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~ Denver, Colorado, April 28, 1932,

MEMORAMDUM TO CHIEF DESIGNING ENGINRER =
!E. W. Lane, Raaugrch Enginaer) ‘ o o L i
Subject: Results of Hyﬁraullc,Modei:sfudios 6n:thefcle,Elum‘Dam
Spillway. ‘Final Report. : : g o o

‘The Cle Elum Dam

The Cle Eium ﬁam'is'being‘COnstructédrtb atora.water‘fbr‘

p

the Yakima Storage Project in Weshington., It will be of  the earth-

rill type, 130 ft. high -and stdre-360,ooo,acre.ragtfdr water, making
a lake 4440 acres in area. Spillway .capacity for 40,000 sec. £+,
will be provided. Ledge rock is too- far bensath the surface to be
used as a foundation for = apillway,fand"avtrqugh'ﬁype’founded‘upon'
gravel was decided upon. Under:maximum flow conditions the water .
would fall 110 ft., in this apillwuy.'*A-genarnl'plangof}the dam -and
spiliway is shown on Figure 1. As an aid to developing an econcmical
and safe design for these conditions, extensive model ‘tests wers
undertaken. ' EREEE SR e

ﬁydraulic-Laboratory'of thewa1brado:igriduiturair
. College — — .
By the generous psfmiséion:of thefCo1oiadQVAgricultﬁral
College, experimenta‘for:tha;desigq=prjthe Cle Elum spillway were
carried out in their,hydraulic:laboratory?LPlate,IQA),which has - .

been described in detail 1n‘the*Engineeriné*Naws;iVbluma‘70,‘paga__g
862, Oct. 2, 1913, . et T L
Figure 2 is a drawing of the lzvoratory showing the loca-
tion of the models. The flow was obteined from a reservoir of "30,000"
cu. *t. capacity lecated upon a hill behind the“lnboratoryrlPlate‘ ‘
I-B). The flow out of the Teservoir was controlled by hand operated
gutes. PFrom these gates the discharge passed into a weir box 19.5
f<. long, 10 ft. wide, and 7 rt. deep. In the aide of: this box 13
Tt. upstream from the weir mas a by-pass which was controlled by a
movable crest, ani another of amaller discharge controlled by a
valve. Fine adjustments of the quantitv dlacharged through the model
wore made by varying the flow through these by-passes. The heed on
the weir was observed by means of a floa3i gauge similar to that de-
veloped at the Cornell University. The gauge was located in & 8till-~

ing pool connected with a main channel by a pipe, as shown in Figure
2. N




The discharge through the ‘8pillway model was measured over
two types of weirs. During .the first part of ‘the work, a 90° V notch
weir was used (Plate YI-€). This had baen previously volumetrically
calibrated by the laboratory gtat'f of the Colorado AgriculturalQCOJ-“ ’
lege In the exect setting in which it wag used and their results were
therefore adopted. Ir order to ‘accomodate the experimsnts :on-the
models of the Hoover Danm spillways, it was neceﬂsary'tO\uae’q;wéir,
of larger capacity ard higher crest. level. ‘The latter part of the
Cle Elum experiments were therefore conducted with g 2 £t. Cipolletti
welr with 1ts crest 1 ft. hipher than the apex of ‘the V notch. This
wolr had bean Previously calibrated ‘by the college ‘staff with a crest
keight above the channel floor of 1. ft. less than that at which it
"as uded in these experiments. As the wvelocity heaed in both of these
settings of the Cipolletti weir ¥as negligible, only a few calibra-
tion observations on the weir in 1ts higher setting ware made. These
agreed with those previously run by the college staff at the 1t,
lower crest clevation and dischargGS-were‘thersfore_based on -a curve
&lving the coeftficiont for varicus heads as derived.from toth sets
of observatiora. IR S : : :

From the weir the water'passed through.a;divorting:gaterby-
meuns of which the flow could be rapidly dellected into ‘the model oy
into a waste tank. From this gete a short channel 6 £t. wide, 17 rt.
long and 8.5 ft, deep forred a supply charnel for the model. AS ‘the
directicén of the flow 1in the model w* s ﬂt”ri@ht“nngluaTto”thatjin~f
this channel, baffles Were necoessary ‘to prevent noils and whirls in
the water within the modal.'-Arter'conSide;ﬁble-experiméntationfa
set of baffles was evolved which would eliminate nractically all of -
these disturbances. From the supply tank the vater passed ‘through =~ -
the heedgate structure of the model,  down the trough end ‘through the
stilling pool. From the stilling pool it droppbdito;thq‘hqt;amzor-rj
the tank in which the model was .constructed, ‘and was .pumped back to
the supply basin uporr the hill bvehind the laboratory. S L

Description of tiey Model.

Fipure 5 is a drawing of the modol of the Cle Elum spill~ -
vay and Plate II-4 shows the type o construction used. -This model
was set up ir the calibration tank which is locrted inside the |
Hydraulic Laboratory building, The imensions of the tank limited
the scale of the model to 1/50 of the linear dimensions of the
8pillway of the dem. For this ratic 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 tho rutio of the linear
dimension of the prototype to thut of the nodel; i.e. N = 50,
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B-THE SUPPLY RESERVOIR FOR
THE LABORATORY

. - THE WEIR BOX AND MEASURING WEIR

THE HYDRAULIC LABORATORY OF

THE COLORADO AGRICULTURAL COLLEGE

PLATE I
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A-MODEL OF CLE ELUM SPILLWAY

o ORIGINAL. DESIGN - SCALE !*50
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Ratio of'Prétotype_tb'Mndel

Quantity

Value

Linear Dimensions
Heed

Velocity

ATrea

.Fonnuia
N S 5

N

o .
L

NE o 2500
NS/2 : 17,867

/N 7071

Mode)

Discharge
Time

- Prototype

- 1000 £,
200 4.
10 rt., o
S B2)0 f1, per gec.
- 40,000 sec, ft, o

20 £t
4.0 £t, y
2.2 ft.'fAhprcximate)‘
11.6 £t, ner secc,
‘2.26 Sec. ft.

Length (approximnte)
Max. Width

Fall

Velocity

Design Discharse

made with wooden Piers with 5 pates of l/ﬁ"‘sheetfsteel, sliding in-

- Brooves in the :ute piers. ‘The troumh or,flume:BEbtion'was?built‘ :
on-a sloping floor, ‘5 wide, supported:by‘SGQrfolding with walkways
along both sides. The floor wag cdvered'with“gulVHnized iron laig
88 8moothly as possible to mininize friction. ‘The sides of the flume

Were construcied of flexible.boarﬂs_résting on the'galvanizedfiron‘

Tleor. On aszcount of the fact that the friction 1oa§es;d6‘not‘follow

the law of gecmetric sinilarity, it was necesaary’to}in¢line”the"=‘

flcor more steeply in the model‘tth;in‘the‘protct e. The floor of
the model was computed to give;thefsameqrelative veﬁocity-as-the . -

- The gate*structure at the-upper'ehd.oftthe?spillway_was

prototype using o roughnesgs coelfitient in Manningfs\formula.ofi ,
0.014%in the prototype and 0.C0y fop the smooth galvaﬁizéd'iron floor
of the model. Blocks were placed under tﬁeasubﬁbrts»of“the:rluﬁeﬂ"
floor in order to permit3adeStmentsfin;the“slopq,‘éhoyldvthat'b%
found necessary. Observatipns by means of thefPitOtftuHe”shdwed;
velocity in the modol -almost exuctly proportional tq‘thosafiﬂdifff‘”
cated by the computati 2 the'prototyne, and adjﬁsfments;or;the
floor were.thererora‘unnecessary."At the lower ‘end of the trough -
nation of the floor was changed by means of a ver-
furve to a slope of 1} ¥ to 1V, which led to the stilling
The model wes 80° zonstructed that this slope couls readily =
be changed to 2:1, 3:3 or.4:1, = - el

Sl i,

Two types of 8tilling pool were usec, the first of these
was 4 I't, wide with vertical side walls'corrasponding to the 200 rt.
width of the prototype. 0On one side, the wall ®as formed of plate
glass in order that the action of the water within the pool might
be observed. Downstream from the 8tilling pool was & Pit of sand




- i

- ooNT1nAd ‘betueen an’extemsion of ths ‘vartieel nua of the p001. G
Iater a larger sand ‘box was umtmctad ‘An ‘whieh ‘the conditions’ morn

-nearly reproduced those 1n the prototypu - The' hught of . ‘the ta:ll
‘water in the stilling podl was cuntrolled’ by nnms of nir, tho
‘Baight af tha orsst ut whieh cuuld ba adjuutod by stop 10@ S

stardpoint - mvolm m njm.- p:oblm, ‘oach : oal' uhioh hnn a mbor

. of subdivisions. “The firet major ‘problem was tho: ‘design of the tmush .
or flume in which the water was to be. carried’ tm ‘the 1ake nmtod by .

‘the dam to the stilling pool. Ths £acond ‘problem was the Astarmina-
. tlon of the 'design .of ‘the podl 'in which ‘the omrgyutmmung ‘
water could be dissipated without causing ‘demage to ths ‘dmm or sur-

roundings. The following outline shows the main ‘subdivisions of thoio -

B0 problems ‘which were mvutimm by means. of the. neaoh.l

vmm oaabuntim ul.' gatu opnn m cloaod e
(8) Flume with Peurellel 8ides _ L
{8) Bewt Forn for Vericus Throat ludthn
(¢) Uss of :Control Bection at Throat
(8) Dmlmt af, Pinal Mign ' ; : _
‘ Varlm mbinntiom of sntu opon eloud and partly open
(8} Armlywis of lrm &ctim N T

Voo

ar sta11s Pool

(1} couimmy of: Scour Tezt Results .
(2) Dovelopment -of a:Standerd FProcedure

(5) Hest Alignment of Bide Walls = .

(4) ‘Best Slope Lseding into Pool =

(8) Curve ve, Angle st Bottom of mtmnoé?slopa

{e) Butnmﬂhnpontm of Pool .

(7) Best Pom and Looation of Batfles

(8) Besat Palance .of Length, mdtn. and noptn of Pool

(9) Baour at Partiel Plows" o
(10) Best Pore of Lower Bnd of sm. nua :

(11) Beat.Pow of Bank Protaction at Lowey End - |
{12) Shape of Tumnel Entrence on Slope Isading into Pool
'(13) Up=ax? Frossure on the ¥loor

B




Experiments on Design of the Oricinal Trough'

4 preliminary design for the trough of the Cle Klum spill-
way was worked out in the Lenver office of the Bureau of Reclemation.
The principel dimensions are shown on Figure 4 and Teble I. ' Thorough
studies were made in order to obtain. the best form which could be
determined without the eid of model studjes. The Tesults obtained on
8 model of this form illustrated cledrly the limitetions of ‘this o
method of design and the necessity of model studies, if good designs
of such structures are to he obtained.. Upon‘turning!the'!ater into -
the model based on this original design, it was immediately evident -
that ma jor changes would be required. :Two lerge waves were formed R
in the trough crossing end Tecrossing it. This would have required -
high side walls on the prototype at certain places, and ceuse ex-
cessive loads in the spillway Tloor end concentrated flow. entering =
the £t111ing pool in & manner which would have resulted in undesir- -
able orosion. The nature of,this wave produced with all the head-
gntes open is shown on Plate IIT-4. On Figure 4 is plotted the re-
sulte of readings teken by means of the point gauge (shown O Plate .
II-B). This figure shows the depth of the water and height of the

veves at a mmber of cross sactions along the flume.

The data on this figure is given in terms of the values on
the actual spiliway rather than on the model.  In the following dis-
cusaions and 1llustrations, unless othertvise noted, rl) dimsensions
and quantities will be expressed in terms of the corresponding pro-
totype values, since this gives a picture which is more aasy to vis-
ualize. The station numbers differ from those finelly adopted on
the prototype. Those used in this report are five statione less than
those used on the contract drawings, :

The conditions of flow produced by all of the poseible com~
binations of headgetes open end closed in the orlginel design were '
also investigated. Observations were not made of the variocus pos-
sible combinations with gates partly open, but only of those in which
the gates were either entirely open or entirely closed. Figure 7
shows the height and location of the crest of ‘Bevere waves at the
Bides of the trough, produced by all of the 18 posaible combinations
of gates, open and clossd. Plate III-B and € show the flow for two
of the moat severs cases. though theme points indiocate the height
of wave which would be neceassary to provide for if the action of
the prototype followed exactly that of the model, it would not be _
safe to desiwn the structure or this basis because of the limitations .
of model experiments. One of theso limitations is that the surface
tengion in the water is the sume in both model and prototype. On
this account the water in the model is relatively much more smooth
than in the prototype amd therefore waves might be expected to dasl
higher in proportion in the rrototype than in the model. Another

.
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limitation of modsl experiments' is that no imformation on the amount
of air which would be entramined in the water flowing down the spill-
way 18 given by tham. DIxperience has shown that in thin sheets of
weter mnt hi h velocity larpe quantitiaa of ailr may be taken up and
the flow dapth in the prototype may therefore be thicker than the
tests on tho rmodel indicate. For this reason a: liberal factor of
safety would Le necessuary in dasigninz the siue walls using the re-
sults of those experiments. Howover, the expurimsntal results have
¢liminaved any of the unknown factors and ure thersfore valuable
evenL though they do not corpletely solve the problem. Vanes were
tried to improve tho flow conditions 4n this flume but werse unsuc-
cossful. Coning- on thy sido walls wore tested to dutermine the .
peasibility’ uf turning out tha uresta of tho waves. and thus penmit—
ting the use of lower walls than would otherwise be. ruquirﬂd but

no aatisfactory forms were devoloned.h

E;ppriments oD o Trough with Parsllel Sidoa

Expurinents were noxt madeo upon a»trough with,pnrallul
sides 4 ft. apart, roprosonting a 200 ft. width in the prototype.
The flow in this trough was much smoothar than thut in the original
dusign, althourh somo wavo action wns 8till sot up by the trensi-
tion section at the headgatos, and by thn cato piors. Plato IV-4
is a photograph of tho flow through this trouch corresponding to
the 40,000 soc. ft. meximum.dischargo of tho prototvpo. The flow
for various gote coubinations is shown on Flate IV-b and c¢. Tho
dopths of flow fer vaorious dinchargus in thia 1lumc with-all gntas
open are shown nuantitativolv on Piruro 5. ﬂ

It vaa “found that tho conditions of fiow in this flumu
were somevhot unutablo. Loru‘f;ol ‘wag rfound to pass on-tho ripsht.
sidoc of the fluwne at tho lowar.erd thun on tho loft cido.  An attempt
was made to rwnody this condition by closin; somewhat tho hosdgeto =~
on the right side of thou flumﬁ.m This lu"uvox. incroasod - the Tlow .
on the right side instead of ducroasing it. 'To decroase tho Tlov on
the right sido at thc lowur ond of thu {lumo it was nocossary to ‘
partially closc tho gatea on the loftisidu. This would indicato
that tho groater flow obtainud ut the losor ond of the rirfht side
with all getes opon, was duc to tho floor at theo gate structurc bo-.
ing higher on tho right sido thus ceusing a greater flow through tho
gatoe on the loft sido. licasuruvmonts, houuvur, showod that: 1nstoad K
of being highor on tho right sido,~thu Tloor was actuslly 0,175 £t
(prototype scalo} lower. No oxplanation of tho unbalancod condition
of flow was obtained, but as this type of fluwmo was asoon discardad
it was not considored worthwhile to continuu thu invustigetion of this
point furthor. Thuse rosults indicaetod thst the flov through tho par-
allol pided flumo vwas unstable, and that a condition of unogual flow
might result from small irregularitios such as a curve in tho approach
channel to tho spillway.
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Devalqpmoqz;gf & Trough with Narrow Throat
and_Uniform Bottom Gradient

In order to economize on concrete in the spillway floor,
flume forms were developed with u narrow thront somewvhet similar tc
the original design, but with much less abrupt “convergence. and -di-
vergence. By means of Tlexible sides, & groat many shapes of flume
were tried and the best ones were measurad and rucourded. ' Shapes with
throat widths of 100, BO and 60 feet for the prototyps were developed.
From the standpoint of flow in the trough thuse were about’ equelly
desireble. Creater throut widths were ‘also tried but were not so suc-
cesstul, especially'in the case of thosge approaching 200 ft. width.

In these forus the wavos met up by the transition et the entrance sec-
tion above the gates did not travel entirely acrogs the lume befors
the lower end waas reached, and ridges of wator onterod the stilling -
pool and rauned disturbances and oxcossivo orosicn. The sactions
doveloped oxpanded to 200 ft. width at tho ton of the stoop drop.
After a decision was mado on thu bost width of throat to use, the
shapo was refined until a form was doveloped which expandud to the

2C0 ft. width at the lowsr end of tho pool. . The widths. of these = -
flumes are givon in Table I, Plate V-p shows the shape of the 80 -
ft. throat width and the wave action with maxisum diascharge and all -
gates open. FPlate V-p and ¢ ‘show thu condition with somu of the )
woret combinations of gatos. opan and ‘closed 4n the “trough of GO ft.
width for a weter level in the rosorvoir at tho maximum sale olova--
tion; il.e., tho samo ms that for the 40,000 see. f£t. dischargu with .
all gates opon. These results are shown quantitativoely on Fipgure

6. A comparison of 6-a with G-b shows that the wave action in the -
flumo is not materially influonced by tho.gate plers. The effect

of gate piors is alsc shown by a comperison of Fletor IX-A with

IX-C and X-4 with X!, Fignro G-d givos the dupths of flow for
various cross scctions for the “flume of 80t throat width, and 6-0 -
for 100 ft. width. Scour tests in the stilling pool also showed these
{lumos to be pruferable to the orifinsl desiir. A comparison of the
Bcour caused by the two typus is clvan en ploure 16. :

Uec of Control;éggzipn qi_?hro&t .

Thoe grade of tho trough section of the Clo Elum spillway
is to a cortain extonrt controllud by th. topor raphy at the domsite.
In order to build the epillway in 2 ent ewd have no part of it on a
£1ll, 1t ie nucessery that it have a rathor steop slope. A3 pro-
viouasly explained, wave action dovelopud in the Jlow in this trough.
Little difficulty was oxparicncod in securin: a gutisfactory expand-
ing portion, but the form of the contracting uscction at tho upper ongd
of tho flume was found to have an importent effuct on the wave action
80t up. The flow throughout tho flume with uniform grediont was buelow
the eritical dopth., In flows at dovths groestor than tho criticeal,

-8-




such waves ure not set up, Ly making the contrscting portion of “the
apillwny on a sufficiently flat nlone to produce depths greater thon
the critical denth, weves in thin .section could be eliminnted. An
attempt was thorafore mude tb,ﬁovelop - f]uﬁu with the control. neé—‘
tion ot the most contracted portion, with & x lat . gradient upstream

so thaet the flow would bo helow eritical velocity in this section

and ¢ stee» gredicnt downstrerm in the exwunding section. Computa- -
tions showed thaot such a foim could bo develoned which would performn -
in this mannar above any predetermined didChﬂF.v, ‘but helow thin
discharee thore would he wwo control .sectiony, one ot the cates and
the other al the apillway throct, with a hrdroulic jump between.  If
the minlinun discharge at which the Tlume would perform with o sxn@le
contrel sc:tion wits leus than the mXinum discharpc {or which the
spillway wan desiined, o larrer rato structure would be reqguired than
tor the flune of urnilorm gradient. 1t was therofore desirable to malke
thedischorse ecanceitr, at which the flume would onuratc with onu con-
trol sectiorn, vow:l Lo the maximum Tlood dischoreu. A L:?uﬁlﬂpillwuy
model wen nilt with o 60 ”’.‘th“nut width 1o ot those reouirements
in erder to sue how severe the eonditions vwould be due to the hW*ruul—
le juwmm which would Yorm betwoon tho twoe control scctions at dis— )
charges less than the maximum.  The results showed leas desirable
conditions in thio 21lumc thnn could e obtained in -the flume of uni-
form preciont end therafore no turtlior uxverincits on this tyne wure
performed. The conditions ot low in thia. fluas ¢ro shown on Plato
VI-A enéd B. A 1:250 modsl was bullt to aet sicilarly with a 120 Ct,
throut, but the conditions o rlow worc not Betier then in the modol
with unifor rsradient. By making the floor hloph upward in the-di-
rection o Tlow t¢ the thrnat scction, the contrel could heve heon
mado to come i:t the throat {or-all conditions of dischurgo. Such a
plan would have recuirzd-much lergor und more oxponsive grtos und
would have rocuired the juto ntrlctvrh,wwhich acts &8 uw dam,; to aus-
tain a comsidurably hi;hur hokd,  iis wan not desira*le as tho 17

ft. hoad contarnletod intis desien wdertod wus toelicvod to be as
high as was saf'vc sor tho foun: tion coixittions uxisting ot the spill-
way sitae, ' ‘ : ‘

Dovulopmonts n! the Fi) DL Tvoush Desi&

Ag provicusly stetxd, xvo orinents Shotid thit n trouh on
uniforn grudinnt could be doveloied Tor UG, #0 und 100 ft, widths
which would te coually desird e Srol the geardpoint of flow in tho
trourh tut tider throsts wer not procticntle.  Cost estinsutus show-
ed the hirher walls roouire) for tio narror tloat wbout oftf'set tho
suving in Jloor conerute which rouls resuly from o nurrower throot,
assumineg, the some thicknaooss of o loor in all cusus. Sinc. tho narrow-
cur floors would jieve to bLu thicker on aceoun: oi the greater pressure
exerted unon thom by otho depor wautor in the narrowur seetions, tho
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parrow widithe were founi to be less sconamical. Since the'lOO'ft,
throat was cheanest and alsc seemed to produce less scour below the
jump pool (See Figure 17) 1t was adopted. = - : e

This section was studied in deteil and the £inal form shown
in Flgure 3 was adonted ss bast. The widths are also given in Table
I. This form has a 100 £t. throat at station 4400 and a gredually
expanding section which continues to expand to the downstream end of
the atilling pool. Plate VII shows conditicns of flow in .this flumo.
The wave action with a 40,000 sec. ft. flow is shown on Plate VII-4
and VII-B. The greatest waves wero formed near the center of the'
throat. They seewed to be 1little affocted by the ghape of the ex-
panding section of the fluma. Plate VII-C shows the formation with
an expansiocn to 120 f4, atilling pool width instead of the 200 ft,
of the final design, The shape of the contracting section seemed to
be mich more important in securing good flow conditions thin that of
the expanding section. With the shape of the contracting saction as
developed for the original design, various, oxpanding shapes to the
120, 150 amd 200" ft. st1lling pool widths gave very similar results.

As in the case of the ariginal desipgn, experiments wore
mado with the 18 possible cambinations of putes open and closed. The
wave hoights along the aide walls vere otserved with each of these
cambinations of gate openings. Msasurements were also made with all.

the 18 possible combinations of gates opan with ell the possiblo com-
bimations of the remaining gates portially open. . Only one partial
gate opening, 5.0 f{. in tho prototype, wes uged, "Te have used all
posaible partially gate openinzs would have involved an infinite num-
bor of obsorvations, and it is believed tho ono hundred ‘and oloven
catbinations obsorved sufficiontly cover the 1old. The conditions -
with sovoral of tho worst of thosc gate combinations arc .shown. on
Plate VIII. Figurc 7 shows tho hoight romched on the side walls of
tho flume by wavos produced with various goto combinations on the -
final design, original dosirm, and 60 ft. throot design.  For the
Tipal dosign, tho water surfaco alon; tho.sido walls for the dosign
discharge of 40,000 soc, ft. 1s also given.  In owdor to facilitate
comparison, & lino is drawn et an olevatiefi+15 f£t. ‘above the flumo
Tleor. All of the waveo hoights for the <inal design foll below this
line but soveral waves of tho originnl and €0 ft. throat dosigns
reached abovo. 4As previously montioncd, a livoral factor of safety
1ls nccessary to ostimato the wave hoights - rom theac obsorvations on
account of surfeco tonoion and ontrained air offoects. '

In ordor to pormit & comparizson of the conditions of flow in
the modol trough and thosc in tho prototvp., pictures wore takon for
10,000 and 20,000 sec, ft. discharpgos under various conditions, oince
floods producing suck discharges will occasionanlly occur, but tho
chanco of a 40,00C svc. ft. rlood is na;iiicible. Thuse arv shown on

~1C~
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Plates IX and X. The first picture of each plate shows the condi-
tions with all the gates entirsly open. In order to obtain the
greatest posaible storaje however, the gates may be pet to keep
the water to the meximum flow line by helding them partiaelly open.
48 the best conditions of flow in the flumes would result when all-
gates were open the same smount, it is probable that they would ‘be
set in this menner., The second picturs orn each plate shows the re-
sulte for these conditions. It is intended to delay the instella-
tion of the piers and gates of this spillway until the irrigetion
demand reaches e magnitude which will require them. The flow con~
ditions with no piers o.' gates are shown in the third picture.

