
~;@ 

.g 

J 

UNITED STATES 

DEPAR'I~]T. OF THE INTERIOR 

BUHEAU OF HECLANATION 

@ 

MEMORAnDa4 TO ~ CHIEF DESIGNIIXG~ENGINEER 

J? 

SUBJECT: SFZURITY C~ MASONI:~>DAM3,1ONEARTH FOUNDATIONS " 

by E. W. "LANE, .RESEARCH ~:ENGI~ER 
/ • 

TECHNI.CAL~ ~ORANDUM NO. "280 

Denver, Colorado 

anuary 20, 1932 

@ 

"f ec.hnica! IJbrar~, 
Burec, u of R e d ~ o  n 

Denver, C.cdor~o 



. . . . . .  : * . . . . . . . . . .  : : "  . . . .  ~ . : "  L . ;  . . . . . .  . . . . . .  

September,9,~l@S~. 

:Eevisio  

Since thisreport wos~com~iled, m u c h  additional datarhas*been 
received and analyzed. It indicates that a weLght:of one-third 
should be given to horizontal creep rather ~than one-half as sugges- 
ted in this report, y . . . . . .  - 

With the weight of one-thir~ the following values ef weighted 
creep to hea~l should be used: 

Weight of Horizontal Creed 1/3 

Very fine sand silt • 
• or .......... . . ..... • . . . . . . . .  8 ~ 5  

Fine sand 
. . . . . . . . . .  • . . . . . . . . . . . . . .  • . . . .  ~;0 

M e d i u m , s a n d  . . . . . . . . . .  • . . . . . . .  ~ . . . . . . . . .  • , .  , . . .  : 6 . 0  

Coarse sand 
.......... ~. • • 5~0 

Fine gravel 
• . .  , , t 

Medi,~n gravel 

Coarse gravel includlngcobbles .... ~-, ............... 1:3,0 
Boulders with some cqbbles ~md:gravel ., ............. • .. :2.5 
Soft clay .......... , ....... 

. . . . .  ~ . . . . . . .  ~ . . . .  . , .  , . , .  : 3 ; 0  
Medium clay 

. . . . . . . . . . .  " " " '~" . . . .  :2 .0  
Hard clay 

. . . . . . . . . . . . . . .  . . . .  . . . . .  ,~ . . . . . . .  • . . . . . . .  1 ; 8  
Very hard clay or hard~an 

...... " ............. 1.6 
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, SECURITY CF ~ ~SONRY~: DAMS: og~. EARTH~F OUNDATI0hS 

by . '"" 
E.. W. ! Lau~, :Research ~.nglneer 

Synopsis 

This paper Elves the results .of ,an : investigat~ion.--of !more tthan'~one 
hundred 'masonry dams, with various .-kinds "of ~earth~"f ounda t l'on ,~ ~;ito ~"de ter- 
mine the .length of the ~ percolation~path meces_~ary .'to:prevent.~failUre 
from underseepage : or.piping. '~ Based~ on ~thiS~:~s~tudy, :a ~new:methOd ~6f • 
analysis Of such structures .~has :~been'develOped, ~.whi~ch~usually~p6rml~ts 
the use of smaller seepage distances ~.than are ordinarily,~considered-~,to 
be safe. 

When~a masonry dam is founded on,earth~ ~some~of the ~wa~erSfrom~the 
reservoir percolates beneath ~it ~:and appears ~on :the downstream:~slde. ~If 
the •velocity ~of the z flow where i:t ~ emerges uils ~sufflcient ~ ~particles ~0f~! 
the ' f Oundat i on ~!mate r i a l ' . . w i  Ii :.be '~ c arrled ~!.awa~i~by ~!~he 'i,water';~"~camd. ~thus 
decrease ':the: resi'stance '~to '~-the ~e~rcolat fen ~. i .~Th6~result-ii:si'ii!.an ~i~! increas- 
ed ~velocity.. and ETeateL~erosion,tult~ely<icausing ~,thefformation~!of.~ ' 
a channel ~or~-pip~-i~.beneath.~the~dam, ~which,~maY~rapldly~.~e~arge.~i~and ' ~ ; 
cause the Tailuz~j.of ~%he .~s tructN/re. ':This-~process ~ is ~known~:as ~ipim~. 
To ~ prevent piping ~,It ,is ~necessary, ito :so,~desi,gn ~:~the?~dam ~tha~ ~,the ~-,,velociSy 
of -the ~ seepage Water ~as ~ i:t <emerges ~ on 'the-~downs tresm~.side ~.~'s ~ ~Imsuff.iC lent 
to ~remove the ~ foundation:~mater, lal. ~Thls ~Is 'ac6~iished!~byimaki.mg ~,th'e " ,' 

route along ,which i'the ~'wateri~may percolate ~ 0f.,suCh~a ~l@ngth ~hat,~the 
velocity?:of ::flow .~ is :,reduced ,to~ ~a ~safei'.value. :~The'! inves~igation~dmsci~ib - 
ed~'hereln was.under~takentto,,determine~ifrom~!data~!onmcltUai~i,~i~the -~, • 
length.~of the !-percolation ;path.~ necessary ~to~ !insure ~s~eLty ~for i.~dams ~found- 
eden various kinds.ofi:material. " ....... 

