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Reviaion i'

Since this report ‘was: cempiled, much additional data has beepvj“
recelved and snalyzed. It indicates that-a weight . of one-third
should be given to- torizontal creep rather ‘than one—halr as sugpea— -

ted in this report. o : e
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With the weight of ore-thirA. tke- following raluéS'of;ﬁeigﬁted
ereep to head should be uged: , A e
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Weight of Horizontél Creep 1/3
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SECURITY GF MASONRY DAMS ON:. EARTHVFOUM)ATIOI\S

‘ by celn
E. H. Lend Reecﬂrch Engineer

ngqgsis '

This paper gives: the - results of an’ investigation of- more“then oneﬁy
‘hundred masonry dems with verious: kinds ‘of cearth! 9oundation,-to deter-
‘mine the length of the: percoletien path necesqary to: prevent feilure

from underaseepage:or:piping. '‘Based: ‘on thie etudy, avnew. method ‘of
analysis: of ' such structuresi has: been: developed ‘whichiusually) permitSv

ot
%

‘the use of smaller seepage. distences than are ordinarily considered te L

-be . gafe. N

N

When: a masonry ‘dam is founded on- earth "qcme .of the water from the R

‘reservoir percolates” beneath:itrand- appears*on the- downetreamwside. tIr
the .velocity-of the:flow ‘Where it ‘emerges ‘is:sufficient, rpartrcles or
the- roundation material’ will be - carried away’ byt the water, cand thus i
-decrease 'the: resistance to the,percolation. Thelresult 18" an ‘ncreaew
ed: velocitv ‘and - greate-aerosion ultimetely causing thefformetion of

a channel :or’ "pipe" beneath ‘thesdam, which,may repidly enlarge end
‘cause the failurec .of ithe: structure.: This: process*is'knewn as“piping.‘z,
To - prevent: piping 1t As: necessary to so'design ‘the‘dam ! that the«velocity

of -the seepage water:as 'it: eMETLESS < On ! the‘downatre&m eideris(insurficient ‘

to ‘remove ‘the: foundation: materiel. “This iig- accomplished by making the
route ‘along which tthe water: mey percolate. of :such: &ilengthithat : i

velocity of :flow is :reduced to:a safe: value.-«The‘inveetigaxion@descfib- ﬁ3'

ed*herein was: undertaken- to’determine ‘from:datadon: ectual ‘dems ithe

length-of the" percoletion path necessary,to insuze vafety for’dems found-‘

ed on various kinde of'1 material.

Theoretical Conelderations ‘
.wt'

“The law of flow:-of- ‘water through: earth was - dotcrmined many yeare
ago in:this country by: Allen Hazen,: Mo iAm, ‘Soc. (CiE. ~and [in° India-by
Clibborn and: ‘Beresford. Their: experimcnts .showed wthat (neglecting
-temperature effects) ‘the diecherge through a-column: cof -soil-of a; given
composition varicd- dircctly withithe ! ‘hoad, directly’with the: croee '
sectional area and:inversely:with the length.‘ This relation mey be-
-exprassed’
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To . :prevent - piping 1t.is: necesoary £0:80 : du31gn “the. ‘dam that the.Velociﬁy'

‘sectional area and inversely with :the" length. “This ‘Telation: mgyube
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This ‘paper gives the results of an investigatlon of~ mora‘than one
hundred masonry dams with veriousikinds: .of “earth:foundation, to: deter-
mire :the length of the: percalatlon path. necesaary to prevent fallure : M.
‘from underaeepage or piping. .Based-on:this: 'study, a new:method’of. R
andlysis of such gtructures ‘has been- ‘developed, which‘usually permits. ' i
the use of smaller seepage: dlstances ‘than: are. ordinarily ccnsidered to _
be safs. : : ‘
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‘When a:masonry dam is? -Founded on: earth some of the-. water_rrom the B
reservoir percolates beneath:it.and: appears on“the :downstream:side.’ <If -
the velocity-of ‘the:flow where it ‘emerges :is:suffiicient, -particles of =
the- roundatlon material - Will ‘be- carrled away by Hhe-water, :and ‘thus . : ‘.
decrease “the: resistance to the : percolation. “Theresult ‘is:an: increas- N
ed velocity: and. greater erosion ultimately: causing ‘the s rorm&tlon of s .
a channel or "pipe" beneath the: dam, which'may rapidly enlarge - and Ll
cause the failure .of the: structure. “This- “process iis ‘known:as piping.

of “the seepage ‘water. as it- remerges - on the; downstream side 1s‘insufficlent ‘
to :remove thefroundat1on materlal. “This ‘is: accomplished by making ‘the’
route along which the water may: nercolata of :such.alength that the = .-
velocity of Tlow is :reduced :to & safe value,’ Thc 1nvestigation describ-.
ed herein-was' undertaken ko determlne from data -on:actual: ‘danms ‘the- :
length of ‘the percolation path: necessary to insure safety for dams found—
ed on various kinds -of ‘material. : S
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‘The "law of {low of water- through ecarth was dcterminod many years :
ago in this country by Allen: Hazen, ‘M..Am..Soc, C,E. and :in India by
Clibboru-and Beresford. Their:experiments- .showed :that (ncglecting :
temperature. efTecta) the discharge ‘through a -column -of : sofl. of a given
composition varied directly with the hoad, directly with -the cross .
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where @ is the discharge in‘second ‘feét, ¥ :is ifhe‘ ‘head in:feet, A is
the -cross sectional area "in-square feet, Lils ‘the ‘length i‘in':_"f'ée-t.i-ga‘nd":_
X is a constant which depends: on‘.the«chax_‘ac.te,ra‘o;‘, “the ‘materigl, oo T

»‘S‘ubstitﬁ'ting:for ‘Qr%,'bhe“ﬂ.'{ralﬁe-;AV-; "".th:er'e :may ‘be ob tained Trom ::.ga_"g;ua-
tion (1) the expression : B - A

[

For.a given-.class of material ‘there is ‘2. definite maximum-vélocity, . o
Vi, @t which the water'can emerge ‘balow ithei_aamg.,iwithout.'_i;ic_ar;.—yi-;ig‘;zawgy '

the ‘foundation material -and :causing ‘the ifailure ‘of the:structure, =~ -
Combining this value .of “Vip With!K; which:also ‘depends zon the ‘material,

T AL L SO B 2 e A S e e A By gt 3 S

to form a new constant:C'=:X 'ithe ‘expression
Vo ' R
In=CH L
where Ly ‘is ‘the minimum :saféf}leﬁg‘th .of. -c,tz_-a\fei ngéth‘:énd C zis-'-f_a-dc‘:c'y‘ifs'fbant; -
-depending on the‘foundation-materi‘al.‘;“ L e e e e

“The foregoing theoTy seems to:be ;‘géne,rally’Sacceptéd + In-applying
1%, two-difficulties ‘arise: (1) :How .shall ‘the ‘length-of ‘the ‘travel
path Ly be measured? and (&) :What'velue of ‘¢ ‘can :sefely. be used for
‘various classes of ‘material? ~Before sgoing further intoia.discussion
of ‘thesc points it.may be well'ito give ‘the ‘history .of ‘the development.
of this phase of dam-design. = ~ v . o Emmmmat

.

‘ ':His,tbr,ic&l;_h U e

The first rational basis:for the design iof ‘masonry ‘dems :on.earth .
Toundations seems 4o have been.developed in’'India, ‘as a:result «of ithe .
investigations of Col. Clibborn and Mr. ‘Boresford. :Col,:Clibborn .was -
at one time Executive Engineer in-charge of ‘the RoYhikhand:Cenal Div- : -
sion of the United Provinces, India, -wherc ‘thero were.a -mmber ‘of dems
founded on 1light sand ‘which had -of ten given trouble. After the . became
e ' Principal-of Thomason College, togother with Mr. _Berostiord, :he carried . -
out a classical set of experiments-on the law. of «Tlow through sand. = -
From these experiments Beresford -concluded ‘that 'the ‘Narora.weir -on the.
Ganges River was unsefe, ‘becausc of -excessivo.upward -pressure on ithe
apron, and made a report to -that.effect. (At ‘the ‘time no special
trouble -had been experiences with the dem, ‘but .as-a :resultof. this re-
‘port prossure pipes werc olaced 'in the.apron-to indicate :the :upward
pressure -bencath it. The -pressure ‘indicated ‘in ‘these :pipes confirmed
Boresford's contentions and 'by ‘coincidenco, the next day after :the
. readings were taken (March:30,:1898) :the .apron .2t .another .part of “the
’. ‘welr was blown up, resulting in a breach of -the weir., The failuro of
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an important structure. follOW1ng so promptly after the declsration of
1ts instability.profoundly impressed the. enginears of - ‘the’ United .
Provinces; and the hydrailic gradient theory of design became gener- -
ally accepted there .about 1898, ' S : A

The first edition of: Bligh's Practical Design cf Irrigation '
Works appeared in 1907 in‘which: tle thedry was advanced that the
stabllity of a weir on a- porous foundatlcn deperded upon ithe: we1ght
of the structure and not on the .Fatioc-of - the: ‘percclation distance Yo
the head. In his second- edltlon, ‘published 1in 1910 ‘Bligh sdmits ithe
fallacyof his original contentlons ‘and “expleins his : well known ‘theory
that the safety of masonry dams:on earth.foundations. depended onthe . -
length of the percolation Path, which was- -along: the line of Lontact P
of the structure and- its foundatlon. _ : : Co : :

This conclusion was also reached independently by Mr. W..M. o
Griffith about the same tlme..“ The : author belleves that this ‘has: not‘:

*The Stability of Welr Foundatlons ‘on; Sand and ‘Soil. SubJect to: Hydvc-'
static Pressure - Proc, Insi. C,E.’ VOl 2197, (Pt. III p. 2?1 1915—14.

) S
recelved the recognitlon in this country which its .value Justlfies.vk:.,f
Before this paper was published -Bligh's 'second .edition appeared, in oo
which he alsc proposed that. idea.‘ The “game - LDntlUS‘OH seems ‘0 ‘have:
baenh reached about that time by Mz, W W, Tefft, M, Am. Soc.‘c.n. but
did not find its.way into- print. The widespread use of : Bllgh's book
together w1th the pub1108t10n of other artlcles and books* by hlm,

*Tams and Weirs ‘Bligh. ‘ ' S :
Dams, Barrages and Weirs on: Porous Founnaulons - Bllgh sng News. Vol._
84, 12/29/10 p. 708, Vol, €5 1/13/11 P. 52,
Weir on Porous’ Toundations apd with Pervious Flcors - Eng. hews Vbl.
65, 4/13/11 p. 444,
Lessons from the:Failure of a Weir and Sluices on Porous Foundationsl- g
Eng. News. Vol. 69, 2/8/1%:p,: 266,

Irrlgatlon Hsadworks chair and Dam Failure ~ Eng. NEWs.VVbl, 75

6/8/16 P 16720, R

has led¢ engineers generally to give the credit ‘for the idea to Bllgh.

Little appeared 'in literature for many ysars Mfter Bllgh‘s publi—
cations to aid the engineer in the practical . design of - masonry-dams -on
earth foundaticzs, but .z number of- measurements ‘of :upward - *pressure .on
actual and model dams have been published from : ‘$ime to time. .Recently,
methods have bagen devised™ Tor determining the upward ‘pressure and path
of percolation fTor various. Pondltions. One of these ‘mothods is -that
used "by Terzaghi*. Tt . seoems. to have been- first used for dam foundations b‘

*Technlﬂal Publlcation #215, Am. Inst Mining & Metallurgical nnsr.p 3l
3




‘*Hydraulic - P, Forchhoimer, 1984 p, 448

-nation of “this'use in English. -

G oo e

"Forchheimer* but Mr;‘Terzaghifs“foiéie}éppéérsifé:be%tﬁéjfi#St%éprAQijf;

'By means of?a,f16W'neti*fthefﬁifgctioﬁquffheicurréntﬁfdf;théawath ﬁ ﬁ.;

Sy
£

»‘#Hydraulfc”Laboratory'Praéticé~-LF£eamanj:p.¥605-’“-‘.":

and ‘the-pressure throughout theﬁmafetiaigbéhedth?mhe7ﬂamjcéhiﬁézpﬁﬁ@ﬁtéﬂh

for various assumed .conditions. ~Another interesting method :of ‘obtain~ .
ing.thsssameLinfcrmhtionﬁhasﬁbeen'deviSed?byiPrdf;&Ni‘N;éPaVIQVSKy,n;Heﬁ*ﬂ'
makes use*of,the'similarityforfthéflawsaoftflbwidf.theﬁélectriCﬁcurréﬁtjéL
*through‘a‘conductorland'the,flow.ofawaterfthrbughvsoil. sAsinearly’as < ... .-
can.be‘detenninedifram-theJiﬁformatiOnwavailéBIe;Ehis:methdd{fsﬁaslfble cle

‘lows: A cross Sectionuof'the;porousffoundationxmaterialfinithehfidihET

ity-ofwa'dam:iSfrepresented“by:a:thin;platetofﬁﬁétal. ?Imp@#vidﬁskmﬂiér—ij"r' azu"
dal in the foundation-soil, such.as sheet:piling, cutoff walls: of “the ... .;""

dam ‘or hnperviousvsoilllayers,uarejintrdducedfﬁy»cuttingtduiﬁxhe}metdl]

at thatﬁpart‘ofithe*cross@sectiongwhichxwoﬁlq1repzesent}$h¢ir;pPSLtioﬂ;;' '_V
The upper‘adge‘of?thersheet,COrrespondingitOchafpprticntof%theifounda-M“j""

tion in contact with'the heedwater, ;is.connected rto-oneipole:of -an .

electriclbgtterycandxthatﬁrepréﬁentingﬁthefcont&ctwwithwtdilwaterfwithf:* .
the other-pole. 'ByfobserVingSphé;poﬁaptial;atgvariousgpoints;in:theu';; B

¢ross. section-and along-the:edge:corresponding ito ‘thé‘base. of the dem;

and drawing:linssaof;equal;potentionf;thé@p2353ure&a¢ﬁanyﬁpdint#Within"‘R

the material or'beneath :the dam:may be determined.. ‘By'drawing:lines . . ..
'representingfdirectiongof;flqwginithe:samé;mannergasﬁin:thq@flow;net;;‘ﬂ,
the'diracticnaandirélativovvdlocitiesimay‘bcfdetérmined. ‘Layers:of  °

different permoability may .bo reprosented:by. changing -the ‘thickmess .

of verious portions of the plate: op “by uSfng metals.of .difforent fric=,
tional‘resistance..qﬁith;oitherﬂTerzaghi!s:qrfPavlokayféﬁﬁnxhddsyit,;‘ o

'is nossible to'obtainna:rigiﬁﬁsqlutionzerwthejgiven:asSumptigng “and:.
they are very.useﬂul{in;obtaining{a;pictura;df:thoiflcw%pf;tﬁefwatd: g

-beneath'theudam.‘~AsﬁwillﬁbefdiScussad;laﬁer?howevqr,fthé;resultgggb:;;

tained, if'theao:dinaryuassump§i9§§£§§§jQﬁﬁdgzmust%bcEéppifédﬁtgcaqtual‘__;,u

cases with- caution. .. = -:-

‘Three?interastin5aahdLih5£ructivefyapéré;have:ﬁeceh{lyfappaared5i.

~which “throw much'lightﬂon:the;p:oblem;V?Twanfﬁmheselare;papersédrﬁthe'

PunjabZEngineerinthongress219503*by;A.fN)*KhOSlatho;?158;¢¥Hyﬁraulid;]

‘Gradients;insSubsoil-HatérﬁElowfin”Relaticn%tofStaBility:of:Struc$ﬁras

Resting on Saturated:soils"-andzmb.3142;“H$tabilitygofiWairS¢and_canal _
Works,.ﬁnxgpplication.ofithaimew;ThabryaoréﬂyﬁraulicfGradient;mijhe
third 1s:&a paper "OnfEercolation~under‘ApronsloffIrrisation-Works"aby :

‘S. Leliavsky.
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.LGourse of the‘SeepaﬁelBéneathféfbéﬁ*'

Thezpathuwnichvthe,water:takesiin:f16w1ngabéheatﬁ-aFdam%ﬁight?bé}7f

determined with reasonable accuracy by either the Tlow net or:électrie-,

al methods it all’the«coﬁdiﬁicns;gdverningﬁthefflow;wefe#&ééurﬁﬁély*_lf'
-known."Thisiis"never'thE»éaseihOWever,éandiforﬁpurpdsesyof«deg?gn_- S

certain. assumptions'have to be made. fIn‘hisxsecondyediﬁipﬁ“Qf#tﬁe S
PracticaliDesignfOf‘Irrigation”Works,;Bligh;prqppsesran”ahalysgsﬁop e

the assumption that the water follows a path'along ‘the liné.of/ contact. -

of the dam foundation (indludingithezSheetzpilin&)»with*thé:f@hndaﬁionf_
material., ”Thefsame,methdd‘wasxsuggéstedgbyéGriffith;:;ThiSvcﬁntaCtEbe-
tweenthe dam andﬁthe‘foundatiohﬂmaterial:is‘someﬁimesjcalledrﬁhe%line
of‘creep,*and-thanmethod-maylheccalled=theﬁliné?offpreepfmethdd.-'f‘ f

Another method:whﬁhh has?been‘advodatedntbgsomEféxtent,*mayjbézqalléd‘:V‘IV

the short path method, and 1s based on the ‘assumption-that ‘the ‘course *

1]

taken by the'percblatingawaterristthe:Shontestjpath~through‘@hefperﬁiqugf_?* 

material between the hesdwater: and the “tailwater. “Neither of ‘these .

methods gives a true picture of “the-actudl-conrditions .of :flow beneath . .-
. practical design. “The ‘line i'of :creep - -
‘method “has gained & wide acceptance, jand most masonry dems .on cearth

dams, .but are useful methods of

foundafions'haveabeenﬁdesigned»accqrdingvtdﬁit;,ﬁItvhgsabéenzusediin :
the irrigation-works of the!United States Buresu of Reclamationifor
many years with satisfactor?gresﬁlts.TﬂTheishortipathithéo:ykhaéﬁheenf
but.lit‘tle‘.use‘d. R e S e MU D B et I

' Comparison-of iDesigh Methods

Although:ihéilineiofﬁcrégp;methbqEhas{bééhﬁﬁidelﬁﬁuséﬁﬁihc&amidefgf
sign, itﬁhas'been‘subjectftobsomé;criticismy_}Partupfithiézisjbélievgd.

to.be‘due"toiaﬁﬁimpropar:preSéntationtdf?thecCase%iﬁti sifavor. .

Blighnstates=thatcthe*wateiﬁfollowsithegminezofkcreepgand¢not;tp -path:

of least resistance. ?This:statementAisfbélieyed1%oﬁbéfin:errp$5§for"”'

thé}fact’that;wéterxwould*taketthé3pa£hvofEléastYreéiStancéjseems:él-

-most»axiamat101-ﬁIf‘waterﬁflows%alongdtheglinéfpfwcrEQPiinsxeadmOﬂ“ PR
-the_shorter:path;direétlyJﬁhroughﬁthe:ﬁoundationematenialﬁitﬁisébeé~f£‘?:
fcause,the:resistancey¢oﬁtravel?alongwtheélinc;Qflcreep;isf;ésgfthgn.i s

"theﬁshortergpaxhgﬂ?Thah;resistancefalongfth@glineﬁéfz¢reqpﬁ@qYaba1'
;less:than'throughlihe“foundation*material;seémﬁkxery?rqasbﬁgﬁlg;aon

account. of ~the difficulty:of -securing-as-intimate.a contact "the more -

dividual;particlés;ofﬁtheffoundationhmaterigl.;

Or 'leas plain surfaces: and ‘the foundation matoxialk&éfbetweenxthéjip- iv?