Analysis of Wave Formations

The experiments showed that water is diffiecult to control :
when the flow is below the critical velocity, on mccount of the wave '
formations set up. That the ridges formed were waves and not cur~’
rente aof wator wag proven by introducing a solution of potassium
per manganate into the streams. This color did not follow the: waves
a8t all, but flownd in the general direction of the flume. This is
shown for the 1:250 model in Plete 50-i, Fornations of such waves
in dopths below the critical has been obamerved by other uxperimenters
(Hydrsulic laboratory Practice, Froeman, pasos 126 & 169). 'In order
o morv fully understand the cause and action of these wavos, an
analyeis was mado of thu wavos set up by thy gete piers in the flume
with parallel sidos, whare conditions for anslysic were favorable,
It was assuned that thomse waves move at right englos to the flume,
but the diagounal direction is piven by the commonent due to the '
velocity of the wator movin. down the trough. The path of the
ripples for three diaschargos ‘Woro tracoed out aa shown on Figure 8.
The croms sectioral area was moasurod st & numbor of points along -
ihe flumo for aach of throo discharges, and from those ureas anl the
discharge doterainud by thu weir, tho meun velocity at emch cross
section was camputod. To rodute errors of observation, a curve of
velocitiss alon; the flwne was plottuc, as shown op Figurv © and fram
tbe volocities thus dotorminod und tio discharge, @ momn depth ocurve
vas constructed. From thu velocity and the an:le between the padh of
tho wave and direction of tho flow of tho water, the velecity of the
wavo movin: across the flume was computed. In Figure 10 those veloci-.
ties are plotted against tho dupth of flow at the point at which they
ocourred. Thoe formula of the velocity of wave travel in water is
V=/8D , whoro V is tho veolocity, £ is tho accelerution duc to
gravity and D tho depth of tho water. Tho rolestion of tho oross
volocity V to the / g D 418 shown for e discharge of 40,000 avcond
fuet to ba approxinmetely 0.7 / £ D sand for e discharge of 20,000
aascond Tuut, a proximately 0.70 £ D . EIExporimunts by Whitnoy M.
Yorland on models of booches huvo shown thut waves in vory shollow
«wuter de not roach velocitios ocqual te / €D . His results were

-11-




ocmparable with those shown in Figure 1C for the 20,000, & 40,000
diacherges. In order to test grouter depths o run was made at the
maximm discharge capacity of the apparatua, which corresponded to
8 flow of 14C,000 sccond féet. This showed (Figure 10} velocities
practically snual to -/ ¢ L. The varietion of the oboervid re-
sults at various points in unv run is no.doubt pertly due to the
Tuct that the mean velocitius and dopths (i the. cross pections were -
used in the camputotions inntead of the actunl depths and velocities
at each point, es the lutter wero not observed . = ’ :

't must be admitted thut the cssumption thut the waves set
up by the piarn move at right anglea tg the direction of flow in the
Tlume does not rost on e ver: sacuro b aiu."Ib‘particulur3raaaon.is
evidont why the impulae dus to the piera misrht not set up waves at
some other an;sle., However es the results worked out on the basis of
the right ancle flow give velocities which .u reoc with those of Eorland
for the shallow depths and with the theorotical velocities ot groater
depthe, the ansumption made scems to bo sutfficiontly eatublished to
forn the busis o a working hypothuais, BT I

As the depth in the prototvpo would he suf'ficiont to cauae
wavos with velocitius equal to /gD und in thu modol at the design
capacity roached only 0.76 /& U , the rusults of this study throw
3cmo doubts on the sufficicncy of the detorminationa of the bost shape
of flumes. Since slight chan-es in tho flume shape, espoeially - in tho
contracting section make comsiderable differunco in the flow copdi- -
tions, the difforence betwoen 'tha cross velocity in the model oqual
to 0. x /D -‘and those in the prototype which would probably
bo ogqual to the / gD might be sufficiont to ‘sowowhat alter: the .
conditions of flow in the flume. This indicatos thu desirability of
conducting model experimonts of this portion of the flumo on suffici-
oent scalo to sive crosa volocitics for the waves ecual to . the / g D _—
Such wodols mirht bo cheaply constrictud at the laboratory on the
Uncompahgre Froject. R : Pl s g

Stil;lEEQEpoi EXparimants"

To dissipate tho onorigy of thu wutour at the bottom of . a apill-
way onc of itwo following devicus or a com“ination of .them in ordinarily
used. (1) hvdraulie jump pool amd (2) picrs or bafflus. Oonly the
first of thesc was testod as the seconc vwus holioved to bo unsuiteblo
for the foundation conditions oxigtins at Clc Tlum. '

Tho hvdraulic jump pool will be tho most gxpensive part of
the Cle Elum spillway. ¥ith any practical width of tho flume the side
walls of the pool must bc high and costly rotoining walls, The floor
must bc of thick conerete in order to withatand tho vibration fram
tho very turbulunt water in tho hydraulic jurp and to rosist the une-

~12-




nlaneed upwaod pressoee wiloho s fump precures, o In the troust santion

tho exenvation DD wdd D100 Ee o the cont Cer 4t will be asan ino e

i, The excaveiion Trom Lhe pacs Sowpver will e lnreely Prom be-

Tovoerounn water feve D, onnd o wiL) e ulte axtousive MRl A8 Meconnt

of “he poroun vomporitien ot o onell. T in evident. Lhe sralore Uit
crattost saviny e voireh o conld bPoeooade v lomieog ] i mosel tants

‘ tho dano, n ool ot rtidly o pasl, wnd extonsive expori-

Lo
1 Tz

[ e
WLPE CURSOT AR 0% YhLE RATLION 0T The nv v ey, 0Tho i,:‘.'(‘m:--fivs.a»_
to of the nLillon maol wny deter oo by e Lhe scour nfﬁf
Aruved thow oo sand downnivonn Crocoowie pello portion of hes v motie ]
Wi ot Tanmactles L copared ann" toot s i of the 1\wy‘wun1. Tho
nrownr o sereanel river snud, Invesiy eoeone s of qunrtiz, A mochune
bomnnlys s curve of LU oar D dvoenr Lo Dagure MG Phe fdrstoonart oo
LepE vne twme with oo Pan whoes sldos Pored s contincution of
voriiiline 1‘{)0". I ordos vo obsorve and phelol tanh
The noturg df Lo eurronte fomed, and the hydrenelis jump,
sitay I tho :117"..’.,1;!3:"‘ poul and sand Lin was L"m‘nut' ’:i‘
ieth of the vool ang send box wes 4,0
rosponiin o BN b the nrutotimu Tha botton of _ 7
corroapondsd Lo vlevetion S04 and W nhout OO f1L hielow thu’uduul
ievel ool the votion of the stilling peol.” Phis donil’ was found to
"te oamply nufficiuut. Tho lover ond of tho sund rox was 2759 1. down-
ciraan fror the junction of thu ponl floor and the anirance sloro,
As the luns 2h of the pool £Yher veried, tho len th of tho sund bin
wos also veriabtle, rancine from v to 201 e ‘

: N .
Vo PR
Va9l PR

Voery voluabhle rosults were obtnloed with thig formm of woand
tln but 1 hud the disadvonta o thet the verticel non-urodsablc sides
of the asand rin did not oxactly remrcocnt tho conditiono whi~h would
ecxiat in the protvotype, as the enke dewnstream from the concrute
stilline pool would bto sloning ond sub ject to -erovion. It wns tound
thut the vertiesal sidues goave rise to wddius and whirle olons thom which
resulted in more sovere seour olons the sidun of thu pool than wag
Hkoly te cecur in the protetype.  Thir sour is noticoeuble inm muny of -
the pleturus showing the sona in this *ywe of bin after & run, tak-
ing the form of & smell channel or “ﬂ1l‘v‘ﬁt the foot of thu vortieal
flass wall., Tho wetion iw helioved to (2 aui up by the restruining
offuct of the welln on eddies. Away Jrom the walls s{milur cvddies
rotate harclessly in the surroumdins weter, dut whon they comue in
contuct with the w~ulls, they cnnrot continua to rotate and arc par-
tially diverted dowmwurd, coming in cortust with the send butiom and
causing mors scour than would nomully occur.

Ir order to Le froe from thin offuct and elso to invewti-
#rte the scour wround the emis of the stilling pool walls, u larper
Bund bin wau construeted in which the elopins varth banks of the rro-
olype tolov Thu stilling pool could be more uccuratuly reproducod
and uvliminetod the false indications caused by the verticul side walls.,

~13-
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SAND WAVE FORMED DURING
EARLY PART OF RUN:

FORMATION OF SAND BAR BEYOND STILLING POQL




The results obtained with this z'aand.'box are belleved to bte a mibh ﬁore
eccurate ropresentation of what would take plaee in tha prototype than
these in the bin vith vartical walls.

i 'I‘he langth or both or thaae bina was. tco ahort to obtain a
perfect picture of the scour produced. When. water started to flow
through the spillwey, it acoured first at:the: 1hwer edge af the apill- -
way pcol, rolling the sand back in the rorm cri a gapd wan, ‘pimilar :
to those formed in a river (See Plate XI). . This continued to move
downatream until it came within the ini'lucnca of the: ‘welr con'crolling, :
the tailwater level. Part of the sand.was 1lifted over the weir and =
the remainder piled up ugz_rlnat 1t. If the sand box had been 1ongar, :
the gyeater part of the sand fomming the woave \frcmld have come to rest
in e bar similar to that in Plate XI across the chanmel - short dis- .
tance further downstreem than the tailwater weir, where ‘the boils ‘and
eddies had subsided. The result of the romation of much 8 bar -
8lightly further downstream than thé tailwator weir would differ
little from that produced by tho weir used, and it is therefore bo-
lieved that the results obtained are amicionth cloae ror pmctical
PUTDOSSE . .

Conaintoncy o:t‘ Scoux Tcst ‘?eaulta

In the minds of aocmo thore ‘may bo Y duubt as to how con- '
sistent results could be obtained in a scour pool,; es used-in thess
oxperimente. When the work was: startaed it was mot. cartain that thg
resulie obtained in one run could be closoly dunlicatod in anothar. R
Unless results could bHo g0 duplicated tho -scour: puol xnight laad to R

urwarranted conclusions. In order to throw licht on this point aov-—

eral acour runs wore made, The Cirst of these consintad ‘of “two TUns
mado under nsarly identical conditions. At the time of these mte
the effect of tho-condition of .compectnoas af the sand . was not . a:ppm-'
clated and no especial. effort was nmade 30 agcurs ideantical- -conditions
of the seand in the bin. Tho resultis of thesc are ‘shown in rigura 12.
Thiv diagram shows the level or tho samd in the samd ‘box before the
run and the average olovation st any cross aoction utt-r the run. Jt
almo gives a line roprusonting the maximum depth. of acour, ‘which m
drawn by plotting =t tho location of wvach croas suction the olmrat ‘
of ths lowost point in that”svction, and jéinin; these plotted points
by a line. Om account of tho effoct of thu vortical walls before
mentioned, tho weipht which can ba attachud to this maximm depth is
uncertain. Tho results of the tosts pivon in Tigure 1£ show & very
closo asgreement, indieating thet, within emrly close limits, tho re-
sults obtained on one teat ean bo duplicated in a ropotition of that
test, evon if the sand copditions arc mot oxamctly duplioamted. It is
thought that the sBlight differoncs which existed bhetwoon the rosults
of thc two rune shown on Figure 12 mav have boon due to a difforunt
dogruc of compacinues of tho sand. A striking oxemplo of consistancy
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of the scour tests is shown on Plates XXXVIIT to XL, where the effaect

of equal increments of chenge 1n ponl floor length ahnwad conaistent

chaoges in scour, : ﬂ
In order tc determine how far ‘differonces in compactness of

the sand could influence the rosults, thros runs wers mmde. - In one

of these the sand was put in demp - and as loonsly as poasible. In

another it was put in tightly packed and in & third it was placed in

the manner ordinarily ussd. The reaultﬂ are shown in Figure 13. They - _

show very little difference between tho runs with the rand as ordiner- 4/‘.

{1y placed und that tichtly packed. Somewhat more’ dirferance exists

botwaen the results of these two rTuns and that for the loosely’ placed

sand. It is bolieved that this difference 1a dus to the bulking of".

the locsely placed damp sand, which could be seen to settle consider-

ably when the wator was admitted to ‘the sand pool. .- In -the ordinary

sutup reost of the sand in the pool had hegn settled by water from

the proviocus run, end only & rolatively amall .amount of sand was ad-

ded. Ordinarily this waa aumuwhat compacted and therefore . settled

little, but even if placed ms Itukely ans possible the surface would

not sottlo appreciably. It lis thorefore bolieved that although the . (

results of scour rune may ditffer very slighily due to difference in . =

conpeciness of the sand, this difforonce would ordinarily bo too.

suall to be considered, and undar tha worst nosaihlo condltions would

not leed to sorious errors. ¢ S -

Dovaloping Standtird Procelure. SR :

One of thé first qaostionn ariuin{ in tho uase of the nand B

bin for determining scocur was thu lenctﬁ of -runs nobessary ifr short °
runa wore made they might not give tho rooults wﬂich would take place

the prototype in e fnod.. Tho time ratio buiween tho prototype and: o
the model 12 /60 : / 1, or 7.071:1.. A.half kour run on the
model would therufors reprogont only abeut 33 hours or the prototy
To get runs of duration corruanopd1ng to-a large flood ruguire 8y
o lengtk as to soriously retard tho profress of tha ‘tosts. A run was
thorefore mudo to dotormine thu minimum length which could be used.
This was of two hours duration, moasurumuntu beins made at the ond of -
cnch 30-mimuto poriod to deturmine tho pro:rusa of the scour.  The
rusults are shown on Fifurc. 14, It wus found ‘that most of tho scour .
took place in tho first 30 minutos and that very 1ittle - -change ‘oceurred
aftor 60 minutoa. It wes thorefore decided to use 60-minute runs. The
above tests wore made in tho pool with thue eleas side. On tho tinal
design a test of 5 hours duration, curroaponding to over 35 hours on’
the provotype was mede. Figure 15 shows v profile down thu center of
tho channel bolow tho atilling pool after runs of various duration.
dlthough some movemont of tho bottom was still poing on at thu end of
the teat, erosion noar tho atilling pool, whure it would bu dangoerous,
was nogligiblc.
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The shape of the trough wes found te have considerable
effact on the scour which would take place below the stilling pool.
An exireme case of thic is shown in Figure 16, which gives the scour
with the originecl design of [lume s compared with thut developed for
a 60 ft. throat. Y¥ipure 17 anowo comparotive runs made with the 80
and 100 £1. throat widths and with the fluwme with parallel sides
(1.e.) 200 foot wldth throujhout. This ghows appreociable difference.
in the rosults necurad with the different flume sactions, the hcost
one being the 100 ft. throat sdonted for the rinal design. Thess '
oxporiments show that Tigid comparisons -cannol be made of the scour
resulting fron various conditions in the.stilling pocl where differ- .
ont tlumo shanus were used. For this roason ell comparisons of 8till-
iug pool results in this report, unleas otherwise stated, were made.
with the sama typo of flumo. ' o : : o

Eoot _ahape of Floor at End of the Pool

Tho stilling pool-of thu original dosign hud a leval bottom .
arproximately 100 Tt. in length at an clevation 3% ft. below tho tail-
wator level “or u 40,000 ssc. f£t. discherge, which was tho computed
dopth necessary. to kuop the hrdroulic jump within the stilling pool.
At th: ond of the lovol portion of the peol tottom, the floor sloped
upware on a 4:1 slove for 44 ft. to tho elocvations of the bottom of.
the lcadorf channcl, bovond which point the floor was level for 6 f£t.

Fxporlaonts msde with this form of [loor showed considerablo -
secour. Plate XII shows the rasult usine tho flume a8 originally do-
signod and Plate XITT using that with the 60 It. throat. In both
casos thoe sand at the downstroem uvdge of thd;poolrfloor‘waa:rembved
to & consicderatlc donth, and in ‘tho prototypo would have exposod the
cutoff woll boneath., The rosults oi thosu oxperimonts urc shown
quantitativelyson Fipure 16,  This was an undesiyabtle conditlon and
an attenpt w§$£¢udc to reducd thu socour by'placing 8 dontatod sill
nt the top oqLéﬂo slope. Thu-dcntnteqzﬁill'wms'invunted'und'putent#_‘
ud by Dr. Rohvocr of Karlsruhc, Gewiony, und has been considurably
used es a means of protecting'foundatiuns from scour. The result
of this test is shown on Plate XIV. It showe that although the scour
wes reduced scmewhat it wus still sevore. The dopth.of scour ig shown
on Figurc 10 (Run 2). Substituting a plain sill for the donteted ome
gave somowhat less doairable scour as shovn on Plate XV and Figure 19,
Run J. : .

The 4:1 slopo at the domnstroam cnd of tho pool was then
changoed to a l:1 slopo keopint the length of the lovel portion of the
£loor tho some. With a dentated sill at tha top of the slope the
pocour was morce scivers than with the 1:4 slopu, as shown on Flate
XVT and Figure 18 (Kun 5). With e plein sill at the top of tho 8lope
instoad of the dontnted sill the scovur wes especially aevero, as shown

-16-




on Plate XVII and Figure . (Run 8), With tho sill moved 25 r't,
downstream and the apron extendad 25 £t. the scour was otill Bavaro,
as shown on Plato XVITI and Iigure 1¢ (Run 4)

AS a rosult af thuno tusta it was concluded that any nlupa
upward in the floor af the pool bottan wos undosirable from the stand-’
poing of ascour aml it was ‘decided to build .tho pool floor lovel and .
make tho 11 %, riso to the lovel ofthe bottom of - -the load-off chan-
nel in the eerth esction 1mmodiat01y downstroam from the. ntillins -
pool. Anothor factor 1nrluoncing this dpcision was: tho poanibility
of retrogression of the channel levol duo to scour of tho banks and
bed of the newly oxcavatod loadaff channel, In an ordinary channol
when movement of the moterial of the bed takos place, the matorial
moved {rom one locality ie rouplaced by that brought down fxrom up-
stroam points. Where a dam is constructed, however, the movement
from above 1s uaually cut off and the result is a lowering of the
riverbed which in asome cases -has ceused considerable damego to dams.
The effect of lowerins the teilwater on the scour with the pool floor
et the lower level is indioated on Figure 20, It shows that same~
what more scour would ocour. -The oxperimﬂnta mado on the final de-
sign discussed later, show that the maximum scour with the lowered
taillwater, es shown on Figure EZ0 was an offect producaed by the glaaa
sidos and would not occur with tho prototype conditions.

4 plain floor ut the lower lovol, without 8 5111 at the ond
was not satisfactory as shown by the scour test on Plate XIX end Fig- -
ure 24 {1#:1 slope). Vory satisfactory results werc obtained however -
with the dontated 8111 (Plate XX ormd Figure 22), the plain 8111 at
the end of the apron {Plate XXI and Figure .23) and the plain aill 25
ft. upstroem from tho ond of ‘the apron {Plate XXTI and Figure 26),

When tho exporimonts showed that it was desirable to have
the pool floor lovul and nt an olovation below the boitan of the lead-
off chamncl, the:ruostion arosc as to whothor the transition froam ths
floor levol to chamnncl lovol could: bo mado abrputly or would have to
bo mado graduelly. To have made it graduelly would have required
more oxoavation. Tcats wore thorefore made with: ¥ dovel sand bottom
bolow the ond of thu pool und with onc sloping up abruptly uaing &
dentated s11l, The results of thoso tusts aro ghown on Plates XX and
IXIIT end o quantitative comrpurison is £ivon on Figure 21. Tho ro-
sults indicatod that nlthough the scour wns voaowhat preater at tho
downstroam edge of tho pool floor whun the olope was abrupt, it was
oot sufficiently sevoru to justify the additiconul excavation and the
glope up at the ond of the apron wan thoreforv adopted.
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A-BEFORE RUN
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UPSTREAM FROM END OF FLOOR
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Aligmment of the Side Walls of the
' 8%111ing Pool L

A series of tosts were made to determine the best aligmment
of the side waulls near the lower end-of - the trough apd in the 8tilling
pool. Runs were made with four diffevent conditions, TIn the first
of these the sides of the flume expanded: to a width of 200°ft, at:

Station 7484, the top:of the steep slope leacing into the stilling -

pool, The sides of the 8tesl Blope and the pool were parsllel and
200 £t. apart. The second setup had sides expanding to’ the. 200 1.
width at Station 84+00," the bottom of the steep slope leading into the
pPool, and the sides of the pool were parallel. In the third case the -
Bides expanded grodually with g unironmli_inCreasing curvature until .
Stution 9+96, the upstream side or thﬂ*dentated 8ill ‘was reached, ‘bhe-
low which the gides were parallel. It was found ‘however that since

the velocity increasod grodunlly from the throat to the top of the
stoep slope, at which point 1t suddenly speeded up, there should be

& change in the retes of oXxpansion at the top of the slope. For a -
glven rate of expansion in a fFilven time of travel of the water, the
highor the velocitr the lower would be the rate of oxpansion with re-
Bpect %o diatunce of water travel .or length of tho flume. In order
that the rate of expaneion of the Tflume from the standpoint of time
should not increaso suddenly at the top of the steep Blope, it was
nucessary to decrease the rato of expansion of the sidos, with re-
Bpoct to distance along tho flume ut that point. “This lod to & form
einilar to that shown in Figura'S._'Thia‘raurth'form'more'closely"
fitted the natural tendencier of the water to expend then the third
form, in which thero was a cuddon increase in tho rete of oexpansion,"
¥ith respect to time, &t the top of the slope. The resultes of ell
four sotups with two difforent “ypos -of ‘811l are shown on ¥igures 22
and 23 and on Platus XV and XxXv. In oach case the everage socour
with the fourth form was loss than with the other three, and tho max- . -
imim scour at the eritical point, the downstream edge of the concreta -
floor, waes no more sevure than the others, The Tourth form was there-
fore adopted, lator being 8lizhtly modiried to the form shown in Figure
3, with sides expunding to the downs tream odse of the concrete floor. |

Effect of Blope of the Trovih Ploor Leading
into thu Stilline Pool :

A sories of tests wore run to doternine the slope luading
into the st11linr pool which would nroduco the leaet scour. Tt has
beon the practice of tho Burcau of welamation as roault of thoir
exporicnco, to conatruct tholr chutus with o glopo of 1%:1 ontoring
tho pool. It is the contontion of Prof, §. ¥. Woodwerd howaver, that
& slope steoper than 3:1 reduces the officioncy of the Jump in din-
aipating onorey of tho Tlowing wator. Tests vare therofore made with
slopus of 1%:3, i1, 811, und 4:1 with the trough with parallel sides,

-]




This type of trough was used as ‘it wes believed that the results on

11 would be more likely to be .of: general application than if obtaine
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 transition curve. Yiith no sill the results seem to sup- -
port Prof. S. M, Wocdward's contentions, as they “in peneral show _
leas gcour et the flatter slopes (Sec Figure 24 and Flates XXVI end
DVIT). With a plain il at the end of the floor and elsc 25 ft.
upstream mt the results are similar (See Figures 25 and 26 and Plates:
XXVIT, XXVIIT and XXTX) but with a denteted £1i11 (Figure 27 and Plote -
XXX) the average depth of ‘scour {s about the sams for the 2:1, 311
and 4:1 slopas, but the maximum scour depth wes greater from the flat-
ter slopes. As already stated, the‘significunce'of‘thb,maximum‘depth
of scour is uncertain. ' S TR R s

In determining the bost‘slope,ﬁntéring the pdoi{othar con-
sidorations then the scour effect downstream must be considered. For
a given position of the downstream,end_of{the‘pool the £latter slopes

require that the high rstuining_wall$“rormingrthe peol sideajba-longer,‘

thus increwsing their cost. A grester length of trough floor is below
the tailwoter level when the slopes*aro.rlatter;*qnd'isfaubjact to up- .
1ift, as will be explained later, when & jump is formed in the still-

if the pressure is not relieved by vents and with the flatter alopes
this thick floor must be oxtonded over a longor distence, thus in- -
creasing the cost. Moreover, a flutter dlope would require more ex-
cavetlon than required in the dam, thus increasing the cost. ‘A8 the.
reaults of the tests with the dentated 51115 indicuted that little
difforence in scour would rooult from changing;the.élope!ofithé‘rloor
antering the stilling vool, it was believed that the incr~.sed cost
of the floor and side wells Which-wb&;d;rasultfwjth‘slopes,flattar_ g
than the 14:1 used in the original dosigitwould in ‘this case more ‘than
offsct eny edvantage in cost which mignt-be gained. S :
Effect of a Transition Curve at the Bottom.
of the Slope Entering the Pool

/

ing pool. A thick floor iB_necessnry'to“resiatcho;upliTt especially ©

As proviously stated, the teste of tha foect-of the Blopé.'

of the floor entering the stilling pool were made with an angle at -
the junctior of the slope with thu poel floor. As the Cle Elum Dam
is constructed in a timbor couniry, whero saw logs might pass through
in times of flood, and since logs nearly elways rlow through such a
siructure end on, it was foared thet the end of & large log passing
through the spillway micht s#**ko the floor of thol'pool a nearly di-
rect blow of great force. Su., /a peosibility would be groatly do-
crecsed if the junction of the‘sloping floor and n2ol bottom was made
with & curve of sufficiont radius so that only a gluncing blow would

be struck, The effect of such a curve, with & radius of approximately

-19-
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40 ft., on the scour below the 8tilling pool was determined by ex- -
veriment. Forvr “oth s8ill typea tried the acour was leas with the '
transition curve than with the argle and e curve was tharefore
adopted for the f'inel design. ¥Flgure 28 ung Plate XTI shows dif-
Terences in scour with and without the curve usging the dentated

i1l and Figure 29 mnd Plate XXXIII shows similar results with a
plain 8111, ‘ : 3 o B

Study of the Dentated §i11

Runs previously discussed showed that the bottom of the 8till-
ing pool should be placed at & 1ével-below%that'or,the-rivar bed and
that it phould ho level, with some form of -sill near the downstream
end. In order to determine what Torm and locotion of 8ill was best -

adapted for the conditions exiating at Cle Elum, -extensive studies -of =

various types of sills were made under a variety of conditions and com-
parigons of the results were made. The form.moet-qxtqnaivnly_teated' ’
was the dentated sill perfected by Dr. Rehbock. - ‘

The dentated sill was tested under a great varisty of con-
ditions. In all oases iis use considerably reduced the Bcour at the
downstream edze of the floor, as compured with that occuf;ins with no
sill. Figures 30 to 33 inclusive .show the results of ‘some of these
comperisons. The first was made with the flume with the 60 ft, .
throat and 1%:1 slope entering the 8tillins pool. The remainder were
made With the Trough 200 ft. wide throughout. In ell cases the sill
was 10 ft. high. Except for the scour along the edgea, as shown by
the maximum scour lines, tho dentuted e1ll provented. cutting at the
downstrean edge of tho floor; Leter éxporiments, on the bin where
the sand sides replaced the vortical walls, showod that this severe
cutting alonz the edges would not tuka_placn‘1n‘the'prototYpe, and
it is thercfore safe to conclude that tho dentatod &11) in all cases
would have practically prevented sovere scour.atfthc'duwnstraam’edse;
of the apron. : ‘ R ' T R .