" Theoretical ~.Conslderations .. 
~ - 

The law of flow~ofuwater',through:~eazth:.was determinod~many~,~years 
ago in ~this country .by~Allen~ Hazen, ~ M. ~Am,/Soc. I C,E. i~and ,~in ~Indi.a'tby 
Clibborn- andiBoresford. '.~Their~: experiments ~.:showed .~,that, (neglecting 
temperature effects) ~ the ~discharge ~,through ~a ~:column,<of~ soil ~of-~a ,! given 
composition varied directlywith :,the head, directly ~wilth :the ~ cross 
sectional +area and ;inversely. with the [length. 'This ~.relation!~may Lbo 
expressed 

Q =  K.!---. 

"i 
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SECURITY CF ~t~SONRY: DAMS <ON ;EARTH:F OUNDATI01~ 

by 
','1%" ~° E'.~,.W. LanN, Nesearch Engineer 

£ 
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s nops is 

T~Is paper gives the ;results of an investigation:of-more ~than<one 
hundred masonry dams with various i:kinds<of earth~foundation, ~to/deter, 
mine the length of ~the:percolation path necessary :to prevent'failure ...... 
from underseepage : or piping. ;Based: on ;this <study, a :new~meth0~d':of 
analysis of such structures has been developed, which~usually:permits 
the use of smaller seepage~distances than are ordinarily,consldered to 
be safe. 

When a:masonry dam is.~founded on,earth, some<of the:.wateri~rom the 
reservoir percolates, beneath ~it~ and~ appears - on ithe ~: downstream :slde. ~If 
the velocity~of the :flow where it ~emerges ~is ~suff~Iclent, pam~icles 
the foundation material ,will Lbe carried :away ~by :the :water,<: and ~thus 
decrease 'the:resistBnce ~it 0 the ~pe~rc01ation, !The ,~result ~is ~ an !increas- 
ed .velocity and greater~erosion,,ultlmately/causing !the ~f0rmation of" ' 
a channel or ',plpe- beneath the dam, which may rapidly enlarge :and 
cause the failure ~of the~structure. ~This!~process ils ~known as ,plping. 
To :prevent piping it iis necessary ~to-so design ~he <dam .that ~the >~velocity 
of ,the seepage <water:as ~i~ :emerges on i the~"downstream,-slde "~is~insufflcient 
to remove the :foundation materlal. ~This ~is : accomPlish~ d .by~maklng <the 
rou~e along which the water~ may, mercolate : of ::such ~ a ";length "that ~he 
velocity of flow is reduced to a-safe • value. The "inveS~igatlon:UdesCrib- 
ed herein was undertaken to determine :from data , on ~actual :dams tthe 
length of the percolation path necessarY .to Jlnsure.safety ~for ~dams ifound- 
ed on various kinds of~matorlal. 

,TheoreticalLConslderatlons 

;The-law of flow of,water through earth:was dotermined~many years 
ago in this countrY :by :Allen:Hazcn, M. JAm. Soc. C;E. and in India ~by 
Clibborn and Beresford. Their experimcnts showed that (neglecting 
temperature effects) ~ho discharge through a columnof ~soli:of a given 
composition varlod directly with :the head, directly with ~the cross 
sectional area and inverselywlth ;the length. This ~relation.may:bo 
expressed 

Q= 
.(i) 
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where Q.is ~the discharge in:second fee~,~H ~is the~headdn~feet, A ~is 
the cross sectional arealn square.fee~,LL~Is the ~length!inJfeet~and 
K is a constant which depends~on the character of ~the:material. 

tion 
Bubst ituting; for Q ~the ~value ~AV, there . ' m a y  be obtained Jfram ~equa- 
(1) the expression 

L = ~K V !(~2) 

For a gi~en~class of material tthere iis ~a definite maximum ~velocity., 
V m, at' which ~the water can emerge ~below the ~am without ~carr~ing ~away 
the foundation material and ~causing ~the i~faiiure of the ,structure. 
Combining this value of Ym withlK, ,which ~ also depends ~0n tthe ,material, 
to form a new constant C =~K ithe,expression 

v m 

L m =~CH 

where L m ~is the ~ mlnimum- safeOlength of ~travel ~path :and ~C '~is ~a co~.tant 
depending on the foundation material, ~ • 

The foregoing theory seems to ~be ~Eenerally~accep~e d. ~In applying 
it, two difficulties arise: (~l) ~How~sha~l-!the i~length~of :the i travel 
path L m be measured? and i(~2) ~What~value of 'IC ~can~sa~e!y~be~.used~'for 
various classes of material? Be~ore~Eolng~further~into ~a~discussion ~ ~ 
of these points it may~be well ~to give ~the ~history,:of ~the ~development 
of this phase of damdeslgn. ~ "~ ......... 