. It should be remembered thati the kineof creep:method /is ‘dntended
“to give = dam;safe;at:allppoints,xfThis¢rbguireswthaﬁ*it apply ‘to-the -
“worst condition that.will heppen with-any . reasonable eare in construc~ -
“tion. The‘seepage;may‘not;follow;thc”cregp'lineﬁatﬂmany:cross:see--*
‘tions of the-dam, but the points whero ‘there -is most danger of ‘failure

TS 1 L e T T, S
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are likely to behthose where contact between the dam and the foundation o
meterial . is not so: clese, -and therefore where the line of creep methcd

best applies.

tween theldam and “the- founﬂatlon to be the ‘same. In p abticeﬂ

“tact betweer vert1cal and: steenlj sloning surfaces ‘is: more likelyito o
‘beaintima%e than"that along: horiaontal or slivhtly sloping surfaces.‘eaf-'
Inia masonry damion earth ;oundatlonsathere 'is :likely tobeiunegual. |
thtlePnt VthhuWill causeless pressure at some™ nointthhan -at others,1
in: places, even:a slzght lifting up ‘of *he masonry frcm 1ts conuact

with the: ﬂarth ‘beneath. The zarth beneath adam: may not be . compact,

and: may sattle af'ter ‘the. damiis built fleaving v01d spaces beneath the
floor, especlally where :the 'dam’ 1s founded ‘on- plles. This actlon 1s
samcttmeﬂ called‘“rooflng LU ; 4 : : :

Another cause of : rocflng is: glven by Col. I.‘C Oekes,; MTe‘ :

i ‘& : i /'
: *Trans Am..Soc C.E. Vol. 80 1916,,pp.=469 and 470

Soe, iC, Ef as’ follows- wp thc bed of ‘the' foundation (of a: dam) s be-ff‘”f'”

‘low  the weter levél, and pumplng is requlred thare will: be - ismall. :
‘space between.th* basc of -the masonry ‘and ~the: sand, caused :by: er051on
by ‘the flnw of water from under.one bloek. of: masonry while'the ‘next : one
is'being: Ulaced. ‘In other words: thE structure is cordinarily: supported
wholly byﬂthe piles Wltr -almost: @ certainty ﬁhat there 7111 ‘b 3 space

_'between the:sand.and the. mqso rv.w"Under such: circumstances any. upward‘n, ;

‘pressure that developes: under thn dam will® be uniform from:the-shoet = = .
.pillng o tbe toc, and ‘will: depund on+the tﬂghtness\of thew sheeting and
tThe . ease cf escane’ below: thh ‘damin ~--"The mriter has watchedjthe~plac1ng

Lof: concretu, and :in no case has/he found, ‘Oﬂ the works : ‘under: discu531on,~jg

(Ohie!Rlver Dams, No. 43:and- 48) that the concrete'rcsteﬁ ‘on ‘the :sand -
raf ter! suffxcient time had 'been; given 1t tOpSOt. “The ‘bed ~of * ‘tho :founda-
tionsj of the various paris:of- thcqo is- about'lo feat. bolow water Jovel.
uonstructlon has beon carried ‘on withln cofferdams ‘apds durlng ‘atages .
of the: rive; from low water: to lA feet: above b meng it0 ithe ;pOrmeable.

nature of the material, thorghhas: alv.ays ‘been considerablo: ‘percolation, g

which:has- requirhd -pumping to keep ‘the plt sufflclently clear ol water.
to -cnable constructlon to: procaed. lnE water escaning: fram under~the
-eonerete alreaay placed, carrles away uhG fine. matorlal directly under ‘
the concrote, ‘loaving a: spaco bctvnen ity and itho:sand. througb whlch the
‘transmission of . :pressure will be: d1rect ward ﬂonsequently, any _pressure
which may be" dovoloped will’bae- unlformly exerted over 'the -whole ‘base -
of :the structurs." L. study of the. resu]ts of ‘upward :pressure moasure-
ments on actua] dama dlSOlOSBS much: eVIdchO supnortlng Col. :Qakes!'
concluslonsn= o
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On vertical or. L'i:eeplv sloning faccs roofing will not oceur: as’i7f5-~

the void:spaces, if thev should ‘be ionnad twould ‘be:ifilled: arain hy

the " 1nabilify 0" ‘the earth: to maintain thenstcen ‘slopo; the earth ¢
from the stbop bank ‘would. movc down -end ‘fiI1 thewvoid. For this. rea— ‘
son the. contaot of the roundation with sueh: surfacos ‘arc "¢lose rand . :

‘they offar. moro securitv apainst pipine than contact bcnuath horizon-ff{f‘*"

tal surfaces. e Bl L R

Diping failure shoaldithureioru be con51aercd as’ nossible from
two largely indcpandunt cauees HOE dircct percolation ‘through “the -
Toundation: material itsolf -and (2) porcolgtion a2long tho contact: of
‘tho dam and sheot: ‘piling with the: ‘Toundation matorial. Considoréble

light on the first of “these veausas “has® buen'obtainud by oxporimunt butjfﬂ'.;:'

the  latter can only -be evaluated b1r 1nvcst1qnt1ng ‘ala arge inumbar. oi_'
structurss. "It is.a weaknass of ‘tho . ordinary ‘Iine-of croop thuorv
that it -considors ornly: tha sbconﬂ ot thcsc causos.:-

Anothcr weakncss of thc line of creon thuorv -10 that 3t s nos-l‘

sible ‘to drive lines of  shoot Diling -50.¢lose : togothor ‘that the :short: s

path may bo .so small that failure can: occur bv flow which Wlll not o
follow thc path of ercep-at all. :

The - woaxnuss of - thc siort neth thaory is that 1t takcs no uccount
“the greater nrobability ©f percolstion -along “tho "line .of ‘eon act

of the structure ang its Pounuauion.- In:cases whore ithe lincs: cf shoot S

piling arc vory closc tqguther howave T, it‘mnv bo,morc -Toliablo. than

‘the- ¢reen theory.,. ‘Tha short ﬁath nr1nc1nlo would: kccm b0 he - obv1ously .
‘inferior to the linc.of . BTG analvuis FAS anpllud to: "lav or: hgrdpan e

- Toundation, sincc the Toundation matorial fin this.ease woulé. be :§0 -
ncarly 1rpcrmoablc that the - sCopage alonu the linatof chLp would be

mich grocator. Anothor a1*f1"u1 with the sho“tfuath anuly31s is’ that

it gives no mothod of ustimatin& the nagnitudu or: distribution of up-
word pressurc: bencath tke.dam. As:soms: ostiaatc&oi this prossurc s
-nccossary in order-to doterming- thﬁ ronuircd thiCknuSo of fhe upron,r'
additional assumtions -arc: ‘neccossary “if’ tno uam is to bc doszgnod by
the short nath theory - throughout BRI - _ .

Tho flow hotiand ﬁlcctro-hadraullﬂ analogv mathods cars . OSSuntlallY

the same. Both should. give “the: smno rogilts for the . sama assumptions._rj

“In hls article Torzagni* doos: pale} doaves < bkl nto considoratlon the grcgtor

*Tochnical Pubhcatwon ,«215, p. 31. .Am. Inst. Miq. &Motal Engrs.

probability of ‘percolation. along the "lino of contact. thtﬁcr Prof.
Pavlovsky Govs or not is not. known. It would be .possible to:do it by
olther mothod, howcver, ‘by assuming :the rolativo ‘pormeability along
this linc as comparcd with that throuah thc Toundation. mutorial.
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A The Weaknessfoffboth‘the;flowunetfandgélectro~‘YdrauliCjanﬁiggyjff,
'me%hods'iS“thanecéésity'ﬁfﬁa‘detéiled;kncwledge,of{subgurracefponﬂiéf,.
tionS'and‘the?la¢k?dffﬂatafralaﬁlng‘theAresﬁltsgobtainea:aswSﬁownibyﬁ¢he-
aflowznetitoLthe'Safeflimitsiforﬂtheivaribus‘classeéfdfsmAteriél;wﬁInV -
orﬂer'toireachfaareliabQETrésdltjjnotﬁonly:must}theﬁrelative:permeﬁbrlﬁf_
ity-along the contactvand”through*the3foundafion:matefialwbefkddwnyﬁbutﬁ
the;pQSItion;andrrelaﬁive’permeabi}fty*of;érlﬁthe'layersrbenea#hﬁthe»”"

dam must-also be known, and:they?muStfnot?change;materiélly?iﬁﬁshqrt S
distances along “the dam, ‘since thefahalysiS”ccnsiders;floWjinfﬁwogdhn;‘
ensions -only, while-uctually*it:may.téke,placeﬁinithreé.pfInicbnnecr;‘ g
tion with the studies for ‘this pape?‘thenAﬁthor;had”thefopportunity5to '
examire the boring records :for a”number.qf-damslfand WHile:hé“did;ndt  SN
give them the-inténSive”stﬁdY'Whichfonefwould'ifﬁhe?wereﬁmoideSign?the!_."‘
dam, .it was ‘apparent that it would be'very diffiecult :to form an:accur- -

ate idea:of ‘the positibnfand:relative,impermaability;of'xheﬂvarious R
layers from boring reéorﬁsfevenfin%ajsingle’crossﬁseC£icn;ﬁaﬁd:Still~h.

less possible to consider the permeability_in?three'dimenSions;gaﬁggOOdv
-example of the variabili+ty of.foundation.matérialsfoI?tenﬂencountérgd'; . S
is that shown by the borings for “the Oradell Dam*. Scue :sand .foundationg - -

¥Trans. Am, Soc. C.3., Vol. 89, 1656 p. TI87.

are relatively uniform, but evon‘here}¢h5;pq:meabflityiw6ﬁid;#ér&lcqnf‘ah
siderably. Moreover;,eveniifuallzofgtheséifactors;were&knpwﬁ,ﬁso”thdt_f“
the true valocity.df:the:water;emer@ingﬁbelbwﬁiheﬁdamlwas?SusceptiBle.

of accurats determination,.1t"wou1a.be:aifficﬁltjto;relatéﬁthigjxofaamj;% PO

safety, as safervolocities'fbr"the;variousfdlaSséS;dffmntériElfare*qbt;’“ g

definitely known. fSome'expenimentalwwork:hgs}ba@nf&one;éldng“thisgv
but ‘much more axperimentaltworkfandlcompanisbhgﬁithaactual;structurés;
is desirable. ’ Do L T e T e T e

Nevertheless, the flow net aﬁduelectrdghydfaulic;aﬁélogyﬁméthods:l-_ L
may -prove 1o be useful'toolsfintahélyzingjunusualncbﬁ@ifibna}xandffdrmTQfx; :
ing ‘a mental picturo.of'whatftakeSjplacgfundérZCertain?COﬁﬁiﬁidﬁs;fﬁItj fﬂ»j -

s hoped that further studies=élongithis§lingfwfll;be{made;towdlearaupl-“'

soms of the problems of design. 'It.is'believed that :there 'is.a large . -
Tield forluseful'axperimentatipniin:ihis~fi¢ld,5especia;lyﬁin;the:datare_
mination of the upward pressure:tq'uSOiingdasign;j';f s T
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The‘results—which;wouldkhp'obtain¢d<ﬁy'the:ﬁlow:nstfor,éLGCtriéal
analysis would'roughlyECOrrespondjin'aﬁhumbganebus'medium~t04thatlob; o
tained by thc"shortﬂparh-mpthod,'jThey‘both?are*baseﬁfon;the.conSider—“ '
ation of flow dircctly through the foundation matorial. The short . -
path may therefore=beuconsidored.as'a.rgugh;agproximation'of the Tlow
net or electrical amglysis. ™= =TT ‘ '

A weakness of'alliof the:ﬁethods, as ordinarily-applied,'isrthat
the flow is considered as taking-place'onlg'in a single plane, This is
. $
5 A




‘not. necessarilv the case however, IOT as: Griffith has p01nted

‘\

*Proceedings Inst, of C.u. Vol 197 Pt. IIij..zzs

when a pipe tends to form 1t prOV1des cg line or lowered pressure and
water from both sides: flows toward it, as well thau;in the plane of.

the incipient "pipe.™ Analvzing sthe 'stability of a ‘dam bV'means of

1ts cross section is a useful 7tool, *butone 'is apt’ to ‘be blinded ko
the true conditions by *hlnslng too rldidlv in terms of cross sectlon o
only. . 4 D o P s

Requlred Length of Percolatlon Patn

Not ‘only have there been‘dlfferences of - opinlon regurdlng the path
along which the percolation’ should ‘be ‘assumed to: occur, but-dlso as. re-
gards the length of the: ‘path nhlch ls peceasary to 1nsure safetv f*om
piping fallure. ‘ _ . T L

As the 'result of his btudy of dams and ‘Gam- fallu*es, Bligh_'fa.r—

rived at values of the. creep- bead ratlo which: he tbelieved: .would :make -
dams safe from plping fallure. The: descrlptlon of sthe varlous classes
of material and "the values.of the ratios varies* samewhat in di ferent
publications’ by Bligh. - The follow1ng table giVEs the varlous dascrip— M
tions and ratios: - . , AR o : ‘ [

e

:SafeinEen?Head?RafibstGiﬁeﬁEB&;Bliéh3-T’ iirf".“

_wsestion

Year of publlcation°

L

s 86 s aa

;
Y
2
-
:
5
5
..
H
;
- .
.
x
i
P
3
]
.P
_5_
:
i
l.*

Riveir beds or 11ght 31lt and mud as the Ylle

Fine -3ilt and sand as’ 1n the Nile Rlver

@

Very fine sand and silt B f__, 1'5 5;'v

‘River beds of l1ght silt and sand of whlch'}’”. ;
'60% :passes the lOO~mesh sieve, as those ..
of ‘the 'Nile or: N1551551nni

In mud -and - 51lt such as ‘in the Nlle

[
o

‘Fine micaceous sand as in the Colorade and
Hymalayan rivers

"
o
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Fine sand




\)-:!7 - (Cont'.*) .: St

,_”*ipﬂﬁiicatiOn'”r
‘ o s 3T T THET IV S e
Year of publlcetlon~ - "Vf~,¢;1910i1910.1915.1916'mﬁ.ﬁff“

. j:l'

Fine micaceous:sand of ‘whick' ‘BC% . passes ‘3
75-mesh sieve,. as:in Hymalayan: rivers and
‘in.stch &s the Colorado o

'\ - .
In . fine; e,.g., Punjab sand -

1 41t de eeaw

Coarse—graine
South India

Lo R T R R s o Do RPN
R e L R o Tt g R b A i bt et oo ks o s Yo o iRt ey Py g

Ordinary coarse sand

VE s e miTasun v L
L I I L L e N T I L R R Y Y T T P

‘'Coarse sand

b

In coarse sand (this!is the.u§ﬁa1€typé)

s ee e 4

Boulﬁersvor shingle and gravel and sand’
mixed D

Gravel and ‘sand

Boulders, gravel and sand
BoulderS‘and:gravel.‘

fIn‘clay;-shale;orfshfngle

1 RS I P . .
imw me ea et ae w8 w8 ws_e».w

- ”u“llcatlonc,‘" S Son e
I Tre practlcal Design of Irrlsatlon Forks, 1910 2nd Vd. p. 165

“IT ‘Dams, Barrages and Welvs on. Dorous Foundatlons Engineering—News,
Vol. 64, Decenber 29, 1910, p. ?08., ‘

III Lessons from the Failure. of a Feir and ‘Sluices .on: PorouS"Founda--
tions, nnglneerlng-News Vol. 69, AFehrua“y 6 lgla, p. 266.

IV Dams end Weirs, 1916, p. 1B5. _
'V Control -of- Water Parker 1916, p. 679. i

i
'i

(The original. sourcv\by Bligh:is not given)
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in the- upper’ reacha

amTN

00

. The. fl”st three cla331f1cat10ns are fairly CODSiSuBnt:
Tiecation of ‘silt. by rivers;

.c1asaijy
however, is not.a- safe procedura as that;;
2s 1is: usuallv Tuch ‘coarger than in the lowen

is not known on what grounds ‘B1i

ghput ‘the (Coloredo | ‘River 4in ‘the: claQSQ"

with a.rstio of 15, as the.

‘811t From the lowar Colorado gt much finér

. T, .
R e e T L 2 T T N

.tQpn the sizes given, in fact even«flneL th an‘thoae given for a ratao S
of 18, The. c13531ficat10ns for: boulders, shinwle gravel ‘and 'sand - éif—" o
fer somewhat, in one ‘cage: sing a‘minimm ratlo of ‘4 vand dn another [ : b
case ‘5, The classlflcatlon @ravel and sand q ‘and: bouldersg gravel o

‘and sand, 4 to 6, 'is'the most usefuT, ‘since - 1t gives a deflnlte value i

for gravel and-sand without: bouldera, a- common foundation materlal :

It iIs interesting to note +however, that ‘in his 1atest publlcation k

Bligh does not give a ratlo lover than 5. Bllgh also stated (Publica—

tion III) "that 6. “is the - very. minlmum.for ‘gravel,™ The . c1a531;1catfons
given by Parker are entirély differcrt forsthe-. lowar‘ratlns and could

-not ‘be .located in available nubllea.lons by Bllgh - i

Just how extensive a study of dams Was made by Bligh as ‘a ba514

for his date is not 'known, but that published A ‘quite meegre. It ﬂ

includes only tvo dam ;allures * both on flne sand fcundatlons and[

J;, .

*In a later publlcatlon Bl1gn diucusseﬂ theLfarlure raf the Southern '

Alverta Land and ‘Trrigation Lo, huadaate. ‘The :published ‘data con ‘this .

structure ‘is so- conflicting -as to “throw ‘erious ‘doubt. on,the.rellaﬁ‘;é,*
ity .of his conclusion. ‘See’ Eng.‘Rec.n.,feu, P 589 ;v 66, p. 576, ER

Eng. NEWS V. 69, 'p. 1266, v 75, p. 1070 i : L

&o‘Wlll be shown laﬁer uusound conclusions

were drawn. There Wwele no-dam fallures ‘on: 51lt, coarse sand, gravel

or boulders. - These” statements ‘are ‘not” made to dlﬂparage "‘Bligh's- work

which has formed the basis of the: de31gn of: ‘secores . of safe dams;, but- R
merely to indicate that it aunarently Was based 0N msagrg data and}that Lo
Wwith mich more extensive dﬂta and betue* const*uctlon mdterzals @ . BT

"refuction of ‘Bligh's values o : made w1thout confllctlng

with well established facts.¢

in one or both of these,

Griffith ‘gave ‘in.an ahrideed artlcle* the folIOW1ng walues of
the ratio .of crecp distance: to ‘hoad which ‘"hed been Tound suff1c1ent
to ensure stability" in tho Unxtcd Prov1nces of India. LT B

-*Er.oceeamgs Toet of CT.E. VoL, 197 Pt. 113: ST e

e

A1

L3




Material - f -:Limitfngjsarervaluesdf163;‘_i .

Fine micaceous samd. ' Y R fl14%f#6.16 |
Fine quar;éfaand. | :7. ’.‘ 'i - };?% #D.:é,:_
Coarse quartz sénd '::-'”5 :' " ‘3”$10Vt§"12 S
Shingle | o : l:':.‘:‘_“éf“ T“

Boulders : o SRR

*Griffith states_that“"the"quesﬁidnzof’losskbx;leakagé"may:make&higherf'g]
values of L/H advisable in these caseg;" SN Rt TR BRI

In an unpublished,ﬁortion_ofitﬁiSipaﬁér:heésuggestedﬁ"afzoﬁiré;77H_.
duction in the values glven whe:e*reliable}#ertical;stahnqhing:of@iﬂ A
foot depth was uased.” Lo e e T

In the third edition of ‘Bligh's Practical Design of Trrigation
Works, {Preface page VX) which was revised and‘b:oughtaup:tq:@gtejby _
F. F.. Woods, Chief Engineer'oftIrrigationaWbrks,EPundab,EIndia;EM;.g'

Woods contends that Bligh should ‘have used 'a ratio of 11 :for rordinary .

sand instead of 15. It will ‘thus ‘be :seen that both Griffith-and Woods

advocate somewhat lower :values of C ‘thaniBligh. 'The;euthor irdepend-

ently arrived at the.scue.conclusion ‘from:a study of the data -on.most -
of the dams.included-1n'the:tabléSfdf'thisjpgpan;3 B T

A New:Method of .Analysis =

As has already bsen'pdintedtoht,ﬁthe?existing:;meéhéaqufﬁgnaly- e
sis are‘open‘to;serious‘objections.,;The/cbmmcnly'usad,:mﬂthbd,*as‘ 
advocated by Bligh, does not consideifthelgreater::eSistanceﬂxofflow :
along vertical ccntacts asxbompared.wﬁth‘horizoﬁtdl;ones,ﬁgTheéshort o
path method, and the more exact flow net andelectricel methods:do -
not consider the ‘lesser resistance along the.-contact of the masonry .
and foundation material as .compared with that-directly ‘through the
foundation material. All ‘these methods have -elements .of truth ‘but

all have weasknesscs. A method should :be devised which will combine
the virtues of both without including their faults. S

In the present state of -our :knowledge the only method of analyzing
the probability of failure from flow glong -the creep line seems ‘to be =~
e study of the -action of actual dems. o exact data ‘has yet been
presented to.show the relative resistance to the flow along the con-
tacts as compared with ‘that through the foundation .material. Tt will

“be very difficult to obtain this deta because points where danger of
flow along the contact is great-wtll only occasionally cccur, and would

12




probably be:discovered only by very extensive :cbservations. The flow.
through thetfoundntion‘matoniul'can:be‘ohtainedywith'moreﬁexactness

by experimental mnthods, but even here*thejunRHDWn"condiﬁionswofﬂthe._
foundetions and the difficulty.in:determining tho sefety of ‘the struc-
ture even if the'velocityﬁoftflow'ié!known;rméke:thi§'methodgdifficult?;
to apply. It seems obviqusatherefqreithatHWhiﬂe,resegrchgﬁlongjmﬁiSW' ‘
line should be given every:encouragement; -for e .long time in 'the fu=-.
ture the main reliance 'in-dem-design must ‘be on'a :somevhat ‘empiricsl
basis. CRNT SR DO it

As ‘the studies made inrconnection‘With?this pmper:ihdiddtédffaultsa'3
‘of the existing mcthodsjofTanalySis,,as_well cs the .insufficiency of .
the factors used in thejordiharyjmethquthhaiauthor'haSﬁﬁttemptéd'to ,
work out a more reticnal method ¢ design, as well as o esteblish .
more accurate coefficionts, ‘In-order ‘to develop :a'method whi¢h could
readily be used by the:designing -enzineer in pleannihg ‘actusl struc- -
tures, in addition to the reason:given:above, ‘the method doveloped was . ..

necessarily ‘a somewhat empirical one,

For clarity in presenting the data bn'ﬁhich'thb aﬁthorls-d6n¥
clusions are based, it is necessary ‘here to briefly review. the besic.
‘Tacts of the new method devoloped. IR SR Co

From a study of all the available Gata it appoared that thcre

were two distinct forms;opriping;-oha?in"whichftheFWator;passed“albng'-;

the line of contact of the -siructuré and “its foundetion, &s-:assumed din

the Eligh theory, and ‘the other 'in‘'which it ‘passcd directly, through - _

the voids in tho fourndation ‘materidl.  In ‘the formsr path ‘tho contact .

of the foundation.on wertical or :steeply inclined“sirfaces san be’ o

counted 'on to offer more resistance 1o flow fhan along horizontel or

slightly sloping contacts. In computing the safety ‘of ‘@ :structure .

thercfore Trom this type of failure, %ho ercep ‘distencos Along ‘hori- - SRR

zontal or slightly sloping surfaces should bo givon luss welght tham . -

those along vortical or steeply ‘inclincd aurfaces. This method -of .

estimating the stability of a structire may be ‘called the weighted = |
~‘erecp method: As a rosult.of these studios :a wuight -of dno-half is

given to the horizontal or SIightlyfinClincﬁ,créop:as;hcmpareﬂ«ﬁith-‘-

the other portion of ‘the psth. RPN : : s

For brevity'in‘the,rcmaindcr;ofathis‘papcg,wcreqp;alohngerticalf
or surfaces sloping morc “than 45°;w£th'thc*horizontal‘willfbe[called
vertical creep, and ‘othor surfaces, as horizontal :creop. It should ‘be

- notod that"vortical or steeply inclined® refers to the position .of the
surfece against which creep tdkos place, and not to the direction. of
tha crecy, which sometimos 15 not in the same direction as the inclin-
ation of the surfacco. The vwelghted creep distance is the vortical
creep plus one~half the horizontel creep. The weighted creep Gistance
1s thoreforc practicelly always laess than tho .crcep distance,




As the water follows: the Iine'or'léESt‘resistancug”if the resist-
ance to flow along the ereep line is‘much}grsatepgthaq-directlyfthrough"
the voids in the foﬁndation'material*much'mcre.water‘may‘take;the'lat-:
ter course and failure rrom=pip1ng.frqmithisfCause result. -The short -
path is a rough measure of jhe.resistance;alongrthis,path1 ‘Both the
weighted creep and the;short,path&ratiba:must‘thaxefore?be»greater-fﬂ ;
than their respective critical v&lues:ror'the“typejbffmaterialfbnl'jfr‘
which the dam is founded. - S TS

Method of=Ana1ysis'of;Data-oﬁfEkistinngtructﬁres;,ﬁff 

In this study an intansivetsearch‘Was;made:ineall“évéilgble,enginef‘,'_
eering literature and other‘sources>ofﬁinﬁormation.::All;masonry'or'coneiy*'
crete dams on earth foundationsjwere“analyzEd;WhEre‘the\daﬁaywés-suffifI'
clently complete. In many cases there_isuqonsiderable uncerteinty.,
Where more than cne description was found of ‘a single structure there
was often a surprising 1ack,of‘agreementhetweenjthmq. R '

quently considereble room.for thewexefcise'qf_Judgéy
*here the travel paths should be assumed to -end. . The

travel path of the water was.ordinariiyyassumed.tqwend'atbitsﬂjunce i

tion with the riprap downstream‘frqmgthe:damforsatsa‘revorss:filter;

If wooden eribs or loose-or.arﬁiCulaied;COhcrete:blocks were used, it

was assumed to epd at the upsireem edge ‘of “these, Although it is true

that riprap, erihbing or blocks méyaQSSistﬁin;preventing.pipingaor~a- :

dowout it is believédrthat”lésséunCértainty_dsrintroducedtbygconsiderf, -

ing that they do not add to" the travel path thanto assume ‘that -they

@id. DT s TR T

In ‘clacking over the daxa:glvan,by~Bl£gh‘with that»available.r:om

other sources, some discrepancies were found. Where the .data on some

dams indicated that a certain'oréepghaadgratio‘had'been»uSEd in.design, -

it was usually.not pqssiblérto*chéck-thisrexactlylfrom“theldiménsionsv

of the structure. In-b:der*thatiall:thegdata;might;be on ‘the :same - -

basis, the same method was used'throughout,*although This might .not

Bive the same ratio which the ‘designer of the .dam believeq. he wes. using,

In ell cases the autho;'s"best_judgment-wasquédﬁin determining ‘the . :

most probable values for use in this baper. He.would appreciate it

if readors of this,paperfwould‘call his attention to any-.cases in_

which his Judgment may-haveﬁbéen‘in\erron,- g S -

At scveral points in Yhe analysis .of some of the-dams it was nec-—
essary to make assumptions. OQne of ‘these was in the case .of rows of
sheet piling close together. The analysis in this case was made ac-
eording to that outlined on.page .