One of the first studies was for the purpose. of determining
tho size of 811l to be used. pr. Rohbock's recommendations were for
8 hoight of about ono-tenth tha fall. 1In thuse tests runs were made
with sille 7.5, 10.0 and 12.5 rt. high, thoe veloclty entering the
pool corrosponding anpproximately to a 100 ft. drop. 4 .comparison of
thoso rosults ic shown on Figure 34. The scour for the 7.5 and 12.5
ft. holghts is shown on Plato XXIITY. Unfortunately the experimants
on the 10 1. height wore not made undor conditions othorwise idanti-
eal) with thoso of the other heights, but worc zade with the wall ex-
aunslon endin: ot Ste. 7484 (Figure 22) whilo tho othors wero made
#1th ths fourth form. The scour may be corroctod with reascnable ac-
Curacy nceordin. to the comparetive results obtained #ith thuace twe
fvi-uph, us shown on Figure 2¢., Those results show thut s 8111 10 ft,

-0 -




nigh gives practically an good results as.one 12,5 ft. high, and
conaiderably hetter than one 7.5 £t, high. As large guantities of
concrate are involved in theso s%ructures and the volume varies

with the scuare of the height, 'tlw 10 rt. height would be much
cheaper than the 12.0 ft, haifht and vhe Tormer was therefore a-
dopted. The 7.5 £t. heiglt wns noi used, not onlj ‘because it per-.
mitted somewhat undesirsble scour but also hecause it was desirable
to have e considersble maps of concrete in the dentutes in order that
they might withstand nosaibla blowa from logﬂ nusain; over the spill-
way. . : . .

Anothor study vwas mudc to detarmiﬂe the shane of “this 8111
ad jacent to the side walls. Avellsable litergture from Dr. Rehbock
shown more thun one form of nill end and those with other possible
forms were tested. Figures o5 mnd 36 show. the dimonaions of' these
onds, The Tirst of thase (A in 7igure 45) hes a tooth gt the end half
s wide as the others. The second, B, has a tooth lr times the nor-
mul width with a secnndery block’ on top, to cut down the ovddies which
seam to be set up iujaortact withv‘hﬁ side wdll, which effoct hao
beon montioned in comnection with- the excesaive acour along the glass
wall of the —iode) aesnd pit. The third from (C of Fieura_ﬁﬁ)_iﬂ the
same as ¥ with the secondary tlock removed. The fourth, D, has a Bpace
ad jucent to the wall instead cl' o tooth. As the effoect of these ends
would be ovid-nt in the scour on the sidu slovwos of the earth channel
below tha ntilling pool, as well ‘as -on the bottom, those tusts wore
mede with e sund bin whore tho medel of tho channcl sides woere of
gona rether than being ropruesented by thu ,lasq wa]l of. tha flume.

The rasult of thes. testn is Jhorn on Fifures: 37 Tho first
two sets of crose scctions shows tho shupe of the sand’ bottom'beforu“
and aftor the run Tor oills with ¢nds of typus A, Boend C:at the
downstream and of tn. floor and 10C T1. balow thail poinu.“Tha_third
80t of crosg sorctions was mudu for tvpas Cund D at,thuudoﬂnstroamé"
cdre o2 the floor. Conditious furthkor downetronm werc not strictly
comparable. Thu rusult of thiso compsrisons dous not ahow eny markad
superlority of ono typc ovur the othur, indicetin: thet any of thesa
forms would Lu sutisfactory. 'The cholice of typo C for most of the
remaining oxmerisionte and for usec in the prototvpe was thorsfore soie-
what artitrary. ' o ‘ ‘

To detormine the mernitudc of tho prussurus exorted by tho
swiftly movin: weter on the duntatud &ill, in order to dctermine tho
fuasibility of using 1t, plezomotors vierc installed pt vorious pointa
in it as shown on Figurs U8 and obsirvations of the pressurcs st
thess points woro made. The 8111 used was 10 ft. high and tho {low
conditions worv as in the final dosi:in cxcopt that other sill posi-
tions 124 ft. further upstruam and dovmsirean werc elso tcestod, tho
I'loor lonsth bolng varied to acconmodate thesa chungus. The results
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FIGURE 29
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FIGURE 30
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FIGURE 33 1
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FIGURE 35

CLE ELUM SPILLwWAY TESTS
STL.ING POOL EXPERIMENTS
TYPES OF DENTATED SILLS INVESTIGATED
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CLE ELUM SPILLWAY TESTS
STILLING POOL EXPERIMENTS
TYPES OF DENTATED SILLS lNVESTIGATED
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PLATE XIOB

A-WITHOUT CURVE

B-WITH CURVE

EFFECT OF CURVE AT BOTTOM OF SLOPE INTO
STILLING POOL WITH DENTATED SILL




A-WITHOUT CURVE

- WITH CURVE

EFFECT OF CURVE AT BOTTOM OF SLOPE INTO STILLING
POOL WITH PLAIN SILL AT END OF FLOOR




PLATE XXM

A-SiLL 7.5 FT. HIGH

s-5SILL 2.5 FT. HIGH

SCOUR WITK VARIOUS SIZES OF DENTATED SILLS




locations for various -setups is abown on riguru 45 to 45 1nc.1usin.
The first of theso.comparisons wes for & 60 f£f. throat flume with 1l
slopes leading into the pool. end the. remainder for a 200 ft, trough
with slopss into the pool as indicmted. In all cuoa tha 2111 wan b
1C f£t. high. The results.show tha%t there was leas scour in ueh oase
with the sill at the dovmntra udgo of the floor thnn Bﬁ tt. ubovo ‘
it, ‘

A cunparison of tha ‘effect of- nilla of vnrimm h.ishtl m
also made with the results given on Figure &6 and Plate’ ‘TEXTV. o
showed that the scour doeroncd as the height of the sill wae :lncma- .
ed. It is probabla that the 7.5 ft. hsight sil) would give. satisfac-
tory results in the prototype, but to keep the results comparable with
those on the dentated s1ll, the 10 fi. height was usod 1n moat of th.
TUuns. .

4 narin of runs was also made to detarmine whather ade-
creased s gnrggﬂ beight of the s1lls at the ends was
increased sul "slight improvement in same oasss but
the height of the 8ills would be so great, (approximntoly 20 tt.) thet -
they were impracticel from a: structunl atanﬂpoint and tha!'at‘aro :
would not be desirable. _ _

Although the 1oca'cion of thc plain 8111 at the ﬁm-tn-:
edge of the floor was woll adaptad to the conditions at the Cle Bum
Dam, it might not be advantageous in somes other locattou. Whero the
tailwater is surriciently low Bo that water falls after pu-ins over
the 8ill, scour would be set up at the downetream edge of the floor.
which might undermine the floor:. With the floor and pill at a very .
low elevation with »espect to the tailwater level as at Cle Xlug,no
such drop existed, and therofore thu plain 8111 in such a looation
could be used to afvantege: In ordusr to establish definitely that
no undesirable scour would take place bulow the sill, runs ocovering
discharges leas than the maximum wore mndo, with their oomapon_d:lu
tailwater lovels. Tho results of the scour obtaincd under theme ocon-

ditions ere shown on Figuruv 47%7.

Btud of tlw Bovolod 8111

A few tesis wore md.o on a sil1l 10 £t. hie;h. “the upltraun
face of which was bevoled at a 45° angle with the floor as shown on
Plate XXXVI. It wes bolievod that the reaction of the force neces-
sary to 1ift tho high volocity water up over the sill would increase
tho stability of this type of sill. Figurc 48 shows & comparisopn of
the acour caused by this sill as compared with thet under otharwise
jdentical conditions uasing tho dontetod sill. At the downstream eolgo
of the apron the scour on the bottom of tho channcl with tho buvoled
8111 was loss than with tho dontated sill, duo to the eddy which tends

—23-




to bring the sand upstream and pile it apainst the downstream side of
the 8il]l an was the oase with the plain =1ll. With the beveled mi)l
there was considernbly more scou> on the sides of the. channel and

the scour about 100 ft. downstream from the end of the floor was great-
er on both bottom and sides ol the chaunel. N

In soms respectis: this mill resembledthat developed by tha:
model tests for the lower end of the Madden Dam apron. From thoss
teste it was decided thet the mill should be small, having aply suf-
ficlent heicht to deflect the high velocity current off the river =
bed. This conclueion is not applicuable to the conditions at Cls Elum
however as the pool floor at Cle Elum wus below the river bed, and -
considerubl: reater deflection of the currents would heve been nac-
essary to wake them clear the river bed. For this purpose e higher -
8il]l would have been required than the Madden experimsnts indicated .
to ho desirable. RN , ' -, : R

Basie of the Selaction of the Dentated 8111 -

A compariscn of runs made on the dentated 5ill and on the
plain aill av the and of the floor, using the pool with glass sides,
is shown on Figures 49 to 55 incl, In genersl the avsrage depth of - .
scour i8 less with the dentated si]l than the plain sill, elthough . -
due to the backroll, the acour at the downstream odge of the floor is
less with the plain aill. The maximun depth of scour was generelly
loss with the dentated sill, The romults of campurstive tests with
the larger sard pit are shown on Figure 56, Thaase results are guite
similar to those in the pool with glams gides. The dentated sill
usually gave somewhet less soour on the sidoa and botiam, exespt that
due to the backroll, a £ill was Built by the plain sill ot the down—
stream edge of the flow, which rave thin oritical point better pro-
tection than with the denteted =i)], T

From the hydraulic standpoint thorefors the duntated aill
showed up somewhat better then thu other types experimentsd upon,
but it is belisved thet reasonably satisfactory rosults would hewe
been obtained by the use of auvoral of .the othor types of ‘®ill.-
8ince thie burcau has vommiselon to use the danteted ain"-on‘an.y of
its structures, the gvustion of royaltivs was not e Tfactor in the
decision. 4 structural advantege of tho dentated sill is that the
pressure on it would be dimtributud ovur e wide basoc, which would bo
an advantage on earth foundation,

Selection of Best Combinastion of Pool Width,

Lngﬂth apd Depth

Tho width of tho stillvine; pool of the preliminary desigr. of
the spillwey was mowewhat arbitrerily sot at 200 ft. and the pool
depth was fixed at that required to insure the formation of a hydraulic
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FIGURE 47

CROSS SECTION 87 5 FT DOWNSTREAM FROM END OF' F’OOL FLOOR

i i et L L ‘: Er . -___‘._.._ R -1'...‘.“ st .! b e

SPILLWAY ‘BOTTOM
BEFORE RUN
—o——— AFTER /20,000 SEC FT.RUN -
AFTER 30,000 SEC FT.RUN
AFTER 40,000 SEC..-F'T.:RQN :

o 25 50
)

| I— i

VERTICAL SCALE OF FrET CLE ELUM SPILLWAY EXPERIMENTS :
o 25 50 75 0o EFFECT OF LESS THAN DESIGN FLOW:

[ERSUREUPIY Y ——

HORIZONTAL SCALE OF FEET PLAN SILL AT END OF FLOOR




FIGURE <8

CROSS SECTION 175 FT' BELOW EMD OF FLOOR 1 .

.BOTTOM BEFORE RUN

"TTere--~ BOTTOM AFTER RUN WITH BEVELED SiLL
‘ T~ BOTTOM AFTER RUN WITK DENTATED SILL

- o - 25 50
. beoe Y
: VERTICAL SCALE OF FEET
. © 25 50 75 (00

: T " CLE ELUM SPILLWAY EXPERIMENTS -
HORIZONTAL SCALE OF FEET COMPARATIVE SCOUR

BEVELED SILL AND DENTATED SILL




PLATE XXXIV

A-SILL 75F7T HIGH

B-SILL 1285 FT HIGH
.

SCOUR WITH VARIOUS SITES OF PLAIN SILL




4 -ENDS OF OGEE SHAPE

8-ENDS OF SQUARE SHAPE S

PLAIN SILL WITH RAISED ENDS




Aa-TYPE I END WALL

a- TYPE X END WALL

SCOUR WITH BEVELED




"jump in the pool for all flows 1nclud1ng the mnximum dilehnrgo

was recognized however that a wide range of widthe and dapthe ura
poseible, and that model tests should.be used to determins. the best
combination of these dimensions, as well as the 1ength of pool nec-
e08ary to prevent axcessive Buaur downstzbuma, :

To worh out thn best snlution of thaso ouestions - larse .
r.mber of tests were made ‘with various widths, depthe and lengths °
of pool. In ell rases a 10 ft. dentated sill with ends of type C'
{Figure 36) was used, with sloping end walls (Type II, Figure 58).
Tents were made with pool widths of 20O, 150 and 120 rt., sach tidth
with two to four different depths and each depth with two to four.
,d1fferent lengths, making a total of 38 conditions. The width of tho
“flumes for the various pool widths 15 givun on Tabln 1. :

An -opticrnl comparison of the results of .these runs 1& given
on Platen XXZVII to XL inclusive.  They show that for all comditions
tested, even for those in which the pool was swept out, there was no
seriocus scour on the/channel bottom et the downstream odge of the -
floor, The Bcour on(the channel sides and behind the pool walls was - .
more variable than the scour ou the bottom and was un important fac-
tor in the decieion of the best combinastion of length, width and
depth of pocol. The consistoncy of the scour results with the var-
ious changes of length and dopth was much better than might be ex-
pected, which gives considerable confidonce in the cqmparativa ro-
sults and in this form of model test in generaml. Tho resultis of
these runs are shown graphically on Figure 87. (n thie figure the
elevation and length of floor is shown for the verious rumns. For :
each pool width a lins is shown passing through the points represent- -
ing lengths and depths which gavu slizht scour as shown on Plates
XXIVIII $o0 X1 and other lines indisuted those giving severe acour -
and very aevere scour. A4s noariv as it was posaible to dutenmﬁno,
the conditions of scour along any line wes the same. ' These lines
indicate thet the mcour docreasaa as the floor lenmgth is increased.
For tha two runs on the hi; hust Tloor level of the 150 ft. pool width
the pool wus swept out and sovoru scour occurred. With the exceptian
of these runs the results cause the linos of equal scour to have &
slope nearlv parallel to the Tloor slopo entering the pool, which -
makes the floor longths practically tho same for a given severity of
soour. There is & tendency for the severesour linas to slope more
than the entrance slope, indicatins thet for equel floor lengths the
severity of scour increaseos ae tho devth is increased. The reduction
of scour with increasing longth of pool was anticipated but it was
also oxpocted thaet deeponing the pool would have the seme e&ffect,
sincu it would sive a greuter mass of water in tho pool in which
the enorgy of tho high volocity struem could be dissipated.

-25-




The explanation of this result probably lies in the steep-
ness of the entrence slope to tho pool and the curve ot the bottom of
it. With & tailwcter level noar the elevation required to-sustain &
jump for the flow couditions eristin-, the jump begins near the bot-
tom of the curve, and the weter ertars the™ump in a nearly horizontal
direction. Under these circumstances the jumm is quite efficient in
dissipatin; the kKinetic. energy of the water. With greater poolfdeptha.
the beginnins of the Jjump moves upstreom to a point wherse the weter
enters the Jjump in an inclined dirsction and the swift moving weter -
tends to dive under the other water without forming an efficient jump.
It is belioved that with fletter entrance slopes or a groater rTadius
curve at the hottom of the entrance slope, tho advantage of &:deepsr
pool would bo greater. B R SR

A rifid determination of the best combination of pool width,
length and depth would involve the estimation of cost of a series
of pool deaigns for the various conditions, as well as & considera-
tion of the hydraulic aspocts of the problam, . It is believed howevar
that quite accuraste estimate of the situation can be made by means of
g concime statement of the Tactors involved in the comparative costs .
without quantitatively ovalueting them. . L : L

For a given width and depth o pool, there is & minimum
safe length, which can only be shown by model tesis. Tho results
shown on Plotes XAXVIIT to XL indicate that to longthen: the floor
boyond thu linoc on Fifuro 57flubqlad."31ight_Scour" wouId_decr6aga
the scour but little. Moruvover, tho scour at this point is such as’
could emnily by takon care of by riprap or paving on- the banks,.or'
by raisinz the wing walls. It is bolioved thoroforo that this lins -
marked "Slisht Scour™ reprosonts tho length ¢ pool which should be .
built for the various widths and dopths. . = PR R

To narrowv the stilling pool‘@hd cmqpansstb for'thé‘inérdased

dischargo per foot of width outering the nool b 4ncroasing the depth. o

has the followins effects for tho cunditions existing at Cle Elum.

(1) It considerably roduces the width of the floor in the .
lower part of the flume ascciion of the apillway. Thia results in-e
considerahly saving of cost of concrote, which is to a certain ox-
tont offset by tho inercasod hei:rht roquired in the side walls. It
ic probablc howevur that thu not rosult is a dacreasc in cost. :

(2) It reducos tho width of the pool floor but increases
the height of the jump, which recussitatvs an increese in the thick-
ness of tho floor to resist the pruater unbelanced pressurc of the
jump. It ie probable that thu docruvasc in widih is considerably more
than offset by tho incremsv in thicknosse and the net result is in-
cruased in cost. If the epron end pressure con the floor 1s relicved

g6




by underdrainase, the balance in favor. oi & wider pool is decreaﬂed
and possibly elininated, vt 1t is not believed that it wonld tnakn
the_baluncu arrrec iably in favor of the.narrower pool.

(&) It probmhly raduces the velume of excevation.but in-
creases the unit price, diue to tha'(vuatar_cnét of punping as the
darpth below ~round wn*ar ivvr eusos. The net vresult is probably an
inerense in cost. ; : o o o R

(4) To obtein tha some severit: ol scour with e deeper
Pool is showyn br exnoriment to renuire an ecusl or rrester lenpth of
poel floor and mreater lenpth -of side wplls which would result in an
lnerease i:n cost. ‘ ' ‘ ; L

(53) It increnses the heipht and stren th reguired in the
walls, The increensed strencth is due nni only to the grunter sarth -
nressure resul tine from the hicher walls but also the grester. unbal-
anted water presaure resulting from the lower lavel in ‘the upper end
of the stilliugs veol with tho hirher jump, the tailwater level and
the weter precsure on the back of the wall bLein: the - -same. - Since the
hetsht of the wells et Cle Elum is- such that the bearing ‘pressure
liziit 18 obout ruached, an incrense of hni*kt and unhalanced water
prossure .aav therefore necessltelo. en increnso in the norma] ‘base
widtlh of the wall to secure g low onou,h banring ﬁyesau;c. ,In,any.;
gvonl these efZacts would cawso an incresse in cost. Vonting the
aide wells will reduce tho bLlanLe in faveor of the wider pool but
not eliminute it. : 5

It is evidont thereforu that ‘the only seving in narrowing
and deepenin/. tho pool is 8 decreare in the cost of the flume paving,
tionce it is desirable to heve tne yool rolatively wide and shallow. e
Thare are fectors howover which limit the width to which tho pool .can:
econcoinicallr boe built. The) sre: ' ‘ T

(1) The increess in cest of the flwao paving previously dis-

cugaad.

(2) Ar increuso in the oxcavation Jhich miu t cxceod the
quantity renuired in the dwmn. : :

(3) The extont to which tho siream flowing through tho apill-
way can spread beforc enterin: the pool.

(4) Thc undosirability of increasin+< indefinitelv the arca
of tha spillway floor and thus tho risk of & Tailure of it at somo
point,




(5) The fact that thore. 15 a certain minimum depth of pool
floor holou which it is undesirable to 0.

Without evuulntinf cua¢t1tative1V‘those of thean fuctora

- subject to such enal¥sis, it seems proabsble that the 1limit of width

from the sconomic ané hydraulic standpoints is about reached at the

200 £t. width, and it was therelore considered to ‘be the best width

for the final design. .The scour tests show that B8 long as the pool

is not awapt out, the scour for una ‘pool width and reasonable depth S
. is roughly the same for the. same horizontal longth of pool floor. P

Placring the floor at a. lower level than is necessary to rorm.thn “ump S

will decreese scmewha‘ ‘the thickmess of flcor nhecessary, on account

of & lesser reduction of downward pressurv caused. by the jump, but it

would increaso both the volume and unit price of the. oxcavation and

also incromse the length and height of the pool wells. The groatest

asconomy is therefore sscured by placing the floor as ‘high as safety .

pormita. Tho oxperiments show. that for the 200 ft. pool width, the

bottom can be placed at loast 5 fi. higher than the computations

based on the thoory of the jump indicates, without sweoping :out..

Thia is probably due to the obstructing arffact of the mill, It is

belioved that the model test rusults would ‘be duplicated ‘in the pro-

totype. If thoy wore not duplicatod ‘howsver and awooping out ocour- Lo

red, desiruction of the pool might follow from the lifting of the N >

pool floor from upward prossure or irom impact on tho dontated sill, sa

which could hardly be anchorod firmly enough with an sarth founda- = -

tion. A failure of the pool would almost certainly result ‘in:the

failure of the dam, and a great disestor. To socure the factor of
R safety which should exist undor these circumstances, it is beliovod
R that dopths should mot be uscd which aro less than. thosc: which the -
e jump theory indicate to be necossarv. -This would require the pool -

o floor of the 200 ft. width to bo at El. 2003. 4s proviously stated,

. it is beliaved that thewlcngth of floor roquired for. nuraty is that
shown by the 'Slieht Scour*” line on Figuro 57 which, for. e pool width
of 200 £¢t. and floor level 2003 pives e pool fioor extenﬂing AppIrox-
imately to Sta. 10400, Summarizing tho rorogoing ‘roasoening; it was
considered that the bost nool width was 200 £t., the best posl flnor
lavel El. 2097 and best pool length to end at Sta. 10+OO givins a

. pool length of approximetely 100 ft.. 1nc1udin: the dontatsd aill”-

i

~ Pest Tgpo or Side Falls for tho Pool

Extonsive experimnntation was carrlud out tc dotonnino the
. best form of the onds of the walls of the stilling pool. As thess R
walls were about forty foot high, considorable saving would be ao-
complished if the length or hoight could be reduced. Tho types of
wall taestod are shown on Figure 58. Photogrsphs of these are shown
on Plates XLI and XLII. Type I was used in sows preliminary tests.
With the raised wnds on the plsin s1ll howovor tho sill extonded
T 2bova the wall and it was necossary 10 raige the well to form types
S JII apd IV. Typos VI and VII wore tosted and gave good protoction

~28 -
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may show that lower values are unguestionably safe, Quite & mumber of
dems with lower values have been built and heve ziven satisfectory ser—
vice over a pericd of years. Some experienced enzineers use consider—
8bly lower veluss, In a mumber of coses howsver failures have ooowrraé -
suddenly and without nrevious wirning in structures which have given '

tisfootory service over a long period, ranging up to twenty yearss, .

T a set of values which were somewhat too low ocmme into general use,.
it might be a long time before their insufficiency would be demonstrated
and A .large mmber of inssoure structures would be built in the meantime,
The author therefore believes thot it is better t5 toke e conservative
view and make @ amnll step in the right direction, permitting more ex-
porience to accumulate before taking another step, than to run the risk
of overstepping and having to go back. - - L

The present formm of this paper has been a graduel development and
ias the third step in this prucess which' the author has made, - In the
firat report, which was based upon ‘date fraun approximately ons :hundred
dems, he recoemendsd the plein creep theory With somevhat lower valuos
than recammended by Bligh, As date from the Deohn Barrage, Kulli Dem
ond Kulli Bye VWcosh becsme available, the weakness of the plain . creep
analysis becemo evident ond o second report was prepared based on data
from 120 doms recomsending a aet "\'\91‘ veluos with & weizht for ‘horizontal
croep of ono-half. Lator dota, largely furnisied by the firms, Ambursen
Dam Gompany; fyros, Levie, Norris and liay; und Hollend, Ackcrman cnd
Holland, which included mony dems with a high proportion of vertical
creop, gove adecuatc basis for using mualler reletive weight to hordi-
zontal ereep. The pruscat roport wras therefora prepared, basod op over
two hundred daoms, using a wci *ht for horizontcl croep. of one~third.