" Historical " ~ 

The first ~rhtional basisL~for the des!gn ~of "masorn~y !dams: on ~ear.th 
foundations seems to ~ have 'been .developed ~in i~India, as a~resu1~t ~i~0f i i the . . . .  
investigations of Col. Clibborn~and ~. Beresford. ~ ~Col..Clibborn was 
at one time Executi~o~Engineer,in,charge of ~th0~Rolhikhand~Canal~Div_ • 
sion of the United~Provinces, ~India, where Lthero were :a-ntunber.lof ~dams 
founded on light l sand which had -often.given trouble. 'AZ, ter ~he became ~ ~ 
Principal ~-o~ Thomas0n ~u011ege, ~'~0g.ether With ~. ~Berosf..ord, ~he ~carried ' 
out a classical set of experiments on the law of ~flow ~thr.ough~sand. 
From these experiments Beresford -concluded !Zhat ithe "Narora !weir ~on the 
Ganges River was unsafe, because of excessive uPward-pressure ,on ~the 
apron, and made a report ~to that,~effect. At ~the !time .no Jspecial 
trouble had been experiences with the dam, but as ~a ~resul~t ~of ~this ~re- 
port pressure ~pipes were placed iin the apronto indicate J~he ~upward 
pressure beneath it. The pressure ~indicated ~in ithese ~pipes c0nD, irmed 
Boresford,s contentions and by coincidence, -the next day after :~the 
readings were ~aken (March~30, i1898) ~the :apron at ~another ~part of the 
weir was blown up, resulting in a breach of the weir. ~The failure of 
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an important structure following so promptly after ithe declaratlon~6f 
its Instability profoundlylmpressed the,englneers of~the~uni~gd 
Provinces; and the hydraulic gradient theory of~designbecame,-gener- 
ally accepted there,about 1898. 

The first edition of ~Bligh's Practical Deslgn~:of :Irnlga~ion 
Works appeared in 1907 in,which Lthe ~theory was advanced ~that i~he 
stability of a weir on a porous~fmoundatlon~depended~upon ~the weight 
of the structure and not on the Jratio of L the percqlation distance to 
the head. In his second edition, published in 1910, Bligh~admlts the 
fallacy of his original contentions andexplains his~well~known ~theory " 

that the safety of masonry dams,on earth:foundations depended on ~the 
length of the percolation path, which was along the line~0f contac~ 
ef the stz~cture and its foundation~ 

This conclusion~was also reached independently:byMr.~W.LM. 
Grlfflth about the same time~.l, The author believes that this has~not 

*The Stability of Weir Foundations on;Sand and Soil Subject ito Hydro- 
static Pressure - Proc, Inst.~C.E. Vol, 197 t iPt. I!I p. 221 t i1913~14. 

received the ~ecognition in this country which its value i~justifies. ::~: 
Before this paper was published:Bligh, s :second edition appeared ~, iln 
which he also proposed that idea, The~same conclusion seems 'to ?have 
been reached about that time by Mr. W. JW. Tefft, M. Am, LSoc. i C,E. Lbut 
did not Zind itsway into print. The widespread use:oflBligh,s~bo0k, 
together with the publication of other articles and~books*~by~him,~ 

"~/~ams and Weirs, i Bligh. ' • - 

Dams, Barrages and Weirs on Porousi:Foundat±ons - Bligh, ~Eng. ~News. Vol. 
64, 12/29/10 p. 708, Vol. 651/12/ii p.:52. 
Weirs on Porous Foundations and with Pervlous Floors- Eng. News. ~Vol. 
65, 4/13/11 p. 444. 

Lessons from the!Failure of:a Weir and Sluices on PorousFoundations ~- 
Eng. News. Vol. 69, 2/6/13~p.;266. ~ 
Irrigation Headworks Repair and Dam Failure - ~Eng.. News. Yolo ~75, ~ .... 
6/8/16 p. 10.70 . . . . . . .  . ~ - ~ , . ~  . . . .  , . . . . . . . .  ~ ' ~  " " 

• Jl 

has led engineers generally to give ~he credlt for ~the idea~to Bligh, 

Little appeared in literature for many years after Bligh's ~publi- 
cations to aid the engineer in the practical design of masonry dams on 
earth foundaticms, but a number ~of measurements :of hupward ~pressure on 
actual and model dams have been publish~dfrom time to time. Recently, 
methods have been devised~f~gr determining the ~upward~pressure and path 
of e " p rcolatlon for various eonditlons. One of these methods is that 
used by Terzaghi ~. It seems,,to have been first nsed for dam foundations b?. 