In computing the weighted creep distaﬂce-it was necessary to de-~
termine the division point betwean steeply ;sloping end slightly 8loping

14 Technizal Librare
Bursoy of Reclamation
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contacts, This division should be at the ‘steepest :slope at which &,
bank of earth under water-woﬁldabe:unquestibnablyxunStable, ile.., at’
which the bank undoubtedly would slip. 'This'was 'assumed tobe on.a -
1:1 slove. .Any contact with.a slope .of 1:1 ‘or steeper was consider-

ed to be a "vertical" contact .and at a ‘flatter slcpe & ‘horizontel con-
tact. 1Ina few cases a puddle or.earth £ill-egninst e dam rested on
top of a.portion of the dam masonry. Although this wes & horizontel
contact, it was assumed'toibefa‘ﬂverticalﬁ~cbntacx,.as:thefaarthpruid

press as closely on the masonry under1these:c0ndfficns}a$“on.a.Ver-l
tical ‘surface, _ _ A Dl AL

In several cases dams:have;bean?buiit,W1th‘akfilliﬁgfof‘dry;or"
brokxen strne beneath them. This would offer much less resistance to .
seepage than the contect between solid ‘mesonry -and foundation material,

Where the floor,above this stone [£illing has not been vented, ‘to allow

the weter to escape, the resistance of “the creep Yine along this:sec- -

‘tion has been assumed to bc:half_as'great_asﬁfor:Solidpmason:y,‘;This P
is a conservative estimete ‘from the standpoint ‘of this study, ‘but wovld
not be if used in design. 'The use.of such.filling seems: o be confined:
to old dems and is probably a bad -practice. ‘In-one cese ‘it ‘is ‘be-
lieved %o heve contributed to the .failure of -a structure. = - .

Considerable uncerteinty hes been introduced in :the .determination
of the creep distance by the presence of weep :holes or vents. In . -
determining the distances used - in ‘this “report, :weep ‘holes have not “been
considered as reducing the creep ‘distance, :-but a separate analysis of
them hss been made, C R A

There was Sdmetimes~uncertaintyaaéf¢073hé?heﬁdﬁtgtuSeuiﬁ“estiﬁaﬁ-x S
ing the ratios. 1In ordinary:ove:fail}dameit‘wasgmeasured¥frmethej
crest of the dem to:tailwateraelevation3xon;fif<thefl&tter:ﬁasrnot D

-

given, to thezstraambedibelow¥thc;dam;ijfgcrestfsétesiprﬂflashbcards
were used, it wes moasured from ‘their top. ' The ;ordinary operating
head was used, altho, inqsome~cases;'especiallyfmovable;n&Vigatioﬂ_
dems, the structures were no doubt occasionally subjected “to groater
heads. For many structurcs,faSPeci&llY§irrigation‘headgﬁtea,éit
wes not possible to'determine;thezordinary¥hcad{wrthfSufficiant.accur—
acy and therefore they could ‘not be .analyzed. R L
Several casces ‘have ‘been found .wherc dems ‘were built .on.e layer
of porous metorial, such as gravel -or .sand, which was underlaid by an
impervious layer of clay or hardpan, into which the cutoff walls or
sheet piling extended. These are not subjoct to anelysis ‘in the or-
dinary vay and therefore the data.on them is given without analysis.
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'jCIassificationfdffFoundatibn?Matérials1'-

There is = great‘need'df;a}morééccufate~aﬁa;scient1fic'¢la331-
Tication of:roundation;matefialsithan'theLcommchterms,:gravél;”*“

coarse :sand, -ete, rseveral'classifidationsrontthe‘basis‘OQEgrain:51ze.%

‘have been made,'but-nonetarenentirsly;Saﬁisfactory,gTOneﬁdbv@lopedﬂ;
by the.UnitedwStates’Eureau”ofFSdilS*ihanbeengextenSivélyiuaedﬁin
the classiricatign of soils andéor.matérialsxOT“gafyh;damgft:Fo:f;

*Grouping'ofiSoils onfthe}BaSis’eijeéhaniqalfAnalysis;iR.FO.;E;fDavis

and H. H. Bennett, U;‘S.:Department-bf;Agniculture,aCifcular;No}€419f-1'

dam foundation materialsihowsver'it*is.not:entifély{satiSfactorﬁ;ésJits

classifications,idlay;ifine:Sand,;coarse;sand,hetcy,:areimuChffiner.
material than the engineer has in mi i 1'using these t » . Mochan-
ical analyses ofrfoundation-mate q

15 o .0bte T only ‘a few
dams..»Thosg{availablelafe-plotted;ohfFigure”l,igiving'théggrain:sizas e

1

in inches-anﬁﬁmi;limeters;?th?Bﬁreau.OfYSqils classifiication, -and the

size.of,standhrﬂisieves,

jResults:of;Analysis&dfiExiS$ing:Structﬁféé-‘

v

Theresults’ofjthe'aﬁélyses,of tHéﬁwe1gh%éd:dréepfrélqpidnStfﬁfﬁﬁbr;

all structures,for3whichrsufficient-datafcouldabe¢obtainedﬁa:e;given

in Tables 1, '3, 5. and ‘7, iThe’first:cdlumn-givesﬁeach;dam'aﬁnﬁmbeff--"

which 1s useful in identifying it on ‘the figures. 'The ‘headings of

fth columns need ‘no explanation;.QThE%néxtLWWOacdlumﬁs‘ 

1Ysnd horizontal qreep”distances.-2Theréighthccdlumn“
gives the weightedncreep*distance;*honi?ontalfcreép;having*a weight
-0f one-healf. The next cplumn,gives.tha:weighted~craepshoadjratio@:-
The “tenth column giveS‘aniindicatibnfofithajprobable?reliabiliﬁyébf  ‘
the computed values of'traveljpathfand:ratiOS,‘gInfsumgscasesfth@edata
‘Was somewhat in doubt. }The'eleventh?column,‘"Hééultsf"“indicatesj o
what is known -about ‘the ‘succass offthexstructure;ﬂrqutheQStandpoint,‘
of failure from piping.'jFailure;fram-otherpcausesEwasanOtfconsidéred.a
In the case of structures Tor which~no‘ﬁefinite“data:iSysiven:infthis
column, for the larger ones:whanflocated'in;the?Unitod!States,.it is” .
Very probable they. are still'giving.reasonablynsatisfaqtoryyfesults
or record of the failure}would‘havc‘beenlpublished_ “Smaller struc- .
tures in the ‘United States and1those~in foreignicountriesfare-probably
still in use,. although there is a.slight chance'that'theyimay'have
failed. The noxt column gives a'briodeescriptionvof‘the-material'on
which the structure was :founded. The -torms are not always -as explicit
as might be desired, due to incomplete data in the articles'describing
them. The last column furnishes pertinent data not included in the
other columns.
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~Although the results offthi%istudygindicateﬂthe“désiréﬁility=dr '
using the weighted‘creepﬁinrccnsidaring“damsfon;pordﬁsffoundafions,"'
for those who prefer <. uns]theyﬂlain”Creepfor,Shdrtfpath:relations,'
the data-on these Taostures is-givenVCAjTaLlés-E.f4,!6fand?8,ﬂ10n1these
tables are also Givenjthe;scurCcSwaomEWhich.the;datatonwthESU:struQ—
‘tures was obtained. SRR SR T

These -results of :the weighted eresp andlysis ‘are shown graphically =« .~
on Figures 2 to 5 whereLthe'weightaﬁ“creepglangthnispﬁlotted¢againat B
head on logarithmic paper and.liles are drewn showing‘the~various#weight5gj
ed creep-head ‘ratios, "The 'failures are 'indicated by sclid ‘dotstand “the '
dams which, so far as,known,fdidjnotifdil‘by*pipiﬁg;Fareﬁiﬁdicatéd'by”‘ _
open circles, ‘Different'sections}of‘ﬁheYSAme dam;vor'condition35dfathe._ C
same dam before failure and -af ter repair:are.shown by dots “joined by 'a - . o -
line. : L e T T e
The ma jority. of the;failuresiare”damsfdf:veryfpoqudesign,lbut o
-they serve to-show approximately the limits of 'good design. 'Well de-
signed dams rarely'fail,.butrmoreﬁlessons;can*beflearnedtfromffarlures PR
than successes, Some well;knpwn;failurGS?arernotfinCludddeQCQuseithe;'f"'
o data is insufficient or i‘tooconi‘.llicting:lto;pemi,t'.sreli-'abl’e_';COnclﬁs‘io;ls'." .

These includezthe~HauserTLake;Dam;*Missouri@River;jthé”GrandﬁBarraga.
on the Nilerand the;Southern;AlbertaTLand.and;Irrigationfcompanjéhead~-r
gate. ' S R O 1 ARV R

SeveravaaSQS'were:found_WheraEtﬁefﬁqtﬁﬁisjs¢;cﬁmplgxbihatﬁixais' |
difficult %o amalyze. iThiSiwaé?thb:cas¢ﬁinwthegA1¢onq;f%hé;damnin:the
Scioto River:at*Columbus,;Ohio;aand1that:onithequadalupé River in
Texas. T s Ce e

Cross sections - of the dams'analyéed,:for,Whicn=noadescription:apA
.. = Pears in casily accessible.literature,,aro“given:in?qutes?IftofJI.;1—

e

A HERS S N aa av S G e LS L, et it s e i e Ziit e . e s s O s R T g Y = 5

;Dams.on‘dléy~éndiﬂardpanf;

yn et

The results of tho“analysesbof;dams_cn_clay~and-hardpan“are,given-
- in Tables 1 and 2 and .are shown graphically .on Figure. 2% :In order :to
demonstrate more clcarly'thcsbasis;for“thegratios recommended, ‘a ‘few
of the dams constructed on this material will be’briefly described. -
Those are-either dams which have failed or thoss with low ratios .of &
which no failure is recorded, — S '

Woodward Dam at Hill, 'New Hampshire.

This dam was founded on material so hard that if ‘an ‘iron
bar was driven into it 12 to 18 inches, it was sometimes neces-
sary to-use a derrick to pull it out, ‘The ad jacent banks were
of a hard comented sand and clayey material with occcasional
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flayers.offPUrewsaﬁd;’iThéﬁfoundations?ﬁeréFsﬂid@tdihavé?béenféxaj-’

“cavated 10-to“lzlfeetfbelow?thé”naturél;surfacefdffthefearth}ﬁf;
'TheElins-df'creep.andftheﬁshbrt,pathfwere‘bqthfaboutgazifeét;"

which, with the'Eo.foot”head]Egivexratiosyofglength{df;path%to :

‘head of ‘1.1, :A*large"propprtion?oftﬁheQcieepJOn?thisﬁQamﬁwgS;vgiﬁ;1i

tical.“'Thauweighted»cr§¢p4heﬁd;fé£ib1wasiQ;95,;y*;yg-wa

'This:dam:faileaiafter:ﬂivéﬁyéaréaéf%éérvice*W1£h;ho;srgﬁi&f_l1,,_

failure, Where ‘dams il after a considerable ipericd *Of ‘satis~ -
factory.servicevwith?heads;that?have?beenfbarried;befbrewsgﬁis-%ﬂ
factorily,-the;probable'cause,dfffaflureﬁis'pijingaélong;thafliue
of contact‘df:the‘damLwithﬁitsgfbundationg.-Wheﬁxfailure;takes
'place-suddenly,'at.a?head?whiéh?hasrnotﬁbeen;heldtbéforg,aqr“with
‘may be percolation‘difebtly,thzu"tﬁSXﬁounaation&matérial, As
this der failed after a.ldngssarvice?apparentlyfatvnoxunusual‘.
head, the feilure was probebly ‘due :to'percolation-along ithe con- -
tact ‘of the masonry with the earth. The layers.of pure sand may
have been responsible’for:the failure, - - Ch

a path;whichiisxsuddehly,shcrtened?by'anhapron€blqup;xthe“bausa;,> "

_DolgarrogADam,tLakeiEigiau;.ﬂérthfwales."7

“The DoléarfogfdaméwaSQfouhded[oniaigladial{depoéit9orfhérd '

blue clay containing]boulders,foverlaidIWith‘a;layef;df;peat}f‘f77

‘Part of “the foundation was:nqtccarridd"asjdeep{as;ﬁlauned,;jThis‘
section failed by-a blowout under theifoundation after. the:.dam
"had ‘been in:se:vice:fourteenjyéarsg5iThe;reservoirLhadéprevious—'_
'ly'been‘drawn-down‘below"theﬁdah;foundéjidn:ﬁué'tofprdlongedﬂdxy‘
weather and ‘the drying out of :the vcla r .
cause of “failure. -The portion.of ithe ‘dam built according-to -
plan did not fail. 'The;creepjdistanccfforgthéﬁlatterjportiong-:
wes 39 feet‘and;foritha:partiwhich?failedgssffeat;wh;chifor-thé
10 foot head gives*creep_head;rdtiosﬁoffsig:andfS:Saraspective—;
'1ly. The correspondingonighted;créép?ratiOSsare,2;0pand?lko-‘
respectively. -4s the dam held fourteen -years with the “lower
ratic this should be ncarly, if not-entiroly.safe. '

‘Fergus Falls, Red River, Minnesota.:

The Fergus Falls 'dam was Tounded on hardpen. It failed S
‘af ter eleven‘months-scrvicé:by_a_t&owout under the . power house.
It appoars that a spring was ‘encountered in the .power house _
foundation and no.outlet was provided for iit, This Spring prob-
ably forced an outlat Ffor itself -and gradually enlarged it.
The path from the hoadwater to the spring was too- short :and
Piping occurred from the headwater to the spring and thence a-
long the spring outlet channol. There is no evidence to show
that the spiliway had insufficient length of path. The creep
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distance for the spillway wes 104 feet giving A plain creep
ratio of 4.5.and & weighted- creen ratio of 3.8. The creep: dis-
‘tance .to :the spring vas 45:Teet,: giving a: plain crnep ratio of
2.0 and-a weighted creep ratio o;l 4,

North Diversion Dam, Orland’ Proaect Cal1?ornia.  f1if”‘3‘"

‘This dam 'is foanded on. rather 1mperv10us clay with eon—
siderable Tirmly imbedded ‘gravel and has heen “An- ‘service: since
about 1913 witk no ‘appreciable ‘leakage benaath $he structure.‘f}'
It sustains a normal hecd of 4.7 feet: w1tn a crnen distance of
0.0 feet, giving a.plain creep~head iratic of ‘1.1,  all" of ithe *
ereep of - this dam is. horizontal and the weighted crcev is there—,
fore 0.55, T : : C

Whiting Street;DamJ,Holycke,*Hdéééchusefts;u‘"‘

This dem was. fcnndéd on-avery ccmpact unV1¢1d1nc gravelly
hardpan. It has'a head:of .18 fcet:.and a creep: di'stence 7of - 56 ‘
feet, making a plain- creep hcad iTa tlo ofhﬁ:O.‘ The wolghted creep
ratic was 1.6, . ‘ S S R

. n ‘-'a‘ r'J : . N -
Lake St. Trencis Dam, St Fran01s River, Quebec Canada. »

This dan is: xounded on: sniff clay *ith small boulders and
gravel (hardpen). .The head is. about: 37rfeet and‘has been glv-"
ing satisfactory c-erw.ce sinece’ 1917 “The creep dlstance Tor:

the bulkhead and spillway scetions ' {15794 and 1121 Teet: rcspectlvéujV"

1y, giving plain creep~hzéd - ratios: cf 845 and u.s.j'The corres-
ponding weighted creep rat1os ‘are ‘1.9 anﬁ 2 4 # :

Kettle .Crask Dam, Kettle Crenk, On;arlo.r»

The Kettle Creck dam is- foundud on: vcry hard blue clay, and
sustains a hoad of Z0.5 foect. “I% has-ao creep dlstance of 66~ feet

giving a plein-creep retio of J.w.and oighted-‘croep :ratioc of  .,,'

2.0. About 27 feet of this -ereep is:under. an apron’l2 ‘inches:
thick. 1If eppreciadble: scopage - under the dam’ occurred “the "apron
would be lifted up, reducing.the ereen- dlstancc to. 9 fcet and o
the weighted creep ratio to l.a.'

Marysvillo Dam mshwask Tivcr, Ebw Brunsw1ch

This dam is founded on barapan composed of Timm impermeable
clay containing at.lcast 507 of . largc boulders. The hoed ‘is 22
foet ané crecy 92 fcut, glving & -plair creep-hcad ‘ratio-of 4.2
and weighted creep ratio of 2.6. The creep of a gravel £ill on
the upstrecam face is noglected. The dam has stood with-a
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weighted creep. raTio of 2.4 for a short time.: The lower 50 Leet
ol the creen distance - is'unéerran-apron:12. ‘Anchesitnick, - If ‘
"much - seepegs. ‘should- occur under the\ham the apron.would be
‘blown up,- reducing the welnhted creen ratlo to l 9 Eo

TA TS

4 W R

e

Dams [2): 38 Gr vel Cobble< and. Boulaers.‘_

The data on dams on gr&vel, cohbles ‘and ooulders is éiven 1n Tables ;_:;
3-and 4.  The. results are . shown. aranhiﬂullv onTigure 3, Deams - on’ founr
dations: composed largel"*o* ‘sand but: with considerable: rroportlons wof N
gravel are ‘included’ :In“this group. ‘They .represent . an: intennealate con- - -
dition‘between: coarse sand end grevel ; and’to incluce them in this
-cla531rlcatlon is-on the side of - con°ervatism. ) S

IDg SRR AT N e B

To set forth more Pully the basls ior tne lengths of percolatlon
path required: for. various naterials, ‘the dams" having: most ! 1nfluerce on
the conclusions will be deﬁcrlbed at some length. ) : : ‘

s AT PR i S

‘Puentes. Damn,: Guadalartln ?., Snain.

Tha® Puentes dem’ waa'built in‘1785-1791. ¢Most of 1t vias ‘
on rock but in:the center.of the valley it was founded ‘on; piles T
in earth variously described .as- “Mearth', "Malluvidl s6iliand N
sand" and "sand. and gravel at. 1east 857 feet: deep," the lattern
classification bhoing assumsd as; ‘being (the: ‘most: conservative.kgg““
The dam was 151 fset wido:on the bascrand+had: a: masonrTy;aproax .
7.3 feet thick.extending 131 feet: further. dOWnstrLam._‘Nearly: S
all the creep was:horizontal, The ‘failure: occurred: suadenly Coe
eftor 11 ysars.of usc.. -The prossurs: bﬂneath liftcd theapron
at the toe-of “tho'dam: caLsin@ﬁlt”torfall ‘and tthus- greatlv Te-
ducing the erecp distenco, rnsultﬁn& Ana blowout. :The Teser-
voir wes said to be siltod-44<feet- abovu *he basc o¢ the dsm.. .-
and at the time-of failurc:tho hiésd was 147 foet. IT had reach- - e
ed 75 feet in previous years: w1thout fallurc.--ﬁ, : '

s N S| A S T R S B e x

Con31dcring thc cf;ucu‘o" the 511 thb llne of - crcep to
the end of the anron was ‘539 -foot. txth the head:of . ld"'FGot
at time of failurs ‘this. BATC 4 croep-heud ratlo of +24 37 and-a -
WulghtCQ crecy ratio of [1.36, o ‘8igns’ of : ‘failure. at thé ‘end

of “the apron appﬂarad‘for this:ratio, but might have, had '

these conditions continusd. Tho blowout ‘roduced ‘tho .creep
distance to 200 fcet, the plain- creon: ratio ‘to 1,40 and ‘the.
wclghted crcen ravio to 0.86. .In a° Druvious vear with 75
‘foct heed, the rospective ratios werc 4:5 end 2.6 assuming
“the seme silt conditions. ~at the time. of fallure aluhough
‘it is possible that thev wore.less. ‘This: 1ndlcates “that the
dam was szfo with 2 2.6 vweighted. creep—head ratio, possibly

- .safe with a 1.36 woightod ratio, and cc rtalnly unsafe with
0.86 weirhted crcep ratio.
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.Port ‘Angeles Dam, Elwha R., Washington.