Lov values of crocp for dems founded on sand tave boon recommend=
od by Konig™. T.e shepe of dan and sheet niling he advoccted give

¥Trans. Am. Soc. C, X, Vol. 73, T. 179,

weighted creocps veryiug from 8.5 for low das to. 3.8 ‘or “le'ss ‘forj .l'iir;h
ones. It is doubtful however if his recomzondations Tor higher heads
wore based on actuel exnerience. ‘ ‘

An excmination of ninimum reighted ereop rotios sucgest.ed as. & re=
8ult of this study shous thut they erec scrw.iuzt loss than one~half those
rocaiended by Blich. X comparison is shom in the following table:
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weighted creeps vorying from 5.5 for low doms to 5.8 or less for high
ones. It is doubtf\ul however if his recomrendations for higher heads
were based on actual exnerience. o - ‘

An excmination of minimum neightoed ereop ritiocs auggesfe'd és & re~ :
sult of this study shous thut tley ere sore-rians loss than one-half those
rosomiended by Blith. 4 comparison is showm in the following table: ‘




Woishted
Croop -
- _Ratio

] .

57 Very fine sond or silt 8.5

2  Fine sand : © 7.0

Cocarso sond ‘ - 0.0

Modiun grovel : 3:58°

Grcvel ond sond ' _ :

Boulders with aanc cobbles und gravel 2,5 - S -
Bouldoers, grovel and sand ‘ "4 to B

o

This doos not rmoon that Bligh's vcluos aro me¢T”than 100% too large,
or that dans designed zecording to the wcighted eroop ratios will heve
only ome=half tho percolation distance which dans heve hod in tho poste

The difference doas not roprosont us radiml change from the present - -
custom ag & comporison of the rotios would suggost, The ruguiraments

of length to protecet ageinst scour, and to sccure sufficient boaring
pressure 7ill st1ll necessitcte considorcble horizontal_crqep. For dums
on ecarse gravel including cobblos and bouldora with same cobbles and
grovol, tho nocousity of conserving all the woter noy in same cascs ro-
cuire greater percolation distanges, os the volucs given may pcmit too
much socepoge. : . SR :

The effect of the acoption of the woizhted crecp mothod will be to
put tho amphueis on deup cutoffs, and luad to their use as for us other
limitations vwill pcrmit. It will tcnd to climinote the wido musonry = .
floor type without Bubatanticl cutoffs. TFor cxample, to moet the weight-
ed creep requirements for ¢ woir on Tine sand with no vertical crecp,
would recuire dn ordinary creep distcnce of 5 x 7 = 21 times the head,
while the ordinury crecp distcnce according to Bligh should be 15 and
ceeording to Griffith 123} to 18, S T

Bocause of the emphcsis which the meighted creep method puts on
deep ocutoffs, if the groutcst gconomy is to be secured, it will be
necossary to investigato more Tully then before the lensth of upron
necessary to prevent acour, and the best shpec of dam to nccumplish this
rurpose. The pressurc on the desizner will be tourrd using cs short wun
_apron __ possible and unlcas carcful studics «re mole thare vill be &
tondency to adopt one Thich is too short. It shouwld be kept in ming
that the weishted ercep method deals writh pining only, cnd the requiro-
monts of scour noy dietotc much norce cxpunsive structires than sufety
Trou piping would noccssitate, The rseont advonecs in hydroauwlic mofel
tegts huve elcorly shorm the ruliability of this means of determining
the conditions neceasiry to proevent scowr. The desin of importart
struecturcs should thersforc include & hydraulic meccl study.




Other Considerations Influenc the Belectiom o
!eiZﬁfed‘§E§a§ gatioa‘ T e
Several factors besides the nature of the foundation material
should be congiderod by the'designing'cnzineer‘in-aalecting(thb~weight-
ed creep or short path ratio to use in the desi;n of the type of strue=
ture under consideration, if the most econamical result is to be se-~
d. The sufe ratios siven on puge 25 may therafare be mpdiried
omewhat in view of these factors. No definite rules can be given, 8s
it is a matter of judsnent, It is believed, however, thut the date
available do not justify more than slight Pedictions in the retios -
given, except for unimportant siructures. R -

Perhas the most important of these considerations is the damage
to life and property which would result from & foilure. For & dam so
situssed that a rfzilure would result in loss .of life an unguestionshly
gpfe design 1s required, If extensive property dovmstresm would be en-
dangered, conservatimm of design is indicuted, For nost dems on pore
ous foundations the concitions are such that little demage would re-
sult fram their feilure except 4o those directly served by them, and’
the degree of conservatiam should be dictated by & comparison of the
deniage which would result fram fedlure with the cost of the additional
factors of safety. One phess necessary to consider in estimating the
demage which is likely to result from failure 15 the time necessory to
make repeirs or temnorarily petch up the structure. -4 foilure which
would nut & hydro-eleciric plaent out of service for.a considerzble time,
or shut off the supply of irrigation water for & long enouzh period to
couse the loss of a crop, or more especially of orchards or citrus
fruit ~roves, would be very serious and: justify larger ratios than for
a structure which could be temporarily patched up in e short time, : For
this reason mall structures ot low head cen usually be designed with .
lower wei-hted creep ratios for very minor siructures perhaps as low
as 80% as nuch as those given in the table, S L

Another congideration is the cuality of supervision which the
structure would have during and after construction., : The weifhted creep=
head ratios sugriested in this paper assune first cless inspection dur=
ing construction, It is douttfwl if en engineser should consent to de-
pign a dam on porous foundotions unless he s satisfied that it would
be built with intelligent supervision, but should that not be availeble,
Ki~her values thon those sugiested should be used. o '

¥ost dans on porous founcdations require more or lese maintenance.
Many dems have experienced difficulties from time to time which —ould
have eventuallr led to failure without competent naintenance, TUsullly
it is necosscry occasionally to add riprap below them or repeir thae
flexivle apron. If ropeirs ore not nade with ressonsble prompiness
scour at the lower edge of the structure may attain such proportdons




; the copditions assumed in ocomputing the travel paths for the de-
mey no longer hold and the ori:inel security ggoingt piping no.
ar exist, Unless @ reasonable desree of maintenance can be count=

upon, higher values of weighted creep—head ratios than those sug-

fested should de useds’

. For dame on comrse zrovel, a factor which descrves consideration .
5 &,’ehctm 8 crecp head rotio is the money loss which would occur if-
e peepege took ploce bencath the dom uvithout endangering the strue-
ture, For exemple, in desms for pover plants,-nny_luaa1would usually .
yesult in e decremsed plant output, but for an intcke dm for an irri- -
gation system There only part of the water in the stroem was diverted
and water would therefore be continually wasted over the dam, the flow

under the dam would be of no consequence. "

Grouting benenth Horizontol Portions of Dams

38

Since the evailable evidenoce indicates that there is apt to be & -
poor contact between the foundation and horizontal portions of dem _
foundations, -improving this contact by grouting:is worthy of eonsid--
eration. This could usually be done without greet expense thru holes .
drilled thru the floor slabs. Hish pressures could not be used as :

R they would lift the floor, By starting at one end of the structure -
end working towerd the other, it is believed that good contect could
“pe secured, If possidle the grouting:should-be done before the head-
' cmme on the atructure, as otherwise ruech of the cement might be car-. .
ried away in the flowing wmter. : . e e

Reverse 'Filterg,' Weoep Holes. and Drains

Another factor which should be considered in selecting the proper
rotio to use in the design of & masonry dam on a porous foundation is
the poesibllity of using revecrse filters, weep holes or .druoins.: The
reverase filter wes probably first developed LY J. S, Beresford and
seems to have veen used extensively nbout twenty vears cge. It wgs

, used on Ziftn and Assuit Barroges on the Nile River and on the Hindia’

P BarTege in Mesopotamia. It has heen used in-this country on cems Nos.
7 and 13 on the Mohewk River, It consiats of o filter placed at the
lower edge of the dormstrzam apron, built up of & bottom layer of fipe
material surmounted by other layers of mrogressively coarser material.
It is ealled A reverse filter because the position of the layers 1s
the reverse of that in ordinary filters, but the water passes first
through the fine and then the coarse material as in other filters. Its
only functiom is to filter the water su-: ing beneath the dem and pre-
vent the removal of any ¢f the fine fount. :tion material, -Although
usually covered with riprap, the reverse filter is spt to be damaged
or destroyed by the hish velocity water passing over the dam.




' 5

‘#oles tirough the apron of the dum or the wing walls, aplled weep. ‘BB
holes, have been extensively used in Americs but no examples were found = .
of their use in other countries.. Most of the available litersture cn’ - - . 3%
Indis -and 2gypt, howsver, was published many years .ago and "1t is possi-
‘ble that they have came into use there since then. Their funotiom is
‘uaually to relieve upward pressure bensath the apron of ‘the dem snd -

permit the use of a thinner apron without denger of its ‘boing 1ift= -

from under pressure. In recent years pipe drains ‘have been enployed '

in same coses insteed of meep holes. The grestest advontage is secured = -
by cembining the functions of the:reverse filter and weap:hole by com=
-structing .8 filter behind the weep holes ‘or .around ‘the pipe ‘drainas, In

this position the filter ie proteocted from soour,

Bince piping failure results from the removel of foundntion mater- K
iol fram beneath the dem, if e filter prevents the removel ‘of ‘this:me- ' ¢
terial, the dmm srill be sofe, sven though large cutntitiss of water are
pasaing beneath it. The ‘quantity which passes throush the filter de~ ;
pends upon the hesd mcting on it, In ordinary filiration prectice, m .~
filter is frecuently subjected to m head of .wrter several times its
thickness. If an ordinary reverse filter were subjected to such ‘a head .
it would be lifted Scdily. Such filters therefore cannot be mubject to
o much hecd. If however the filter is weighted down by a sufficient thick=
g ness of conorete aprom ‘it can be subjected to & much higher head tham .

' .n reverse filter and the dam be made safe for the passcge of a greater - '
quantity of water beneath it, With such a filter near the end of the -
percolation path of the water flowing beneath e dam, a greater velocity
of flow in thia water is therefors .permisaible ‘and -therefore e shorter

percolation path cen safely be used. .

Weep holes and drains have been_ﬁ'!-ad with very '5hort"r.pex:'c‘c_>l‘atiuni‘
distancea between them and the headwater. " In one cese @ flow through

the weep holes sufficient to ceuse geysers several inches high occured g
without apyrarent i1}l effeets,® ' s _ : :

MKens. Bm. S0%. C. Foy Vol B8 1528 3315~

A atrlkin‘g%?mﬁm effectiveness of vents .came to light ‘at the Coon
Rapids Dem. This is an ogee structure hoving e thin downstreem apron
with steel sheot piling cutoffs under the heel of the dem at the down=
stream edge of the thin apron, Imediately behind the upstiream cutoff
a drein was conatructed congisting of e reverse {ilicr dischearging into
a amoll tunnel 2uilt in the dem. Due to an cecident, one of the ateel
sheet piles of the upstreem cutoff wos pushed down far beyond its prop-
or position leaving an epening in the eutofs, and reducing the creep '
distance to the drair to .6 ti:es the heud. In spite of this the flow
throuch the droin does not seem to have been sufficient to excite nlaxm
and the defect in the cutoff @as not discovered until a large hole washod
below the dmm wos pumped out Guring rerairs to the onron and & blowout -




-

o e
ocowrred. Hand ths drain not existed it se
thin conorete apron below the @7 would have been blown up. -
Table o gives datn on dems using weep .holes, droins or reverse
filtera, togetier with the creep heoud, weighted creep ‘head ond short
path ratios to the most upatreem vent, the foundation material end
other pertinent data, The low ratio resulting fron the short distance

.rm the headvater to the upatroem vent In zeny ceses is striking. .

The author does not believe tant it is
for drains or weep holes axcept whore cambin
It is probu™le that the use of a drcin without & filter

the failure of the Corpus Christi Dez abutment,’
Reclanation has for mony years ua

beneath with pood sucecuss, Experionce at the ‘Lost River Dum?hhowaf

that weop holes without f1lturs or otlier course meterial beliing tremy
arc liable to clog. Ii is the authorts opinion that while weep holes

::EEE.‘ﬂsﬁu._Vblifﬁil ApriY 30, 1014, p. 060,

end drains are veluable devices, the vt

in their construction, A woup hole or drain wiich will pormit the

foundation matorial boneath the dem to pass throu-h in effect, 18 a
pipe elrency partially formed, ana certainly no such weak spot in the

protection of the dam should be deliworatuly constructed with the im- .
pression that it was addin: to the safety of the structure., _ ,

safe tO‘use';oijrétins

contributed to
- The T. S. ‘Buroau .of

Weep holes or drains have been umed on dums;b

tructed filter im
weep holes or_druina,with.clay foun-
dations, as the fine clay could readily pass out throuch them unless
restrained by an effective filter, TIpn gravel a filter probably. would
form naturelly by the washing out of the Tine material near the weep
kole or drain, in the same mdnner as a f1]ter tends o' form around the
screen of a driven well. However, in view of the small expense in in-
stalling & Tilter behind tic weop hole 1t 1ig oelieved. that their cop=-
struction is justified even in gravel. They.aféiabsolutely'necéshary
in sand or silt, if weev holes are depended upon to reduce the length
PH° the percolation path required, R ' L

especially evident in the case of

The location of the weep holes ong I'ilters

erable study in dem design. From the standpoint of the prevontion of
riping, the best locotion for the Tilter is Probably benexth the epron
\" et the domatream end just upstrean from the cuto '

[ sheet pilins whieh is usually placed at the downs
g structure, the weep holas dischersing through the

[ the riprap or othor scour protection meterial,

tream edge of the .
wall or Piling into
The domstreenm woll or

Py
v

éﬁn\very prﬁbéb;é‘thntfther.,

ed ‘with o reverse Tilter,

ed weep holes with filters of gravel

should be given consig- .

§]

npractically a1y ¢
clesses of material, The necessity of g well cons




row of piling in this case doan not act so offoctively as a cutoff hut
is very desirable to prevent underm: iininge It need therefore be no long=
er t'on nececsary to accomplish this purposes To reduce the upward
pressure on the apron it may be neecessary to plece the weep holea far—
ther upstremm. They should not be placed forther than nocessary for
this purpose {unless refuired by scfety {rom allding) for to do mo
shortens the ﬁercol.tion nath with no odventarce, Hut brings a greater
preasuvre on the filter and therefore Anereases ;the danaer of failure.
Tor this reuzson it is believed that the ineiallniion of ‘a drain imme-
dintely dovmsiream froxn: the upstreesm cutoff is not o sood: practice,

On sand or cilt foundations whore flexihle block ox: book glab pavements
are used dowmsircer: from the solid apron of the dem, it may be. desir~ !
able to insicll weep holes and filter at the dowmstreem edge of:'the ‘
apron. With the block protcction the water hussing beneath ‘the dam 18
provented from escaping from a lar_e vart of the cree ‘Just dowmsirsem
from the uapron but is free to cascapetiru the cracks’ betmeen the blocks,
This tende to prodxce concentrated flows thru these. crac:a nnd cuugea
the reomovel of fine mitoried, malzing an ‘inei pio t plne.

A word of cgution aleo may not be eriien regarding drains Denaath
the mpron of damg where a hydraulic fump is formed. - If the drain dis~
charpgus dovmstreem from the jump while its position under the apron is

upstrsam from the jwp, the pressure beneeth the epron will be: equul -

to or grouter than that where the drain dinchargcs, which, being below
the junp, will be greater then the pressure acting downmard on the
apron, due to tie thin slieet of wmter upstream. from the jump. This -
unbhalanced pressure nay be enough to 1irt ‘the” apron, In the Iron. Moune :
tein Dem the drain discharges at the toe of the ogee pecti on, upstresm
from any jump which may form. In-this case the drain may be downstreeam
fram the jump and discherpge upstrecm, which would cause.an unbalanced
prescure acting domnward on theapron, increasing its. Buﬁ}llity. ﬂeep
holes which discherge directly throush -the mpron ecuslize vhe pressure
on the two sdides, but they should be ‘constructed in such a. manner that
the high velocities can not suck foundation meterial throw;h thum.

if it can be conveniently done, it ia ndvisuble to have druina dis-
charge whore the flow from them cun be observed, in order that cny fail-
ure 4o function properly mav become motvm. In Horthern cllmntes re~
lienee ahould not be placed in weop. holes ‘or drains which nay - frecze
up and thus become inoperative,

It is believed that by the use of weep holes or drains constructed
with reversc filters which prevent the removal of the foundation mater—
ial a reduction of the sefe woighted distances given on page 2§ may bo
permitted. This assumes thot the vonts are of sufficient cepacity, are
. froe from freezing and are located a sufficient distance upstream from
. the lower oad of the aercolction path taet practieslly all of the under-

-~
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RN seepage will reach the tallwater through them, - No fixed rule can be
e riven on thease recuirenents, but the exercise of Tensonoble judgment
e ahould prevent serious mistates. For the location:just upstreem fram
¥ N the dowmstreesm cutoff .o reduction of 104 might be pemitted, end small
d.r reductions could be allowed for less ravomole locntiona.

: ./.-

Bffect of Silting of Riverbed abova ke Dazn

The poaesibility of silting of the riverbed asove the dem shou.ld
be given conaideration in detemining the pemisaible percolation. ratio,
as 1t may greatly reduce the upwarc pressure beneeth the dem and the
probability of Tailure by piping. The upward pressure on the’ ‘Island
Park Dem wes almost entirely removed in iwo years or less, only the
upward pressure fram ground wnter remcining.  The upward siessure on
the Ecmilton Dom wee practicolly elimineted by silt deposit, in spite
of the foct that a gravel plant continuously excavc ted gravel 100 to :
200 feet upstrecm. Both of these dems ore on,the lliemi River, which. /
has @ gravel bed (See Fizure 1.) and does not carry &n unusual smount S
of silt. On the other hand, the upward pressure on the Sherman Island
Dem on the Huéson River does not seem to have cianged metarially’ over
a period of five 'renra.’?‘ It is possible, however, thet considerable.

.ﬁ:‘dm.

eilting took place when the pond wes fiv-st filled 'nhich apne.rentlj was
gbout 2 rionths vefore upwerd presaure mauaurczments began, Tho silt de-
posits above the Granite Reef Don _cut off oxtensive seepage which took .
place when the dem first ceme into use. For an intake dem, where the’ |
entire width is composed gates, extending nearly down to. the riverhed,
silting could not be relied upon to increuse the security, as the flow
through the gates might remove the mpervious ailt bed, This’ ei‘rect

hes been noted st the Grand Valley Dam on the Colorado River.** “

m. Socn Co ::, vol; 93 1929 p. 1576.

‘ *Wirans, Ane S0€e C. E., Vol,. 93, 1929, p.. 1.).:0

It woulé not be acvisable to count on the silting up'above o dem
to reduce the necessary travel ratics and ot the seme time: count om
vents for further reduction, since if the s*ltina up was ei‘fectiw’re
the vents woulé be inoperative. It must be remembvered, moreovar, that
imiediately after closure, before the bed has had a c‘\ance to silt wp,
the dam would be subjected to more severe piping conditions, and, there-
fore, it would be safe to assune in the design only the limited redue-
tion which the dom might stand until it silted up.




Dums on Pervious Material Underlaid by Clay or -

HHhrd2!5  '

4 mmber of cases were found of dams resting on pervicus meterial
underlaid by cley or hardpan with the cutoffs extonding into the im-
pervious materiel. These cammot be anslyzed according to either 3iights
or the short-path method. In fact, no satisfactory nethod of treating.
them hos been found and therefore the date only is given in Teble 6,

In determining this cata, the short-path in the clay is assumed to fol-
low the creep line, s it semas unreasonable tprconsida:?a?patthirect-
ly throuzh the practically irpervious clay,. ) B R S T ‘

Consider such a dem founded on a thick layer of pervious material
with & sheet pile cutoff extending a few feet into the clay benecth,

If well constiructod, such a cutoff would nearly entirely stop the flow

of the watcr becaceth the dem ond result in & hexd.upnroximately eoual

to headwator olovvation on the upstream side of-the pilings and to the
tailwater level on the downstream slde.  ‘This conCition is atrikingly
shown by the upwnrd pressurc measurements on the Sulemcnii Weir in Indie,®

¥Stability of Weir aid Canal Worts — L. N. Khosia, Mjaminéermg
Congress, 1930 ~ Piper No. 142. Co TR ‘

Nearlr the ontire hood of the dem would therefore be concentreted
on the few fect of crecp clong the piling 1n'thchlay."This;nould be
8 scvere tost on this contact and if even e minute.passoroway existod
rater would ropidly flow ihroush it ahd_w0u1d'pp¢bab1y enlarge it to
& certain extont. Howevor, wiless the pervious taterinl was very
course, tiae clay woshed out ip enlarging this hole would be Tiltorod
out in passins thron the perwious metericl and fonn‘angimpcrvious
conting on tiw "filtert whiel wowld Greatly retard flow through it. .
Mlso, the loss or hcad of the woter in passing ot Ligh veloeity through
the porvious ncteriel in the imedicte vieinity of the upstrocn and down=~
stream ends of the “pine® throurh the cloy would_dccrﬁasufthn~vplocity
and reduce the seour in the "ping.”  This aclion-is somesthat mnelogous
10 tho flow throvsgh o noarly clesed valve, - Under ordinary conaitions,
thiercfore, no groot enlargenent of the oponing could be expocted.

Another reason vy this would be the caso ig thufffho flow. coming -
tarough the =iell opening upon ontiring the pervious meterial would -
sorcad ont into the greatar flomr erve of the pervious matcrial ond lose
veloeity. By the time it hug IGeehed the surfeco where novement of the
nerticles of mervious muteriud wig P08sidle 1t would have too low a
veloeity to couae movenent., Ho sisnificant moveent of the varticles
nour the bottom of the shoeot riling would bo possible becausa they
ould oo surrounded ly- materild whiich wus not movods Thoreforo, un-
leas therc viere enow:h of thoge openings to perait sufficient Tlov to
ctusc pining veloeities ot the dowmnstresm odge of tho dam, no donger

to the strocture wowld rosvlt from them,
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It is evident, thnrargre, that cutoffs into impervious material:
bensath dmms greatly increase the safety of the dan ageinst piping
even if the contnot betwsen the cutoff emd the impervious material is
not vatertighte No satisfactory method hes been worked out, for esti-
moting how rmoh reduction of travel path can be allowed under these
oonditions, and since the dato at hand is slight, it rust remain. for
the present largely e metter of judgment. For this sort of foundation
however, great care st be exercimed to prevent }he concentration of
flow arcund the eni of the pile cutoff fram i‘o‘ming a pipe under of
behind the abutment. o

i

Dams on Clgz Unﬁarlaidfgx Pervicun metarjaln

S8tructures which rest on n ‘.:hin lu'rer oi‘ cla.; L.noerlaic'i b-y per- :
vious material seem sspecially likely to' cause troubdle, Lppurently -
the water freguently enters the pervious laJer over g lerge. srea and
seeks to smcnpe ot the domatream end of the structure in s compara-
tively small aree, giving rise to flows uf considerable nagnitude which
cre apt to endanger the structure and poaaibly'nay’blow up the imper-
vious layer due to excessive upword Dressure.’ The pressure in the |
pervious loyer is sometimes due to groundweter eonditions of the sur-—
rounding terrcin ond only remotely connected with the 1oca1 hcacvater
conditions. : )

The Pittafield Dum scems to hove had this “ind.of foundation, its
feilure boing rrodebly Cue to o blow up of the immervious layer. . The .
Nothoura Escupe Hedd wes cnother case of difficulty and’ 7ingl feilure
under these conditions. &s the details of this fuilure are pot co- -
ceasible to most engireers, n swrrery is given in Apﬁendix III

In the report describing the Nuthauri failure mentmn is made of . °
difficulties at the Udrg, Rarwe end Jeleria culverts of the scme canal =
under similar con @itions. Mr. Knosle® huﬂ dechioed in detuil the dlf-'“

FPunjzb Ensineering Congress, 1930 - papers ! IIos. léa und 142.

ficulties with the Dugri Me. 1 ond Jowryen sivhons in the PunJab and
the remedies unsuceessfully und successNlly used to remedy the troubls,
Altaoush success ics someu’"ea achieved under these condit-one**the oum=

*%he Design ané Gonstruction of the Bassono Dam, Encineering News,
Vole 72, Aucuat 27, 1814, p. 425, ' .

ber of follures and near feilures should gserve to worn one contemplhting
the construction of ¢ dom or such o foundéation to look into the natter
very cirefully. 4s the coudiiions ma vary so grewtly i{ is prodably
best not to cttempt to preseribve & penercl rule. =




imicationa of Creen Analysia

As has alrealy been nointod out, nining may oceur as- a reeult of
nercolation elong the lines o7 contuct of the dam with it= roundatioqa;'~
or by flo— throurh the roandation material 1tself. ‘In.= given cose
failure ‘-ould rosult by travel along the noth “hich off-rad the ‘loant

icsistanca.