.*Techmical_ Publication ~215 t 'Am.--,inst. Minln6 & Metallurgical Engr.p.3] 
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~ Forchheimer ~ but Mr. Terzaghi,s article ~,'appears ~to~be 'the :!T~irst <expla- 

~Hydraullc-.,IP. Forchhelmer, 1924~,~ "448 " "~ 

nation of ~this~ use in English. ~~ ~ 

~By means of a flow net,* ~the direction • of the currents oT !~the ~!water • 

~/~Yd~.rauli'c Laboratory Practice ' ' Freeman~ .p'. <605 ~ 

and •thepressure throughout the ~material~beneath ~,the ,dsm~can~be c0mputed 
for various assumed 'conditions. Another interestlng,method~':of ~obtain - 
ing the same :information l has been devised ~'by~,Prof,. ~N. •N. ;Pavlovsky. :He 
makes use ~of the similarity of i the ;laws::of flow :0f ,the ~eleetric~current i~ 
through a conductor and the flow of water~through~soil, ~As~nearly~as i.i i 
can be determined from the information,available,ibis :method ~is ~as :f61- 
lows: A cross sectlon of the~porou's~foundation=material !in !~the ,~Vicln -' 
ity of a dam is ~ represented by: a ~thin Flate~ of<metal, i!ImperVious~ mater- 
ial in the foundation'soil, such~as sheet~piling, cutoff ~alls:of ~the i 
dam or impervious sell,layers, are .introduced ~by cutting ~out i~thel metal i 
at that,part ~of the cross,section~whicbwould ~represent thelr ~ppsltion. ~ I 
The upoer edge of :the ~ sheet :corresponding it0 ithe ~poztion~of !~the!~founda_ ~ ii i 
tlon in contact with the ~headwater, ~is ,connected ~to -one ~pole ~i~of :an 
electric ! battery and .tha t!~ repreSentin~ ~the ~-c ontact ~,with ',:tailwater'mith ~ i 
the other ~ pole. By~ obser~,ing~he~potential ~ at ~variousi~p0ints ~in the . '~ i 
cross section: and along ~the,ied~e~':corres~onding ~to :the\base 0f.ttheldam;i ~ ~i~i~! 
and drawing lines i~of equal~ipotention, ~ the ~pressure ~:a,t ~any i~.point ~w~thin 
the material orlbeneath the ~dam~,may ::be ~de retrained. By:-'drawing !lines .... ~ i, i 
representing idlrection,~of ~i flow~ In ~the ~same manner ~as ~iin '~the~:flow ~ne~, ~ 
the directi°n and~ralativo,volocit~es:may~be- determined. ~Layers~Of ~ ~i 
different :permeabi!ity~maybo ~represen~ed~by ~changing the ~hickness ~ I 
of various port i o~ns ~0f i the ~ialte ~ _  6{~, 5y~u~si~ng ~ metals/df ,dif, erent fric'. 
tional resistance. ,~With either Terzaghl,s~or~!Pa~lo~skyi!si~mm~hods~it I 
ispossible to ~obtain a rigid ~solution~for~the ~given~assumPtionsi~!~d~!~j .... ~i 
they are very useZul in obtaining~ a !~picture ~Of~the~flow~of ~the'!,water • ~i~ 
beneath the ,dam. As will ~:be ~discussed ~later ~however, ~the ~results ~0b, I_~L~:~ ~ ~- ~: ~ 
tained, if the ~ordinary assumptions are~used.~must~bo~ap~tli!~d~toiac-tual 
cases with cautlon,~ • .... -~-~-• .............. • 

Three interest ing ~ and ~instruc t ire papers ~have recently appeared, 
which throw much ~light~on ~the :~problem. ~Two ~of ~,these ~are papers ~f ~the 
Punjab iEngineering CongTess ~1930, by A. !N. !Khosla: jiNo. !138, !~'~'H~draulic 
Gradients in~Subsoil Hater~Elow in~Relatlon ~to Stability ~of Structmres 
Resting on Saturated ~Soils,,~ and No. ~142, ",~Stabillty~of ~Veirs and Canal 
Works, An Application of ~the INo~I ~Theory~Lof~H~Iraullc Gradient ~" The 
third is a paper "0n~Percolationunder ~Aprons of Irrigation Works" Tby 
S. Leliavsky. 
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Course Cf the Seepa~e~Beneath~a.Dam 

The path which ~the water ts~es in,flowing~beneath~a ~dam~mlghti~be • 
de termined wlth ~reasonable accuracy Lby ~ elther ~the ~flow Jne~ or ~ electrlc-, 
al methods if all ~the, conditions governing ~the~flow~were ~accura~ely 
known. This is meyer the Case ~however, iand:'for~purooses of de~n 
certain assumptions have to bemade. ~in~his Second~'edltion~0f#the 
~racticall Design ~ Of Irrigation ;Works, ~Bligh ~wro~oses sn analvs~si~0n 
the asstunption that the wster follows~ a-path~along the line~o'~.c0ntsct 
of the dam:foundation (including heLsheetpillng)~withthe Toundation 
material. The same method was.suggested~by~Griffith..Thls~contact :be- 
tween ~the dsm andthe foundation~material Jis sometimes called//i!the ~line 
or creep, and the~method ~ maylbe • called the .~llne~of icreep ~meth~d. i !i 
Another method.which has been advocated to :some~ extent, may~be ~Calls~d 
the short path men'hod, and is based on the ~assumwtion-Zthat t~e Course ~ 
taken by the percolatlng water is ~the:shortest path through ~,the!per~ious 
material between the headwater~and the'tailwater. Neither:oT Lthese 
methods gives a true picture of ~the~actual~conditions~0f~',f, lQw~beneath 
dams, •but are ~useful methods Of ~practical design. ~The ~line ~bf ~creep 
method ~ has gained a wide acceptance, ~and:.m0st masonry dams ~6n~earth 
foundations ~have been~designed according to i~it. ~It !has ~beenused ~in ~ 
the irrigation works of ~the<United States :Bureau:of Reclamation~for 
many years with sat isf actory.~r~sults .~ The ~ short ~pa~h ~theory ~has ~besn 
but little ~used, ~ ~ ~ 