"The ‘basge :of tha Port ﬁngélésfbémﬁreStedxuponfa’ﬂgLaCiEJ e
deposit conSistiﬁgjprinCipallyiof5gravél:aﬁdféméllJgritﬁpr‘;‘;‘
‘cnarserSand;Vg?It;Waéj97ffeethiaeqonﬁthefbase}bélDWJWHichga'”

_ caiésonfhad'heenasunk?llffeet.jznnrearth’filllwasaconstrudted .
on:theiupstream;side:Withfa"héighfwofisgﬁfesx5and1bas¢fpf%all

‘bout 100 feet. fAjrowrcﬂ“sheetfpflingISOQtQﬁ4Ozﬁeet?long;Waa"_
'driven*afreetdeWnstreém=fromftheﬁtoeﬁorﬁfhé;dam,?bUt:nbttqonf Ll
‘mected 1o it. 'This piling was ‘detrimental, -as 1t tendéd to .

concentréte:the:un&éréeepageﬁinto*the:3paceibétween?the'dam*,f
‘and the piling, *T@éﬁwaferihadﬁbéen-atxabput;spillwayflevél'
:forfninefdays“whenisignsfpfwincréasedEpreSSurpiwére:notiged;.;1
‘below the dam-and Withinthodorlthréé3h¢urs‘fhe:entireibottmﬁ“'
gave ‘way. A - T M

 The creen distance Was.abbﬁtjlpgffeet.‘iThefhéad-wészun-' -
certain,jprobablyi?géfeet,Ibut'mathaveﬁbeen;Higherw JThe -
‘plain creep-head ratio*was;therefore,ndt;moré?mhaniz.i;ﬁ“The“"_7

weighted :creep .ratio was 1:5. The ‘shortest path was 150 feet
and gave 'a short path ratio of 1.9, . + - .. o o oo o

The ‘dam wes repairedrbytfilling~fbefcanyonaﬁith;rock, i_ ,
blasted from the side,hills,zréinforCEdévithéﬁrIIOmeats,f'--_1:4‘
~ sheet piling and a large concrete"blockjthheéshontgﬁath;di5e°
tence 'is - vbout 650:tof700:feaﬁ?anditheihead,pfa¢tipally?100 o
‘Teet, making a shortgpathnratipgqf{6,5ﬁtow2;o- -Under these
conditionsfitfhanbeen;in;satisgathryQSGIVicg.SinQe;lQlB.;
On account of‘the:lackhof;a'deﬂinitegconta@tfbetwecn‘theﬁﬂiIl',w
and ‘the original.materiel, ‘no.creep-distance can ‘bc-estimated.
Co ey e
Pittsfield Dam, Westwarook,%MaSsacn%hétts. o

e - . ; : i

The EittsficldJDam;wasgfoundedion;apygpperwlaybrﬁqf;grayeln
and fine materialﬁ4fto‘E,feet,deep,gﬁn@éflﬁid}by:aﬁmnchfﬁiner
ard apparently‘impcrvious;stratumtbqulaysyrmgtepial;E}ioﬁﬁv‘
‘feet ithick, ‘beneath which was a waterbearing gravelly mass
containing much finc;material;ﬁithgbOulders}from1henéeegg:size
o possibly-a cubic vard -in volume.: “The .upstream cutoff wall
extended into the impervious layor, :but:not dowm -through ‘the
pervious material.bencath.‘yihc-dam,seems:tO‘haveibeengdesign—
ed on the assumption thet the foundation natorial ‘below ‘the
vop ‘layer was impervious. ‘Apparently the flow thru :the per-
vious material appoared downstreanm, eithdr;lifting-the_ﬁmper—
vious layer or ccusing piping :along some channel leading thru
it. The feilure was probably morefin:the:nature.of,piping '
through the matoriel rather than along the line -of contact
with the dam. The shortest path was 63 foet and the “head 33
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feet, giving5awshort"réthjratioadfﬁl;ﬁtffThe;pléiﬁféféépﬁdrgé:
tancezand,ratio}were176£Tgét4and“2253réspectivély.‘?Tpgpweightea
creep ratio was:l,6. “The "dam ‘was'repaired . with ‘a "clitcPf ‘wall S

?factorygserviceifor:&boﬁt;gO}yearg;‘

: axtenaing?thrqqghathefperviougflgyapuanqfhgg@beeﬁ¢givipg;saﬁrs;,‘]

3Coonznapidsfnam5.MissiséiﬁﬁidRiver;bmihhéscta;;_‘.L“ e

fThejCoon(Rapias5Dam*6ﬂ?ﬁheiupperLﬁiséi#éﬁppﬁERiféfifaiiéd

£rom a:sudden“blowoutfdﬁiing;repai:s;:éﬁter?the?dqggﬁaﬁibéqﬁq;~f&?-‘
: . : ‘ l’dpbint}df~pipingyﬁfprp-{‘Lﬂ .
-overzthree,years. ‘The primary.cause:was -a.gap one’dile wideldn = -

;giving:satiéfadtcry:se:vicej(:rqmﬁthekst

the”sheetgﬁileucutcfﬁ;'aThe¢hclesbélowﬁthgfaamcéauééakbygs¢¢urf
was pumped out?totbuild“an%axtenSidn;dfitheFapron;igausingéan'
increased -head - on'the structure. |

water didnnot7followwthe]Creepfl@p@ﬁandatherbfqrefﬁhefctﬁéPﬁ?ﬁﬁd;f"

‘ratio. cannot'besestimated. -

Thefeérthibaldw:theﬁ&amihadlafélépihg suifaCEfandvﬁéﬁIa?_

'therefore*fail-mcreaeasilthhan}iffiherground;werelleﬁél;‘ﬁon o

the other hand'the gap1ofﬁonly.one;pile,ﬁouldﬁbOnéida:ably?feé

sunmed in designi’

striét:the‘fibw:as;compared~with>theiordinary}cbndijionsrgan“'ffv

Plattsburg Dam, Vest Brdékfﬁiétfsburg,;méw:York.' L

a b

The Plattsburg Dam was founded:on'alglacial material of

the following composition:. 25%: boulders,’ 26% fine-gravel, A% "

very coarse sand, B%gcoarseasand,féﬁrmeQiumxcoarseﬁsand,54%_53‘ .
medium sand,-8%.medium;fine-sanq,xlﬁ:fiﬁefsandnandizs%raaﬁd,ﬂguw

and silt passing a .100-mesh. screen. “There was 'less ‘than 1%
clayey material. The base-of the dam was ‘steppsd up the - e
sides of the hills. “Thexupstream~cutoff;Wallaqu;saidi;bhbe*[
20 feet deep. -1t 'is reported-to have ‘been built with wood

.sheetingllef$lbetween!theqconqreto;aﬁd“the'naturalfégnth¥and I.“]‘

,that:the'backfilltwasfmadeawith‘axcavatedamaterialgéndQcon—

struction-debris. The weepuhqlesuplanned;fobitheﬁsttucture'}},{; 
viere plugged. ZIt‘is.also_reportedxthat‘a:trenchvwasvexCavat-”

ed -along the upstream side of ‘the.cutoff and refilled with
puddle, but this report could not be confirmed. ‘Leakage - wag
evident from the first, end ‘the dam failed from a blewout,
probably from seevage alcni the line of creen, apparently -a-
bout two months after it was filled. B
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The "he&d - was :approximately 48 .

- feet, andﬁthe”shqrtéstapath”lﬁOifeet,kgi#ingfaJShdrtgpathﬁthf5, R
ratio. of ‘2,7, fSinceithefwatertlevelrbelbetheeaamFétiihisﬂtimei_‘
was?considerablyibelcw_the_bottqmgOfﬁthefdownétréam1piling,ﬁ¢h§j“
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‘The lenéth of ‘the line of creen varled for Lifferent sec-"

tions “of the ‘dam-snd :the- creep-headmratlog varied: frqm %\1 to e

3.2, the higher ratios being for: the Tower: parts of. the dam
where 1t was stepped up ‘the 'side of tue-valley. The ‘corres- . -

ponding weighted -cTeep retios -were 6i1t0/2,4. ‘The:shortest

path ratios varied from-5] 8 40 ° 2 6. “Where: thc fazlure took 
place the head was _probably: anpro 1mately 22' and the e .creep

87, giving a plain creep:ratio. of ‘40 /and - atweighted creepbﬂf ?rf L

ratio of 3.1. "The shortest path at’ uhlS point was;probablyfu 
70*, giving a shortest path: ‘Tatio of" 3 2.5 .

‘Pinhook Dam, Maquoketa River Iowa.;:;ff |

, ‘This dam and rpower house are founded on what is reported
to be "fairly well graded: sand altho there 19 considerablc
gravel and- Qcc451onal bouliers as'large ‘88 | 1/5 cu yﬁ"{y
.sieve analysis is.given on:Figurcil.). ‘The *head :is 257 and
the creep distance to the-end: of” ithe fixed: apron below ‘both

the power house.and ‘spillway iis:130', giving:a plain-.creep- ;_ 55;€-5'L'

‘hoed ‘ratio of 5:2-and‘a weighted creecp-head: ‘ratioraf 4 0.

Bolow :this fixed .portion. however, thore are. concrete ulabs con-‘ 1J»

structed to- allow ‘settlement. ulthout cracking, put- w;thout
watertight jointa. Since these. slabs no-doubt ‘to:some': extent
inerease the. r351stancc to:piping, it would :notibe: correct to -
assumc that the success of this ‘dam’ ‘indicated that the 4:0-

ratio . was safe. The -croep: distances to:the: enﬁ of “this: slablffig”

apron for the power house:and the. spillway - section.are 206t
and 231' respectively, whlch giva nlain creey- huad'ratlos of;ﬂ'

8.0 and 9.2 and woighted ratios: of 5750605, ~.Tho shortest’ 7
‘paths, not ineluding :the- bloch apron are ‘g2t : and 981" ‘for-the
pover house - and sp1llnay rGSﬁGCthulM, glVlngwratioskof 32

and 3.1. Including-the-block:apren:these: dlSuanCGS are lGl‘ PRSP

and 179' and the ratios 3. 6 and 6.2 respcctively. o

_ Rlchmonai¥1nd1ana Dam.

This was a small dam, foundud ‘on shnd and gravcl sus-:'
“taining.a head of 5 1%, with a oreep dlqtance of 27 ft.. glv—7
‘ing & plain-creep-head ratio:of 5.4 and aweighted creep—head

_.ratlo of $:8. The. dam is believed:toihave been-washed: out in
B flood ebout. sevun vaars af ter " constructlon.g : »

B01se Intako. Dam, 80150 River, tIﬁaho;

This dam ‘is feunded .on very- compact gravcl and cobbles.
It sustains a head of 33: ft. w;yP creep distance of .96 ft
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giving a:.plain-creep-head ratio-of’ 2.9, - Much of this creep is
‘horizontal ‘and the. weighted- creen ratiois 2:2. * The: shortest
path 15792’ 1. »and short: path ratlo ‘R48. This dam.has been
giving- satlsfactorv service Slan about 1906 .

,Oswegatchie River “New - York.'r*-”

“This. dam ‘for part of its: 1ength 15 reported as: be1ng :t;;m

founded on’ "glauial ‘boulders” but-as Aight sheet: plllng ‘was
driven, the bouldcrs: were: more than likely cumbined‘with sand -
or gravel., The head was. 23%. “The cutoffs were formed. byicon~
crete -walls with 2x6: inc\ ‘sheet. plllnE on:each; ‘side- ‘Of. the ‘wall
driven .down 4 to»"*“t.,JEyond the.bottom of “the ‘concrete. 'Bx-:
T g ountersd dhring construction, there. was ‘no
/§§§pg§§. &%iépﬁ@iggg E@bg%%umed water:tight:and ! that ‘the :re~.
sistance to travel between’ the tvio: ad;acent Trows:'is: equlvalent

to & -ereep twice the distance.between:the piles. The creep dis~ L]?

tance is 82.f1t, ‘and ‘the hedd 23’ ft., maklng the plaln ‘cresp :
ratio 3.6. "The:weighted ereep ‘ratioiis 2i7, The shortest path
is 57 f%. giving-a. short path ratlo of 2 5. ' :

Granite Reef Dam, Salt Rlver Arizona.-

S

The Granite.aeefﬁDam.is founded ‘on gravcl and boulders and“f

sustains a head ‘of '20%. The.total creep distance tothe! ‘porous
gpron is ‘77', giving-a: plain-: craep-head ratioof “3.8 and a:

weighted -creep-head ‘ratio-of (3.1: “The shortest pathito: thc‘ﬁﬁérf

stream edge of the porous cproniis. ‘581, givxng a:short path ‘L“
ratio-of 2.9, ‘and the ‘short path to tho wee“holes is- 47,,giv— '
ing a. ratio of Bede f : : :

5 ZI

When flrst put into opcra;lon there ‘was a: seepage of two

to three seci ft. under the 300* 1en5th not” founded on” rock but-j\”" '

the pool above the dam filled with sand and 311 whlﬂhdreduced

or -stopped ‘the seepage. 'It.is:possible;that :the. rock: £ill under ;';4~*

the downstream apron acted somewhat-as a: ‘roverse. f11ter :and :in-
creased “the sccurity- of the structure.’ CAfter: somes years in
service the apron was -destroyed by a: flood ‘and ' the dam:stood
some¢ time without it before it was- ronalred, showlng that at
that time it was not necessary . for. securltv.

Avignonet Dem, Drac Rlver,?Francc

This dam was built on,gravel about 1903 and sustains a
head of 56 -ft. It has a creep distance of 266 'ft., giving a
plain crecep-head ratic of 4.8 and a weighted ratio of 5.2. The
shory. path is 217 ft., making the short path:ratioc 3.5.
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'IDams on Coarse Sand"--.“'.”fﬁ“.” 5”’

" The:data on dams on coarse sand*is glven in Tables 5 and 6 and
~shown graphicallv in: Flgure 4. SA"more: detalled description of ithe
dams which have -an’ ‘important:. oear1ng on’the safe’ 1ength ‘of path nec- P
essary for: th1s class of‘materlal Follows.‘ SRR ~»»T¢-: S T e

,Riverdale Dam, Annle River Vi consin.

v

Tﬂiu ‘dem was: foundod on’ torpedo sand, and held a head °f,,‘x“'
24', It.was completed ini1205.4and . was: Stillrapparentlyiin
‘service in 1909.  The maximum line &7 ‘ereep 1154101, +but this -
ineludes: 201 for Sheet nlling‘composed of - steel ra1ls driven-,:_. s
‘as ¢lose together as- ‘possible, swhich would probably ‘not ba*wat— LT
-ertight, ‘and -the: probable crenn was’ therefore 81t, “the: plain e
creep-head ‘ratioc ‘3,4:and ‘the" weighted: ratio!2; 1y Con51derinp
the rails to have made an: ocffective cutoft, thc ‘Plalncereep”
ratioc would be 4.2 and tho wolghuod ratio’ 2 9, “This vvalue.
will beé used as it'is more: conservetive. The ‘shortest: path
is 71', and .the. short path: ‘ratio, 340, Dgwnstreﬂm.from the s
dam is an apron of large ‘stones: whlch may have acted ito:some .
extent-as 4 Tilter, ~Tho. foundatlon Was*full of spﬂings dur—"g."'
ing- constructlon. o e RS N

Godavery VWeir, Godaverv River Madras, India.,, Té;;¢}. 5V?

I

"The- porulon!of thls wcrr foundod dlrectly ‘on- coarae ,
sand had a-creep-distanco. cf 160 T4, and: ‘sustained:a; head
of 10.8:£%., giving: ar nlaln c“een-huad ratio of 9 13- and 8 SR
weighted creesp - ratiosof "6€.9. “The :short: patb was 77 ft..and ”‘
short path ratio 7.1: = T

Dam Ho.,l.,‘Eig”Sun lower Rlvor N1551351np1. e

g
o
,.
b
.‘1"
5
2
1
.‘:“g
i
.

This dam vias foundod on, sand; 71t4 a;llttlo clay, somv P
gravel and sore clavey. sand, It: sustal- a: head o 3163 9 i 1
with a crecp-distance of *111: Tt.,: glVlngua.pla1n>creep ratio:j“"
of 6.6 and an equal we1gh+od ¢reepiratio. . The: rows .of sheet . ..

. piling arc close:together and: the . unstrﬁam ones considcrably .
longer then the. downstream: one, 'so-that: hhc ‘path'is -assumed .
to cut across-at-a 2:1 slopafrom ~the:end of “the- downstream U
'piling to the upstroem piling, ;as .doscribod: on.page B3. -

The dam has glven successfu] scrvmca sincc- about 1917,

rairic De.Sac Dam- and Power House,’ hiscon51n:Rivar'fWisconsin'_"

_ This dam.was built sbout 1912 and is founded -on- Cpuro
coarsu sand. 'It is-hollow conerctg, the buttrosses are

J
it
!
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supported by piles and therc rslno floor&under the dam. gueep-
age 'is prevented by ‘a 50' row: of ‘sheetiplling:and ‘an upstream

clay blanket about 20! wide. “The 'ingide of “the ‘dam:is ‘filled ﬁiﬂ ‘;‘

with loose rock, through’ which’ any water passing under ‘the S
~sheet piling may rise and until:the vents were: closed ‘apcaped -
thru them:in the downstream 51de§0f the: dam.v Wuter may also .
seep out thru the sand and under “the ‘downstream: shect .pile
cutoff. Since the plain: ereen:ratio from the: inside: of’the‘" o
-dam +o tailwater.is much greater ‘than between ‘the: headwater-i
and the vent, the: underflow undonbtedly escaped through:the . .
vents, until: they were closed. = iThe head ‘from!hesdwater to =
vents 1s.29', and the total: ordinary ‘head '52%.. .The: ereep dis-
"tance to the -inside 'of “the dam, where it formerly could dis~
charge thru the:vents,.wns: 124‘ ‘With the"vents. closed “the
total creep distance .is:198%,  The :creep=hedd: sratio’ito: tha
‘inside of ‘the dam,.with.the v nts ‘open-was ‘thersfore ‘4.3 and
‘with “the vents closed the- ratio: for: the* ‘ontire. ‘structure “was o

6.2, "The correspondlnm weightod creep ratios are.3; 9 ‘and 5 l. -

The shortcst path with the vonts open is 104', giving a,
ratio of 3.6, and with vcnts closeu‘149‘,,with ratio of 4 7.,

The- grcep distance undcr the: powhr house is 301' which
with & hcad of 32!, gives a. .plain creep.ratio- of. 9.4 and .
waighted creep: ratio of "7, E.ﬂ Tho shortnst path ‘ig: 216' and
short path:ratio 6.8. e : o

Dams .an’ Sand Fine Sand and uilt

The:data on dams on sund finc sand and : silt,is given on’. Lables
7 and 8 and ‘shown granhicallv on.Figurc 5. Albrief: summary ‘is: given
in the following peragraphs: pf the percolation conditions Tor: those
dams which have an: important bearlng on“the - 1im1tations of - tha length
of the seepage path. . . . - :

Narora Yeir, HGanros Piver  India.

ThlS woir was founded on ¢ fine n1caceous sand probably
Talling into:Bligh's class "of .which 80% of ‘the grains ‘pass
a 75-mosh sieve;" ‘It sustained:a hoad of about’ 13 Teot.
Aftaer.about 20 years of service.it. falled and was rcpalred
with a much longer croep distance.

This failure has occupied -aslarge ‘place in discussions
of -the-deiign of dams on porous - ioundatlons, and therefore has
-been studied in considerable detail. Bligh contendod that it
was a case of piping, which had been going on for twenty years,
and on the basis of this failure, and that of the Khanki weir,
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built the structure of ‘his’ widely used mathcas. A thorough

study of the data leads to considerable.doubt ‘a8’ to~the ac-r,“fﬁ i
curacy of some of Bligh's’ conclusions. ‘There ‘are- ‘many: differ-:‘

ing oplnions oniths:-exact: manner in: ‘whieh the. failure! took
place., In Bligh's Practical’ Design of Irrigation Works, ‘3rd -
‘Edition, Mr. F. W. Woods:records several opinioms, and;Grif- -
Tith has still another. 'Woods contends:at. length, apparent-'
ly with considerable justification,’ ‘that the 'fdilure:was pri-
marily dus to undercutbing of ithe:upstream portion:of the

welr.by a lateral current and-ithat cthis occurred .in: the river' o

channel section where it was’ built on:ai fill.”,

‘For the purpose of this paper: it 15 not nacassary o de-
termine exactly how'the - structure: failed. “Certain;facts seem
to be well established. The greater:portion'of ‘the structure
which was not built on a £ill:stood: without: failure for' twenty
years, although some troublc with springs-: at the: dcwnstream
edge seems to have been .experienced. . This“portlon had -a-creep -
head ratio of 13.0 and a weighted- Creep‘ratib of '8,0. “The.up~
stream puddle apron in the:scction where failure: occurred had
been washed awey., .In somc: portions of 'the.weir,. springs of -
‘considerable magnitude came .up . through ‘the: upstream edge .of
the grouted riprap. 'The.spaccs between :the wells forming ‘the

downstream cutoff were. sald to be’ "indifforontly ﬂlosed" by PR L--Q
‘piles. - e

‘Bligh apparently was. not in p0536551on of all thcse facts_r
-when he reached his conclusions. :Ho-assumed:that the.line of"
‘ereep followed the line A C DIER G H I T'K L M N.: (PlateIV).
This gives:a length of: approximataly 169 ‘feet, and a- ereep-

-head ratio of \13.0. 'The: upstream: puddlo is: known 10 have: been*f

washed. away, . and this reduced “the -creep.raticito 11.0. ‘How-"
ever it is .very 1ikaly from.the accounts .of :the:failurc that
the seepage path ended :in: spring at ‘the upstream:edgo -of “the
grouted pitching. If this is: tha ccase, ‘the ratio:wouldibe |
8till further reduced to 7.3, 'If,-in add1t1qn to this, the
creep path passed through -the- 1ndifferent staunchlng between ,
“the wells of the downstream cutoff, ‘the:ratio would; raach ‘the .=
low value of 5.4. It'is. apparent thareforc*that Bligh!'s:.con--
clusion that the rallure occurred with-a ratio of 13,0 is in-
correct, and if the.dam fajled:from piping:at:all it occurred.

with & ratio of ‘not more than 11.0, probebly:with 7.3 and . por- .-

haps as low as-5.,4, The corresnonding woighted ;creep ‘head .ra~
tios are 7.2, 5% and 3.5 regpectively. ~Tho data.for-the-dis-
taences and ratios-for plain ¢reep, woighted- creep and short
path are as follows: .
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: Plain COroep .i¥eightod Creep: :Short Path . . .
t.Dist..'iRatio:iDist.i-‘Ratio- JPathvu:Dist::ﬂatio]

Conditions As- 1A,C,DiEE,s . .+ 3_ %35;":; AiDiE H,‘
sumed by Bligh: T3K;: 189 - ﬁlSpO;t?lQ4,-;;¥8:0‘{.,I,M,N

Puddle Apron .:B,GB,E{F,: . otz oy 'k;B;C;DEH; ¥
Missing : T X, e QIR s TN

Exit of Perco- :
lation at J

Puddle Missing,:
Exit at'J and :
Porcolation ‘ : e A R I :
Between Well ' 4 70 7t B4 4B piBID e

Reccnstructed . IO DR e R R TICNTRCS T SN S R SR S !
Woir T e t 15,405 0230 - lO 0 i e-ee 127188221252

H ) - B
: i . [P e Ve
- . n 8 . e - .-

Khanki'(Lowcr:Chénab} Wcir. Chenab Riven,;PunJab,lIndia.