In order to dctcrmihe‘uxjorimentallyhthb length of norcolation
~zth nocussary to ~rovint niming from flov throuch the material Mr.
e M Griffith porformed & Berics of exncrimonts - Ath a masonry trough
1’ x 1% ft. in suetion, filled with finc micaceous sond, and covcrud
—ith varth, to d.tormine the hiad -of ~ot.r ncoessary® ‘to causoc . a:blow-
out %o occur. The rusults shoved that a blo*out did not oecur. dﬁtil
FPota fram on uanublished nortion of M“. G*iffith's naner ﬂruviously
zientionod. )

tho ratio of lonmth of crsen to hoad roachad valuce of 3.33 to 2.5 al-
thoush ozmwriones had sho'n that crein hoad ratios of ‘about 144 —cre:
necessary to =zcuro safetr in dams built on thie sand. . He found that.
the tlo - of -ater t'rourh the sand column increased directly with the
heaz! unsil fzilure occurred, -hich came suddenlv,‘ ithout ‘the mrevious
for. tion of ewinar to form g channcl and carry .a-ay.the mrterial. He.
slso found thit lootins the sand ‘cercased the ten?ency to bloy out, | !
ané that - ater brought un suddenly cn dry sand inerensed tho tenddncy}-

Much the sane Tseulss "or. obtuinod by Torzaghi**, - ho found that
s4a grzr cercol ting throuch the san? 1ncruascd *ith'tho.h&:d"until a

*¥p.chnical Public tion No. alﬁ no 36, AraVIPBu- of Piﬁ. & Mct. Engrs-
hoint -ue reseted wt hlcﬁ the mermcahbility of the sand auddoqu do-

: ereasns, and tho v.loeity throush it conocgucqtly iner uleB, ﬂnd A blo—-
4 out takes nlied.

This inc” .ird in “ormethility is the rémult of i change of mosition
of thu sané ~r2i‘s $0 - loss comm_ct wremger nt, £iving thom ~n in-
crinsed bulk 1 T ~%or voids. Thu offuct of the ndded -eipht in Grif-
fith's Jourirente sne mrobhly to risist this ehange of volume ~ad therce
for. inerw-nec the 1maf aoe.ssury to eausc 1 bloout. This nhenomenon has
also horn ctudied by Orbern Feynolle™™* | znd by Dr. ¥arren J. Mead*** %, o

fic 2anmere, Vol. LI (1901), . 217.
****The Geola ie le of Dilauﬁncy - Journal of Geolopy, Vol. XOIII,
No. 7, October, Noverbsr 1925, N ‘

—— ——
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In his paper "Om Percolation Under ‘prons of Irrication Works," T
S. leliavsky discusses & number of -experiments to ectablish the head- s
retic et which blowout occurs and explains the difference in- the Ire= -
sult: obtained by different expe:imenters, This is’ largely due to the ;
slope of the surfice of the ucrtorial whers the wator emer;es. I the
surface is inclined, les8s jressure is neceascry 1o move the perticles
‘T the surfoce is 1evel, a8 gravity -ossists in the movement and
blowout will therefore tuke ploce with loner head.

The date on the head necesscry to.cause 1lowoutn by flow directly
through the naterinl fram actudl dems 1s meagre. The only dmm in which
failure uncuestionubly took place by flow Airectly througzh the founda-'f'
tion material is thet ot Coon Ropids. There the tailweter leavel s
‘8o far beneath the spron of the dam thct percolation could not, tuke'
place zlong the line of creep, ot lenst part of the distance. This
dam was on gravel ond failed with o short peth retio of 2.7, Tt is .
probable however thut the surface whara fhe‘hlowquu_occurred w8 on S
{ © slope, ond therefore r blowout occurrsd at & less head than would . .
. have ‘boen the case if the surfaoce wcs levol._ S S S

The foilures at the Port Angeles and Puentes Dmxs ney have been
directly throuch the foundation muteriel., In the former this mecns _
g especially likely. The situation there however wwzs .complicated by - - 1
Withe piling which w.s driven .Just below the dam, which probably con-. - | N
centroted the flow wnd ccused the blowout, vhich took place with-a .
short-path retio of 1.9, to cceur at o lcss retio than mould otbﬂrw‘ac
hrwve been the cuse. The Puentes Dum foiled with = short-path of l.4 _
and probably would have held ot 2.4, althouch it had not austuined L .
this Totio long enough to be sure. )

would seem thst considur Dle light on th 118 subjact would be
shed by experience with cofferdiius, as o great mony of these havo.
been constructed. Wien cofferdims which are sunk ip e soturcted mo-
tericl cre pumped out, witer flows up throu:h the hottam: tonding to. ‘
reise the foundaiion m&t*rz.l 'md meke it £low into the cofferdam,’ = . - &N
If the uctor level outside the cofy ‘orden is ut the seme lovel as the & o S
grouné surfoce :nd the exeavetion in the cofferdan ot the lovel of the : L
¥ bottam of thce sheei piling when the wmter *nsldc the cofferdem is. ca -
punped out, the hend ceting is cpnroxlmatclv e ucl to the lenath of '
porcolttion poth, noking the shurt peth (clso tho erecp rﬂtio) prac-
ticolly l.Ce The lon_ th of noth might be somavhnt o areater than the
ho.d, but this would nrobibly be more them offset by the faet that
the dovnwﬁrd flov of the wrter outside the cofferdan would teke Dlege.
through & zuch larger arez than the flotr upwerd into the coffordom. c
Tho condition would be that of flow through a channel of. _groducliy de-
croasing cross sociion and the voloeity ot the smecller ond (in the cof-
ferdam} would thoreTore be groater than for flow throurh ¢ urniforn
rrism of moteriil with e lencth erusl to the heod.

L
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Time h:s rot heen ovailable to zo into this phnle of the mnttar

in detail, but two exumples which have come to the wxiter's attention X
may be mentionad. In the ceas of « number of bridge pier foundations
in the gravel of tho Arimnscs River hed at Pueblo, :Colorado, there was
nc tendency of the gravel to flow up into the cofferdcms. - In a- -numbar
of eofferdans in Florida, with sand of the fineneas of table selt,
there was ¢ conciderable flow. These would indicate thot a ‘short »

th ratio of 1.0 would be sufficient for gravel und not sufficient for

ine sand., M. W. M, Griffith has mentioned a cese of .a cofferdam in
fine auartz sand wit!. muell stones which fziled with a short path ratio
of 1.95. The outhor hopes that- the recders of this puﬁar will sunnly
instunces which will throw light on this point. ‘ ,

The deta is insufficient to @efline closoly the ‘safe limit of lensth
fran the standpoint of flow directly throuzh the foundetion naterizl,
1%t does indicate however in.o roush way thot the‘aasﬁmption'is‘justi-
Tied thot the flov tckes place Girectly throush the mizterial twhen the
dinstance is less than heclf the weizhted creep distance. On this basis
one might nssume taut the limit of asucfe short -Heth would be one~hzlf
thct of sife wel: hted creep, There is anotherfrctor which aenters
here howev .. Even with well desipned and mcintiined. dems, scour may
ochaionhll" telte place at the downstreom edge.; Under theue conditions
the meiericl on the side of the hole is more caqily moved . by hercola=
ting weter than 17 1t were on o flat surface, loreover, ‘the nercola-
tiir wrier redures the effectiive reizht of thé,ﬁhrticlas at the down~
stream edge of the dam and maakes them more subject to . scbur¢‘ For this
reason it is believed pdvisuble to limit the short-poth ratios to eight-
tenths of those rniven for weichted creep, This limitotion will seldom
conirol the diiensions of the dam. R R ER R _

As creviously stated, thore is u defeet in tho créep &nal:'sis when
rows of sheet uiling ure teo clese together., 3Bligh recognized this and
stated that the peocolition folloued the lino of croep as-long-as rows
of sheel »ilin; were not closor topether tiﬁn triﬂe their dopth * . Same

“» ¥he Practicul Dusipn of Irrigniion Works, ,111),1:1 c.nd.-Ed., p. 168.

'-. l

®

gucii limitution of shect pile ﬂ“"cihb is nucesq‘ry, for it is: obvious
that tvo rous ol long shoet niling very close togothor mould offer
litlle more resistanes to pinine than one row, while if tho rows were
8 treat distunee epart tihoy wonld of for considercsly move resistunce
th.rone rovse NI E did not supiest any recson for using the limit
ol iuice ik depun rother then sone othor value, nor £1id he discuss
whiot rould teke ploec if 2iling rows were spaced cleser than his lim-
iting voluce

As t.o tvlow followvs the p th of leost rcsi"tmncu, Blights limit
scuiia Lo Do oo uivelent to stating that when the piles are spacaed twics
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thair dspth the resistance mlarg the sreep line is equal to that direct-
3y through the materinl emd when cleser thar twice thelr depth the re-

sistence direotly through the moterial is less than elong the line of

" aremp. When the piling ere spaced twine their depih opart the creep
distarce batween their lower ends is twice the short path distance and
since for this condition the resistence aloag these two paths are equel,

Jthe resistance per unit length aleng the short path is twice that per
urit length alon; the creer line, Wherever there are two points or. the
craep path so cloee together that a path exists directly through the
foundatior material which is less than helf the weighted creep distance
betvieen the points, the flow would take place directly through the ma-
terial with a resistance of twice that alcng the creap path. Where seve
eral overlapring short peths are thus possible, the ane ywhich gives the
smellest ccmbined weighted creep and short-path distance for'the entire
strunture is the one on vwhich the travel would take ploce. - : :

For example, two lires of steel sheet piling were driven for the
Middle Loup River Dam, !> feet apart. One extends 29 feet belcw the .
- bottem of the dem and the other 39 Teat helaw. One vossible short path
which fulfills the above 20nditions exiends horizontally from the end
of 29 foot plling to the longer piles. Other possible ‘paths. extend

from verious roints on the shorter row cf-yiling to-various points elonzs

the lconger row. The path extending betwesn the lewer .ends cf “he sheet
piling rowa gives the lowest comioined weizhied e¢reen and ‘short-path _
distance for the siructure ~r t1l %he possible paths, end should there-
fore be adepted es the path -ov "= used. ¥here ‘the weter follows+the

short path, the path conneeti:; “he ends of the two adjatent sheet piling o

rews will usually rive the lowast weizhted creep for the structure.

The above reasoning orplies also to “he weighted creep. "In this
case the horizontal creep is acneidered to have a weisht of one-third,
the vertizal ereer a weight of one ard the short-path .o wei~ht of two.
Ir computing the plein and weighted creens for-existing dems, these
rules heve been used wherever apnliceble. ' '

The rule thet the 7lew fcllcows the shori-path .if its length is less
than ore-half the weirhied sreep distunce between any two points in the
creep peth nomits somewhat smaller yile spacing than Blirh'e rule, since
the horizontal creer, which in Blirch's rule has weicht of one in semput-
ing the ~reep distarce, hes c welght of only one-third in'ccmputihg;the
weighted oreep distance, , : s '

If voring reeords indi~ate a very pervious layer extending beneath
the cem and coming near the surfaze near the dovmstrcem toe, more ~on-
servatiar ir the shert path distance will be necessery, Tor u Terzaghi*
has pointed out this condition is conducive to hi h velocities where the
wetior emerges und therefore to danger of piping.

¥Techrical Publication No. 21t, Am. Inst, Mir, & Let. Bners.. 1. oi.
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pieficulties of the Flow Net

a—— ———

and _Electro-Hydraulic analofy Methods

As previously stated, the 1ifficultins in the use of the Tlow
et and clectro-hydraulic analogy method ere the necassity o£ a de-
i1ed kmowledre of the mermeebility of the varlous nortions of the
foundation material and the lack of data showing what velocities can
safely be permitted in the various kinde of Toundation material.

In ordeor to reuch a reliable result; not only must the relative
nermeaniiity slona the contact and throush thgﬁrbundation material
be 'mown, but tihe “osition and reclative overmaability of all the luy-
urs beneath the dam must elso be ¥mowm, and thcyAmu;t*not-changc ma-
torimlly in short distancos along tho dem, sincc the anulysis con- -
giders flow in two dimensions only, whilc sctually it may take nlace
in threc. In connection with the studice Tor this naver the author .
had tho om~ortunity to cxamine the boring records Tor a numher of-
‘. dams, and while he did not aive them. the intonsive study which ono.
- would if he wer. to dusim the dams ot thoso sitos, it was asmaront
S that it would bu imvossible to form an accurate idueof the vosition
' und relutive immormeebility of the vurlous layers from bhoring rucords
! ¢vun in a sinsle cross scetion, and still lcass poscible to consider
the wermedbility in three dimeneions. A wood cxample of “the varia-
‘ pility of roundetion matorials of ten-cnecounternd is:that shovm by
e * the boringe for the Orad.ll Dum*. Some sand foundations arc rulative-

¥Trans. A, Soc. C. E., Vol. B89, 1926, o. 1187,

1y uniform, oui oven hur o tho ncrmuabiljty_would‘varyfconsidgrably.
Morcover, oven if ell of thoese factors wers imown, :so -thet thu: truc
veloacity of thu wator vmerring bolow the dam was susccntiblo of ac-
curate deot.rmination, it would be dificult to ralate this to-dam -
sefzty, as suf. veleocitivs Tor the vurioug clauassos of matcrial arc
not ¢v.n apdroxinatcly known. Soro xmori entzl work has. been dome
. ) alons this linz, hut mueh more —ork und commariczon with actual struc-
i . turcs is nueorsary bofor . thoy cen bo safcly used us @ basie of dcsign.

:L‘bjg*’E_;-’.ntr‘_p—}[y:l_;'uuT ic Andlog f-.nnara’tue

The cxtrem. variabiiity oven of scrouncd sand under laboratory
conditions was strikinely brought out by some of the author’'s cxnuri-
monts with the cloctro~hydraulic analory anvaratus. The author is
indebted to Mr. Ford Kurtz, M., Am. Sec. C. L., tor a rencral descrin-
tior. of the Pavlovsky avnaratus, As details wer. not available 1t was
nececsary to dsvelop them and the anporatus as built probably diffTers

conaid.rably from that used by Pavlovsky. At the s:ggestion of Mr.
Walter H. Price a salt solution was substituted Tor the metal nlate




and alternating current indicated by earnhones was used to observe‘thel
jotential. The avparatus consisted of & shallow iray 18" x ‘38" with
plate glass bottom and sides, Tilled to a depth of:1/4"with a 55 solu-
tion of common salt es shown in Figure 6 and nrovided with means for
accurate levelins to insure a uniform water denth throughout. Near the
center of one slie were pleced strins of dnsulating material represent-
ing the sheet piling ertending from the glass (to which they were ce-
mented with a watertight joint) to ahove the ton of the salt soluticm.
At each side of this "dem" was placed copmer terminals at the nosition
of the contact of the heaiwater and tailvater with the roundation ma-
terial. >

These wern connected to a llO-volt alternating current ‘source
thru a larmp bank which reduced the voltage dron across the. terminels
to about 1B volts. At the opnosite side of the tray over a noter
scale, was & high resistance wire, one moter long, each end ‘of which
was connected to one of the torminals by a hoavy conper wire. A snring
is necessary at one end of this wire to knep it in tension under all
conditions of temperatura introduced by- the current flowing thru it.
On this resistance wire was a sliding contact connected thru a set
of ocarnhones to e nrobing nencil. In passing from oneo torminal to
the othor the current followts peths as shown by the light:line con-
nccting the terminals. The heavier lines crossing theso renrcsent
lines of cgual vo¥ential plotted for incroments of 5% of the totul vo-.
tential dron. It is the purpose of the anparatus to det rmine these

lines of @qual motontial. With these detrrmined the current paths
can be drawn as will be doecribed lator. To determine. the nosition of
any desired potential line, the sliding contact on the ‘resistance wire
was placed at the point giving this notential and the probing mencil
movod around in the salt polution until the telephone reecivers indi-
cated that no current flowed thru the wire from the sliding contact

to the probing nencil. The nosition of this point was observed by .
means of a system of coordinates ruled on a naper, placed benemth the.
bottom of the plate glass tray. For example, supnose it was desired
to find the position of the votontial line representing a dron of vo--
tential from the "headwater® terminal of 40% of the total drop betveen
the terminals. The sliding contact was placed on the resistance wire
at 40% of its length or 40 c.m. from the end connected tc the "head- .
water” terminal. Since the resistante of the heavy wires between the
© terminala and the ends .of the resistance wire was negligible, and the
* resistance wire =as uniform in cross section and resistivity, the re-

" sistance from the headwater torminal to the sliding contact was 40%
of the total resistence between terminals and thercfore the npotential
drop to this voint was 40% of the total potential drop. When the
proting point was vlaced at any pasition in the salt solution & cur-
rent would flow from the resistance wire to the solution or visa verse
if therc was a difference of potential between these pointe. When the




probing point reached a point whore the hum in the receiver stouped, a
it indiecated no current flowed and that the notentiel at the probing
point was the seme ns that at the contact point on the resistance -
wire; nsmely, a 40% of the potential drop.l By detnrmining the coor-
dinates of several points of equal notentliel and' Joining them with-

a line, the position of the line of equal potential could be vlotted,
If it was desired to det-rmine the potentisl at any designated point
ir. the salt solution, by vnlacing the nrobe at this voint and moving
the gliding contact until- it reached a woint of “equal votentimrl as
indicated by no flow thru the receiver, the notential. of. the probing
point could he determined from the nosition of,the sliding contnct.
Exverisence with -this anparatus showed that potentiml lines could be
located with a high degree of accuracy. To chsck it an exneriment

was performed with the tray clear and terminels entlrely ‘acrosg each
ond. The vmotentisl lines with this setup for equal notentiul incre- -
ments should be straight, ecually shaced. lines parallel to the ter- . -
rinals, and the results obtained agreéd very clogely with their theo- .
retical p031tion, as shovm on Draw:ng. 5 of Finure 7.

The mathematical thoory* bf the flov not is dlffiCUlt but the

*Hydraulic Laboratory Practice, p. 805,

nrinciples of flew of eleetric surrent thru the salt solution in the
pglass tray are cesily understood.  For. examnle, ‘sumpose ‘the setun of
the annaratus is such thati the dischorge thru the apvaretus as shown
on Fimure 6 is 5 amneres and the totel voltage idron is .20 volts. If
the flow lines drawm on Fimure 6 represent’ the path of flo% of the
current, each strin leading from the heauwatﬂr‘to the tuilvater ter-
minals earrics ona wmere of current, and in flowins between adjacent
potential lines there is & drop of one volt in motential.  Since the
denth and resistivity of tho selt ﬁolution is the some throughout,
wher: the notensial lines are cloase torcther lndlcatlng .a ‘suddon no-
tentinl dron, there mucrs bhe @ concentration of current since the vo-
ter.tinal drop for a conductor of fiven crosgs section varies directly
with the current. Closely snaced notential lines therefore indicate -
high flow concentrntions, and it 1s not necessary to draw the flow
lines to det<rmine most of the facts which the Tlow net inee. AG -
cortinp to the theory of hydrolynomics the £low lines should eross the
potentizl lin:s at rickt anrles in the same way that water flows at
rirht angles to the teopoprantiic contour lines on o hillside.

The ordinary laws of flow of water thru a homogenrous soil is di-
rectly analogous tc the flow of elecsriecal current thru a homogeneous
conductor since in hoth cescs the quuantity varies directly with the

pressure (voltare) and inversely with the ercs and length. Thersafore,
by substituting a uniform soil for the salt solution the distritution
of nressure and flow thru the soil should be the same as the flow of
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eurrent thru the salt water. By varying ‘the resistance of the electri-~ .
ecrel conductor in such = way that at ell points itg resistivity is pro-.
portional to the water conductivity of the foundation material under

g 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 Pavloveky apparatus can also be used for investigating _
saturation lines in earth dams and has numerous other hydrqulic*anpli—ﬁ
cationse. : Co : : . ‘ .

Comoarison of Results Obtained with Elactro-Hydraulic Analofy
and & Model I'am on Sand - : ‘

Extensive experiments on the flow of water under dams wern ver-
formed by Colman.* He used a model dam formed in a lerpe tank, and’

¥orano W oo, G. ., Vol. B0, 1916, p. 42L.

measured the pressure distribution ‘in the sand beneath the dam by means,
of over forty pilezometers placed at various points ir it, 1In order to
test the reliability of the glectro-hydraulic analogy apnaratus the
author nade a sstup corresponding to thatiuaedlbyrColmanfﬂ‘Thé'results_
by the two methods for the runs where screened :sand”wus used and® where
therc was not obvious leakage .in the Colman apparatus are shown on )
Figure 7, those at the right being the results cbtdined:by Colman and
those at the lelt showing the results obtainsd‘with:analogcusl;etuns
on the electrical apoaratus. In spite of “‘the fact that the results
ghown for the Colman tests are averages of seversl runs, -they ore ob-
viously much more crratic than those obteined with'the clectrical .
method, which plot in smooth, rogular lincs. Thers wus a much greator
resistonce to the flow of water thru the sand near 'the cntrance and
exit of the watcr. Colman's comparison of this to entrunce nnd cxit
losses is not sound, us the velecities wore so low that such losscs
would be neglirible. It seoms ecrtain that greator resistance wt

_ those two localitics was duc to a diffcerence in: the state of ‘the sand
at these points, probatly a differunce in the comnecting and size and
possibly somuwnut to silting up or to a grovth of plant or animal life.
That the sand mi<ht vary consideratly in resistance with o little dif-
fevence in compecting can be emnracisted when it is realized that o
chunge of voids from 40 to 3% will increasc its.resistunce 150G to.
250%. Colman's namer makes no mention of nrecautions to sucure uni-
form comnacting or inaurc homogencous meterial cxcent to TCmOve all
particles of over 1/2 inch eize. Small difforcnces in size alse
have a great effect on rosistanco. Decrcasing the grain size from
0.35 to 0.25 m.m. for examnle would causc an increase of 100% in tho
resistance. ‘It is »robable thoreforc that differunecs of commacting
and some sli-ht lack of absolutc uniformity of the grain sizes trrough-
out the maturisl accounts for The obvicus irrepulurity of the flow
thru the Colman anmaratus. Tic regularity of the linue ottainaed with




the electrical annaratus however indicates that'thts method can be re-
lied unon to give results with a high degree of‘aqcuracy.

The obvious variability of the water trensmission nronarties;of
the sand used in the Colman apnarntus serves to :emphasize the -diffi-
culty which is inherent in the avplication of the flov net method to
the design of actual structures. IT a laboratory exmeriment using :

gereened sand glves variations within a few faet of aevg:alrhundred
‘)er cent in the resistance to flow, it is unlikelythat in a natural; -
river bed where great variations in size of the material ‘exiat, ‘esti--
mates of resistance can be made with sufficient accuracy ‘for safe de-
gigr. except under very favorable conditions. . ' - ' §§'
‘ Y

Upward:Pfeasurei‘

In mascnry dams upward preseure is lmportant because of its ten-
dency to reduce the factor of safety against sliding. BSliding is not
so imnortant a factor in the design of masonry dams on earth founda-
tions. The nrincival danger from unward pressure on a dam on earth
foundations is that it will be sufficient to 1ift uv some portion .of
the Gem, breoking a new outlet onening for the percolation which will - .
give such a short mercolation math that thedem will ‘rail. Uvward ores-

.sure is therafore a factor in the failure of dams from niping.

As vreviously shown, dams may feil from piping by flow along the
line of contact of the structure with its foundation or by flow direct-
1y through the foundation 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 oceurs in this vay. If a structure is’
designed s0 as to te safe agginst piping, the unpward nressureundér
practically all of it will nrobatly depend more ‘umon the conditions of
flow throuzh the foundetion material then along the line.of contact.:
Even il e nipe did form it would cover only;a:amall area -and the foun-
dation masonry would bridge over it. Therefore although it is neces-
sary to mive creenm nlong the contact the nreeminont place in det~rmin-
ing theé safety aceinsi nining, it may havexloés‘bedring in'regard to
unward pressure. ' ' e L

Unler conditions vhere the foundation material and its distribu-
tion is accurately known, it secems vrobable that some 1lirht on the up-
ward nressurc to be nrovided for could be obtained with considerable
accuracy by the flow net or elrcctro-hydraulic analory,. although these
results would be modified somewhut by the case of creep along horizon-
tul surfacos. The author hopes in the near future to investigete this
further by mezns of a comparison of observed unpwvard pressuras on ac—
tual gtructures end the results obteined by the electricul analogsy
methed. Where the foundetior conditions arc comnlicated or unknown,
someé apnroximate rule must be used. Measurement of upward -ressure




on actual dems and research by model etparimsnt rlow net, and electrq—-
“hydraulic analogy methods seem to indicate that tha drop in nressure
.eaused by a cutoff is greater in. pronortion to the creep: di.tanoe than
‘for the horizontal contacts. Leliuvsky*, after a st-dy of tha worke

,i

¥0n Percolation Under Aprons of Irrieatior Wcrks, Da 4b.