Compari~0n~of ~Desig~ Meth0dS ~ ~ 

Although the Lline -of ~creep: method ! has ~ been ,widely~,use'd ~in,dam~ de- 
sign, it -has beensubject '~to some criticism, i~Part of ~.thls i~is ~'belleved 
to be due :to an improper ~ presentationL:of ~;ghe :~case !in iLi~ts ~:fav0r.. • 
Bllgh'~states that the water'follows i:the ~line ~of. creep ,!and in0t ~the ~path 
of least resistance. This ~statemen~ lie ~believed ~to ~-be ~in erro~i-ilf0r 
the fact that water would'take ~the~ath,.of iileast ~" 

. :resistance ~seems ~al- il 
most axiomatic. :If ~water~lows ~along ~:the ~line of :creep iinstead i:of 
the shorter:path directly i through~the~foundation material-.it ~'s . . . . . .  I ~be- i 
~ause the ~res istance to ~trav~el ~ along the ,line,~of ~:~creep }is ~iless :~than i 
the shorter ~thl, i!Tha~i.resistance ~ along ~the i line ~of creep!may:be 
less .than through ~the foundation :material seems ,.~ery ~reas0nable, ,~on ! 
account of the dif~icult~ ~of ~secur~ng as'i~nt~mate~a .contact ~the -more .~ 
or less plain • surfaces and ~the ~foundation mater.ial :as ~ between ,the ~in- 
d ivi dual particles ~.of ~the ~Toundatlon ,.material. i 

• il 
It should be ~remembered ~that~the 1~ine ~:of creep~methOd ~is ~intended i 

to give a dare,safe at all points. Thisilrequlres ~that it apply ~t0~the ~i 
worst ~condition that~will happen with • any reasonable care in construc- I: 
tion. The seePage~may not .follow .'the creep line :at many:cross ~sec- 
tions of the dam, but the pointswhore ~there is most danger of ~failuro ~i 
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are li~ely ~to be those where contact between the 'damand <the~founda~ion ~ 
material :i~s not so' close, and ,therefore where .the .line ,of .:ereep~method ', 
best applles. .: ~ < .... '~i 

~ The I princ ipal ~ wee/one s s of t he li ne .: of i 
assumes >%l~e resi,~tance :.to. flow~al0ng all pc 
tween the~dsmrand the foundation to be the 
tac,t between vertical and : steeply:'slopin~;Ls 

• :r 

be intima[te than that along horizontal:or :slightly:sloping surfaces. 
India mas°inry~r d~:on earth foundations i~there iis i.likely to 'be~.unequnl 
settlement :~'h~ch ,,wzll cause : less pressure at some 'moints ~.lhan.at others, 
In-places ,, even a sllght lifting up of ~he masonry from its•con•~act:-~ 
with the-!bar.th::beneath. The,eart~bene~th'<.a ,damma~:not < be Comwact, 
and: may settle ~ af,ter the dam ~is built, !leaving vold .~spaces _beneath ~the 
floor, especlally where :the dam:is: founded~:on ~p~les. ~his.act~0n :'~S:> 
sometimes I called ",roofing. ~" -: 

Anot~iher cause of roof in8 iis given 7by Col. ~ J.,~ C2~i0"~kes'~,~:M,.:~n. 
i 

~Trans',.'Am. So'(:. C.E. Vol. 80, 1916 ~ ~p. ~'469 :and:~470 :~ ~ :"- i 

See. ~C. E!. as :follows: ",If thebed of the !foundlt{on ~(of, a :da~) <is ~be- 
low the w~ter le~l, and pumping, isi~required ,%hare will ,be :a ~-small 