“This weir ‘WS foundod on: fine sand ‘and; fallod about thrae)\=
_years after-construction. When itvwag ‘repaired, ‘the- apron‘was
extended and ‘sheet.pilos werc edded. Tho" ‘data: on.creep distan- -
ce from various. sources‘differs considerably and ‘he valuas used_:.
are therefore:somowhat arbltrarily selncted.~~ : -

Bligh's: method of- dcalgn and his’ constants herc based prin—"
‘eipally on the results: vwith: this structure and ‘the- marora Voir.
"Thero 'is unfortunately conQiderable uncertainty regardlng the ‘
cause of 'failurec. Bligh contended “that it was: from:piping: but
Woods argues-very - convincingly ithat it was due- to subsidence ’
‘resulting: from unuennining onthe: upstream side by:a lateral
current, that this occurrod where ‘the deam was'built on-a f£ill
and that ‘the weir was.safe where not undermined. "Buckley -how~ -
ever states -that -there. wors bed: springs below all ‘bays of :the
weir before it-°failed, and since failure occurrod- .only :three
‘years after constructlon it is reasonable to conclude ‘that- the
original dosign was-not .very. secure, even if: +the Tailure did . not
result from- piplng

‘The original design included very littlc vertical creep.
It was repaired by extending the upstream apron and adding a

-”
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icutofffpffwellsfor%sheet'piling,'the’nature;ofﬂthexrepairsfdif—
Cferingratfdifferentﬂparts-of'theuwéir.'?Elightsivesfthefhead?as=
ﬂlB'feet.,IBuckley~stJte5”thatLtha:maximmn;heédnmayihave;been,‘H
‘12 feet, and ‘the ‘average:8 to 9 'feat. ‘In ‘the following ‘table
19 given a swmmery .of “the analysis of plain:ereep,:short:path
cand weighted chEpifor;hothﬁlzsandﬁlﬁéfootiheadSQ{iThe?lZA.’
"'foot”headfis'édopted‘asibeing‘morg@coanrvntive;‘ ' S

. BePore.Failure

. -
.

~+:Dist.: Ratio::Dist. : Ratio :.Dist.:Ratlo

Using 13-foot head: 119 : ‘9:2:: 67 ‘502 1110 17gis

TUsing 12-foot head: 119 : .939': +67 & 5.6 :i110 ': 9.2

- T e - .
- - . :w

‘AfteriReconstruction S

:_Bligh-Creep : Weighted .Creep: .Short Path
: ;Dists:%Ratio:inist.x:;Ratio;:QDist;:Ratio

- . . e
- . H Yy K

Using 13-foot head: -£09 - flS;i5:-}128JL;:xQQB:J'F188 f.Ei4;5

. S . X . . - ol
. - .. ] cac ra -

Deche Barrsge, Deoka River - United Provinces, India.

'This barrage waS“constructeafonffindfsand, with'a;cfegp—,'
head ratio of-l?,-the'entire:travelibeina;alongtthejbaseiof

1 1Bligh Creep : Waighted Creep: :Short:Path o

the structure, as?there-WGanofSheetfpiling;.éItLWaS;put‘intC ."'

service in July 1925, Trouble “was .experienced with.cracking -
in 1925-26, In 1927 some evidences of piping and .subsidende -
worc observed and-strongcsprin@s.withﬁsand_dischargingfdcwn—
stream from the ‘canal. headgute  doveloped:during a flood but -
ceased &s-the flood :receded,. On:account.of ‘danger of ‘under-
rining at the downstream edge.of.the'aproniin1192842913teel[
sheet piling-15'fact;long-was‘drivcn;*butjdifficulty.was“exA
perienced in getting a continuous cutoff properly tiod into.
the floor. Thickoning of the floor -on account.-of the in--
creased upvward pressure was found (to ba unnecessary. Inter-
locking stecl sheot piling 2C fect long was also driven up-
stream from tho headgate and no more trouble anpeared Trom
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the headgate sprihgs. 1A'linefofginterlocking}steal;sheét:pfl-; i+
ing, 25ffeet}long,>wa3fstarted:alongétthupstreamcedgefpf3the B
floor. ' ‘ ol S e

In Septemberilgaggfwhen‘it*Was1necessaryatq“carryﬁtheafull"
12 feot ‘head, springsasuddenlyqappearedfdownStreamfdf=the;shept :
piling in the firStabay,qcracks.SOOnjﬁeYalopéd;anﬁ‘%hedfloorfh.;
was slightly raised, 1Aﬁdisﬁinbt3dhénnelfformed;laaﬁing?fram1$he‘

end of the'upstream‘lino*of:sheei;pilingkatfdnéFabutmantytogthei] ‘lv

downstream row’of piling, thru whichfthefwateriescaped;j'Porf e
tions of the floor'were;nnderminedfandﬁbne;pqrtion*upstreaquff'4‘
the gates was.forced down-by”ﬁhecweigntﬁofEthe1waterfcver;it;-T_:~
and a section downstrean was :blown :up. * L o

The length of ‘the creeptpath,was‘mofeathéniszo.feet;{give L

ing a creep-head ratio ornutfleastﬁzﬁis;‘?Nbfappreciableupart;‘f
of this path was along aaverticaliqrﬁinCIinddWsurface.-jThis;":”
distance is so*extrémeithat{itiieréascnable:toéassume $hat ‘the
channels along at.least ‘a portion:of “the :path had ‘started “to
dovelop before»sheet-piling‘waSedriven;,?As;theylength'of;thé'
path which developed under'the various€conditionseis?unknown;g
the structure at the,time’farlura;occurred:cahnqtfbé-ahalyzad;
in a quantitive way but it_ddes;serve:to?bringtoutfaevéralgimé .
pvortant points, Itjis-ovidentkthat}thegoriginalqcraapfdiS—;““‘
tanco.giving;crcep‘haad-aﬂratio-pf“l?;was*ihéufﬁicient._xThe¢7
long distances that creep can develop .under:a horizontal . SR
foundation surface are sirikingly 'shown, emphasizing ‘the -valie . .

of creep,distances»along;vertical»surfaces;g;Thejnecessityidffifvi'

tight‘sheeﬁ;piling‘W&ll;connecxed:toxxhpffoundatiqngmaédn;y}ga.,[ o
and of ‘tying in‘the,ends'of‘the-shcoiépiling;gutoff:atfthadabut- ‘

ments soathat,the:water,cannotﬁfindfits;way;arouﬂﬂ@thefenﬁfdfu Co
the cutoff‘are;convincingly;illustrate&; T T

Kitcha Bya—Wash=Weir,fRohilihand‘Canals,fUhiﬁéd7Provinces;élﬁdia1':H '

This structure was Youndsd -upon dry sand above .ground -wat-
er level. It had a puddlelupstrcam.apron'coveredzwith;grouted? s
riprap and a,stepped;masonry=drqp,,withjlz'ishedtgpilins;atathé"
downstroam edge. Thero was no upstiream cutoff. 'mbrmally;no'*
water was against this structure. -Soveral times small flows
pagsed over .it, cach time causingqp;ping‘andffailurefofhthe
floor. The first time a real test of thepstructure'occurred,
it failed to sueh an.sxtont as to require abandonment.

Therc are difforing opinions as to the cause of tho .failure,
evidently it was a casc of .piping, ‘but :the path of the piping
is not definite. The wator seems to have Passed thru cracks
in the puddle, which had probably dried out, or thru the con-
tact of the puddlo and tho masonry. The head was about B . 8.0
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feet, and the‘cfeep”diStahcélﬁhidh*théfwatér1a§ﬁﬁaily7t66k;ff

probably about:58-feet, makingﬂthegﬁlainicreePAhéadgraf;pﬁzaiggZEi‘
and ‘a weighted .creep head "ratio of ¥ 5. The ‘corresponding fig- -
ures ‘for short pathrare 47 feet and.; feet,  Possibly:the
settlement?of'the,dryfsdndéwheﬂébrou@ﬁjﬁintpidpntaqt?Withjjfﬂ
‘water oontributedfto;the;failuréﬁotfthe}structure.[fljéisgpos-
sible also:that\aEheéd?broughtﬂsuddgnly:bh*hﬁdryfsandjwould1:ﬂ“
give rise{thgreaterjpercolationithagqsandwcontinQDugly?wét;'

This failure:serves- to bring to attention ‘the ‘danger.of puddle
aprons wher&*they;mayiﬂryﬂoaﬁ,tandithekpossiﬁle?danger“ofTfound-
ing a structure on dry.soil, - = . - . Sl Ty

Kulli Dem, Rohilihend Cenal. India. .

This dem was originally constructed with an -apron ‘of Ainsuf-
ficient weight, which was blown up, ‘necessitating the :recon- -
struction ‘of the weir, 5The:recon3tructedrWeiréstood%without;any
signs of trouble:for:aboutften,years,Lwhenfit:suddenly,failedg--
apparently:from'pipinguélong?thellina;bf?creep;ﬁﬁmhe;strUCturéﬂ_ B
was founded on finewsand,.withgut3apYEcutoff:wallsfopﬁsheet ST RIS
piling. The creep ratio was;betweén;1$14;and:1515,';Tngisp:uc-g;j:; L
ture'Wasrrebuiit'withfmucthhevsame1$sction%as#béfore,qbutewitth*'“5.f"
‘an upstream cutcff of‘interlocking'S%eel.aheetipxliﬁg;;anaihas'r‘#""*
given nO'trouble‘Since.;fThégddta'availableﬁis*insufficiént“‘
to givo;exact‘dgta-on;this-structurq,:butiijsjfaflUréIds?of,
i major-importance-as\showing.‘hegnQGGSSityﬁbrryerticalcstaupch-“
ing if:shorter'creep_ratiosEthanjthpse:édfocatgd#bﬁ?Bligh“and;

Griffith are 'to be .used.

Kulli Bye Wash, Rohilihand Cenal, India.

This structure had Several“failurcs;of'tHeﬁnpstreamqapron, S
which wore patched.up with reinforced concrete, but-aftor 3:or &
4 years it failed»beyondirepain;";It.waS”built“oniﬂine;SHnd, C
without cutoff walls-or:sheet»pilin@fand.had}a;plaiﬁ creép L
.ratio of betwecn 14 and 16. . .- IR e .

Corpus Christi Dam (AbutﬁcntlFailure]JNﬁGCQSfRivéﬁ,inx&sa“

The author believes thot the Tailure of the Corpus Christi -
Dam abutment was .duc to “tho existence ‘of ‘a short.percolation .
path undor and bohind the abutment. This is the only regcord
of a failure due to this cause which he hes found, and the only
warning of this possibility of sucha failur¢ seoms to have
boen given by Griffith.* The short -path was apparently down -

*Proc, Institution ol Civil—'Enp,ir.u‘:ers"Vc:l,.7‘1'9':‘1_‘-1-’,1:.,III_‘J P.229
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B

the.upstreamwfaCOVQfﬁthe'dhmydirectljféﬁer‘thexedéeﬁof%théfaé

butment, under the abutmentato'itsxreareédge;;upgéverjthe‘top S

of ‘the sheet viling, down to the ‘bottom cf ‘the -abutment and =~ .

thence ‘to the drain,” There Were ‘twd lines.of ‘tile drain under .

‘the dem.:. The :creep path 3o ‘the end :of ‘the upstream fone of . e
these-was;apparentlyfabbut3103”f$;wana§ﬁoﬁtheﬂdownStzaamzone o

154:rt.,fwhich,:with'Qxheadbof:approxiﬁatélyrsvsft.;wbuldfgiveﬂ.f;_‘

plain creep ratiosfbf5258aandW4:ziandiwe1ghtedfcreepqratiqsﬁof N
1.9 -and "2:6 ’réspecfivély;L,Théﬁdatéﬁavailgblé{doés:ndtfiné._ '
‘dicate a-fi}ter‘aroﬁﬁd:ﬁheatiletdréinLaﬁdﬂﬁiheﬁmatefial;sapms i
to:have-eschp3ﬁ?thrbhgh?one'of:the*drdins,:untfliaj?pipenzwas' L
formed*leading”tb.th&tfarain;j'Aswthiséeﬂlarged:thé‘flowfbeif ‘
- came greater ‘than the drain-.could :carry without pressure, and
8 pressure under the ‘apron:was'built:up which eventually blew.
up the apron. .The'water~rushing‘throughﬁthisﬂopening;Qndjthéﬂj
M"pips” alreadyiformed;‘rapidlyfeﬁlargeddtt;zpéésagQWayfand S
‘undermined the abutment. "It may be concluded 'from this that
the weighted‘creep:ratioﬁreaponsible:forifailure?was~n6t:ovor_uf'
4.2 'and may have beeniZtB.‘:Thejmﬂterialzat1thexabutment;wasl
sand. : o S RS , S

o
.

Nepean River,iNewlséuth?Wélés. ‘

The weir wes founded on sand ‘and sustdined a-hesd. of -6 ft,
with a creep distarce -of 90 ft., giving & vlain creep-head
Tatio of '15.0 -and welghted creep-head.ratio of "9:8. Some
springs  appeared below. but were $oo.small to.effect the. sta-

bility of the structure, It was:built about 1905 and was
probably in servige”at:least\sevgn;years; ' : P

Islam Weir, Sutlel River, Punjab, Tndia.. = .

This:weir'wasAfbundcd onlsand;ubthWasiin}serviéelébbut 
two years when.itlfailedffrom;retrogressionJOf*thest&ilﬁater
level. It seemS“to‘havefbeengsatiSTathryjfrom¢th¢istandpoiqt-

of piping.l'Thu_perGOIationIdatafig‘assfdlqus.

: : Plain:creepQ:éWeigﬁtéﬁtGreep;;Shortepath:.33'
Head $:Dist.: :Ratic: Dist, “Ratio :r DistesiRatio

e P
se Jaa

. -

Main Sluice : ,
Section 8 249

13.8 : 162 9.0 : 195 : 108

Sani; Sluice :

Section 11l.7
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Zifta .BarfaPaL-Nile m.rJ Lg'fpt.

This b&rrage was rounded for nart of‘its length on*running
sand and mud, It sustains-a head -of 1% t, With' ‘| creep dis—
tance of ‘210 ‘ft., giving ‘e plain. creap-head ratio.of 16,2 and}w :
weighted ‘ereop~head : ‘ratio-of 10,2, Tt has an ‘Anverted filter . = -
at its downstroam. adge. It has beon in scrvice since about
1802, ‘ B , o ‘

Iron’ Mountain Dam, Mepominee River, Vlchigan..f"\“

The bed” of $he ‘river: at the dam31te 13 cavered with a
layer of sand end - gravel, peved with small’ ‘boulders, beneath =
which is fine -sand.. ‘The dam,probablvsrests ‘on ~this sand lay-’
er. 1% sustains . a head of 30 ft. with a" ‘creep .distance of:
257 £4., giving a plain: creep ~head ratioc of i8,6 end: a»weight~ :
‘0d creep-head ratioc . of 6.5, The- downbtream apron:of ‘this dam .-
is thin and the pressure ‘beneath it iis relieved by a.drain: of
tile surrounded by gravel, This: dam ‘has been giving satls—
factorv serv1ce since about 1926

AJ

Toportant zacts Shown by Exgerlence Wlth Existlng Dams

oy

A study of a1l ‘the - avallable records of nercolatlor d1stancas “of
existing masonry dems on ‘earth foundations, ‘and ‘those :which ‘have failed.
from piping brings out three very. lmportant facts.. :These facts ‘are /(Y)
that several dams have failod from: ‘piping with" percolatlon distances .
which judred by the ordinary atanda“ds should ‘be : safe, (2} -that -a num- -
ber of dams have stood’ successfully with: percolation ‘distancos’ much less
than previously ‘recommended [5) ‘that the.dams which failed had' vory lit-
tle of their creop: paths. ‘alonz vcrtical or.steeply: sloping surfacos,:
while those which: stood - wzthlnuch smallor dlstances had a- considerable"
nronortloq of such- creen. S R :

Failures havs. oncu‘reg w1th crcen dlstances which ordinary stanﬂ--
ards would considor sefo ‘in. the .case .ol the ‘Kulli: Dam, Xulli By Wash-
“and the Decha Barra«e.( The first two of ‘these: were ‘Tounded - on flne
sand and failed with c¢r copuhaad ‘ratios of bctraon 14 and 186, For fine
sand Bligh recomends a ratioief 15 -and Griffith ‘14% to 16 ‘for Line
Micaceous sand and l&n to 14 for:fine ‘quartz.saud, The ‘Decha Barrage
on-fire gand was thrcat oned wlith a ‘ereap-hesd ratio of 17 and finally
failed with a piping path with longth at loast 26, 6 timas the head
Honc of ‘thesc structures hagd v;rtzc&l cutoffs,

The :second Tact is buscd on the data on dams givon in tho follow-
ing tablo, which shows that much lover ratios than rucommondcd by ‘Bligh
or Griffith hﬂVc been succossfully used.  ASEXIRRXzm B by
DOSAXANUTBABRAAXIOMAMAT.  As Bliszh and Criffith do nct givo ratlos for
naterial of the exact deseription of that existing at some of these
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dems, the author?has,used-his-best_judgmént“in“ééfima'ingffromfthé*dldsdi—

ficetions they did @ive what they would ‘have probéblyxreccmmenﬂed;:_'

o
I

E ’f:ReéomﬂéﬁdédFRaﬁiosgAAqtugl{Ratip in; ;‘g
‘*Creep~Head: . -/(mpproximate) :: % 'of ‘Recammended = -

Dam . :- Materidl : . Ratio _iBligh ~ ‘Griffith:Bligh =~ ‘Griffith

- ol '
-

Dam No. 48 tVery fine . .13.2. 1 18 - 14k %016 73 . 83 to 91 .
Chio River oesand. M ar T e
Dam No. 47 ‘:Send, very - R SRR SR Y T
fine to - o2 B S 1 R S IS
tmedium, a 1 1356 0 x 1 C14% to 26 84 °t0 93

tlittle fine: - - . ' R B T R A
:gravel 2

o
'

Iron Mountain :Fine sard : 8,6 : 15 . :lé§:t95i4f?f} 7o '%tbkag;ff*

I

Riverdale :Coarse sand: - 4 SRR 10 ;tpfizjf'f:'f © 35 todR

Prairie du SacI:Coarse,sand: T a3 “T'”f'?ilofﬂtbFIQinﬁ  S ‘,t0'433i;; .
. S ) - 10 tole: B2 . B2 to B2 . .

Dem No. 1, Big :Sand with a;
Sunflower River:little -clay;:
~ tgravel and
© re¢layey sand:

e an_bd e

@ 1000

Granite Reef :Graﬁel and -:

: Boulders -z 5 to@ 6

se 00 03 43

Oswegatchie R. :Sand and .
¢ Boulders

- 3
.

iB5we g

TAETERETS

Consldering the three failures before menticned where ihe creep dis~ . . .
tances‘werezsubstantiallyzequal:todthsﬂrechmendedzvalueSﬁwith.jhs“ratics‘%ifﬁ :
in the preceding -table where the ratios are much less -than recommended, -
it is a very signifieant-fadt_that;the_group‘which-fafledihadinearly-alli-
the creep distance horizental and~the letter ‘hed substantisl portions - ‘
of their percoleticn distances along vertical or steeply sloping surfaces.

In fact only one casec of failure by piping which.might have been along -
the line of contact with e properly .constructed deap .cutoff was found.
This was in tho case of the Flederborn Dam, where the creep ratios :were
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much less then this study indicated would be safe. The failures cf the -

Coon Rapids'and.Plattéburg@dams;wereWappéghntly:due‘toﬁdefbct&vequné
struction and the Fittsfield dam " to -a “blowout directly through “the _
foundation-material,frbmga_porousilayer4baneathjthe“imperviouszlaYer:on
which the-dam'was:fbundeﬁ_and”not‘dlongfthe'linetofVcreep{ _ o

‘The logical coficlusion From thess Tacts ;S tha£ﬁin'thejﬂasigﬁHGf'“

masonry dems on eerth Toundations greater veight should 'be given o the
¢reep.8long vertiecsl or}steeply s1oping»surfaces~thanvaiongshor120nta1
or slightly 'sloping 'ones, . Tiiis has lead ‘the author ‘to the-devolopment
of the‘WBightedfcreepranalysis%ofﬂekiSﬁingidams;ana1dam Tailures,

Origin of ‘the Weighted Creap Anelysis -

The author's attention'Wés"firstﬁdiie¢teéF@b’theﬁgrs&terjvelﬁeidf' .
vertical creep by the difficulty‘ofsexplaiﬁinggthq:stability,of the .0

Prairie du:Sac‘Dam'with‘its%oxtromely;low;ratiovWOfré;aignya:cbarSéEBEnd =

foundation. QThe.evidence,from~cnavstructﬁre?hbwévér"was:not,suffigient
to Justify a general conclusion. - oo 0T RSN U .