ﬂ or Chlgman, Forschheimer, Terzaghi and Pavlov$ky states, ‘"Thus in cal-
ating the hydraulic gradient tho denth.of the sheet niling sghould

be mnltiplied by a coefficient = £, (sic) whereas therc is’mlready suf-
“Picient evidence to ghow ‘that this coefficient should be three or four
or mare." In other words, the horizontal craen .should be weighted
three-fourths, one-half or less. Until morc dofinite date 'is:obtained
therefore it is suggested that where it im necessary to ‘uge an emniri-
cal rule, thé’ unward nressure be assumcd to vary: alonp the contact
- 1line in mronortion to the weighted croep; l.e., that the: Progeurs droo
along the vortical or steenly sloning contacts nor unit of length be
assumed to be threc timos that along horizontal ‘contacts or slirhtly
slovin/ contacts. This is belioved to be a conservative rulec as up=-
ward nrossurc exnoriments frenuently indicatc thet a weisht for hori-
zontal cr.ep of zero would eive Teasonably close'rcsults.' coo

Wherc shecet piling is so closs togethur that the flow may bc -eon-
sidered to folleow the short path betwuen the »iling rather than the
linc of creen, the unward nrossure ‘along the creen line between thc
ende of the short wath may be considcred to vary . accordinp to thc
weighted croap distance botvoon these moints. -

Since the weighted creen rule gives loas slowo ‘of the piczometric
line for horizontal creens than the method advocatod by Blirh, and
siice ordinarily the cutoff w~alls, which constitute the greater nart
of the verticel ereen are located in the unstream vportion of the dam,
© the'weighted creen rule usually indicates less upward mressure under
‘the dovmstream nortion of the dam than the Blirh rule, Measurem:nte
of upwvard orecssures on existing dams indicate resul ts nearer to the
weirhted creem method. In other words, Tor the nortioniof the dam:
wher: the mapnitude of the upward nressurc is immortant, the Blirh
 rule gives rosults which are too,*arye., This shows why: that rule has
given satisfactory results, elthourh frecuently the thicknese of mas-
onry used has been little if any greater than the theory would indi-
cate necessary. The facteor of safety ther=fore has been in the theory
and none was thersfore necessary in apnlying it. It would be much
more losieal therefore to apnly a more correct theory with a reason-
able factor of gsafety. It is surgested thercfore that a factor of
safety of at least 25% be used in determining the thickness of masonry
required, to take cove of the varintions of the pressure from that
indicuated by the theory.

-




;,  gnecial conditions sometimes cause unusual distribution of un--
nressure. A dam Tounded on nervious materisl underlaid with ime
¥rvious materizl and with o eutoff ovtending ncarly %o inmcrvio:ug
. fgerial, will have a lower unlift downstrean from the cutoff. A -
. e with euch a foundation, whera the cross section of morvious ma-
al under the downetrear. end of the anron is'less than that at -
p upatroam edge, will have a proater unward r)'ressuroi‘:_oycr_“the en~-. ..
be base than one founde¢ on vervious material. of great dcr;th"., This
" geiadition was noted in the upward nrossure measurements on the Grand
. ¥8lloy Dam*. A contracting of the smace throurh which' the water flpws

" Were . Goc. G. T, Voi. 95, 1629, ©. 1502,

‘wemeath the dam acts as a partially closed valve and raises the ores-
e upstream from it end lowers it downstream.. S |

In camputing upward pressure it ghould be remembered that the -
mervetive assumptions may be different from those for salety Ifrom
ping. In the latter case the creep under flexible uprons and sim-

conatruction dowmsireem from the solid portion of the dem, should
'neglected in estimating the security of the dam-egeinst. pining, as -

b, peir effect is uncertain and cunnot be relied unon. In computing.

e dh® upward vressure they should be given consideration howcver, as

- gy may cause groater upward nressure to oceur -at. tho do-mstream
““.m@ge of the solid portion of the dem than th¢ otheor mssumntion would
“4ufiicate. The uoward uressurc experiments on the Pinhook Dam,**for’

_i_é*plc, showed & constdoratle upward prossurc at the downstream cdgc

e

5T . So0. G, E-. Vol. 93, 1029, p. 1551,

g¥:the solid portion of the lam, due no doubt to tho fTlexible snron
mtrcam, altho'rh if the ordinery assumntion for the desifn of
- magh structures for safety against pining 7ers used ‘in detormining -
. $he position of the cnd of the creonm path, there would be ‘no upward
: ¢ at that »oint. Lo a
It 'is porhans worth while at this point to suggest that the up-
nressurc b¢ assumed to be apnlicd nt thc bottom .of the founda-
B as in fact it roully is, and has a ragnitude eaual to the dif-
_ pance in elevution between this point and the piezomotric line.
'iwf‘tOtﬂ =airht of tho masonry {in air) and of any —uter —hich may bo
y .“o it, cun thun ba considercd:as resisting this wressure. This will
-a#inate any uncertainty as to whether or not the masonry ousht to
; neidored as submorged, and -therofore ue having lost wveieht, and
peowont a misteke sometimes mads, of moasurine tho uwrurd arussure
by Meking the diffcrcnce bot—con the Jlovation of the top of the anron
o8l ‘the niczomctric line, while still assuming the fulf';-'cight of the
mgnry availablec to rosist it. Exueriments by H. %¢ B. Parsons™ind

., An. Soc, C. E., Vol, 93, 1089, n. 1817,
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‘ have shown the necessity of; assuming that the upward:pressure o
s over the entire area of 'the base of the dam. - -

Miscellansous Causes of Failure -
Although a dem may lbnarently:be desimied with sufficient length *
ercolation math, it may still fail by -nining, due to causes which .
designer may not foresee. Failure may also occur from lack of -

ip ‘construction. A number of cases in both classes are (described”
he sccounts of dam fallures

1t is believed to be dasirab
s date in convenient form

le, by way of emphasis, to assemble
and to groun these voints together.
Too great emnhasis cannot be given to. the necessity of ‘having the
off walls absolutely tight, tied into the main masonry of the dem
a in intimate contact with the foundation meteriul. & single pile
ping cauged the feilure at tho Coon Ranids Dam and Yeaknre between
s piles and betveen their tous and the masonry was a large factor
§n the failure of the Decha Barrege. Even with interlocking stecl
Bect niling, rigid insnection is necessary to sce that ther- arc ne .
sal-s in the interlocking and that their tong are wroverly embedded. . -
the masonry of the main‘structure,}‘Thq;author_suggests?that sheet
ipiles be driven in such a way that at no time is the“lover.end of.
'n nile more than say 4 feet.uway from the eunds of the niles on both
gides of it. When thus driven the adjacent niles -support eceh.other
#hd thers is less wrobability of bending out of line or breaking the
i¢nterlock. This scheme was successfully used in ériving niling tor
i@ 90 rt. denth thru sand and rravel in the construction of the core
«-@all trench of the venaoue Der*. This method-will.invclve”more moving
ﬁ News-Record, Vol. 69, July 20, 1922, ». 92.
i@ the mile driver and therafore some additional exvense, but it is
‘Zpelieved that the additional security wculd fully justify it. The
utoffs must elso be tied into the structures in-guch a ay thot the
L #mter cannot find a nassage around their ends, as cccurred in the
‘$Peoha Barrage, since the water will alwayvs -seek the easicst nath and
‘mever fail to find a weak point if one exists.. Whore cutetfs are
Ppuilt in trenches, great cerv should be excrcised to .secure intimate
montact betveen the well and the sides of the trench. If nossible
‘‘4he rmasonry should be puilt directly against tho enrth, and if shect-
4pg. is used in tho trench 1t should never be allowed to remain, since
$¢ 7ill cause nassazes along the wall throurh which water can nass

‘with littlc roceistance. This is telieved to have been the causc of
he failurc of the Plattsburg Dem.

given in Anvendix III of this vamer, IS



Gonsiderable study is necessary in the design: of the abutments;'

lp be sure thet no path exiets either under or behind them with a

vel distance so short ns to cause pining. The same rules should
llply +o these paths as to those under the dam. Travel along the

¥ of tho wsll (or along the top of the floor in the: snze of 'a .
hﬂttressed well) should bs-congidernd as vertical creep. The water
agn usually follow any one of & number of naths, and it im th-refore

pessary to consider every vossible one, for-if there is &' short cut, .

water is sure to concentrato its Tlow in it. 'Such a short out is ..

jeved to have beeon the cause of the failure of the: Cornus Christi

ﬁgn. , , o E e

. Care must be oxercised in the uae - -of puddle :aprons to sec thnt
4oy are not located where thoy can be scoured away or where they can
@y cut and crack. The former accident rosulted at the Narora welr,
avan thourh there was a layer of rivran over 1t, and the latter ac-
ferrod at the Kitche Bye-wash. . Care should be taken also in tho qasc
af 8 dam on clay or similer oarth if ‘the foundation at any timehas
& ghance to dry out. The failurc of tho Dolrarros Dem .can nrobably
b® oscribed to this cause, and cutoff walls -should thorofore bc ear-
i8d dovm to earth which vill nover dry. It.is vrobable that grogtsr
qpavcel distances should be allowcd even: in.~ravel or sand if -the foun-.
‘dgtion has @& chance to dry cut, It iz nossiblo that this was a fac- =
tor in the Kitcha Bye-wash failurs.” Trouhlc ‘has also been erncricnced
pacuring wat rticht contact between nuddlc'anrons'dnd‘haSOnry dama.

Considoration should be glven to:the truatmont of snrings in the
foupdation, so that they do net wash channels along whiich piving ‘can
lgter toke vlace. If springs oarc found ‘in” the foundation exeays ztion .
it is advisuble to try to smothor them. In case: thoy are due %o the
fat that the bottom of the .Xecavution is below the surrounding vator
1u!nl, outlets for the snringe should bo nrov;dod until ‘the: ‘oresgury
oghR bc cqualizci, and thoy can then be plugsed. “If they arce duc to*
graynd water, and sro in tho form of nermanent springs; it may be do-
sipeblc to urUV1do a ocrmenent cutlet with a filtcr and weeohole .or:
drain, to climinatc the mossikrility of thom dovcloping ‘sufficient- huad»
to ‘forco an oxit Tor themseclvos. Watur from nﬂrmancnt sorings ‘can .
fyeoucntly bo difforenticted from that “rom tho rivcr by a difroroncc

‘l'gn‘iamuaraturc.

Deglsned creem distances can be matericlly shortened by a blow-
up’iof the base of the dam from uniard nre=sure. This-action was nrob-
‘ablr @ material factor in the failure of the Buentes, Narora and Decha
Ihihh The anron must be heavy, enouph to resist raising.

4l thoush not connected with nining, it may be worth mhile to men-
t10l hers several other causes of diffieculty with masonry dams on
oarth foundations which should be avoided. In many streams therc is

a:gmstant "Tflow" of solid materisl comvosines the river bottom. If




#be backwater from the dam prevents this material from continu1ng to
-htme dowm, while the flow downstream from the Jam continues to carry -
‘mmterial away, a considerable lowering of the river bed often re- .-
plts. (Mullins* states thuit "a retrogression of the level in the
lﬁver bed is a8 nearly 1nvariable reqult of building a weir."] Thlq

llins Trrigation hanual (Madrns) 1893 n.-lﬁ.

:.w cause mgreatly increased scour: at the downstroam ndge of the dam,f
%lnd in the case of the Islam Weir was sufficient to cause;a feilure. ‘
-'.j retrogression of as much as 8 fTeet has been obqervad on another dam. -

: In computing the uplift benea*h the anron of dams where a hydraul-
4@ jump is formed on the apron, the fact that the downwurd Dre surs -
“pf the thin stream of water upstrean from the jumn is iess. than that
-hulow the jump, should be given conqid=ration. ‘The unward pressure
—Mn the bottom ¢of the apron is 1nf1uenced by the denth below the jumm
S d the downward pressure on tov of a portion of the anron denends
“ulpon the leaser depth above the jump. - ‘Failure to’ nrovide sufficient
%lnight of apron to overcome this differsnce 'in :addition to the normal
' ggpward pressure has resultaed in rallure in. sovaral casesw;'

L
‘-Ar,‘.

In designing a dem on a uoroua foundetion it is necasdary t6 be
!ure that the hydraulic jump 7ill be formed on the structure +here it
s axpected. A case has occurred where a dam ~es n]aced at the ‘top

of a stenp section of the river and the teilwater leval ~as so lo”

 that the jump occurred below the do-mstreas end of the goron. In a

:ghort time 1t scoured out tha ripran and dcstroycd the structure.

‘ In sevcral structureb difficulty has been exn. rlenced with anrons
!brmed in layers, duc to the tendency of the s7iftly floﬂing ~ater to
qpt bet:con them and "neel off¥. the upper oncs. IT qusihle, .anrons
ghould be cast in blocks rather thar layere but i 1qver= are neces—
|nry they should be thoroughly bonded togcthcr. e ‘

: Although the ted of a stream may be considerably hlrher near the
hnnks than in the centcr, the do-mstrzam anron of the -lam’ should be
:ﬂnvgl aell the way across. The construction of the dam is usually
q.ﬂch that the discharge is soread nearly uni? ormly over the éntire
'&dth of the river, and if the anron is hirher at ‘the .ends the flow
. eower the dam at the sides of the river, after masring off the anron
‘iands to run along the do-mstrean edge of ‘the anron torerd the middle
. }F the river. If the slome in this direction is consideratle, " severe
,ghour ig 1i'cly to be set un. This result has been observed at sev-
apal dams. Even if the dormstroam avron is level, it is advisable .
#0 plan the zarth excavation below™ the dem in such a Wy that saverc
Murrents arc not sct un along the toe from the ands of tho 'um torard
_ #he main channcl. In long, low, overflam dams difficulty has also




ﬁrrequently hean éxperianced frem a tendency ol the ﬂataffto form a
‘whannel parallel to the dam upstream from the -crest and undermine
“i¢he upstream portion of the dam. To prevent this, groins are scme-

Conclusions

. The ordinary method of anelysis of a masonry dam on-an earth -
Cspoundation to secure safety ageinst. pining, vhich is usually ascribed
‘g0 Bligh, is faulty in that it do-:s .not -consider the greater oproba-.
_ipility of wmercolation aleng level or sliphtly sloving contacts be-
‘gween the dem an@ its foundation, than along vertical or steeply
sloning contacis. : , B e

The flow net and clectrical analogy'methods are fﬁq}ty in neg-"
‘Jecting the lesser resistance along the line of contact of a dam with
4t foundation as commared 7ith that @directly through the foundation

‘ Pining may.oseur in two distinct ways:\&l)'by flov along the
‘line of contact of the structurc and 1ts foundation or {2) by flow
directly through the foundation naterial. Flow.ordinarily takes O

ot;lnce glons poth of thess paths in inversu: mromortion to thoir rela-
g . . 7L . EN ’

tive rusistances. REE

fonsiderable lifht on tho mrobebility of failﬁré:frdh:fhc fir%tn
of those cousos can be obtained by exworimensel metheds, bhut the sce-
ond must be studied largely by an analysis of the . action of actual
dams. o . , T

L

S From the rusuit of an anolysis of‘thétECtionfoffﬁa;gfgﬂégﬁiig;ﬁw
: hundred danms, it has teen found that creep along .contact gurfucaé';av-
ing elownes rith the horizontul of loss than 45 degreas Slf‘iOulrd‘bc c:)n-

aidor .4 to offer only one-third the résistance tdiﬁipine‘a those with
glones of 49 degrals or over, DR ] ‘éj, »fc i

-~

.thuﬁcrcan aiong sur£accs under 4% degree slonos colled horizentsl
‘ arecn and that of 45 4 grecs or over vortical creen.. It should be
. potud that thesc sloves urc the slones of the surface ol contact

- ad crc;; ElftgnCU of a dan cross section is the sum of the vertieal
2rCuD £ suzucus nlus one-third of the sum of tho :horizontal crc@o dis

anccs, and the ~uighted ercs- h: i e di-

irhto 5 huad ratio is thd =iritedorcoa.

yidod Ly the oifoective hsud, ' ' T;?ﬁhnmqg'crhbg o

itimes puilt extending upstteam from the crest at‘intérvhlsgalong‘it.;; N

- : - i : <
Analysie on this basis may bo called the —eighted erann Bl vels.
Lok S LS,y

The slone of tho nath takan by the ater may be diffecrent. -Tho ~eight-




The Tollowing values are suggested as the safe weivhted
pad ratios for vse in the design -of major tructuras.

SUGCESTED WEIGHTED CHE“P RATIOS

WZIGHT OF HORIZONTAL CHEEP 3'

Very fine sand or silt .
Finesanﬂ M T I )
.M'Bdimﬂnnd v & ® ® ®
Coarse sand » 5w . » .
Fine gravel . « « « o
Medium gravel .+ « « .«

Coarse gravel including cobbles .
Boulders with some cobbles and gravel
Softclay ----o-'.-ooolo-r
MediMClay.-nccocn-....‘
Hard(’.lay -.l....‘!l...rb'.
Very hard clay or hardman . « « « « «

!—'Hmtnt\:'-éﬂ'm#mm-a‘m
. P T |
cCpooUMoOMoOoOUOm

*

; These values can only be used for qolld masonry cutoffs built
%directly acainst the earth or interlocking steel or concrete sheet
tpiling driven 8o that the interlock is not broken and with the' “top
“of the piling satisfactorily embedded in the masonry “of the: Aam.
Comnetent supervision during constructior and efficient maintanance

lare assumed. If all these do not exist higher values must:be used.

: For less immortant structures these ratios may be’ reduced some—
fuhat dowr to merhavs 80% of the values given for very minor atructures.

‘]E" additional ractors which shnuld be corisiderad’ Ln aelucting tha

“gromer rotio are {1) thc laoss of life and, nroperty which would ro-
.mult from e failure, +2) the cuaAJty of suncrvision during’ congtruc-
wﬂion and of maintanance aftur comnletion, {3) the loss resulting '
ﬁ!rom vercolation under s dam, (4} the difficulty in mending & broach
L2 it oceurs and (5) the mossibility of the rivor bed” unstrcan silt- .
1ng un. -

Reversc filters, ween holes . end drains are an ald to aucurity
d weirhtod cieep head ratios may be reduecd uo to 1C7% if they arc
The best form is a woun hoie ~ith a reverse filter behind it.
or test rosults vents should bo located far enoush from the Jnd of
"Ehb travel math to insure that most of the {lovw nasses throq"h theme.
JIKCUﬂt to reduce umrard wressurc, they should not be located farther
“mwetrcam than necessary to accomnlish this nurpose. Usually tho boast
locastion, fram thc standvoint of wining, is just ahove thc dormstroam
- dutoflf, V9nt*na throurh the cutorf. The vosition of tho hydraulie
Jumm should be congidered in locating vonts. Gr at care must be ex-
arcised in constructing vonts or drains.




The socurity of dams on nervious foundations underlsid by ‘immoer-

wious materiml will be groatly increosed if a cutoff is carried into
the immervious material. No satisfactory: anaolysis for this condition
has been develoved. Dars rounded on immervious material underleid
"y nervicus material erc ant to rive trouble and should ho dcsigned

with caro.

In all cascn care must he nxarcich that cutorfq arc nronnrl?
tied in at the onle, so that the water will not outflank them, and
that therz is no short route hohind or under tho ahutncnt th:ough

which o channol may be Lormed.

In ordcr to =revent failurec of dioms by nurcolation dircctlv through
the rfound:tion material tho short peth hezd ratios should not be liss
than cight-t.nths of thoso ruccmmendud for thc w,ighfcﬂ er. BT,

IT any t70 noints on the ervewn line are 80 cloec topothu that
4$hc short nath bhutwecn thvm is less thun helf thc Nciﬂhtud crouun dis-

.taneo betroan them, flow mey be considorid to take nlacec dirvectly
throurh the mat. r1al thu lcnpth of this ‘travcl being given s ‘mweilght
of two. Whur. nore thﬁn anc short nath is nossible: brtﬂccn the :samo

vortions of the creep nath, the onc which rives “the . qﬂallcst totul
wei~hted ¢ enn for the structure should hc uncd - E

. Tho uvward »r.ssure to bhe us‘:'l‘ in o .sim;muy be cstimated by oe-
sumins that the Arom in nreasur.. from head-atsr to tailwstor along the
gontact line of dam and foundation is. wronortionzl to the wciphted
.araeen distance. Betmecn shect nile lings ~hich arc so ¢lose togother
that the short -ath limitutions annly tho totulrwrcssuic dron ‘may be
gom~utsi us -romortion:l to the short wpath distencc with ite wcight.

of two and distriduted betwecn the two ende of the short nAth in nro-
portion to the weiphted ereun botwacn thesc ﬂoints. <

iiseccllancous ceuscs of dmfriculty or fuilurc which ‘can bc L.void-
od by moncr dosi'n and construction are elly rnundations ‘or anronse
which arue located -rhor they ean dry out, constchtion‘on_dry sand,
control of swrings durin- construction, anron hlo—u~s duc’to insur£i4_

S ‘cicnt nllownnece for uw ard “russurc, -~oron unlift duce to the hydroulic

Jursp, scour bolom the 2am due to jum» forming off tho -.ron, mecling
of onron due to construction in layers, retrogrossion of the river ted
after construction, -and secour helo: anron due to it not being level
across the strean. : :
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Data on Dams and Dam Failures

In order to make available more detalled date than is possible
by means of tables for some of the structuree which have an irvortant
aring on the percolation diptancos required for various foundation

terials, the following brief state~ents have besn prunnrad-

Duis _on Clay and Har@pgn

Woodward Dam at Hill, Rew Hamnshire

This dam was founded ¢n material so hard that if an iron
bar was driven into it 12 to 18 inches, it was sometimes neces~
sary to use 8 derrick to pull it out. The adjacent banka were
of a hard csmented sand and clayey material with.occasional lay-
ers of pure sand. The foundations were said-to have been exca-
vated 10 to 12 reet below the natural surface of the earth. '
The line of creep and the shert path were both about 32 feot,
which, with the 30 foot head, give ratios of length of opath to
nead of l.l. A large vroportion of the creep.on thie dem waa -
vertical. The weight#di~creev head ratio was 0.9,

. This dam failed after five years of service with 'no Bign

of failure. Whers dams fail alter a considerable meriod of-sat--
isfastory service with heads that have been carried before sat-
iafactorily, the protable cause of ‘tailure is piving along the =
line of contact of the dam mith its fovndation.: ‘When r»ilure ,
taites place suddenly, at a head whigh has ot haer held ‘before,.
or with a wath which is suddenly shortened by an apron blowup, ‘
the cause may be percola*ion directly thru the foundation ma- - ..
terial. As this dem failed af$er a long service apparently at”
no unusual head, the failure was probably due to percolation
along the contact of the mesonry with the earth. The layers of
pure sand may hnve been reaponsible for, the failure.

Dolgerrog Dem, Lake Pigiau, North Wales.

The Dolgarrog Dam was founded on a glacial deposit of hard
blue clay conteining boulders, overlaid with e layer of peat.
Part of the foundation was not carried as deep as planned. This
saction feiled by a blowout under the Tfoundstion after the dam
had been in service fourteen years. The reservoir had vrevious-
1y been drawm down below the dam foundation due to nrolonged dry
woather and the drying out of ths clay may have been the real
cause of fallure.  The nortion of the dam built according to

o plan did not fail. The creop distance for the latter portion

62




wae 39 feet and for the part which failed 33 feet which for the
10 foot head gives croep head ratios of 3.9 and 3.3 resvectively.
The corregponding weighted creev ratios sare 1.4 and 1.2 resnec-
tively. As the dam held fourteen years with the lower ratio this
should be naarly, if not entirely mafe.

L

Forgus Fells, Rad River, Minnasotn

I.~ , ’

The Pergus Fulls Dam was founﬁad on hardpan. It failed after
eleven months service by a blounut under the power house, It ap-
pears that a spring was encountered in the porer house foundation
and no outlet was provided for it. This svring probably forced
an outlet for itself end gradually enlarged it. The path from
the hosdwater to the spring was too short and piping occurred
from the headwater to the spring and thence along the snring out-
let channel. There ip no evidence to ghow that the svillway had
insufficient length of path. The creep distmnce for the svillway
was 104 feot, giving a plain creen ratio of 4.5 and a weighted
creep ratio of 3.6. The creep distance to the spring was 45 feet,

giving a plein croep ratio of 2.0 and a weighted creep ratio of
l ll

Dams on CGravel, Cobblos and Bouldeors

The data on dems on gravel, cobblcs and boulders is given in
Tables 3 and 4. The rosulte are shown graphicelly on Figure 3. Dems
on foundations cqmposcd largely of sand but with considcurable nrovor-
tions of gravel ' aro, included in this grour. They renresent an inter-
mediate condition butwean coarsc sand and pravel, -and to'‘include thom
in this clasgification is on the side of conserveticom.

To sot forth morc fully the basis forl the longths of nercolation
path required for various materials, the dams having most influence on
the conclusions will be described at some length.