I, 

space between th~ ::base of the masonz-j and '~he!:~s//d, :caused :by ierosion 
by the flow<of water from under~one'•~'block of,•masonmy::~h~le:;.the ~:next one 
is -being !placed. ~In:other words ¢%he structure :is ~iordinarily~su.pportod 
wholly by ~,ithe piles, ':with ::almost~ ~, certainty sthat. 7, '~here ni!l ~be'~a sspace 
between the sand :and the maso..ry.:/ Hnder suc?~.,clrcumst~nces .any ,upward 
pressure that developes ,.u_nder ~the~ dam will 'b~' ~unif.orm/from !the sheet ":> ,-/ 
pilinz ',:to )the toe, and ~will,:~e~end ion~the :~ghtness <.of .~ho :,sheetlng~ ahd 
the ease ~.C ' escape below the d ~-':" ~. -,-~"~-,~__ ~wz'iter :-has ,watched the !placzng.. ::,. 
of concreti~, and in no case has.,~he:found, <on the :works ~under~ discussion ,0 ~<~ 
(0hiO~!Ri~er Dams, .No. 43<.and :48) .,that the concrete ~res,ted on tthe ~sand i' 
after'!suffi~cient time had'been/gi~eh:ii,tt0ii~sol. ~The :~ed::of~:~tho :founda- '~ii':, 
tions of :the various parts-of ,those ~'is:about ~I0-feet bOlow ..,water'i'lov.~l. .:: 
ConstiuActi6n!has been carried ..on ~.~ i,th~n co'Cferdams, nnd.,:during ~stages 
of the river from low water :to ~14 >fleet .ab6~e ~it-L" ~-0wlng its !the ; p~/~neable - 
nature of %he material, tho~c'!-has - always -been ~consldorablc :p0rcolation , ,,~ .... 
which~'has requlr~;d;~p~unping to"-keep '~the ~pi.t sUff.icfcntl~,clear~of water 
to enable construction to -proceed. .The: water ~:escaping-lfrom..under -!,the 
concre.te - al',ready ' Dlaced, : car, ties .... :: away, ~he fine: material directly,under 
the concrolt~e, :leaving a: space bot':7oen iit//and ~tho >.sand .through ,which the 
transmission of :pressure wli]'-, be. divot, i! and, eons0quontlY~, any i pressure 
which maybe developed will; ' be unifo~ily ':exerted i over ;the whole :base 
of the.structure., A:study of the resu]'ts of upward :pressure measure- 
ments on : acZual '.dams •discloses much evidence :supporting 0el. :0akes' 
conc lusions ii '" 
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On verticsl or s~eeply :.qloDin~;faceS. ~;roofin6~ ~wi'll inot occur ~as 
the , Oldspaces, if the~ should ;be .~ormed, !;would •be~fi:lld'd:again~by .... 
the inability of the earth to maintsinithei steeD,:slope; %the eanth ~7>.~,,: 

from the steep bank_ ~would move down and ~if ill ~the ~void, ,For •!.thls ~rea- ~ J 
son the contact of ,the foundation~with/such~surfaces are ',close ~and .... 
they offer more security ~against piping than •contact ~ beneath ~h0rlzon7 
tal surfaces. - ~ .  ~, 

~Piping~failure. shouldl/-~horefore be consfdered~as~pOssi~lo~f, rom ..... 
two largely independent causes: (I) direct ~perc01ation 'through-lthe ~" 
foundation•mmterial itself!, and (2) ~Lporcoiation~:along ~the ~ Contact ;of 
the dam and sheo~:'piling with the foundation~matorial, Considerable ~ 
light on the first of these ~causos has ~been:<obtainedLby orgeriment ~but 
the latter can only be evaluatedi~by investigating~-a ",largo ~,numbor ~of 
structures. ~It is a wea/~oss of the:ordinary,line,of croep ithoory 
that it considers~only~tho second of these Causes. 

Another weakness of ~the line of cree~'~thcory,, ~is 'Lthat ~it ~is~pos .... 
sible to drive lines of shoot oiling so,close ~togethor~that ,the '.short 
path may be sosmall that failure can~occur:~by,flow Which wf11~not 
follow the path of tree= at all 

The woeh~ness of the short ~a~h ~,theory its ~that ,it 'takes no,account 
of the greater •probability• Of percolation %alon~j ~the , ~llne ~of ~contact , 
of the structure and ~its~foundation. :!!n~cases,whero.the linesof sheet - 

% ~ ' r, "% ~ - , - 

piling aru vury close t~guthor ~howevcr, !.it ~.~may ~.~bo+. morosreliable ~,than 
the creed theory. ..The short pathsprinciple would~soom Lto.i~bo obviously i. ~ .... 
inferior to the line ~of creep ~aaalysis ias ~aDplied ~to clay~ or <hardpan 
foundation, -since tnc fo'~-ndatioh material iin :t~s ~e ' ~-^,;~a .~ L~u ....... .- ~ 

• , ~ ~:. -~.~ " . ' t.u~.~ ~'.w~ ~ ' ~ p  ' ~OUI(I : D e .  .~ ~, " 

much greater. :Another dieficu~-%~, ~ ~- " -: ~. '"., ~- " " ~ ' '." 

• u g.,~vcs no mo~noa.:or os~zmat~n~~thoLnagnitudo,o~'d~s.tribution<of~up, " ! 
~vard pressure beneath :tho~dam, ,~As ~.somo ~oatimatc?.of z,thi-s prossure !is 
noeoss sty in order .to determine i;~tho ~ roc,~uizod.:thicknoss :of the apron, 
additional assum~gtions-aro :necessary '[if, ~th0 ~d~m ~is ',to be designed ~by 
the short path theory throughout. - .  ~ "~ " ' -  

T h e  ~flov~ nc~ ~and oloctro,hvdraulilc analo~<i, • m.,tho:].~ ~ ~ o.~.~,~+,~ ~ ~ ~ 
the same. Both s o " L~ " ' ~/- ~" ..... ~?' ............ ~ ' .~"- 