L T e e e T T T
Frequently-vhen one forms afCorrecttimpressionyandfthorbughly'“' s

studies thefliteraturgfof7thegaubjectfheQﬁindsjthecSamﬁgideajaxprqssdﬂ‘
by -othors. 'Thereaare;few=absolutdly:uniQuG,ideasi1n.dnginesring,‘ﬁTha

idea apvarently wes first CxprSééd.byjmf,jﬂ;‘M;fGriffity,,ﬁhoxsug—j‘;
gested in his abridsed poner that a:réducticﬁ;éould”be'made*inghiS}sugé"
gested crecp-head values for réliablé-xerticalxstaunbhing; He “ox- Lo
plains the grcater offocetivensss- of v:rtiCalcqroenfasjfolloﬂs}?“ﬂ?irsiJl B
the line of crcop is subjuct ‘to.a greater pressurc.where carrisd to a -
‘groator dopth; secondly, at ths greater dopth larger and ‘honviul sand 3
will probably be nst; qnd=thirdlyg‘sand carricdjbutfmnstvho”liftedsﬁp‘:"f
the curtain wall,]prosumably‘raquiringegredtcr*vdlocity:dfqurcclajibn:"
dr. Griffith kindly gave the author data jon tho Kulli Dem and ‘Fulli L
By “ush and cxprossced his prCScnt;convicticn'that'thg5pr9094headgratios;

ho gave wers probably foo lew unless some vertical staunching vas used, -
The euther's cxplanation for“this diffcrencs seccms to have boon in- B
denindently rcached by Hr,.A.;Ai:Musto#.‘},' T : Lo T

*Puninb Zngincering Congross 1930, papsr Ko.. 142, p. 2181

The offeect of shuct pilin~ in reducing upiard prossurc and cutting
dom the flow .through the veids in thu.foundation-matcrial;has_bocn K
discussed st longth by Khosla and Loliavsky. Both scem-to have rsach-
od the conclusion thet sueh piling reducos thc.prossure'by a grecator

anount poer unit of contact Zeongth than horizontal creep.




i

Relotive Weights of Vertic&l’andeorizontdiinéép =

‘Therpropér“ralativelweightEto-giva to;werticEITg@dﬂhorizpntdl ,
creep-can‘be,aetezMinadtdﬂlK@beanalysisﬁdfﬁaﬁtu&lrdaﬁs,ﬁﬁlthdﬁghfsome : :
1light may be thrown”on;it'byﬁénlahalysisLbf;bbservatioh-ofﬁupwaragpres—_«.g‘~
sure on actual dams. While the results of ‘the -analyses .of &1l avail- - -
able data on percolation distences of-dems -does show conclusively -
that ‘the horizontal creep distance is ‘not ‘as effective in-resisting
piping as‘varticalrcreep.ﬂis%ance;fitIddes‘not:indidatefacéurately‘

Just what their relavive effectivenesses are. . Although several dams
without. epprecisble vertical -creép have failed with distances:mor~. =~
matly considered’sound,.no'failureSﬂwere§found:with:conéidg;abléﬁver— '
ticel creep except et retios much loss than -ordinarily considercd safe

"o

and therofore ths upper limit of weight must remdinauncertain,-jf,”

In-arriving at the .decision to .usc s weight of one half for hor-
izontal croep ‘the -author listod 811 ‘the structures ‘having croep dis~
tances below or near what‘might;bejconsidered‘thcvlowaét.safp'xunit,f~
together With the material upon which ‘they wore founded and ‘the weigh-
ted creops for each, with\weights~for’horizﬁntalfcreep}Oféﬂ!a;?bgéxand"
0.39- At the semo Timo :a table ‘was made -of ‘the woighted creep.ratios = . -
which the rosults of ‘anelysis dfgactual:dam5fiﬁdicdtcdftoﬁb@gséfeffprﬁ__:‘*v,’
thC‘variousucrccplratioé,.jA-tarafﬁl.studv@ofﬁthésc,doesrnot?Show-éé— :

sential supcrority of one welght over the :other,

4 caroful siudy -of. the uﬁﬁardgpréséurc;mcésuremehisaon‘the_Pércha*,g,j-""‘J'
Tsland Park®, Pinhook* anﬁ'Narora**:wgizsxShows“that*;heVdrop“iniupwarﬂ =

*Trans, Am. Soc, C. Z. Vol. 98, 1989, p. 1717,
*fPunjab‘Enginecring;Concress,sPaper~Nb;4142,aﬁlateflm‘7

pressure along‘horizontal‘cqncrategsuifaccs”isaalmost,Zero,ﬁénd”along“.';
a puddle :surface somowhet mofegxindicatingfmhatafOr_horizdntalﬂcOncpate R
surfaces the retio might ‘be.as low as zero. 'It-doos not mocessarily
follow, howovar, thet the safc ratio for‘hoﬁizontalyc:bqﬁ{ingcongider—f
ing piping failure is the same‘aé:invconsidéringlupward'preséﬁre;_;Mpre .
study along this line is véry«dcsiraﬁle;-fln viow.of the uncortaimity.
as 1o how low a ratio to -use :for horizontal .creep, the .author belicves
"it is advisable 10 .be conservative. As the prescnt use of unity for

this weight has usually_producod_safe=structuros;talthqughifraQuenfly..

unnecessarily conservstive) 1t is undcsirable_tO}aopgrtftopdfa?;fmomﬂ
, ‘ the prosent standards until data definitely establishing. the safoty
. . of the now ones is aveilablc. The asuthor thercfore for the prosent
' " recommends the usc of .& weight of one~half for the horizontal croep,
rather than four-tcnths or one third, although thers is existing data
to indicete that the latter, and perhaps even lower ratios mey be bet-
ter, and cxperionce in the futurc may establish it conclusively.
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Sugeested Relghted Creep Ratios

The followlng teble gives A eummarv ef the Weighted creep ratles
for structures which throw most light onithe lim1te ;of 'safety agalnst
failure from piplng along the creep llne.j . ‘ o

Summary of Idmltlng Welghted Creep Ratlos

2 T di = ) C w _j- — "“'Welghted Graep
! S e s Ratios o

Table: S s w0 e eTleight of Hori— o

& No.: .Dam ‘ = 'Feundation'Ma%eriel -zontal Creep‘gk
Tpl.1l: @ - e R

1

20

21

:Platisburg "

tWoodward (Feiled)

:Dolgarrog

Fergus Falls "" :

'Doleﬁrrog(Standing por—,1 S e
'Hard blue clav' Rt

tion)
:Marysville
.hettle Creek

Lake 8t. Franc is
¢ Bulkhead section

: Spillwav section
:Whiting Street

:North .Diversion

Puentes (falled)
: Port Angeles "

-

:Plnhook

‘zSand -and -gravel

"[.Boulders, flne-greyel

+8and and gravel

Clay or Hefdpan '

/*’ o

].Hﬂrd matﬂrlal, probablyi, id:
N hardpan R B

J;:Hﬂrd»bluebeiey

.

df::very hard cley 'ffe;L

d...otiff clay mlth small i

boulders and
‘gravel . '

‘?Very Compact gravel

-

'Glay with con51derable:q:-d
2 ofirmly embedded gravelly;’
3 ha*dpan S ‘““H..

Gravel cobbles & Bouldars:

:Gravel, small grit.or
: coarse sand ’

: and -sand

o dh BB R wr

)

093

1,00

A ED

oot B

' V:Flrm clav Wlth bouldere7;ji“1;2;se”




R _::-Weighted Creep
" c oo 7w i “Raties

! e © 0w Heightoof. Hori-'

:Foundation:Mgteridl .. ‘:zontal: Cregp 2

23
26

41

43
49

54

sPuentes (Held} -

:Boise Intgke

10swegatchie ‘R,
-Granite?Reef

'Aviponet

Tbl. 5'

13

. 15

18

19

Tbl.?

1

:Riverdale"

tGodavery Weir

:Preirie du Sac

¢ "Power House

Dam {Vents open) B
: Dam (Total creep) . .
:Big Sunflower Dem ;1

:Marora {Failed)

. Probable

:” Possible
XNot over

sKhanki (Failed)

" :Corpus Christi {Failed) :

tDeoha (Failed)

:Flederborn (Tailed)

Probable
Posgible

‘n- ** esfre o

“f.Very compact gravel ard ,3 ' V'f”  .§§

e
.

:-Sand and glaclal bouldbrs -

:.Gravel ang - boul&ers

, Pure coqrse sandvy
© ::Pure coarse sand.
“:Pure cmar%e :5and S
::Sand with'a Little: clay,*."
N gravel & clavey sand.

tFine sand

- Sharp sand underléidéby

Gravél:éhd?éand'i_.f

E'Sand and gravel _'ﬂjr__gff .w.;aggxﬁﬁi. .

el

: cobbles {,

E:Grave11 L
: %CoarSefSand o
:Torpedo sand

“:0oarse ~sand’

: 5andJ_ane Sand & Silt

+Fine -sand
”:Plngrsand
© :Fire sand

sFine sand

-9

Sand

T T IO

fine sard




JSummaryrdfiLimiting;weigﬁtéaccreéﬁihétioéf(Contra); ;

‘Ratios"

“r

“-Waighted Greep ff 

Q.Weight -of Hori-

'Tgble; _ . g;:
& . No.s ~Dam i Founaation Materlal -zontal Creey;a \
23 -;Zifta' | jiPart with running sand &':
4 5 mud : i
. 29 ;Nérora (Réconstructed)-"Fige aand. ;; :
30 ;Khanki*(Recoﬁstruéteéj Q;Fipefﬁaﬁa;fr‘ {;;
34 :Iron Mountain o ::Fine sand. ;p;‘-i'f'.” 4
39 'NEpean Rlver | .‘iésﬁgd.u & ::
44 :Islem ;Zséna: ; 

‘parison with these .

In the following table are. given thc wcinhtea creep rat;os which

- the analysis:of all: ‘available ‘data’from: exlsting structures and ipartic-

ularly those :in the ‘above ‘table indicatzd as: necessary For :safoty a-
gainst failure from piping-along the c0ntact ofithe. structure -and. its
foundation, In order to:use these vilues: with safety ‘the cutoffs must
be of solid masonry built in-contact with :the- ‘earth. 31des of"the trench
or of interlocking steel: Plllnﬁ 5riven ‘80 that the intorlock ‘is 1not

broken, and satisfactorily.embedded:at ‘the top .in: “the’ Tasonry - structufe;;

They also assumo compotoent supcrvlslon during constructlon and :efficiont:
maintenance afterward.' - v ‘ B 5 B

Those vdlues arc Tor: major structuras and are: bellcved to be con-"
servative. Somcwhat.umallar,values may-:bo : used for less important
structures, ranging down to. perhaps 75 ‘per tent.of ‘those ‘given for

i

those of minor: lmportanco. There are so many types of .foundation: “mater-"

ial that it is impogfsible to:mive values ‘for:all.  Only “the usual types -,

arg therefore given and tho: other condltlons “can: be deturmlned by com- )

\
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Sugposted wgighted Creep Ratioa

Wolght of Horizontal Greep“%

Very Tine sand‘orfsilt,;ﬂ;

e 0

Fine sand . v . . .v v et v iy e e e aie e
Medium sand .o % 0 4 o he 0y i e e e
Coarge 8amd v v v v ie eh iee e e ceie e caila
Fine gravel . .\ . v o ve viv v v viige s
Medium gravel .. .. . . .. . B P
Coarse gravel 1ncluding cobbles.: eir e e
Boulders with some cobbles and gravel e
SOLECLaY & 4 4t ot e e iy e e e e e
Medium clay .. o v v s eu Wi
Hard clay . .. . St e e e e e s e

Very hard clay or. hardpanr.._...».ﬁ;V,u SV

These values are not ..he ‘lowest: whlch have heen found ‘for: structures
which have not failed, ‘but rather-are:belicved ‘to’ ‘be donservative: oon-.; £
clusions from the. data at:hand. - Conditions at the ‘various structures
differ so much ‘that it is ‘improbable that a definite line. of demarka-
tioa exiats which would be applicable ito all structures, It isnot _
Improbable that when more datz on-actual. structures has ‘been accumi- -
latcd, it will be found that somewhatjloner values can be:safely: used
tut until that tlme the Author doesjnot feel justified in; going lower. .

The values for: medium and soft clay are - somswhat uncertaln B - no :
necord was found  of damq founded - on these: materials. If thP rcqulre—_-r
uents of bearing pressurss cenga* mot the valuoes: glvon would aeem.to ger

be sufficiently consorvatlvc. R
.&n examlnatlon of mlnimum Welﬂhtbd creop ratlos suggested as-a’ z._,)f -

result of thlu-study shows ‘that ‘they are rouphlv two-thirds t0 - ono-half -
those recommendod by Blign. A comparison is. shown in thc following '

table:
Matorial

Very fine sand-: or: silt

‘Fine sand

Coarse sand
Medium gravel
Gravel. and sand

Boulders with some cobbles ana gravel :

Boulders, gravel and sand
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This ‘does not mean that Bllgh's'values are’ SO%sto 100% too large, R
or that dams designed : according to the’ walghted creep ratios® will have
only iwo<thirds or .one-half :the- percolation ‘distance: whieh dams*have
‘had in ‘the past. The: difference ‘does not=represent aeradical ‘change -
from the present: custom.as a. comparison of “the: ‘Tatios: would suggest.
The requirements of length to: ‘protect - ‘against . .seour, -and ‘to gecure suf-
ficient bearing pressurs: 'will:gtill necessitate: considorable horizon—jga
tal creep. For darnis.on. coarse gravelyincludine .cobbles and ‘boulders
with some ‘cobbles: and -graval, the naceasity of ‘conserving-&ll ‘the: water

may .in some cases require greater percolation distanceq a8 the_values SR

.given may permit - too. mich. seepage.q R

The effect of the: adoptmon of the weighted c”ecp method will be .
to put the emphasis on deepcutoffs, and :lead to thoir:use ‘as far as
the limitations of scour prevention: and bearing pressure Wwill: ‘permit.
It will $end to eliminate <the wide massonry: floor itype without:sub- : " ¢
stantial cutoffs.. For example, ‘1o meot the- welghted creen ipequire-
ments for a welr.on finc sand with no verticel’ creep, would require -
an ordinery creop ‘distance tof :2-x°10 = .20, whilo ‘the ordlnary ¢reep
dlstance according to Bligh should bn l% and according to Grifflth ﬂ:‘.
12% to 18. "

Eccause - of the omphasis which the weighted creep msthod puts on
doep cutoffs, "if the ‘groatest econony'is to be 'secured, it will ‘be
necessary ‘to investigatc more. fully ‘than. before “the length-of apron .
nocessary to prevent :scour, -and :tho ‘boat. shapo-of dam: 1o accompllsh }'7
‘this purpose. The ‘prossurec:on the: d051gncr will:be toward using -as.
shori an apron as possible ‘and unless careful studias ure made there
will be e tendency to sdopt-one- which ‘is~too.short. It :should:be
kept in mind that the- wo1ghtou crocy: mothod ‘doals w1th piping. only,
and the requirements of scour: m&Y’dithtG much moro ‘eXponsive struc-_
tures ‘than safety from, plbing would ncccssﬁato. “‘The ‘reccnt advancus
in hydraulic model tosts have cloarlv uhown'thc réliability: of this
moans . of detormlning ‘the conditions ‘NeCEesSSary. to° provont scour. “The
design of 1mportant structuros should thoroforc includc a: hydraulic
modal study. " L i S

othcr Considorations Influonc1ng the; So;uction of
: uoightcd Creen Ratios

Sevoral factors besidcs the nafuru of the. foundation matorial ,
should be considered by the dosigning engincer in- solectlng the woipht-‘
cd creep or short:-path ratio to use in the dosign-of “tho typec of -struc-
turo ‘upder considoration, if tho most cconomical - result -is to be socur-
ed. The safc.ratios givon ¢n Page. 40 may thorofore be modified somo~
what in view of these factors. No dofinite rules can- bo.givon, as it
1s 2 mettor of judgment. It is belioved, however, that the data
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.availeble do not justi*v more “than slight?reductione in the‘ratios E
glven, - except for unimportanf structureﬂ. o : ~

Perhaps the most- important of these consid-rations is the damage
to 1ife and property which:would result: from 8 i’ailure.w Foria dem:so
situated ithat a ‘failure ‘would" resulh in*loss-of 'life: g:H K unquestionably
‘safe design.is required, .If ‘extensive property downstream would be
-endangered, conservatism of designiis: 1nﬁicated. ‘For: most ‘dams -cn.
porous. foundations. ‘the .conditions- are such” that 1ittle damage would
result from their failure oxcept ‘to ithoae: directlyfserved by them, rand
the degres of conservatism should‘be-dictated by a: com@arison of the
damage which would result:from: failure ‘with ‘the ‘cost cof ithe ‘additional
factors of safety. One. phase necessary :to: consider in- estnnating the .
demage ‘which is 1ikely to :result: rrom.failure*ls the *time ‘necessary to
make repairs or temporarily.patch:up the structure. A~ failure which

would put & hydro-electric plant -out of 'service:for:ia:considerable tims, =

or shut off the supoly of -irrigation: water for ‘a long enough poriod to
cause the loss of a crop, or:more: especially of :orchards -orscitrus

fruit groves, would be-very seriocus’ and Just1fy larger ratios, While

for a structure which ~ould 'be temporarllv patched.up in:a short time
more risk.of failure would ‘be justified. ‘For xhiSfreason small . ‘struc-
turess of low head can usua]lv Jba: designod with, lower weighted .creep .
ratios for very minor. 9tTUCHUTOS | perhaps as low as threa-fourths as much
as these given in the tabla. - . : :

Another con,ideratlon SR the qual1my of superv151on rh1ch the
structure would have during and after: constructlon. “The weighted.
erocp-hcad ratios suggested -in this- Paper assumo firsticlass inspec-’
tion during construction. It'is ‘doubtful AT ran- cngineer ‘ghould consent
to design a dam:on porous- roundations unlcss ‘he ‘was - satisficd that ‘it
would be built with- 1ntolligent sunorv151on, ‘out: should that not bo _
available, higher values :then: ‘thosc - suggastod should e used.“ L

Most dams on-mporous. foundatlons rbquiro morc or'less malntunanco..
Many dams have oxporionced difficulties from time to timo which would . -
have eventually lodé to Tailurce without cowpotcnt ma1ntunance. Usual;y j,
it is necessary occasionally to edd riprap bclowithem: or\rcpalr ‘the.
flexible apren, I repairs. are. not.madc with roasonable promptness
scour at the lower cdgc of “the. structurc may: uttaln ‘such pronortions
that the conditions assumed ‘in- compuving ~the travcl‘paths Tor -the
design may no longzr hold and “the . originﬂl sccurity -against piping ino
longer ecxist. Unless a:reasonable degroe of maintcnance canibo rcounted
upon, highor valucas of woighted crocp~head .ratios than thoso suggostud
should be used.

For dums on coarsc gravel, a Tactor which desarvos consideration
in selocting a craep-hecad ratio is the monsy loss which would occur if
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some seepage “tock. p]ace'benéath the dam without endangering “the:struc-.
ture. TFor exsmple, in-dams for powor ‘plants, 'any loas ‘would . usually

result in a decreased . plant: outnut “but . for an intake dem for: an irri- .

gation syatem where ‘only:part of- thc water iin: the ratream’ was 61Verted
and water would, therefore, be: continually wasted over: the: dam, the
flow. under the dam would: ba of .no: conseqnence. ; .

-Reverse Filters %eap Holes and Drains e

Another factor which- should be considered in selecting the proper’*

ratio to use in the design of-a. masonry: damon'a; $POTOUS ‘foundation‘is
the possibility of: using- TOVerse - filters, weep ‘holes “or ‘drains. i The,
reverse filter was:probably first: developed 'by T4 i8S, Bcregford and
gsesms to have been used ‘extensivelyrabout: twentvgyears ago. Itswas
used on Zifta and.Assuit barrages on:the Nile River -and:on: thasKindia
Barrage in Mesopotamia. It:hes been used in: this: ‘country.on dams ‘MNos. .
7 and 13 on the Mohawk River. . “It cohsists of +a: fllter tplaced at the
lower edge of the downstream apron, built up- of a bottom layer of

fine material surmounted by ‘other layers of: progre551valy coarscr i :
material, It .is called.a: reversa filter- bacause the ; position ‘of the
layers '1s the reverse of ‘that . in ordinary filters, ‘but “theweter: ‘passcs

first through tho fine-and thenithe coarsc material -as /in.other; flltnrs,jr”":
Its only function:is to'filterithec water: secping tboneath the ‘dam-andd -

prevent the reomoval of iany .of ‘the:finc Toundation: material,. Although

usually covered with-riprap, ‘the revorse:filter is apt ito-be damagpd of'

dastroycd by the high vblocltv watur pa551ng over the dam..

Holes through the apron of tho ‘deam or ‘the wing walls called weep

holes, havo been extensivoly used in America:but ne- examples ‘ware - found ¢5  p

of their use in other conntrios. 'Most-of the: availablc litcrature -on’

India and Egypt, howcver, . was: publlshnd many ‘years-ago-and it iis.pos- _‘ﬁ;flf:

sible that they have come ‘into: ause ‘there: ainco then, . Thﬂir’function
is usually to relieve upward- pressurc: benocath the apromn: of thc ‘dam*and

thus permit the use of .2 thinner: apron- without dangor:of :its: ‘boing 1ifH-
cd from under prossure. ‘In Tecent: years: nlpc drains havc boen employcd

in some cases instoad. of weep! holus.

Tho greatost advantage-is sucurcd bv comblning tho functions of
the reverse {ilter and wecp:holc by cons tructing a-£iltor bohing ‘the.
weep holes or around  the ‘pipe-drains. In/this-position tho: ‘filter -is
protected from scour. - ‘ - 3 -

Since piping- fallure results {from the - removal of foundation mater-
ial from beneath the dam, if a filter prevents .the removel -of :this
material, the dam will be safe, even though large quantitios of watex
aro passing beneath it. Tho.quantity which passes ‘through tke filter
dopends upen the head aeeting on it. In ordinary filtration practice,

a filter is Troquently subjected to = hoad of water scvoral times its
thicknoss. If an ordinery reverse .filtor werc subjected to such a
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head it would be.lifted todily. fSuqhifiltersﬂthereforeicanndt?UEfsubf
Jeet to much. head. 'Ifjhowever?the‘filterﬁis“weightedﬁdown}by{a1suffi—,
cient thickness of concrete apron :1%.can’be subjected :to a'much:higher
head than a:reverse filter and the dam?bevmdde:éafeffdrtthegpassaga:of;
a greater'quantityfoffwaterébenaathiiti \With:suchiaﬁfilter‘nearéthei“
end of -the percolation‘pathqcf‘theﬂwaterﬂflowingibeneathdafdam,?a: B

greater velocity of flow in*thishwateriis‘therefora5permiss;plefaqd‘f

therefore a shorter percolatipntpath?canfsarelyLbeﬁused;_}:

'Weep.hOIes-and'drains:have:beeh:usediwithaveryashofttpercdlation
distances between them and ‘the headwater. “In.one case-a‘flow through
the weep holes sufficient”$owcauseﬁgeysers;SEVGralfincheskhightpccurred
without apparent ill effects,* ' = S S SR ‘

*Trans, Aw. S0c. C. B. Vol, B8 1025 5 515

A striking example of the effectiveness of "vents came ito.light at the
Coon Rapids Dam. This'is an ogee:structurerhaving'a?$hinfdowﬁstré&m Con
apron with steel'sheot:pilih5;cutbffs;underithe;healfofTthefdam*and;at'ﬁ‘
the downstream cdge of ~tho “thin: apron, iImmediatolyﬁbehindﬁthézupstream;
cutoff a drain was constructcd5consisting¢df1aprevcrseffilterﬁdiS@harg—ﬁ
ing into a small tunnel built in the dam, :Due “toran-acéident, ‘one of .
the steel sheet piles of thc*tpstreamucutcffuwas#pﬂéhodédpwnxfar;heyondh
its proper position leaving;an‘opaningﬁin;the cutoff,:&nﬁgréducing!the;TV
crcep distance to the drain to 0.6 .times tho head, - In~spite.of ‘this

the Tlow through the drainudoes:not'aeem;to;havatbeenrsufficicn$ﬁtd
excite alarm and the dafect;in‘the'Cutoffawas;ndtzdiscdverédjunfil;a'7”‘
large hole washed bolow ‘the dam was :pumped dujfduring:repairs;to‘the
apron and a blowout occurred. :Had tho drain not existed it scoms -very

up. ‘ : . Sl o
Table 9 gives date on dams using weep holos,. drains  or:reverse _
filters, together with the creepéhbad,;wcightedsc:ecpéhaadfandLShort '
path‘ratios.to:the;most'upstream‘vont,;tha;foundation~materialxéndmother'
pertinent data. Tho!low . ratio rosulting from .the short distance:from :
the headwator to'thoﬂupsfremncvent*in;many.pasesfis«striking.f R

‘The - author doos nct-bclievo‘thatfitdisfSafe1touuse1low;ratiosffqr
drains or wcep holes-ecept}wherCacombinad:with~azrevcrsoﬁfiltcr;.‘Ix L
iz prcbable that the use of.a drain without-a filter contributod:-to the
failuro of the Corpus Christi Dam. abutment. The :Bureau- of ' Reclamation
has for many years used.wccp‘holosswith'filters'Qf'graveljbcneathawith
. £5o00d success. It is the author?swdpinion that while .weop 'holos-and
“drains arc valuablo devieos, ‘the greatest.care must be.oxercised ‘in thoir -
construction. A wecp hole.or 4rain which will permit the :Foundation
material beneath the dem to pass through in effect, is a pipe alrcady
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‘partially formed,“andféertéiﬁly:noustghxweak”spotﬁiﬁ?mhe5prbtéqt16n70f:"
the dam-should be daliberatély‘constructéd!withfthg'impresSiqn{thatéit .
was- adding to the safety;drﬁthe:structure.- R