Puontes Dam, Guadalantin R., Spain

~ The Pucntos Dam was built in 1785-1791. Most of it was on
rock but in the center of the vulloy it mae founded on piles in
oarth variously deacribed as "carth,” ":lluvinl soil and sand"
and "sand and gravel at loest 25 fect dcep,™ the lattor classi-
fication being assumed as beoing the most conservative. The dam
wvag 15l foet wide on the baso and had a masonry apron 7.3 Tect
thick oxtonding 131 foot further downestroom. Nearly all the creep
mwus horizontal. The Tailure occurred suddenly after 11 ycars of
usc. The wroasure benwath 1lifted the apron at the toe of the dam
causing it to feil and thus groatly reducing tho crocn distance,




Tesulting in a blowout. The yeservoir vas said to be silted 44
Teet above the bapre of the dam and at the time of failure the head
wae 143 feet. It had reached 75 feet head in nrevicus years —ith-
out fajlure. : , Lo

Considering the effect of the 8ilt, the line of creep to the
end of the anron was 339 feet. With the head of 143 feet at time
of failure this gave a creep head ratio or_2.37.andaalneighted -
creep ratio of 1.0. HNo signs of Tailure at the end of the aoron
anpeared for this ratio, but might bave, had these conditions con- .
tinued. The blomout reduced the creep distance to 200 feet, the
plain creep ratio to 1.40 and the wei-~hted creep ratio ‘to.67.

In a previous year with 75 feet head, '

4.5 and 2.0 assuming the same “silt con 7 ;

ure, althourh it is possible that they wore less. This indicates
that the dam was safe with a 2,0 weighted creop heed ratio, possi-
bly mafe 7ith a 1.0 weightcd ratio, and cortainly unsafe with .87
weichted creep ratio.

Port Angelce Dam, Elwha R., Washington

base of the Port ingeles Dam rested ‘upon a "glacial de-

posit conaisting wrincipally of gravel and small grit or coarse
sand.” It was 97 feet wide on the base below which g caimson had -
been sunk 11 feet. 4n earth@rill-wgé constructed on the upstresm

side with & heipht of 50 reet endfﬁqsg‘of about 100 feet. 4
row of sheet piling 30 to 40 feet lon: was driven B feet dom-
streem from the toe of the dam, but not connected: to it,
piling =as detrimental, as 1t tendad to concentrate the under-
seemage into the svace between the dam and the piling. - The vater -
had been at about snillway level for nino days vhen aigns of in-
¢reased oreseurs wer< noticed below the dem ‘and wi thin two or three
hours the «ntire bottom gave way. -

The crecn distance wag about 169 fect. The head 7as uncertain,
probably 79 fcot, but may have been highor. ‘The. nlain eroev head -
ratio ~as there~ore not more than 2.1, The weighted crecp ratio

vas 1.3. The shortest vath Tas 150 feet aend gave a short nath ratio
of 1.9. .

The dam -as Tepaired by filling the canyon with rock blasted
from the sidoe hills, rcinforced with ~illov mats, shect riling and
a large concrete block. =th distance ig.about 650 to

ctically 100 fect, making a short path
ratio of 5.5 to 7.0. Undor thoso conditiona it hag been in sat-
iafactory service since 1913. On eccount of the lack of a defi-
nite contact betwoen the 111 and tho oripinal material, no creocn
distance can bhe vatimated,




P.I.ttgiold Dam, Wegt Brook, lhgguhuutts

The Pittsfield Dam wus founded on ey upper layer of gravel
and fine material 4 to 5 feet deep, underleid by & much finer and
avparently immervious stratum of clayey materiel 5 to 8 fest thick,
beneath wghich wasp a waterbearing gravelly mass containing much
fine material with boulders from hena-egg size to vossibly a cubic
yard in volume. The upatreamwcutorrrwall extendod into the- immer-
vious layér, but not down through.the pervious material benecath,
The dam seems to have been deosigned on the assumption that the
foundation material below the top layer was. impervious. - Avbvar-
ently the flow thru the Pervious material apneared downatream,
either lifting the impervious layer or causing piping along some
channel leading thru it. The failure was orobably more in the
nature of piping through the material rmthor than along the line
of contact with the dam. The shortest nath was 63 foot and the

head 33 feet, giving a short Path ratio of 1.9. The plain creen
distance and ratioc were 76 feet and 2.3 respectively. The weight-
ed creep ratic was 1.4. The dam was repaired with a cutoff wall
extending through the pervious layer and has been giving sati g~
Tactory service for about 20 vears. N '

Coon Ranids Dam, Mississippi River, Minnesota

The Coon Rapids Dam on the unner Mississipri River failed
from a sudden blowout during repairs, after thedam had becn giv-
ing satisfactory service {from the standpoint of piping) for over
three years. The vrimary cause was a gap one vile wide in the
sheet pile cutoff. The hole below the dam caused by scour mas
oui to build an extension of the apron, causing an increascd head
on the structure. ' The hoad was anIroxiately 48 foet, and the
shortoat path 130 fect, giving & short nath ratio of 2.7. since
the water levcl below the dam et this time was considerably below
the bottom of the doimstream piling, the water did not follow the
creop line and thersfore the creep head ratio cannot bé‘cstimatod.

The carth below tho dam had a sloping surface and would there-
fore fail more saslly than if the ground worc level, On the othar
hand the gap of only ong »ile would considcrably restrict the flow
as comoarcd with the ordinary conditiong aasumed in design.

Plattsburg Dam, "est Brook Plattsburg, Ne- Yerk

The Plattsburg Dam was Tounded on g
Tolloving composition: 2
sand, 2% , ) , 8% mod-
lum fine sand, 1% fine sand and 20% sand and silt naseing a 100-mesh
screen. Therc was less thap 1% clsyey material. The bage of the
dam was stepned up the sides of the hills. The upstream cutoff wsll
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was said t0 be 20 fe#t deefi. - It is remorted to have beem built
with wood sheeiing left betwsan the cancrete and the natural earth
and thet the backfill was made with sxrcavated material and con-
struction debris. The weep holes plamned for the structure were
Plugged.” It 1s 8lso reportsd that a trench was excavated alung
the upstream side of the cutoff and refilled with puddle, but this
report could not be confirmed. Leakage was evident from the firgt,
and the dem failed fram a blowout; pProbably fram seepage along the
line of creep, aprnarently about two . months after it wae rilled.

The length of the line of creep variod for different _.sections
of the dsm and the creep head ratios varied from 7.1 to 3,2, the
higher ratios being for the lower varts of thc dem where 1t was
stepnad up the s=ide of the valley. The corresmonding weighted
creep ratios wer:z 5.1 to 2.0. The shortos t path reatios varied
from 5.8 to 2.6. Wherc the failuro took nlacethe . boad was nroba-
bly apuroximstely 22' and the crecp 87', giving a plain creep ratio
of 4.0 and a weichted creop ratio of 2,8. The shortcat wmth at

this point was probably 70¢, gitlhg'a shortest nath ratio of 3,2,

Pinhook Dam, Maquokota Rivor, Iowa

.

This dam and power house are Tounded on vhat is reported to

be *fairly well graded sand, altho there is considerable gravel ::
and occaesional boulders es large as 1/3 cu. yd. 4Another descrip-
tion gives it as "fine sand with send silt intermixed and almost
the neture of quicksand.” (A sieve analysis is given on Figure 1.)
The head is 25' and the cresp distance to the end of ‘the fixed
anron below both the power house and spillway is 130', giving a
nlain creep heel ratio of 5.2 and e meifhted creep head ratio of
3.5. Below this fixed nortion howevar,. there are conerete slabs
conatructed to ellow settlomcnt without cracking, but without
waterticht foints. Since theso slabs no doubt to some cxtent
increase the resistance to niping, it would not bo correct to
assume that the success of this dam indicated that the 3.5 ratio
was safe. Tho creep distances to the end of this slab apron Tor
the movwer house and the spillway scction are 206°¢ and 231' resvwoc-
tivoly, which =ive nlain croep hcad ratios of 8,0 and 2.2 and
vcighted ratios of 4.5 to 5.9. The shortost Daths, not including
tho block anron arc 92' and 91' for the power house and svillway
resne” iively, riving retios of 3.2 and 3.1. Including the block
anron these distuncos are 161' and 179' and the ratios 5.6 and
5.2 resotctively. Somo trouble ™48 cxnerienced frown sand  boing
carriod thru the cracks of the “avement, nrobably duc to the fact
that the flexible vaving osartially cutoff the outlot for the —ater
at the Zownstrcam edse of the solid anrhn and considorable flows
escaped thru the cracks betwsen the bloclks, The difficulty was
remediad by dumoine eclay on the unstream side of the dam.




Djin -on_Durranee River, Prance

This dmm failed from blowout thru the central portion. - It
waa founded on gravel. The data is not very complete, but there
vas aprarontly considersble erosion downstresm before the blowout
oocuxTed. o

Oawugetchie River, New York

This dam, for waert of its length, is reported as being found-
ed on "glacisl boulders" but as light sheet piling was driven, the
boulders wers more than likely cambined with sand or gravel. The
head was 23 feet. The cutoffs were formed by concrote wells with
2 x 6 inch sheet piling on oach side of the wall drivem dovn 4 to

7 feat boyond the bottom of tho concrete. Except for sorings cn-
voansared during construction, there was no goopage and the cut-
off walls showod no seepago. The piling is assumed -;ator tight

and that the resistance to travel between the two ad jacent rovs
is aquivalant to a crecp twice the distance hetwoen the piles.
The creop distance is 82 feot and the hoad 23 fcet., making the
plain -creep ratio 3.6. The ~veighted croep ratio is 2.5. The
shortost math ig 57 fect, giving a short path ratio of 2.5.

Granite Reef Dam, Balt Rivor, Arizona

The Granitc Reef Dem ip founded on gravel and boulders and
sustains a head of 20fcet. The total creep distance to the por-
ous apron is 77feet, giving a plein creep hcad ratio of 3.8 and &
weightoed creep head ,ratio of 2.8. The shortest paeth to the up~
stroam edge of the porous apron is 58 feoct, giving s short path
ratio of 2.9, and tho short peth to the weopholos is 47, ziving
a ratic of 2.3. B

When first put into operation thers vwas & saepage of two to

threo sec. ft. under tho 300 fect longth not founded on rock, but
the pool mbove the dam filled with sand and silt, =hich roduced -
or stopwed tho scevage. It is possible that the rock fill under
tho downstreem apron acted somovhat as a roverse filter and in-
croased the socurity of the gtructurc. Aiftor some years in sor-
vice the anron was destroyed by a flood, and the dam stood some
time <7ithout it beforc it was ronaired, sho~ing that at that tire
it was not noceapary for security.




Dams on Coarse Sand
s s e iyttt

o
Riverdale Dam, Apnle River, Wigcongin

This dem was Tounded on torvedo sand, end held a head of
24 feet. It was completed in 1905.and wag still ammarently in
service in 190%. The maximm line.or creep is 101 feet, but
this includes 20 feet for sheet niling7camposed-of steel railgs
driven as close together ae vosaible, which would vrobably not
be watertirht, and the nrobable treen was therefore 8l feet,
the plain creew head ratio 3.4 and the welphted ratio 1.7.
Considering the reils to have made an effective cutoff, the
plain creep ratic would be 4.2 and the weighted ratio 2,5,
This value will bte used as it ls more conservative. The short-
st path is 71 feet, and the ghort math ratio 3.0. Downstream
from the dam is an apron of large stones which mey have acted
to sane extent as a filter. The foundation was full of surings
during cona?ruction.

Prairie du Sac Dam and Power House, Wigconsin River, Yipconmin

This dem was built about 1912 and is founded op pure coarses
sand. It e hollow concrete, the buttresses are supnorted by
piles and ther: is no floor under the dam, Seepage is vrevent-
ed by a 50' row of sheot piling and an upstream clay blanket
about 20 feet wide. The inside of the dam is rilled with loose
rock, through which any water passing under the sheet piling may
rise and until the vente were closed escaped thru them in the
downstresm side of the dam. Tater may algo socp out thru the

sand and undor the downstream sheet vile cutoff. Since the
plain creep ratio from the inside of the dem to tzilwater is
much griater than betmeen the hoadwatcr and the vont, the under-
flow undoubtedly escaned through the vents, until they werc 7
closed. The hoad from hoadwater to vopts is 29 foct, and the -
total ordinary head 32 foet. The croep distance to the inside
of the’dam, -her. it formerly could discharge thru the vents,

vas 124 foct. With the vonts closed, the totel creep distanco
is 198 feet. The crocp hoad retio to tho inside of the dam,
with tho vonts oven was thercfore 4.3 and with the vonts closed
the ratio for the entire structurc mas 5.2, The correanonding
weighted creep ratios arc 3.7 angd 4.8. The shortost wth with
the vents onen ig 104 feoet, giving = ratio of 3.6, and with vents
closed 149 fect, —ith ratic of 4.7. The crecp distance under the
powor housec is 301 feet, rhich, -dth a head of 32 foet, gives n
plain croev ratio of #.4 and “cighted crcen ratio of 6.5. The
shortest vath is 216 fect and short nath ratio 6,8, $

3.
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Dams on Sand, Fine gand and Silt
Narora Weir, Genges. River, India e

This weir was founded on fine nRicaceous sand, nrobably
Talling into Bligh's class "of which 80% of the grains pess
& 75-mesh sisve.” It pustained a head of about 13 feet.
After about 20 years of service it feiled and was repaired
with a much longer creep distancs,

This failure has occupied & larere place in discussiong
of the design of dems on porous Toundations, and therefore
has been studies in considerable detail. Bligh contended
that it wes a ocase of niving, which had been going on for
twenty years, and on the basgis of this failure, and that of -
the Khanki' weir, built the gtructure of hig widely used methe
ods. A thorough study of the data leads to conamiderasble
doubt ae to the accuracy of some of Bligh's conclusiona.-
There are many differing oninions on the exact manner in which
the fallure took Place. In Bligh's Practical Design of Irri- ©
&ation Works, 3rd Edition, Mr. F. ‘W, VWoods records several .
opinicns, and Griffith has still another. Vioods contends at
length, aprarently with conaiderable Justification, that the
Tailure was nrimarily due to undercutting of the upstream
portion of the weir by e lateral current and that this ‘oc=
curred in the river chunnel section vhere it was built on a

For the vurpose of this vaver it is not necessary to de-
termine exactly how the structure failed. Certain Tfacts seem
to be well established. 'The greater vortion of the structure
which Was not built on & f£111 stood rithout failure for tionty
years, although soie trouble with springs at the dowmnsztream
edge aeems tc have heen experienced. This vortion hed a creep
head ratio of 13.0 and e welghted  creep ratio of 6.3. The up-
stream puddle apron in the section where failure occurred had
been rashed away. In some portions of the weir, snrings of
conaiderable magnitude came up through the upstream edge of
the grouted riprap. The svaces batreen the cells forming the
downstream cutoff were said to be "indifferently closed” by
piles. ‘

Bligh apnarently was not in vossession of a1l thease facts
~hen he reeched his conclusions. He assumed that the line or
creep followed the line ACDE ¥ G HIJKLMN. [Plate XTV)
This gives s length or apnroximately 169 feet, and a creep head
ratio of 13.0. The unstream ouddle is kmo-n to have been ~ashed
évay, and this reduced the creep ratio to 11.0. However it is




very likely from the acoocunta of the failure that the seevage
path ended in gprings at the upstream edge of the grouted pitch-
ing. If this is the case, the ratioc mould be atill further re-
duced to 7.3. If, in addition to this, the creep »ath passed
through the indifferent staunching between the wells of the ‘
dormstreem cutoff, the ratio -1ould reach the low value of 5.4.
It is apparent therelore that Bligh's conclusion’ that the fail-
°ure occurred —ith a ratio of 13.0 is incorrect, and ir the dam
failed from pining at all it cecurred <ith = retio of not more
than 11.0, probably =ith 7.3 and varhens as lo~ as 5.4. The
correanonding waighted croesv head ratios are 6.0, 4.8 and 2.8
resvoctively. Tho data for the distances and ratios for nlain
creep, weighted '‘ereen and short nath are as follows: ' '

: Plein creeb‘:Woighted Creen~' _Bhort Path
:Dist. Ratio: Digt. Ratio. Path -'Diat.:Rat1

Conditions As- H
sumed by Bligh : 169

y A,D E,H,
82-3 ., 6:3 H I'M N-'
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Puddle Missing :
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Porcolation :
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Reconstructed
Teir

“ 4
@ e (Lower Chensb) Yeir, Ghenab River, ™unjab, India

This welr was founded on fine sand end failed abott three
years after conr‘ruction. When it war renalre?, the aoron was
extenied and rheet riles were added. The data on craen digstance
from various sources differc considerably and the values used
are therefore romavhat arbitrurily selected.

Blirh'e method of desipn and his constants mwer= hared nrip-
¢inally on the results with this structure and the Narora ¥eir.
There is unfortunately considerable uncertainty regarding the




causy of hﬂnn Eligh contendud that it was from 'nibing but
¥oolds srguss vory convincingly that it 'wae due to subsidence
resulting from undermining on the upstream side by & loteral
surrent, that this ocourred where the dam was built on a £111’
and that the weir wes safe where not underminad. Buckley how-
ever ptates that there werec bed swings below all baya of the
wair before it failed, and since failure oocurred omly throe
yoars af'tor construction, 1t 1s ‘ronsoneblo to. conclude that the
original design was not vory souura, oven if the failurc 4id
not rosult from wiping.

The original dusign 1nc1uded VOTY. 11ttle ‘vertical cracp.,
It wae rovaired by oxionding the upstromm anron and adding a
sutoff of wells or shoet biling, the nature of tuﬂ“‘ﬂnairs dif-
foring at difforont narte of tho woir.  Bligh glvee tho hoad as
13 foct. Buckloy styvtes thet the maximum hoad may have boen
12 foot, and the averago B to 9 foot. In the following tublo
is givon a summary of tho analysis of plain creov, short nath
end weightod croon for both 12 and 13-foot hoads. The 12-faot
hcad im ad0ﬂtud s boing moro conncrvativo.‘ -

L Berora Failure ‘

sBligh Croon : %Weiehtol Orcov: Short Path
: Dist.:RBtio: Dist. : Rutio : Diat.: Ratio

- .
1 ’

Using 13-foot heed: 119 : 9.2 : 48 : 3.7 : 110 : 8.5

Using l2-foot head: 119 : 9.9 : .48 ! 4.0 : 110 ; 9.2

s

After Reconstruction
:_Bligh Creen : Weighted Crecn: Short Tath
: Dinst.:Ratio : Dist. : Ratio : Dist.: Ratio

Ueing 13~foot hewd: 209 : 16.1 ¢ 101 : 7.8 : 188-: 14.5

Deoha Barrage, Deoha:River - United Provinces, India

This barrage was constructed on fine sand, —ith a creem
head ratic.of 17, the entire travel being alon; the base of
the structure, as there was no sheet niling. It =ms -ut into
service in July 1925, Trouble wmas exnmerienced with erackiar
in 1925-26. In 1927 some evidences of ninins and subsidence
were observed and strong snringe with sand discharging down-




stream from the .canal headgate developed during a flood dut
cecsed as the'flood receded.. On accc 'nt of danger of under-
mining at the downstream sdre of the aunron in 1928-29 stsel
sheet piling 15 feet long wae driven, but Qifficulty was exe
perienced in getting m continuoua cutoff nroverly tied into
the floor. Thickening of the floor on secount of the in-
cereased uprard vpressure was found 4o be unneccsaary. Inter-
locking steel sheet niling 20 Teot long wae aleo drivon up-
atreem fram the heatgate and no more ‘trouble anpearod from
the hoadgate springs. A line of interlocking steel sheet pil-
ing, 25 foot long, wes started along the upstroam edge of the

In Sontembur 1929, when it was necessary to carry tho full
12 foot hoad, soringes suddonly apnoared domstresm of the shoot’
piling in the first bay, cracks scon developed and tho floor
was slightly raised. 4 distinct -.channol formed: lcading from --
the end of tho upstream lino of ghoat »iling at ono abutment to
the domnstream row of niling, thru which tho wator oscaped. Por-
tions of tho floor worc undermincd amd onc portion upstream of
tho gates was forced down by tho =cight of the 7ater over it,
end a soction dommstroem was blown ‘up, :

The length of the creev path was more than 320 feet, giv-
ing a creep head ratioc of at least 26.6. No abnreciable part
of this vath was alons a verticel or inclined surface. This
distance is so extreme that it im reasonable to assume thet
the channele along at least a portion of the vath had started
to develoo before sheet piling was driven, Ag the length of
the nith -—hich develoned under the various .conditions is un-
knomm the structure at the time failure occurred cannot be
analyzed in a quantitive way but it does serve o bring out
several imvortant points. It is evident that the originel
creen diastance giving creep head a rativ of 17 wam insufri-
cient.. The long distances that ereep can develop under a hori-
zontal foundation surface are strikingly shownm, emvhasizing the
value of creep distances along vertical surfaces. The neces-
sity of tight sheet viling well comiected to the foundation.
magonry and .0f tying in the onds of the gheet niling,citoff ot
the abutments so that the water cammot find ite Yay around ‘the
end of the cutoff are convincingly illustrated, R

Eitcha Bye-Wash Weir, Rohilihand Genels, United Provincea, India

This structure —as founded upon dry sand sbove ground water
level. It had a vuddle unstream apron covered with grouted rip-
rap and a stepped masonry drop, with 12' gheet piling at the
downstream edge. There was no unstream cutoffr, Normally no
water was asgainst this structuca. Several tires amall flovs

-




Patpet ower it, each ¢ime uauainﬂ'piﬁ;ng‘and failure of the
fleor. The first time a real test of the structurs ococurred,
it failed to mzh nn extent as to require abandonment,

There sre differing ovinione as to the cause of the fail-
ure, ovidently it was a case of pining, but the =ath of the-.
Piving is not definite. The weter seems to heve nasmed thru
oracks in the puddls, vhich had urobably dried oug, or thri
the contact of the puddle and the masonry. The hemd-was about
8.0 feot and the creep distance chich the water actually took,

Frobably about 58 foet, makimg the plain ‘¢reep head ratio 7.2 .
and e weighted creep hasd ratio of 4.3. The corresponding fig-
ures for short path ere 47 feot and 5.9. Popeibly tho -mettle-
ment of tho dry sand twhon brought into contact with water con-
triduted to the failure of the structure. It is vomsible also
that & hoad brought suddonly on a dry sand mould give rise to
greator vorcolation than sand continuously wot. Thip failurc
serves to bring to attention the dangor of nuddle avronsg ~herc
they may dry out, and the possiblo danger .of founding s struc-.
ture on dry moil. '

Kulli Dem, Rohilihand Canal, India

This dam waa originally comstructed vith an apron .of inguf-
ficient weight, whioh was blorm up, ndcopsitating‘the_:econatrch
tion of the weir. Tho reconstructed weir stood without any -
sigus of troublo for about ten Years, vhoen it suddenly failed,
apvarently from viping along tho line of erecp. The structure ‘
was foupded on £ino sand, without any cutoff valle or sheet pii-
ing. The creep ratio was betwoen 1:14 and. 1:16. .The structure
was robuilt with muech the seme section as bofore, but with an
uvatremm cutoff or intorlocking stoel shoet piling, and has giv-
en no troublc since. The data aveilablo is insurricient to give
oxact data on this structure, but its failurc ig of ma jor immor.
tance as sho—ing the noocaaity of vortical gtaunching if short-
or ereop ratioe than those advocatcd by Bligh and Griffith aro
to be used, ‘ "

!p;li Byo “agh. Rohilihand Canal, Indis

This structurc had sovoral failurcs of the upstroam aoron
vhich were patched up ith reinforced conergt: ,. but after 3 or
4 yoers it failed beyond rovair. It was ‘built op fino sand, :
7ithout cuteff walle or shect piling and hed-a vlain cracp ratio
of batwoon (4 and 186. )




The author believes that the failure of the Corous Christi

Dam abutment wes due to the existence of o ahort mercolation

path under and“behind the abutment. This is the only record

of & failure due¢ to thig cause which he hzs found, and the only

warning of this possihility of euch a failure seems to have been

given by Griffith.*  The shori puth was apmarcntly down the ups,
. : W . . ; ot

¥proc., Institution of Givil Engineers, Vol. 107, ?t; ITI, P, 229.

stream face of the dam directly over the edpe of the  abutmont,

under the abutment to ite reariedge, un over the ton of the

sheet niling, do'm to tho: bottom of the ubutment and. thence to . .
the drain. Ther. were two linés of tilo drain under. the d§¢£,47 o
Thé creep »ath to the ond of the upstream onc or'thcse&was an—
parently about 103 feet and o0 the downstrcam. one 154 sicet which ..
with a hoad of ap roximately 37;rcct would give plauin “erecn ra-

tios of 2.8 and 4.2 an@ woighted creep ratios of 1.6 and 2.1 fe.
snectiveldy. The datae available|does not indicate a filter around

tho tilc drain and fine muteri«]l soums to have cscaped throupsh

one of the drains, until a "sipe™ was formes leading to that

druain. As this enlarced the flow became greater than the drain
eould carry without vressure, und a wressure under the. anron

was built unadek eventuslly bile- up the apron.’ The tutir rushe

ing throurh this onening and the mpjines alreody formed, ranidly
enlarPed 1ts massomeway and undermined the ahutmenty Tt mav be. o
concluded from this that the #eirhtod erech patio resoponsihle i\
for failure was not over 2.1 pnd muy have booan 1VG.  The mater-

izl ot the Thutment was sund. S L

Iron Mountein Lam, Monomince River, Michiman | Ea SRR
1N 1 14 S oo

+The bed of “the river ot the domsite g coverad Tith - loyer”
of stmnd and Crovel, raved slth mmull hﬂuldwrs,-hnncgth which 1n
fince sand. Thc dam nrotuabiy rests on this sands livor, T sug-

taing a h2id of 30 freat 7ith 4 erecp distanac or 287 reet, rFiv- i

iny o nlain ereco head rtio or a6 und ju ceishted creep haad
ratio of 5.50. Tue deunstiream anron of this dam is thin and the
nriessurce poenezth it s pelicved by 2 drain o ti)e surroundod;
by fravel.  This dem hes hoen ﬁiVinﬂ'S;tisTﬂcLGry survige sinén
ahout 1926.

o

Hudrai Escioo Fall, Lower finyue vnel, Iadin

Thisgstructure wns huilt for -~ 14 ry. Iron on lirht s-ady 7

soil, butirotrorresrion of tho ter 1ovel belo™ inercrsed the
hed to 20,fubp. Thu first treuhle ong 2xnericneed nine voors
avtler construection. The Aotmaetresm awron vee catenied the next

T
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but would bhe very sxpansive to tuild. Most of the tests werc made
with Type II, but this gave goaevhat " too gsevare. scour, Bso that Type
V wns asdopted for tho final derifn. 'Thia'consisted'of a wall ex-
tending out horizontelly te the opn of +ho Tlppr_wheruﬁit;onded_ver—
tically, The earth bark nloncd up Lelir? <hig wull on . a 2:1 slope _
from near the bottom of the mule at 1is e1d to the ton some distaﬁce
back. This leaves o trienguler aection ¢ thé_wull_projocting_abbve
tha earth which merely acts us a8 fuitde wall Tor tha WUter,_ As- the :
preasurv on the two zides differs little, great strangth is net re-.
cuired ond therefore 1t need not be very exhennive.’ This-torm_of
wall, torether with the nlopeLpavingudescribadﬂlater, was helievad -
to be bhast form, considering both the hydrnulic-af:ects”and:gost.'