, - h uld glvc uho~s~co :ro,,~'alts:for.thc same assumptions. .. 
I " • , . . - - • - \'-,~ ' ~. ~ ~ " " ..... • n h~s article Terzagn~ aces:actUarial/into consideration the grea~or , --.~ ~ 

• Tochn'ical Publi cat i on ~.~15, p. ~131. '~am. Inst. iMin. &Metal.. Engrs.. 

p~obability of percolation along the line of contact. Whothor~Prof:. 
Pavlovsky does or not is not known. It ~ould bc possible tOdD it!by 
olthcr method, howevcr, by assuming ~thc relative [permeability along 
this llno as compared with tha% Lthrou~,h thc foundation material. 
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The weakness, of both .~the :flow., net :and "electro;hydraulic :-an~.logy 
me'thetis is the necessit~j Of-a detailed knowledge of :subsurface ~cohd~i -- 
tions and the lack of 'idata:rela~°ing ~the ,results .'..obt~ined ~as ~shown iby.~the 
flow net i to the safe !limits 'forithe various classes Of~materi~l.~.,.~ln 
order to reach a reliable result, .not:.only~must ~-the.':relatl.ve'~permeabi,1- 
ityalong the contact and through 'the foundation:material :be known., .but 
the -posi'tion and .relative permeabil, ity.of aI1 <the layers ,beneath :the 
darnmust also be known, and ~they:must not,change :materiglly~in',i~hor.t i " 
distances •along the dam, since the analysis considers :~f.low in :%wo..dim_ 
ensions ,only, while actually ~it • may .take place in :three. • .:In :~connec- 
tion wi~h the studies for this pape~ 'the .Author had :the .-opportunity to ? ,~ 
examine the boring records ~for a~number ,of dams, 'and while ~he'did~not 
give them the intensive study which one would if ihe :were 'to design :the 
dam, it ~was apparent that it •would be .very difficult ;to :form,~an accur .... 
ate idea of the position and relative impermeabfliZy Of ~the,.various 
layers from boring records •eveninca single cross section, :and :S:till 
less possible to consider the permeability in three 'dimensions ..... ;:A"./good 
example of the variability of :foundation•materials Of ~ten,.encountered 
is that shown by the borings.for the Oradell:LDam ~. Some.:sa~]d.,found'~iona 

~Trans :~Am. Soc, C,..,:.~ _ ~ . • "~' V o : l , ,  8 9  ~ I 9 2 6  1 o .  11187. . • : . .  ' " 

s~.d relatively uniform, but even .here :.%he ~permeability:wouldivary ~con- • 
erably. Moreover, even iif all of.these~f-'&ctors~werel,know/~, so'tha~ : 

the true velocity of ~the water emerging ::balow ~:the dam.was :-susceptible: 
of accurat~ dete~-nnination, it would be difficult:7.to :relate :this .to ~idam 
safety, as safe velocities for the .various-:classes ~of: , materlal~are ~no.t 
. of Inltely known.. Some exeerlmental : work ,has jbeen done along. this ,~yine~, ~'. 
ou~ :much more experimental :work ~and :comparison '~with i ac.tual ~:s truc ture§~!7'~L '~ ~ 
Is desirable. ~ :i ~: - 

Nevertheless, ~he flow net and e leetr0,hydraullc :~analogy ~methdds 
may prove to :be Useful tools fin analyzing ,nnusual c0ndi~ionsji ,and ::form- 
ing a mental picture of what ~akes "place under :cer~ain~condltions. ~It 
is hoped that further studies ~along i%his ~lino wfll ~be made i to :clear ,up 
some of the problems of design, ~It fis i~believed ,~that <there "is ~alarge . 
f ield for .useful experimentation :in ~.this "Timid, i especiallyi!i~n -.the. de ter- 
mination of the upward pressure ~to use :-in:deSign. 

The results which would be obtained .~V the-'flow~net,or dlectrical 
analysis would roughly-c0rrespond :in a ~hom0geneous medium to ~that .ob ~ 
tained by the short,path me,hod. They both :arebased ~-on ~the.consider- 
ation of flow directly through the foundation material. The:shor.t o 
path may thereforebe .considered,as a r~ough .approximation of the!flow 
net or electrical analysis. • JV 

A weakness of all of the:methods, as ordinarily:applied, is that 
the :flow i~ considered as taking place :onl[ in a single plane. This is 
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not necessari ly the case /however, ..for ,-as .: Griffi th :;has 'p0inte~d:,bht",.'.~* J":: : 

~Proceedlnss~ Inst. ofi~C;E, .Vol, :197~ :Pt.;III~ip. '223'~.. 
-- k • " 

when a pipe tends to form, ~'It provides "~a.~:llne::0f 1Owered~,pressurean'd 
water from both ~sides.:fl0ws toward ,it, as well .~.that ~In ithe.'~.plane.:of. 'i 
th: cin:slsPi:nc t t ~oPnlPes "a AU~S a l ~ l  i : , tgo the b :  ~ab~eliity ~: :f tat d ~~e b~li:Zd :..~fO " - 

the true conditions by thinking .too :ridldly in :~terms ,:of .cross .L~section 
only. , .. ,~ 