‘Weep holes or drains have'been used.on dems ‘onipractically &ll
classes: of material. -The ‘necessity-of ‘a well ‘constructed ‘filter is
especially evident 1njthe‘casefOfaweepthélés:bryarainslwith*clay:foun— S
dationa,-as:tha¢fineFclay=could;reédily;passaoutjthrcugthhemﬁupless1‘ﬂ‘-
restrained by an”effectiveffilier.’ﬁIﬁ{gravel;aiﬂilteréprObablyawould g
form naturally-byftherwaShing.qutﬁofjtheffihe:materialrnearﬁthe;waep  -
hole or-drain,'in:theéSame;manneriaéiaifilter:tcndSTtpﬁformiarouhd* CE
the screen ‘of a‘driven well. :However, in'view of ‘the small expense = . Lo
in installing a"filterjbehindithe“weepkhOle“itgis%bdlievethhat;their°f?j' '_
construction’is justiind;evenuin;gravel. ?They5erefabsdlutelyﬁnecossaryfi_1;
in sand or silt,xif'weep_holcafare;depondedaupbn'toﬁreduCG’theﬁlongth Lo
of the'percolation.pathrrequirnd;_- ~,'~“'”¥ o o e -

The location of the :weep holes andif ilters should 'be ‘given consider- . .~
able study:in damgdesign.-%Frdm%tho:standpﬁintfdf"thq;prevgntionﬁof7pip~
ing, the best]locationiforftheTfiltéraisfprobgbly%beneathiﬁhgwdpronaat,M
the'downstreamlend'juat,upstremnifromithehdutdffmwall?or?roqufwsheet ‘
piling which is usually;placedfat“theﬁdownétream.edgeforktho;structurc,,,‘
the ' weep holcs-dischargingtthrough'theéﬁallgor.ﬁiling into the .riprap - s
or other scour protecction material. fThéidanStreamzwallfor“rowfof}pile?'Wg;'
ing in this case doos'not*act;éoleffectivclyras7a”cutoffibut;isﬂvary :
desirablc to‘prevont‘undcfmining._?It;ndddithcrbforejbb:n0£longérrthan_
necessary‘tq'accomplish'this;purposc.,‘To:redueewtho;upward;présaure o
on the. apron it.may?befnecessaryﬂtngIaceithc:woéphholeSEfartherEupstream.,”“
They. should rot be placed farthcr“thansnecessary;TOrlthistpurpose{(unless‘
rcquired'by.safoty‘from.sliding)tforato.dOﬁso,shortensitho}pérCOIQtion
path with.no:advantage,"butibringsaa:groater;prGSSurbucn'thc:filter»and:
thercfors incrsases the dangcr'ofifailure.rﬁForithishroasqnjit;iSibe¥"\
lieved that the installationaof-a'drainaimmedia$cly dbwnstreamtfrpm the

upstrean cutoff is;not;a'goodrpracticcg 

A word of cautionaalsommay:notibe-émiss}régarding}drains;bendathwthe
epron of dems whore & hydreulic  jump is-formed. :If ~the . drain-discharges
downstream from the -jump vhile ‘its position: under the.spron is upstrosm:.
from tho jump,.the,prossurc“bonaath'tho}apronwwill?béxoqual=togpr;greaté
er than that wherc the-drain dischurges,*which;'boingtbelow-thogjump,-._,-
will bo groater then the pressure acting downward on the apron,-duc to
the thin sheot cf.water,upstrcam:from'thcijump.'”This-unbalanccd{pres; R
sure may bo onough to lift the apron. “In'the Iron Mountain:Dam:the -
drain discharges at the toc of -the-‘ogoc gcction, upstream:from eny jump
which may form. .In this casv the drain may.be downstroam:from the jump
and discharge upstrcam, which would cause an unbalanced  pressurc acting .
downward on the apren, increusing ita stability. W¥cop holes which
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discharge directly’ through ‘the -apron: equalizes the pressure on’; the two
sides, . but they. should be constructed -in: "such & manner: that the high
velocities can-not. suc 'foundation materiul through them." :

‘Iftit'can»be convenientlyidone it is advisable to ‘have’ drains dis- ?”7

charge. where the!flow ‘from them can be observed, ‘in order that<any! fail—f”
ure to.function properly may:become known. fIn northern ‘elimates “re- '
liance 'should not be: plaoed in weep holes or drﬁins which may frseze
up: and’ thus become 1n0perative.a ' : : :

‘It is believed that by the use’ of ‘weep ‘holes: or drains construct-."'
ed with reverse filters which: prevent the ‘removaliof the "foundation -
material.a reduction:of: 10 “int the: saie weighted distances given ‘on
. page 80:may be: permitted. ‘This:assumes-'that "the vents are-of- suffi-
‘eient capacity, -are:free. from’ freezing and-are ‘located: fa sufficient
distance upstream: from’the ilower end “of ‘the: percolation path that :
practically-all of the: underseensge will: reach the tailwater . through
-them. No fixed rule can'be.given on:these- requirements, ‘but ‘the:ex-
ercise of reasonhblo,judgment should prevent serious mistekes. -

Effect. of Siltirg of Riverbed above the Dam :

The: poss1bllity of szltinp of the riverbed abovc the dam should be -
given consideration in ucterminr ‘the: nurmissible percolation ratio, as -
it may greatly reduce the upward-: pressure beneath thu dam .and “the prob-
abillity of failure by piping. The upward: pTESJuTx ‘on ‘the Island  Park
Dem was almost: entiroly romoved .in'two yearsior less,-only"the -upward
pressure .from ground wator romaining, Tho upwsrd pressure - on ‘the
Hamilton:Dem was:practically eliminatediby:siltideposit,.in:spite<of-
tho fact that a gravel plant continuously:excavated. gravel 100 t0:200
feet upstroeam. .Both of .thuse. dams-arc on tho Miami: Rivor which has
a gravol bod. (sse Bigure:(l) -and- doovs: not-. carry. an: unusual amount of .
'silt. On'the other hand, ~the upward pressure.on tho! uhenman I8land: Dam
on tho HUdson River does: not. scem to have:changed: muterially overia -’
period of Tive years.* It is. p0551ble, howovcr, that considerable

*Trans..Am..uoc., C. L., Vol. 93, 1929 p.‘l576

s8ilting tool plece vhon th: pond:was: iirst filled whicn apparently was - -

gtout £ months before upward prosgure. moasurements began. “Tho:cffect

of silt in reducing the flow under the Granitc Reef;Dam has:already: ‘been -
‘noted, and the faet that it ‘probably made this dam .safc, whon'othcrwise
its security vwas doubtful. For anﬁintako-dam,-wheretthesentirc~width‘,
is composed of gatoes, extending neoarly down to  tho riverbed,  silting -
could not be relizd unon to inercaso tho security, as the flow through
the gates might romove the imporvious silt bed. This offoet has: boen
noted at the Grand Vallcy Dam on the Colorado River,* g

*Trans. Am. Soc., C, E,, Vol, 93, 1929, p. 1530,
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’It*would:ndtibe}advisaﬁle‘tofcountfonlthe:silting~up?abqvefafﬂam‘
to réduce'the-necessazyﬁtravol;r&%ioS}andzat'the}SQmeétime;count*on"
vents'for*furtherxréduﬁtion,JSince;1r?thevsiltiﬁ@ﬁupfwasféffedtivﬁ;‘
the ventsfwould;be‘inoperatifo;'3It&mustﬁbe:ramgmbereﬂ,%moreover,ﬂthat j
;1mmediately*after~closure;?bafore;theﬁbéd‘haS%héd*a%chaqceimonSiltﬁup, :
the damawouldibé:Subjectéd'tozmorefsevereipipinﬁﬂcoﬂditipns,Tani;f,'u B
thererore,:itzwou1d‘be;saﬂe&tosassume%inxtheadGSiGniqﬁlyﬁthé”11mited '
reduction-which‘the‘dam*miéht?staﬁﬁiuntilﬁitféflt@dﬁup}ﬂ;:tf“" TR :

jDamston?Pérvioﬁs}MsteriﬁltUﬁdefiaidibY?GiAY:bfifvVTf.5‘:f
¢ -Hardpan R S

A number.of cases?werexfoundzdffdsﬁs5r§stingfon;pgiviqus;mnterial
under-laid by clay‘or‘hardpan*withixhe{éutorfs‘dxtendihgﬂiﬁtdhthe?im- L
‘pervious material. ‘These éannot be anély28d3acborﬂiné;toae;thcr}Bligh!s_'
or the short=path:.metiiod. ‘In fact, “no satisfactory method rof itreating
them has'beenffEEﬁE"andnthereforé“thcfdataaonly?iSEgiyeniinanbleJB.-

In determining this data, ‘the Shortpathﬁin?tha,clayﬁisfassumedgt01£Cl—
low the ‘creep line, as it seemSLunredsonableito;cOnsidér*a:pathﬁdirf '
ectly through'theypractically?impervibus,dlay; C T

Consider.such 'a.dam:founded on‘afthiékﬁlayer:of;pdrviOus;matérial
with a shcet.pileucutoffjextending,anew;feetiinto:thogclay«beneath.“ '
If‘well-construdtéd,Asuch;a‘cutoff1woﬁld“néarlyaentirely;stopfthaﬁﬁlow,M .
of the water beneath ‘tho dam:and result in a*head -approximately oqual
to ‘headwater elevation on1the,upstream¥§ido;0f?thé;piling"andctc%the_?,\
tailwater level on,thc;downstream:side.'%This¢c¢ndiiion-is.Strikihglyj"
‘shown by thelupward'pressure;muasuromentsvon}thbgsulamanki?wéirfin?Indiai?.

- Congress, 1930 .- Paper No. 142,

"*stability'ofooir*andfCanaleorks=-;A,ﬂN.Ithsla;ﬁPunjabengineering CANE

Wearly the entire ncad of the dam'weuld thereforo “be -concentratod
.on»tho'fcwzfcet-of.croepaalong-the;pilingd_in»thcfclay; “This ‘would be
‘& sovere tast:on this'contactgandiif;afdn'a{minutoap&sSageway:existed_
water would‘rapidly'flow"throughAitrandﬁwould}prqbab;y;enlargoﬁit?to”rr
& certain extent, —wacvcr,.unlessithoipcfvicusamaterialiqu%very Lo
coarsc, the clay washed:out in bnlarginﬁ'this2holoﬁwou1&1b6€filtored»  .

‘out in passing.through‘tho:pervious'matcriaIJand;fdrmfaniimﬁprvious‘““
coating on the "filter which would greutlyrratard¢flow;¢hrough?it;

Also, the loss of ‘head of thcrwatcr*in}passingfat;high.vdlocityithrough_'-
the pervious material in”thuJimmediatewyicinityﬂoffthg'upSXroam;andiﬁown ‘
stream ends of the M"pipe" through the clay w0u1d~décreaseithe:velociﬁy ‘
end reduce the scour in tho"pipe."-,Thiscaction:is;somawhatganaloguous

to th: flow through a noarly ¢losed valve. Undor brdinary'conditions;
therefore, no great cnlargament of the opening could be cxpected.
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Another :reason Whj this ‘would bhe:: the ‘case ‘1is that the flow coming
through the »small-opening upon: entering ‘the: pervious materidl: ‘would
spread out into the.greater flow area of" the: pervious material ¢ and .lose

-velecity. By 'the ‘time 1t had :resched the: surfaoe ‘where: movement ‘6f ‘the .~ . - i

particles . of pervious ‘material was: p0551ble 5 would have ‘o0 low:a
velocity ‘to cause:movement, ‘o significant movement of : ithe" particles
near the bottom-of “the sheat: ‘piling would:be possible because‘they B
‘would  be :surrounded : by:material:which -was’ not movead, s Therefore “un-
‘less there were cnough of~ these openings to ‘permit: sufflcient flow to

cause piping velocities at the ‘downstream: edge of the dam no danger - ;fffalr“f”“

t0o the.structure: would result from' them. ;

It is evident, ‘therefore, that cutoffs 1nto impervious material '
‘beneath dams greatly increase’ "the - safety: of the "dam- against plping ' S
even if the contact: betwecn the euteff - and the imporv1ouq material dg o
net watertight. :No. satisractory method :has ‘been: worked outifor: estl—-;
mating how much: reduction of “tratel path .can’be. allowed undor«those
conditions, and since “the data at hand iis- slight itrmustiromain for
the present\rargely a matter-of; Judgmont.‘,vor this' sort ol foundation
however, great care must: he: oxcrciaed to: provent the: concentration T
of flow around the. end - of - the pilo cutoff from formlng a pipe‘urder or .
bohind the abutment. s R .

“‘\‘

‘Dams on Clav Undorlaid bv Pcrv1ous Materials f‘

Structures which: resf ona: thin layer of olav unaerlald by por—
vious material secem especially likelyitorcause troubla. Apparently
the watoer: frequently enters 'the- porv1ous layer over'a. largo area and S
seeks to cscape at the downstrcam ond of the structure iin‘a- compara— '-ﬁi:
tively small area, giving rise to° flowv of - considbrablo magnltudo which
are apt to ondanger the structure and: possiblv may  blow: up.itho:imper- -
vious .laycr due to oxcessive: upward presvur « . The: pressure ln‘the [
pervious layer ‘is sometimos due :to: groundwator conuitions of the -sur-
rounding terrain and only romotolv connc tod with tho local hoadwater
conditions, : : ‘ : ‘~L ,ﬁ -

The Pittsfield Dam secems to: havc haﬂ this kind .of foundatlon,
its failure heing probably duc to:a: blow: up of ‘the' impe“v1ous laycr.' RS
The Nathaura Escape Heed was another casec of - difficulty end finpal:fail- -
ure under these conditions.  As the dotails of thls ‘Pailure; are: not ‘
accessable to mos 3t engincers, 'a. summary ig. glvcn horo.

Nathaura Zscape Hcad, Sardd Canal, Unitcd Provincos,
India.-

Data from Tote on the Failure of tho Hathaura : Escape Head -
Dopartment of Publiu Works, Unltod Provinces, India.
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Thé"foundatlon of this tructure was excavated in ‘8 thick layer

of - clay underlain with -sand, which in ‘turn was: ' probably - uriderldin ;with 7

‘a lower:stratum ‘ol clay. . The: floor. 1evel ‘was ‘nearly toithe- bottom of

the clay.layer. It seems to have been.designed for:a- creep-head ratlpﬁgj

~of ~about 113 and "had no sheet piling . cutoff-and' SVery.- 1ittle ivertical
ereep. .The sand layer carried watervunder ‘pressure, ~the “spring ‘lavel:

‘being about 5: feet . above the downstream: ‘escape floor.- ‘Arstrong: spring ;:,”

‘devreloped downstream which: runctioned evenwhen the .canal- ‘wes “¢losed.

After throwing up & sand crater it- appeared 1t0 rstop vemoving foundatlon‘f

‘material, A.water cushion three: :feet ‘deep was: maintained over: it and"
later-disappeared, Vith a heed .of 7; 5;feet ‘glving a: creep—heud ratio
~of "about '17° the structure railed suddenly from undermining.‘ ‘
‘The 1mmediate cause- of thzs £a1lure 15 somewhat obscure., It ia
"probable. however, “that the pressure built up beneath:the: clay layer
downstrcam from uhe Structure.until it suddenly ralsed a-considerable -

area of it, breaking: the contact withithe: downstream apron.:of “the ‘struc~

ture and-permitting the water: within -the sand layer ito: eucape. With.
the sudden release in pressure, ‘the- sand changed tto: e dilatant ;state.

(sea page-©0) . and was - rapidly washed out: from ‘beneuth ‘the structure, ;{1,

until a channel: formed beneath the structuro and underm1ncd Lt

aice lxmteaeesr@pwwﬁb%mft&ﬁ i Jn%oﬁﬁ%% on ‘45 made .of

the same canal under similar-:cond

as descrlbed ‘”?- B

‘gﬁunjabiEngineer1nc'Congressglazo ;“ngers Nbs. 158 and 142

in-detail the. dszlcultleg w1th thu Ddgri Nb. s and'Jauryan 31phons in
the Punjab and ‘the': remedics unsuoccssfullj and: successfully used ‘to "

remedy the trouble. ‘Although success is somctimes:achievod: under these‘;”‘ﬁ'

conditions* the number - of: rallures and near ;ailures should serve to

*The Design and Constructlon of tho Bﬂssano Dam i Enplneerlng was,
Vol. 78 8/27/14, P 425, : S g :

warn onc contamplatlng the consvruct1on of-a: dam on: such a\foundat1on
to loox into the matter very. carcfully. As the.conditions:may vary:so

greatly it is probvably better not to attompt to nrescribe a; gencral
rule. .

leitatlons of ureen Analvnls ,'

As has already: bcun ‘pointed out, plning may.oceur as-a result of
percolation along-tho lines of: contact ol -the dam with its Loundations,
or by flow through the foundation matortial ‘itsclf. In a given case
failure would result by travel along the peth which offored the “least
resistance.
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In order to determine experimentamlyitheflehgther5percolq£iqn_
path necessary to prevent:piping1frdmﬁfloﬁfthrough;thqimdtgrid¥ﬁMr;p,_
W. M. Griffith‘performdd-a‘seriés5df§expérimeﬂts{Wi$haa&mason:#ftrough‘
1% x 1% ft. in section,Sfilledvﬁrthjﬂine}micaceOUsgsana;wgndfcovered, -
with earth, to determinextheﬁheadfofjWater;necQSSarg*itofcausefgib}owm”
out to ocecur R 5 TR A e SRR I

*Data from an unpublished;portion*of?Mr.fGrifﬂithsTpaper;préviQuSly" o
mentioned, L A N SO ANk A

The results showed'that'alblowoutfdid“notfoccur;untrl{tha;rétio;df R
length-of'creepttO'heédLreaCheﬂ=valuésrqf{5;53@t¢f2{5.dlthbughfexper~7:
ience had shown;that;creépéhe&d;ratiosfofﬁabout?léﬁjwerefnecessary«to o
secure gsafety in dams built on this sand. iHe;fbundﬁthatﬁtheiflOWqu
water through the sand'cdlumnnincreaSEdfﬁirectlyﬁwith'theﬁhegdédntil
Tailure occurred, which came suddenly,fWithoutﬁthe:previousiformaﬁion :
of springs to form a chennel andfcarry,awayIthehuateriél_f’nbfalso
found thet loading the sand .decreaseqd the'tandenqy:toiblOWQOut;fand
that water brought up‘BUddenlylon“dry:saﬁdﬁinc:egsgaﬁihq}tendeucy.;_‘

luch the. same resultsvwore;obtainedQby;TerzaghffAthgfpundifhat
the water percolating ‘through 'the sand%inczgasedawitn-thefhegﬁ«untilaa‘
point was reached:at:which:the1pdzmeability20f*thefsanagsuddanly de-
cereases, and.thetvelocity:throughiit“consaQuently'indréasga;gand &
blowout takes placs. ‘ IR SR

)
S . ) 3

_*Technical Publication"Nb..215;Pg;&SGJAm.iInst;;of?Min;:and?Mht;jEngrsg

Thig increaseﬂingpermeabiliﬁyLié‘the roaultxof:afchange:ofjposiiion:orf;f
the sand grains to a lesgs i pact:arrahgément,‘givingﬁthem;an{ihcréased
bulk and greater voidsa"Thd:effect\pfxthe added‘weight:in;Grifﬂﬁths_,,
experimenta.was probably to :resist ‘this change'ofﬂfolumoranﬁ?thdreﬂore, 
increaso the head necessary to causa‘a?blowout;'ﬂThis;phenoméﬁOpkhas -
also-been.studied-by‘Osborn,Reynonﬁs;*'anﬂ by?Dn.%WarrethAiMbgd*ﬁ-

*Osborn Reynodds Scicntific1Papcra,:VleIIJCIQOl)?p.;217 e fc
**The Geologic Role .of Dilatancy~5‘Journa1;of Ge¢logy}%Vol,FXKXIII

s
No. 7, Octobor, Novembor 1925, R

In‘his-paper’"On‘Percolation;Undor Apfons:bf'Irrigation.Works"'S._

Lelinvsky discussas a ‘ cperiments
cxplains ‘the difference in -the results ob-

tained by difforent experimentors, "This is largely.due to the 'slope of
the surface of the material whore the water emorgea. If the.surface is
inelinud, less pressure is hecossary to move the particles than if “the
surface is level, as Bravity assists in‘thc‘movomcnt-and-blowout:will
therefore take place with lower head,
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The data is insufficient to define closely the safe limit of
length from the standnoint of Flow directly ‘through the foundation
material, It does indicete however in a rourh viay ‘that the asuumption
is justified that the flow takes pluace divectly through the material
when the distance is less -than half: the weighted creep distance. 'On -
this basis onc might assume ‘that the limit of safe short path would be
one~half thet of safe vweighted crecp. ‘There is another factor which
enters here however. Even with well dcsisned and maintained -dams scour
may occasicnally take place &t the dovmstream edge. Undor these condi-
tions the matorial on the side of the hole is more easily moved by por-
colating wator than if it were on a flet suriace., 'Fbr'this Treason it
is believed advigable to limit tho short path. r5t1os to throo- nuarucrr
of these given for ;015htud CI'EUD. :

As proviously stated, there is a dofect in the ereop analvs1s whon
rows of shced piling are too ¢losa “togother, BHligh rcco&nlaed this and -
stated that the percolution folloved . the 1ling of crecp as long as Trous
of shoot piling were not closcr‘toguthur thhn tw1co thelr dopth.

*The Prectical Lesign . of Irrlnatlon '.‘.TorksJ 1]1¢h nnd Pd P 168.

¥

Some such limitation of sheot” nllo snacing is ncco sary, for it is oh-
vious that ti:o rows of long:-sheet piling would offer littlo more resistance
to piping thun one rov, while if the rows wers a grost distance apert they.
would offur cona1u=rualy more r0513tancc thun one row. Bll&h }did not
supgest any rcason for using tha limit of ~tirico the depth rather than somo
othor valuc, nor @id he discuss what ,ou1d Toku nlucc 1f piline rovis

ware aneced closer rhan his - 1im itinn valun.r. " :

As tho Tlov Tollovs thquqth-of}lmust resistance Blights limit
seems to bo souivalont to stating thot whon the piles are spaced twice
their depth the résisiencc glons tho ercep lina id eeoual t6 that direct-
ly- through the motorial and when ¢loscr'thhﬂwtuicﬁ thoir depth the ro-
sistance directly through the ‘metorial ‘is less then along thu qine of
crocp. Whon tthoe piling arc spaeced tries their depth apart the croep
distance botviesn their lower onds-is tvics the” short path distance and
since for this cond*tlon the ros lctJnCO along . thusc w0 paths “ars equal
the rosictencc wper unit longsh along the short path is-twice. that per
unit lensth along the crecp linc., Fhorever thers arc tvio points .on tho
croop path so close together that o path. -exists dirscily through the -
Toundation matorizl which is luss than held the weizhtod ereep dis-
tance betvoon the points, the $low would tako place dircetly through
tho material vith a rcsistuncc.of'twico thet alons the creop path.
¥hore several overlepping short paths arc thus possible, the onc wvhich
gives the smallest combincd creep and weighted short pauth distance for
the entire structurc is the onz on vhieh the travel would take plece.

o2




. : o , , T

For:example, two 1inzs of steel sheet piling were driven.for ithe
Middle Loup River Dar:, -3l feet.apnrt Onn:extends: 29 fect balow the
botton of the dam and the other 30 feet below. - Ono possihle’ short. path
which fulfills the atove:conditicna: extenus horiz ontally fror the cnd
of 29 Toot pilina to the lonzer piles. Otbnr posaible paths: extcnd
from various points on the shorter row of “piling to:vurious points
alons the longer row. The watl extending batveen the ‘lover-ends-of ‘the
shaet piling rows alves thcflnvcst:woiﬁhtnﬁ'hraep ‘Tor-the structure of
all the possible paths, ‘and should therefore be adoptad as the path to”
be used. Where tha water Tollows tho . short path, 4ha. path conneeting -
the cnds of the two sdjacent shoot:piling rovws will usually Sive tho
lowiest weirhted ereap for thu stlucture unlcsu the bottom of the long-
28t T0'v is more than one- hﬂln”thu.dl"tanCL ‘between the :rows below thc "
bottom of the other rov, in‘Jhluh ‘ezse ithe ‘short pvtn extcnds from. _
the bottom of the shorter row to a point’ havin& an Ol“VﬂulOﬂ onu—Half.the
row snagine lover on the other 'rcﬁ. .