Beat Form of 'Banl Protection

The tests showed that therefwould-be;conaiderablef&courtcf@m‘,«

the banks below the pool during hih floods. ' This resulted from wave i

ection rathor than hifh velocity currents, The‘washing.waa gimilar.

to that of wavaes breaking on a4 bewch. At the Cle Elum Dem the topo-
graphy is auch that no damage will result from this .Bction except -
near the ends of the pool walls. Different forms of protection for
this aree wus therefore exporirented upon. The first type simulated
8 concrete slab paving, It consicted .of s layer of paraffin cest on
the channel side slope as shown on Pluto XLIIT-A, .The scour :along
the edge of this tvpe urdermined tho paving, and the next test was
run with & cutoff wall uight Teet doop along the edge of the paving. .
This prevented the undermining, as shown on Plato XLIII-B. Better:
rosults however were accomplislied by tho further addition of e strip.
of riprap 10 feet wide at the outuer cdge of the peving, as shown on .
Plute XLIII-C. 4 pavin, entirely of riprap of stonc to about two feet:
dimension (on the prototype) wes tontud. - With Type. II ‘heedwall this
protection was not sufficient, as shcwn on Plote XLIII-D. -With the
tvpe V walls finally adopted, this'protoctionlwasuadequato;"The;rip-‘
rep on a lj:1 slopo however, was not very secure and it was decidod -
to use a 2:1 slope inatoad. o R c s

Downward Prossures

‘ i |
"1 the desien of & stilling pool founded. on pormeable mater-
lel, provision must be made to tuke care of the unbalanced pressure on -
the {loor caused b¥ the hwyiraulic Jump.  In g masonry lined pool, the
pressurc beneath the lining is enusad by tho level of the tailwatos,
since wator from the tailweter cun percoluate through the foundation
matorial to the lower sido of the lining. This pressure acts upward
and tends to 1ift the pool lining., On the upprr side of the lining
the woight of the water in the pool sets downward, resisting the up-
werd prossura. Upstream from the Juma this dowmward pressure deponda
on the level of the water surface flowing et that point, which is much




N

less than the tailwster level which is below the Jumm."Tha‘upwurﬁ pres-
Sure on the bottom of the rool lining ias tharefora‘gruater_than the :
downward pressurs due to the wator on the top of the lining, and un-

Extensive observations were made to determine the water pree~
surea which would aet to hold the pool lining down in the Cle Eiwm ‘
8tilling pool., To record these pressures piezometers were placed in = -
the lining of ths pool at.various points.  The results of the ohser-
vations for a 40,000 mec, ft. discharge 1s shown on Figure 56, This o
shows that the downward pressure on the pool bottom shown by the
Plezometers, and the actual vetor surface elevations. The downward
Prossure is comsiderably lesms than the heizht of the water surface .
in tho jum due no doubt to the air content of tho water in the jump .
which decreases 1 ! ' '

Exporiments were also mud- ‘showing the pressuros for var-
ious discharges, tailwater levols, types of 0ills emd entidnce slopes
as phown on Figures 60 to 65 inclus 1ve. They show. that the reduction
in pressure due to the Jump incrcusus as the discharge increases and .
as the tailwator level is lowered, Figucos o2 to 64 indicatée that
the existence or shape of tho 811l has little effoct on these pres—
pures, within the range covered by thes: experiments, and ¥iguro 65
indicates the entrence slope to tho pocl 16 not of great importance,
Prossuree were also observod on the bottom of the pools of 150 and
120 ft, width, for a 40,000 sec. rt, discharge, as shown on Figuroe
86 and 87, ' :

It should be noted that tho pressures shown in the diagramse
are avsrago presaures, and momentary pressurue vary from these cop-
sidexrnbly in both directions. The values €iven should therefore be
used with a consideorable factor of safety. Probably tho beat way to
provide for this upward pressure is to build an adoguate syvstem of
dreins benoath the pool Tloor, discharging into the pool at thu point

50—




vhere the downwarg
discharging through the
is to be built at the (le Elum Dam,:

‘the re. ontemplates
b; pool through the face’
Tlowing over this ‘opan~

Teats of the Pinal Design :

An extenaive serian of ‘tosts
to detect w '

£ ) - 01 . Tuns aof 20,000,
Pt respactively, In ‘emoch case the ‘TUNE Waye -
corresponding to 7,071 -hours on :
at the beginning of aach

Tieoe toate showed
- _ _ "but in neo o430 weg' there
: on tho bottom whoro 1t would endanger the pool walls
and floor; in fact, thore waa 2 doposit at the opa of “tho floor ant-
on the riprep bank protection rathor than & moour on the channe}l -
Bides, ' :

In order to show the officaoy of the 8111, a run was mede .
without Ono, as shown op Plate XLVI-i and ‘Bs By compariaon with tho
Tosults of tho one hour mn with 40 rt. diachargs,

XLV 1t will be 80on that
more gaour on the riprap
bottom. At the
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FIGURE 63
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R PR - _ S A
the pool without the mij) would 51111 be safe, put 1t is doubttul 4r .
it weula be in g0od condition gt the‘andiqr a Sahour,run. - B :

assumed in design.
This differs very little from the ¢
water, so That no appreciatle effect .
tallwater level hag been overestimated.[aw, '
. I, e ) } B
In order to show that the fina] design would stand up upger
8 hiph flood of long duration,fa‘run'br;5'houra duration was made on
the model, corresponding.t6f35.4:hourﬂwon‘the_protytype; with a 40,000
aec, Plates XLVIT ang XLVIII,show‘theﬁcondition:or‘tha sand
' - the énd of each h ur, iAt;tHa*end‘of,tha_
onsiderable deposit at' the end of the floox
.48 T1ow continued. thi 8 25p0BItY,
at the end of the:s-hggr‘period only
prap and practic&llgﬁnone at:the‘end_oratha .
floor, or, in other ¥ords, the bottom Bt the end of; ¢Ha Tloor ‘hag
#coured back to its origindl level. 1Ip this_eﬁﬁgzgfﬁh'the;poorf .“'
8tructure was uc sefe ag berore‘therflood. In order to. increass the .
safety 8till further however, riprap wil be,pl&céd*acrossfthe'cngn—
nel bottam at.the end of ‘the floor, as well as on the side:slopes.”
The scour alon; the center line of the -channe ' ap
on Figure 15 and’cross-aectiona at the end of
! ‘l-hour and S-hour perio
the erd of the period‘ﬁgﬂascour,waa 8till go-
ing on at g distancelbaloqlthe'poul, but woulg not endanger the struc-
ture, N e N o

Comrarisen of Originnl and Fipal Daaigﬁ:mf*“°”‘*

in order to show the improverment which was obtained from -
the hydraulic ftandpoint by neans of the model tests, a rup was. made
with a mogel of the origingl design-under‘cénditionq-asfnaarly'simdi--
ilar to thoses of the Tinnl .design A8 ;possitle. ' The ‘results are showy
on Plate XLIX and Figure 71, These indicate fairly similer condi- .
tions of scour on the banks in the twﬁﬁpaSQs, but Shows much more
8COUr on the bottom of the originsl des¥gn at the downstream edge or
the pool floor. ‘The seour 10C £¢. downs'resm igs much the peme for
toth types. The Principal adv
in derreased cost.
T't. shorter than the e expensive wing walls of
the latter ore eliminated, These savings tonether ¥ith those made
Possible by narrowing the trough, Trepresent g saving of seversal times
the entire cost of tne laboratory experiments, By means of the labor- .
atory studies therefore it was poasgible to obtain not only a better am
Safer structurs but & mich cheaper one as well. ‘
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Teste of Small Models apd the Law of Similitude

In order to try out severs) variations in the trough while
other sxperiments on the 1:850 model were in progress, meveral small
models were made on 1:250 scale. Tie results on soms of theme are
shown on Plates VI, I ang LI. 4 1:2% modol of'the original < - -
deeign, ae shown on Plate I-4 wags aleo made. 4 Comparison of this
with Plate III-4 shows that the ‘uction of the two models iz very
eimilar, The diemond shape wave formation is ‘met up in the same
¥ay and in almost exactly the sEme position in.the spillway. Thees -
in the 1:250 epillwsy howaver1wora‘relativply nmaller;'duownn doubt -
to the relatively greater effect of surface tension in the smaller .
mode), _ Co e T e S, Co

To 8t111 further tes: the law of similitude 8 1:500 model

orstructed, as shown on Plate Ll-A and B, .The wave .action
in this model was almost sntirely absent and did not follow the pat-
tern shown by the 1:50 and ]:250 sizes. Computations show that the
Reynolds r W ‘
than the and since the flow would therefore be in a°
streamline state, its actioq would be different. 4 thin stream of .
colored fluid introduced through a capilliary tube'flowed,through.
the flume in & hair line without breaking up, as.shown on Plate LIg
pProving that the flow was in a stream line state, as the ‘theory in-
dicated, ' ‘ ‘

was confirmed by the
into it

In the 1:500 model the surface tension also had the effect
of making the results from it unreliasble when applied ‘to the proto-
type size. Ao the same fluic would be handled by the pPrototype as
was uset in ths model the surface tension effects would be of ‘the
86me magnitude in both, and therefore 500 times greeter when com- .
pared to the size of the model. A striking example of the unrelia-
bility of thiz small mode] due to ' ’

in diameter runnin; alemg on the flat top
of a wall, as if it were Tlowing through exi’ invigible pipe, which is
obviously far from the result which would be obtained in the proto-
type. As breviously mentioned, surface tensien éxerted a consider-
atle effect in the 1:250 model but it is believed that the effect.in
the 1:50 scale model was Legligible. Plates L-C ard LI-C show re-
sults on small models made for preliminary studies on the Madden
Tam, and 1)lustrate *he wave action in a short wide trough and in e

8pillway with the control section at the top of the chute,
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Generel Apnlication,

Althourh thisg memorandum im primarily ‘a report on the hy-

xneriments which lad to thy nurticular design adopted for
the Cle Elum splllwny, one or'the,stranrtnt=ronadns ror.preparing it
is to make the information collectad an thuse tocts wvaileble for
studies of similor Problems ip the'futufu;‘ilt‘w111>bo.worthwhile
therefore to outline the condition5 to which‘thuxrcsults*of'this’study
arn apnlicable, and certain aspects which moy-be valuable in consider-
ing those results. from the standpoint of their Learing on some other
probleins, ' SR T o

The model acale orf 1:50 was- selected lgrgeIY‘benaUSe spsce

linttations nrovented a larger secale. Many other scale rutios mizht
huve been ussd and woula have shown practically the sume results, -
In the seme way, the results of these tests ure practicnlly. fs appli-
cable to o lurre number of cther sizes of apillway. For exumple, - _
if we consider the model ng 14 wes built to be 8:1:25 model instsad |
of & 1:50 model it will rivo the reasults which may be ‘axpected .on a

structure vhose dimunsions are Just half thet of the Cle Elum apili-: .

woy and whose reted discharge is 7075 $0C. i, : Flgure 72 -shows' the
Principal dinensions of the vurious spillwavs and the discharges to =
which thess tosts could be.dirvetly enpliad by uaswning various model
ratios. ZFor conditions approximating sny of_theSa.sats;ofdvaluQS{
the results could be applied without further invsarigution;‘11n most
instances howover the conditions will he too civergont from those
cilven on isure 72 ang the rasults willfba-onlyrpartly &pplicablc,

?ronxh'Desicﬁ-

- The results obtained by erperimentation on the trough wili
not have £s ronoral an application oy those obtuined on the stilling
pocl, For o trous h of uniform width with antraﬁcu'conditions similar
to those oxporimonted upon, no dirfiuulniusjucpd by anticipated. If 5

“ is desirod hovevor to have ‘a variably width tho protlem is com-
Plex end unluss the conditions closuly approximatU~thoSu on Fimure
72, modol studizs i1l Probeble by nouduu.  Th, modcl studios  indi-
cete that for trouchs of tha shupas sho-m on Tuble T @ luss'discnarge .
then thoas ~iven on Firuro 72 .111 onarate s8itisfeetorily anpg prob-
ablv also a larger on., Ur to possitly twice that Elven, If it is
RGCisBRYY 10 use @ froptor discharre or g giff sront slope or length,
the results connot by directly anplica, .

The exporimonts dig not : “ide cuourh fiold to on-
atle the nrinciples of the dosiin of such Clunes to bu worked out ig
detefl, 4 freat many shinge were dlscovered houwever which should be
valuable to ong having a sfimilar problom, The idcas on trourh do-
51,0 oxprassoe holow aro speculative, but ara &iven as an aid to the
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preparation of preliminary dneigns. Thay should not be used in the.
design of important structures unless they will latar be tested by

model axpwrimenta.

It appears that thc shapn o" thy flu1e which will work mnst

satisfactorily is intlmmtely relatad to the 1aus of wave motion. It
a contraction of width is mudo in the miadle o. the f'lume,waves ere
set up where thn ‘contruction of the walls begins, which travel .across
the flume. If the trough ia long enouhh thev will cross and impinge
on the opposite side and he! ra¢lected_bﬂck. The wave set up by the
contractings sides veems to move .across the: flume with & scmewhat
granter velocity than would be computed for a wave: moving at’ right :
angles to the direction of flow, using the formuls vi= /@ . This.
may be due to the fact thet the ‘wnge motion is somewhat inclined up-
stream. Apparcntly the abruptnaﬂa .of the contraction influences the
rapidity with which theso waves move. across, perhaps bocauqe it in-
fluences the direction of motion of the: wnve with respect to the cen-
ter line of the flume. Tt would bo ‘unsefe. to assume that the wuve
can move acrosns the Ulume et .a grester veloeity than-could oscur with
a wave movins with & volocity of /.@)  inclined ut the angle: with

the conter linec o. the Clumo which would’ give thc greatost rasultant
cross velocity. Probobly tho best rwsultu arn obtained when the wave
moves across, intersecting in the conter ancd ruachin& the opposite
sido at the lower e¢nd of the tlume.  If tho- hHVO doas not. reach. the
opposite side,a condition shomm on Floto 1-C occuys,. "If. the wave :
reachos the opposite side befors the end of the flume 'is” reachod the
condition is that obtainod with the orisinal Cle Zlum trou(h dosign

shown on Fisuro 4. It coulé probably bu shown by comnutations wheth- _:.' ;

er or not the wave could be made to resch the other side with the -
dopth and volocitr conditions gdbumed in the 1lume, and ‘thus the lim-
itetions of u ~ood solution gould b dutormined. A model study would
still bo necessary to dotex sino hov the contraction should be shaped
to rive the reqguired crocs valoci»\ to’ thc wavos.-“

The oxparimoents snowcd thav the uxpanding portion was not
as sonsitive to chanrus of shrme as tho contructing portion.. For ex-
amplo, with the flumc above the throst zs for the final design, no
difficulty was exporienced vhen thu lower end was narrowed o 150 or
120 fewet. It thorofore anppoars thut any furm of expension in which
the waves intorsect tho sidc walls at a vory acute angle should be
satizfactory. : ‘ . L : .

Although & flume in which tho-width was contracted to the
maximum oxtunt above the control suction wes not apnlicable to the
conditions at Cle Elum, it would probably be in many emam other cases.
As this type would not invelve the commlicetod wave actiona, it could
bo dusigned much more satisfactorily without mode)l tests than the form
d.valopod for Cle Elum. Plato LI-C showe & model of such a type which
was devoloped in connection with proliminary studios for the Madden
Dam Spillway.
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Stilling Pool Design

The result:s of the modul tests on the spillway pool. have a
much wider ganeral arplication then thore on the treugh. It would -
be possible to develop formulus for the ﬁinen-%pna required: for the
poels, but it would be dirfricult to indicnte tile renge of- these form-
ulas for which theilr sutficiency wus substanti§‘od by tho experi- .
ments. As the experiments were not sufficiently ‘Broad to permit
the development of e general formulc applicuble to oll ‘cases, 1t is
believed to be better to indicate the results by diegrems and permit
any designer having & problem which cannot be exactly :solved by the
diggrams to judes how closaly it doea 11t the- conditionﬂ for which i
thore is exnarimnntul duta. : .

on the aasumption that the wa*er in the Cle Elum model ap-

preached the pool with an equal distribution across its width, and
with a direction of flow parallel to the center line of the chammel,
which is close enough to the truth for: practical purposes, & much
wider application of the results of. ‘the. atillinb pool exparimonts can
be made. Fi:ure 73 shows tho results from the 200, 150 and 120 Tt.
pool widths roduced to the basis of discharge per:fpot-br,width.
These diagraas show the dopth, and longth of the .pool Tequired for.

various discharges per foot of width end voloeitios and hoads at tha
tailwater level for the ontering strosm. Tho pool longths- aro moan—
ured from the point of intorsection of ‘the incomin; ‘streight slope -
with the pool bottom, to the downstroam end of the floor. downstroam
from the dentated sill. Tho longth of the mool required could not :
bo determinoad with oxactnoas but it is believed that the langths givon
aro conservative, Tho depth givon is the thuoretical dopth noces-
sary to form the jumm. The axpurimonte ‘indicsted that for the con-
ditions at Cle Elum & losser depth could be uged, but in order to-
inaure that the donth will be sufficiont for other conﬂitiona the
full theorotical dayth is uased.

It i belioved that thoso diacramn make tho rnaulta of thoae7
exparimenta upplicudhle to a wido rungc of conditiona. For example, . .
suppose it is dusired to dosign a spillway Tor a dischnrgo of 26,000 .
sec, ft. and a full of 80 ft. The "velociiy hued at tailwater 1evu1'
curve of Fipguro 73 shows a 80 ft. velocity heoad for a model ratio of.
43, .With this model ratio, tho @ischargu por foot of width, a8 do-
tormined from the sxporimonts on the 120 {i. pool width, was 220, and
Tor 25000 sec. £t. a pool width of 114 Tt, would be roquired. Tho
depth, for a 40 modol ratio, as dotormiinod frow the 120 £t., pool re-
sults is shown to be 86 ft. and the lunmsth 99 C£t. If 4t ie deeired
to use a widor pool, thu reasults obtaincd bv axperimonting with the
200 £'t. pool width could be usod, in which cuse the roaulte would be:
discharge per foot of width 140 suc. ft., pool width 179 Tt.,aupth B8
ft., and len th 85 £t. Cere should ho taken not to mix diswnsions
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determined from the experiments oﬁ“he various pool'widtha by'uaing;‘
for example, the width detornined from the 200 ft. pool oxporimenta
with the depth from the 120 1t. pool teatS.

In applying thece diarrauﬂ o othur ‘cases the following
facts should be kept in mind. The tailwagter ruhing curve for the
model tests was such that ‘there wes auple pool depth at all dis~-
churges to Sorce the fommation of the jump -to take place in the,
pool, and this condition would also be neceasary.in any installe-:
tion based on these rewsults. Althou; h the diarsrams were developed
from tests with the 10 ft. dantetod gill, they could also be- used
with a plain aill corresponding to-10 ft. ‘huisht at the ond of tho
floor if the tailwater rating curve-is such ot at all. dischargus thoru
will be no appreciable fall of the wator pusaing ovor the- plain Bill.
In other words, the top of the aill must bo- squiciontly_bolow the
channul bottom So that it forms no obstruction wt low flowa and. the
pool hottem musi thurufore be below tho chamnol bottom, A plain
8ill corrvespondin; in-sizc and location to.u 10°f¢, .8111 20 £t. up-
stream from th: ond of the floor mipht be used also, but this would
cause sli-htly morce scour on the bottom and considerably: mOPG,WﬂVB :
wash on the channel sidos. Thure will be:considorablo wave wash on
tho channol sidos dowmstroam from the “structure in eny casc and whero
such erosion would o undesirabvlo, henk pretection for a considerablo
distance downstream will be nocuasary. Tho hecossar) distanco would
not to dotorained from thuao uxverimonts., The rosults of thosc ox-.
perimonts are not anplicable unluss. tho fiow is aquelly distributod
and parallel to the axis when ontoring tho stilling vpool. - Although
the results were dorived for a 14:1 slopo loading into the pool, 1%
io boliovod that thoy can be used with substantial accurucy for-
flatter slopes. For stuopor slopes thu rusults may not bo 8o satins-
factory. ' o : ‘

Those dierrams wor:s duvoloped nrimarily for gpillwoys, when
Tlooda of the design capacity would bo very infrequont and of short:
duration. In using thum*for fulls in irrigution canals, whore the o
dosign cepucity would be {rornently rozched and continue for long :
poeriods, a cutoff wall ernd riprap protection et the downstream odgo -
ahould bes uswd, since tho scour over o lons wnuriod of usc would
probably be somowhat more soveru than the ox-oerimontn 1ndivatad.

Conclgglgns

The following are the nrincipal POHLLUSiOna roached from
these studiva:

In a trourh typu spilllwar whers tio water [lows ut groator
than eritical velocitv, wuve actions ur syt unm which hove an impor-
tant boorips on the capecity, ¥With a trough o upiformn width those
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are not 1lilel: to be seriouu, but whers the width viries they will.-
probubly bu imporiunt. - Althouch roush genorcl dimensions of -a sat-
iafactory trough ol thie trps.mi, ht be determined by computation,
urleas it wos ver ﬁimilur 1o tnoum tnmtea fhrther model &tudles
would ba nocensary.

The exyﬁrimuﬂta inliented 1hnt verv consistent results can
be odtoined an moisls in investirating qnnur by meens of a send bin.
For ths concitions studied, the fyouter part 6f the scour ocourrsd
in a ronparntively short timp,.panqia$inx the use of “runs of reason-
atle length, ‘ ‘ - o '

The terts on ihe mode) of the atillius nool indicutnd that
a pool with un upward slope et the wownstrem: end was undssivarle.
They also uhow thpt slopes into the peol of 3* 1 or flntter could be
used, the [Jattor slopes enerally . helns somen h¢t_br,.cr.¢ron the
hydraulie siundpeint withoul sills, but witi the dentated 5ill there
apneared to be little dirference. A.curve ut the junction of the .
slope with the pool floor was found to bu Azsireble.

Tha dentoted sill at the end o0 the loor wes found to he
vary effective in vreventing scour.  Tha zhape of'thciends-of“this
$i1l was not important. ¥ith the len.ths o paol tested, the pres-
gure or the sills were not extusaive. The plain sill st the end ‘of
the pool {loor wes also very o 10LtiVu ant o plain 8ill somewhat
further upstream was slichtly loens go, In all the tosts of s5ills
the jump formed upStrewn Urom Jt and ut ull ¢ ischurses therc wos a
considerahle denth of water ovor thy uil*u. ;?or-othur‘eonditiona
the reauxrts i bt have buun‘diffb“'n\.' ‘ EEE ‘ :

Thu bust ool Widih s found e e 200 1. and length ap-
proximatel: 10U Tt.,but othuor widtls ant langths eould heve bheon used
satislectorily. : R ' N :

Tho ruduetior of downwnnsd procsure on the pool floor was
tfound to be meterisl wid reguize sensidiration to pruvent the blow-
int up of the flcor. : : : B L '

Smell secrlz wodele wore Tongd 1o e valvehle ror'prélimin-
ary studies and to show soncral ralations,  duriacc tension and
change frooi turhbulent to f{leusnt "low Jimit the =12¢ of model and
maku the rcsults on the larger scelos more rclisble.

The resulis on the trouch heve dirsctly only a .small reange
of applicetion, but by analizing the poel results on tha hasis of a
discharge per foot of width, thuy iay bu wwpliod to a large range of
conditions.
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These experimenta developed a .much/better form of spillway:
with a smaller cost then tle criginsl design. The saving in cost
alone was several tiwes tas cust of iho ‘invﬁs-ti'gation. .
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