roach~d and continue for long 
periods, a cutoff wall and rlprnp protection at the downstream edge 
should be used, since the scour over a lent ~uz'iod oi' use would 
probably be somewhat more severe than the ,~x..orimon~s indicated. 

Cone lus ions 

The fol!owin~ arc the p ~ ' l ~ , c i p s ]  conclusions r,,aohed from 
these studIJs: 

In a trou(h ~y~u spillwau whor~ th.~ water flows at greater 
than critical velocity, w~vc ~ctionn arc set u~ which h~,vo un impor- 
tant bo~Irln;" on the capacity. ~Tith a trough o~ ~u:ifoz~ width those 
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are not lih~l:' to he s,lrious, but whore the width vnrl~s they will 
prolmhly b~ important. Althou:'h rou~'h (enora] dimensions of a oat- 
isfectory Crout:,h o[" thin ty'ae mi~ ,ht tm doterm,.im~d by computation, 
unless it was vsr~., si;zil:~r I;o ~nose t~:,.~ted further model studies 
would be neceasa]~y. 

The ex]:erln,.t~nts in'-Jcnted.that very consJsto~It results cnn 

be ol.'tainod on n:od~Is in invos~icntin, scour by :~,:,~(:ns of a sand bin. 
For the conditions studied, the (r~;,=tcJ i,'~r% of ~t~o sc~n' occurred 
in n co:l]]:~ratiw.,ly short tithe, ,,~]zttting the use of runs of reason- 
al:l~ len.,:" th. 

The ~o.~s on th~ .,nodol of the stlll l:u pool i:~(licat~d that 
a Dool wi~l, an upward .'~]o~e v% tl,.o ,,o',':nstremv end was undesi:rable. 

They also :~ho;,: that slop,.'s into the Duel of .1.~:i or flatter could b8 
used, the I']/attor slopes , enern].ly heillC, solno.'Jh~1 bettor fro;:; tlte 
hydraulic s:"~und~o'i,, ,; -~ -* ,:,' ~ ,- ,,' .'. t~ , ..... ~- , ..t , It,~ot .... It].~, but :~l~h ,.is dul,?,atJd ~ill there 
apneared ~o be llttlo diCfe.",:no~:, A curve at ghe junction of the 
slope with tile i~ooI floor was f~und to b.j flosirtd,le. 

TE,] dengue.ted :Jill nt tlm cad o:' l;hr. ~']oor .was found to be 
v e r  b ' efl'uctiv~, i:~ ~'rev,:ntinu scour. The ~hnl:o of the end.~ of this 

sill was no~ important. With ~he lea, the o" no.el te:~tod, the pros- 
-,,ur,a on t.a.;,, sis i:~' were not oxc::.qslvo. The 1 i~*I., , ; , .,ill,' at %he end o, 
th~ pool l']oor wt-s also very (sTeel:ira an~. a plain sill some't,,hal; 
furgl'cr uo'.;trcam was sll,:hil.v Ices so, In a!l the tos~;s of sills 
the jump l'or~nod upstro~ l'rot:, ~t and sL t~].l (i.scha]'gus %hero was a 
considcra~q,: de~th of wa~or over 111o sills. L'or other conditions 
the results :~i; ht hav~- b~en diffcr~'.nt. 

The bes~ ~c, ol width -;::s found to ~u., 200 ft. and imk~th ap- 
proximatol': lOG f~,.,but othL, l" v;idZLn an(' l:~ni ins could have been used 
uatisfac~ortly. 

T~o r~ductior, of ,.k)w:twnrc .,]'o.:-u~vo on %he !)ooi floor was 
~'ound to be na!!tur[ta] ul,d ~-c~]ti:'c, coa:~id::~.ati0n to prevent the blow- 
irt[ up of the fleer. 

Small scF,/~ a.odcl.~ ",,-1-o fou~:d to b , :  valu~i, blu rot prelimin- 
ary studies and to ~how ~,;u/v.,:-~,l! ro]~tio:~.s. ~5"ar2dcc ten:~ion and 

chan(<e fro., turbul~nt zo filu.a~llt ~.'low li,~:].t the size of model and 
make the rcsul~s on the larc:er scala:3 more reliable. 

Thu results on the trou~:h hevo directly only a small ran&e 
of application, but by analizl.~ thu pool rosul%'a on the basis of a 
discharge per foot of width, they ~m:: be a ,plied ~o e larce ran6~ of 
cond i tions. 
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Th~se experime.n~s developed a much//better form of spillway 
with a smaller cost t.h~ t},e cz'1~ inal desicnj.;t The saving in cos~ 

I " ~/ J alone was several tines tn~ cost of th'~, inve;stAga$1on. 

} 
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