The above rossoning ¢ upliﬂﬂ also to the \blghtud CTbOp- In this .
casce tho horizontal cracp is conuidurud to have:a velght of ~ono- hal¢
thu vertiecl croop o weisht of ono an? the short nath o weight of tvo.
In computing the plain and weishted credns for erlatiﬂr dama thosc
rulzn have hoon used vherover: aﬂnlxcubl '

The ruls that the £low follows tHC“shOrt path it its longth is less
than one-hal” the weightod ercen distanen bat aen-any . o p01nts intho
crecop poth mits hOﬂJMhat cmellsropile: suac1np than t1l:u,h'.3 rulu, since:
the horlaont-l croew, which in "lluh'a vuln has a .ulfht of ong .in com-
vuting thoe cresy distapcs, haos o o 1ohm of only ‘ona- half 1n conputlng :

i

the veighted crocp distanco, “_ o e L

If' boring rocorés indicote o very. parv1ous lqv~r cxtﬂnalna_bonoath
the dam and coming nsar the surface noar tha downutruam toc, morc-con-
servetism in tho short. ﬁduh Gistance - 11¢ berpacdagsary, for:as. TOTnghl*
has pointed out this condition is conducive to hl-b VulOCltiGS nurbutho
vater omerges and bhersiore to- d_nAC“'o& piping

*Tschnical Publication ﬁb..ﬂlﬁ, Mn. Inst. Mln. £ Mct. ngrq. p. 31

In masonry doams upward progsurc is, 1mportant bCCau . of its tondency
to reduce the factor of scfety emainst, sliﬂlng.‘ 3liding 'is? ‘not . s0 import-
ant o factor in thh dirizn of masonry d_mu on corth foundations.  The
principal dangcr from unvard Brossurc on & dam on carth Toundations is
that it %ill bo sufficiant to 1lift up somc nortion of the ‘dam, brosking
o new outlot, opcninz for the mercolation which will give such & short
perecelation path thoat the dam wvill Tail. Upwvard prcssurc is thereforo
¢ factor in the foilure of dams from pining.
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Unward Pressure - .

As previously shovn, dems may fa1l from plping ‘by flov along ‘the
line of contact of the structure with its‘foundation“prﬂbyjflow directly

through the foundation material.wlinfall=dams sdmﬁﬁrlow'tékés?ﬁlace'i;.

directly through the‘foundation“material!and'nof{bubtdihé;QSual?condi—L;
tion is that most of the flow occ_rsuinfthis-wqy,gggf:a;strudtqrefng-i;
degigned so as to be sare-against$,iping,,thg:upwhfﬁﬁpxessurg“under WL
practically all of it will probahly depend'mqre;qpon%%he~conditipns .
of flow through the foﬂndatiOn‘mat@rial'thantéloﬁE”the'Iine‘of;coﬂf o
tact. Even if a pipe did formﬁifﬁwduld‘pover;on1y~qg§mall;area1anﬂ 

the Toundation musonry would ' bridge. over it. Therefore althcough it

i8 necessary to give creep-along the contact the breeminent place in
determining the safetv aghinst piping, it may?have;leSSjbearingﬁini4
resard to upvard pressure. ' oo B

Under conditionS'where'theafoundqtion,materiul and its distribution
i8 accurately knowm, it scems probablygthat‘the upvard presspré ‘to be
provided for could ba:obtaincdruithlconsidernblo?accurucy;by:the?flow
net or olactro4hydraulic’an&logy,:ulthough”thgéegresults‘would'be-mod-
ified somevhat by the cosc of creep along horizontal surfaccs. 'The
Aduthor hopes in the near futuro.toginvéstigﬂte”this*ﬁprtheriby means
of a compariscn of observed upiard pressures on actual strQOturoé‘an€/4/‘
the results obtaiﬁod‘byithé‘olcctrical.unalogy,method.. Whore ‘the
toundation conditions are comnlicated ‘or -unithown, -some approximate rule
must must be used. Measurément. of uprard pressure on actual dams and
research by model sxperiment, flow net;-andgblectroehydraulic anelogy
methods scem to indicate that the drop‘in_pressure'gausedﬁby a-cutoff -
is greator in proportion to the craep distance than for the ‘horizontal
contacts. Leliavsky*, after a study of ‘the works of .Coleman, s

;

Sy

*0n Porcolation Undon Aprons of Irrigution.Vorks, p, 46 .

Forschheimer, Terzaghi end Pavlovsky'staﬁes,=ﬁThus;in ba1cu1ating the
Lydraulic gradiont the dopth of the sheut piling 'should':bd"multi'pliod ,
by & coefficient = 2, (sie) whereas thers is already sufficient ovidence
to show that this cocfficiont should ‘he throe or four or more."™ ‘In _
other vords, the horizontel creup:shculdcbe‘weightedjthipeffourths,fono—
half or leoss. Until more def'inite data=issobtained'tharéfore~it‘isrsug- _

gested that there it is nccossoary touso . an empirical::rule; the upward
pressure be assumed to vary along the contact lire in.proportionsthe
#olghted crecyp; ie, that tho prossure drop along the -vertical or steep-
ly sloping contacts per unis of longth be assumcdﬂto'be‘threo timeS'thut
ulong horizontal contacts or slightly sloping contscts, This is ba-
licved to be a coiservative rule as upwurd pressuro -experiments frequent-
ly indicate that 2 weight for horizontal creep of zoro would give renson-.
ebly closo rosults,
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Where sheet piling ‘is sdﬁpluse together that the Tlow may be con-
sidered to follow the :short peth “between the piling rather ‘than the
line of creep, the upward preséﬂre-alon@ the creep line between “the ends
of the short path may be considered to vary according to the‘waighted_
ereep distance bhetween these points., 3 o

Since the weighted creep rule gives.less :slope ‘of the piszometric
line for horizontal creaps'than“tha*method“adeCated"bYTBligh;:and since
ordinarily the cutoff -walls, which constitute the ‘greater part of ‘the
vertical creep are locdted in the upstroeam portion of the dam, the -
welghted creep rule usually indicates less upward pressure under the -
downstream portion of the dam than %he Bligh rTule. Measurements of up-
ward pressures on existing dams-indicate .results nearer tc the weighted
‘creep method. In other words, for the portion of the dem whoere the .
magnitude of the upward pressure ‘is <dmportant, +the Bligh rule gives :re-
sults which are toc ‘large. Tris shows :why that Tule has given satis-
factory results, although'frequently‘the.thickness'of rasonry used. has
besn little if any-greater than the ‘theory wouldfiﬁdicate:necessary. _
The fector of safety therefore has been in the theory and none was there-
fore necossary in applying it. It would ‘be much mere logical therefore
to apply a more correct ‘vicory with-a;reaSqnablg;factqgﬁdf safety. ‘It
is sugmested therefore thdtua‘factor,offsafetyﬂof'at'ieéﬁt?ﬂﬁ% be usad
in determining the thickness .of masonry reguired, to take care of th
variations of the pressure f£rom that'indicated'by}the theoryv. -

. J'J_ - i

Special conditions sometimes cause unusual distribution-of upward
pressure, A dam founded on pervious meterial -underlaid with impervious
rmaterial and with a cutoff extoending nearly to impervious,material,ﬁwill
have a lower uplift downstreem from the cutoff. A dem-'with such a foun--
dation where the cross-section of pervious.matoriel-under the domnstream
end of tho apron is less then thet at the upstroom edge will have u great-
er upward pressure over .the¢ ontire base than one founded on pervious mater-
iel of great Gepth. This condition was mnoted il the upward pressure .
measurements on the Grand Valley Dam*. ‘A -montrueting of the space through

*Trans, An. Soc. C. #. Vol. 95, 1029, p. .1532.

_ : . : , T e '
which the water flow ~encath the dam acts as o partially closed valve .-
ard raises the pressure upstream from it and lowers it downstresm: o

In computing upward pressure it should be Temembered that the con-
servative assumptions may be different from those for safety from piping.
In the latter case the croep unaer flexible aprons esnd similar construc—
tion dovmstream from the solid vortion of the dem, should be neglected %
in estimating the security of the dem against riping, as their effect
is uncertain and cewnot be relied upcn. In computing the upward bressure
they should be given consideration however, as *hey may cause greater

upward pressure to occur at the downstrean edge of the solid portion of




the dem than the other assumptlon would indicate.,ﬂ The -upward pressure
experiments on the Pinhook Dam,* for examnle,‘showod a considerabla up-

*Trans., Am. Soc. C. E.AJ Vol.'93L719P9,2p._1551

ward pressure at the dovnatream edge of the SOlld portion of the dam,
due no doubt to the flexible apron downstream, ‘although If the ordinary
assumption for the design .of such structures for.safety against- piplng
were used in-determining the position of the end -of the creep path
there would be no upward pressure at that point,

It is perhaps worthwhile at this p01nt “to suggest that the upward -
pressure be assumed to be applied at the bottom of the foundation.as
in fact it really . is, and has ‘a magnitude equal to the difference in
elevation between this point-and the piezometric line., The total
weight of the masonry (in air) and of any water which may be above it,
can then be-considered as resisting this pressure. This will elimin-
ate any uncertainty .es to whether or not the masonry ought to ‘be-con~.
sidered as submerged, end thorefore as having lcst,n eight, and‘prevent
g mistake somctimes made, of measuring the upward pressure by taking
the difference between the elevation -of the top of ‘the apron and ‘the
piezometric line, while still assuming the full weight of the masonry
aveilable to resist it. Experimonts by Hde B. Parsons* and others
have shown the necessity of masuming that the upward pressure :acts .
over the entire area of the basc of tha dam.

*Transactions, AT, Soc.-C.E.! Vol - go 1920, p. 5%

Llscellanoous Causcs of ”allur
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Although a dam may annarontlv be d651gned “with suff1c1ert 1angth
of-percolatlon path,-itmey stili-Fail. bv pining;~due to-cauges-which—
the -degigncr mev ndt forseo. “Failure ma;~also -occur-from-lack-of--care-
in construction. A number of cases in botvh classhq .;are .deserived’ in
thc ‘accounts of dam failurss pzcvlousl" glven in, bhis: ‘papor, but 1t
is beliéved to bo d331raﬁ s, by ay .of cmphasxs an&:to au5umble thls
data in COqVJrlcnt form, group thcso polnbs}+ogcth ' L

' Too rreat °nuha°ig cannot bc clvvn to the noc0551tv of h&V1nr “the
cutoff walls absolutcly tight, ticd dinto the main masonry, of the. dam and
in intimatc coéntact with the foundation materlal. A 51néle pllo m1331num
causced ths fmilurc at the Coon - Rapias Dam and 1cakago bct”con uhe pilcs .
and botween their tops ané tho masonry was a largo Iactor in the .Tailure.
of thc Daoha Earrasc. Lvan riith intcrlocklng sto.l shoot plling, rigid
1nSDOCtLOn is noccssary o scc ¥hat therc arc no bruaks in tho 1ntor-'
locking and that their tops aré properly imbedded 'in tho mason*y of thc
mein structurc. The cutoffs must also bs ticd into the structurcs in
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D951gned creep distances can‘be’ mauerially shortened by 8 blow-vv
up of the base -of the dem from upward nreasure. ‘This ‘action was prob-a.
ably a material factor in the failure of the ‘Puentes, Nerora. and :
Deohs dems. The apron must be henvy enough to resiqt raising

Although not, connecteu “with plping,‘it may be worthwhile to man-
tion here several oiher - -causes of difficulty with masonry -dams on -
earth foundations which should be ‘avoided. In: ‘many streams there is
a constant "flow" of solid material - composing the river bottom.- If-
the backwater from tle dam prevents this material from contlnu*ng to-.
come down, while the flow downstream from ‘the dem ‘continues to carry =
material away, e considerable lowering ©of the river. bed- often results. o
‘This may cause greetly lncreasad .scourat the downstream ‘gdge 0T the
dam, and in the case ‘of the Islam Weir was sufficient to cause a fail- .
ure. ‘ S

In computing the uplift beneath the apron of dams where 4 hydraulic‘
Jump is formed on ‘the apron, the fact that the ‘downward pressure ‘ol the:
thin streaw .of water upstream Trom the jump is .less than ‘that ‘below
the jump, should be given: consideration. The -upward- pressura on the
bottom of the -apron is: influenced by the depth-below the Jump and the
downward pressure.on tOp of ‘a portion :of the apron lepends upon ‘the.-
lesser depth above the .jump. Failure to provide sufficient welght of
apron to overcome this difference in mddition to the normel upward
pressure has resulted in failure in several cases.,

In designing a dam ‘on & porous foundation it is necessary to be
sure that the hydraulic jump will be formed ‘on the structure where it
is cxpected. A case has occurred where.a dam was- placed at the top -
of a steep section of the river and the tailwater level was so low
that the Jump occurred below tho downstream end of the ‘apron. - Ina -
short time 1% scoured out the riprap and. destroved tho structure.

In several structures dlrficulty has heen 8Xpe: 1enced with aprons o
formed in layers, due to the tendency of the swiftly fﬂowing wate" to.
get between them and "peel off" the upper ones., If p0551ble, -aprons -
should be cast in blocks rather than laysrs, but if layers are. nec-
essary they should ‘be thoroughly bonded togather. ‘ : '

Although the bed of a stream may be con51darab1y hlgher near the
banks than in the center, the downstream apron .of the dam should be:
level all the way across. The construction -of the dem is ususlly such
that the discharge is spread nearly uniformly -over the entire width oF.
the river, and if +the apron is higher at the .ends the flow over the V
dem at the sides of the river, after passing off the apron tends to
run along the downstream edge of the apron toward the middle of the -
river., If the slope in this direction is considerable, sever scour
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is likely to be .set up. This result’has been ‘observed a% ‘several -

dams. Even if the downstream apron is level, 1t:is 'advisable to plan -
the earth excava%ionzbélow*the:damuin'suchigﬁway'that-sevgre‘currpnts ‘
are not set up along the toe from the rends of ‘the dam toward ‘the main

© Conclusions

The ordinary method of analysis*df'avmasanygdam~ana garth
foundation'to.secure*safety'against,piping,_which'is-usuallxﬁ scribed
to Bligh, ‘is faulty in that 1t does . not consider the o y’ probability
of creep along vertical and steeply sloping contact surfaces as' compar-
ed with slightly sloping ones. . = ; R A .

The Tlow net and-electrical analbgy”meﬁﬁbdé‘&reffaﬁltyﬁiﬁ.hegiéct; 3
ing the lesser registance along the 'Line of -contact -of ‘a2 dam withiits
foundation as compared with that directly through the foundation mater-
ial. ; ;L . ) ‘”’l.

Piping may -oceur-in two distinct ways, (1} by :flow along the Tine = -
of contact of the.structure?andffts:rcundationjor-12)abyﬁflow‘dirqcfiy‘ 
Through the foundation material. 'Flow o ‘gnar11thakes,p1acq;along,',_
both of these paths inIinverseaproportion’theirfrelative.rasistances,ﬁm

Considerable light -on the probabiiity‘of;failure;ﬂromithe:first"
of these causes can be obtained by exparimantal"methods,“butvﬁhswspg;_.‘
ond must be studies largely by an ‘anelysis:of the .action .of -actual - .
dams. : R SN ST - o

From the result of an analysis :of ‘the action of more than .ons: *
hundred dams, it has beenrfcund:thatwtreep;aiong”contaqt‘Surfaeés L
having slopes with the horizdntalfof—1esswthanmg57degréas‘ahouldVbef
considered to offer only one—h&lfgtheﬁrésistance to piping as those

with slopes of 45 degrses oT over.

Analysic on this basis may be called the weighted creep analysis,: -
the creep along surfaces under 45 degree -slopes called horizontal
creep and that of 45 degrees or over vertical crecp. It should ‘be
noted that these slopes are the slopes of~thersurﬁacetof contact. -
The slope of the path taken by the water .may be different. ‘The weight-"
ed creep-head ratio is the weighted creep divided by the effective '
head. : . :

The following values are suggested as ﬁhe sale weighted creep-
head ratios for use in the design of major structures:
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SUGGESTED WEIGHTEDlCREEP RATIOS.-
<WEIGHT 'OF HDRIZONTAL CREEP L

SRR

Very fine sand or silt i . ... u.,‘,.qn; o e e e LRLO

Fine sand . .o'ucapreie i o v eiie e e e et e 10000

Medium Sand v o ot 4w e e e e e e e e e e e 8407

Coarse 'SBNd .« « v e s aia e e w0

Fine gravel. « « v v o v v v ve e e v S e e w0 BB

Medium Gravel v .« v v v w i e i e G e e e e AUS

Coarse gravel including cobbles . & . & W v’ o« s . 3.8 o
Boulders with some. cobbles and gravel .. .iv.. w.es . 3.4 i
SOLE Clay & e vl e e i e e e e A0 T
Medium clay o v o ou v e it e v e e e e e 303

HATd LAY « ve 0 o e v e hiie e ie h e e e e e e BMB

Very hard clay or harﬁpan w:”;m..;3..;«; e e e e e R4

These values ‘can conly be used for solld MasSoONTY cutoffs bull*
directly against the earth .or interlocking aﬂ::i ‘shest pllln# dx iven
80 that the interlock is not ‘broken and with the +op :of - the 'piling
satisfactorily imbedded ‘in the masonry of the dam.’ uompetent ‘super-.
vision during . constructlon and ‘efficient maintenance" -are assumed. If B
all these do not.exist hlghor walues: must be used. T P

For less iunortant structurea these ratios ‘may ba reduced aome~"f
what down to perhaps 75% of the valu"s given for verv mlnor structures. e

Additionel factors whlch sbould ‘be ! con51dered in: selectlng the
proper ratio are {1) the loss of life and property which would. result
from a failure, (2) ‘the quality of supervision during construction and
of maintenance after completion, '(3) ‘the loss resulting from percola-
tion under a dam, (4) the difficulty in mondlng a breach if" 1t occurs,
{5) the p0351b111ty-of the river bed urstreen. 51lt1nc up.

\n/, L

Roverse flltors, Weep holcs and dralns arc an gid ‘to security
and weighted creep-head ratios. may. bo reduced - aup .o 10% if ‘they :are
used, Tho best form is a.wzep hole with a reverse Tilter bahlnd gt
For best results vints should be located far enough from: thsnbaﬂ ‘of
the travel path to insure ‘that most of the flow: passes through them.
Zxcept to reduce upward pressure, they should not. be located rarther
upstream than necossary to accompligh this purpose. ‘Ususlly the best
location, from thu standpoint of piping, is Just abovo “the dovnstroem
cutoff, venting through ‘the cutoff. The position of the hydraulic
jump sbould b¢ considered in loeating vorts. Great care must be ex-
ercised in constructing venis or drains.
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The security of dams on pervious foundations underlaid by dm-
pervious material will;be;greatly'incréaggdtif)aicutdff‘isgcarridd~’rrﬁ.?
into the.impervious:materidl.‘?No‘shtisfactorykanalySis;ﬂor%this con-
dition has been developed, dDams;founded-on‘impervious materiel ‘under -
laid by:pervious:material”arefapﬁrto~give troubleﬁandlshoﬁld,beﬁde;['gy
cigned with care. S et e e L "_"f}p

In all cases care must‘bexexercisedéthat¢cutofféTare-properlyf,‘“j 
tied in at the ends,.SOZthattthe=wate;JWill;notfqutflsnk‘thgm,ﬁénd S
that there‘iS‘nogshortfroute:behind1br;under]theiabutments,through.:,gg]
which e channel may be formed. e e T e R

In order'to;prevent‘failure”offdamslbyﬂpercoiationidifectly*throughjh
the foundation‘material‘_heushort;patheheadfrqtios.shquld?not}be‘leSB B
than three-rourths~of‘thosexrecommenGEd:for'theaweightedvcreepa;-

If any two points on the -creep line ‘are so:closé together that. -
the short‘path'between‘tham'is“lasafthan‘halfftheiweightedereep;diaff;‘ o
tance between them, flow may be COnsidersdito*také_place[directly;xhrough '
the material, ‘the length of'this“travélﬂbeing-givén?a wéisht:df#tﬁo.‘*‘>
Where more than one short path is possible between;the,same]portiqns-~
of the.creep path, the one which‘5ivea'tha:amallest‘tqtaJ«WEighted;z ‘
¢reep Tor the ‘gtructure should ‘be used. = o T oo T ;

The upward ‘pressure to be used,infdesiﬁn‘maylbe:eSiimatdd*byiasf,,uf»?
suming that the drop infpressure—fromfheadwatex1xojtailwater,alcngﬁthe
contact line .of dam and roundationﬂi54prqpprtional”toithe‘weightéd‘13‘_H.
croep distance, 'Eetweenjshdet'pilaflineslwhich;afa.so;closégtogetherj
that the short pathﬁlimitatipns-apply*thentotal-pressurekdropﬁmay;béﬁ
computed as pronortional to tho-short"path‘distanceﬂwith:itS]weight:'

of two and distributed botween the tire cnds''of ‘the short path in pro-
portion to the weighted creep between'thgse;points. I e e
Miscellaneous causes of diffieulty or failurs which can be.avoid- o
ed by proper dasign ant construction-are cl&yxfpundations‘or%epféhs*whiqh
are locatad wvhere they can dry-out, constructionﬁon‘dryﬁsaﬁﬁ;‘cdnt:Ol
of springs Aurine construction,-qpnon"blowups-due_tc'insufficieht‘a14'

lowance for quard-pressurq,'aproniuplift'due %o “the hydraulic jump, .
scour helow the dam due. to jum» forming off the apron, vecling of =
apren duc tc-construction“in”layors;-retrogressibn of :the river bed _
af ter construction, seour belew anron due %0 1t not being level across
the stroam, ' ‘ : T
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