Re guired~.Length of: Perc olat i on 'Path 

Not only.:have there ."b:een'differences of opinion::regarding ~.the~.!path ~ ., 
along which the percolation L~should be .:assumed :to :occur, but~iso as :re" 
gards the length of the!path V~-hich &S.:necessary :to-insure:.safety:~.from ~:. 
piping failure• :,:, 

As the result of his study.of ~dams ,and:dam:~.failures " ~ "" "" ,., B~i'gh .~a~- . 

rived at values of ;the cree~-head ~ra~iow-hich.:he::believed ~.wot~la .: make 
dams safe from piping failure• The description.::of ~the~various::~classes. 
of material and the values.:of.the ratios varies .somewhat f~ ~ 

• n ,.di-..ferent 
publications '.by Bligh. _The following :table ,-gi'ves ~theL:.various .'de&crt~- 
tions and ratios: . . . .  ./: - 

r ad R a ~ i o s , C i v e n  Bligb " ' ' " ~Safe C eep-He ~'. ' ~b~ : " * ' :  ' 

. ~£1~ublica%ion: (.: : 

.. ,i . .. !ill' ::/lll: :~IV ~',:: {..V 
Year of publ ica%ion : . -  ,. 1910: " "~.~,1910 ::191-3" ' :!1816: ? 

River beds of light :silt' ndi.mud,as. ~the Nile::." 8~ -::. " .. ; 

Fine-silt and sand as :in:the Nile River 

Veryfine sand and silt ~, 
/L. 

River beds oflight,silt.and.sand of which 
-60%:passes the 100-mesh~sieve,:as ~those: 
of the:Nile or Mississippi 

In mud and silt, such as-in the Nile 
i 

Fine mlcaceous sand as in the Colorado and 
Hymalayan rivers 

Fine sand 

..o • : 

:: :: ~18 : :  ,-: 

: :: .: • 

: ;:: -: 

1: .: . .  

. :  ; :  :? '  

.': : : .: 

.: , -: :: 

": : .: • -: 

: 15 : ' :  .15 ..~" .: -: 
• • ': : : 

: : : 15 : 
.: : ;: : • ;: 

o 

~: :18 - .... - 

: 18 
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Year of pub]:ication:- 

Fine micaceous, sand of ~which ~80% 'passes a :: 
75-mesh sieve, as in Hymalayan rivers and :-: 

' i n .  shch as :the~ C01orado 

In fine; e,g., Puiijab sand 
// 

Coarse-grained~s'~nds, as in Central Land 
South Ind ia ~'~'-:> ;: !-i12 ::  

Ordinary coarse sand 

Coarse sand 

~Pu52.ication ..... 

" ' ,,'1910:!1910:!913;1915:.1'i?~ 
. . . .  : ' .  . 1  ..: , 

". ; :  ~,: ~." 

, , ~ ' ~  ,1% •. 

: : 1  ~ 1 5 ~ , : :  

: : :: . :  1 5  

. :  . : :  . ; :  : :  

7: 

:. .,. 

: : 5  ~.to: 
: :  L 9  ; :  

In coarse sand (this is the usual :typ0) 

B o u l d e r s . ~ o r  s h i n g l e  a n d  . g r a v e l  a n d  s a n d  

mixed ~ ;',,~ ~,li ~ ~-,: 

Gravel and sand 

Boulders, gravel and sand 

: :  .:12 : : . . . :  . . ' "  

- :  , : :  ,. ,: 

:: : .... •i12 
: :  ;." , ,  

• . . • 

. .  . .  • 

:: ' f : :5  ' : to:  ,:: 
• " " : : : . :9  .: 

, : ~ 9  : . . . 9  .... " " " 

; :  . , -  : :  :.* 

, . . : :  ~, ~: ~." .,,_~. - , .  
. ~ .  ~6 . .  .;: :: 

• - e  • . o  • , . . . . . . .  : : :4 / : , to:  ;. 
' :  " "  . . . .  ! 6  : :  ~: 

• " .. ' ~ , . ~ .  ' ~ .  . . ~ :  ~ . " *  

::5 i t o  9 
: :  . . : :  - . . :  ~ : :  - : ,  

Boulders and gravel 

I n  c l a y ,  - s h a l e  . o r  : . s h I ~ V : . ; l e  

O 

I 

II 

l~uli~ • ...... : ~. cations . . . .  

The-practical Design of~iilrr!gation Works' 1910, ;2nd~Ed. ;p. ~165. 

Dams, Barrages :Land Weirs on ~orous IF ounda~ions, ;Engineering-News, 
Vol. 64, ~December 29, 1910, !p. 708. 

III Lessons from the Failure of -a Weir ~and Sluices. on ~PorousVFounda- 
tigriS, Engineering-News, Vo!. 69, "~Eebrua1~/'6,, 191~, "p. ; 2 6 6 .  

IV Dams -and Weirs, "1916, - p ~ ~ 1 5 5 .  • 
IV Control of Water, Parker, 1916, !p. 679. 

(The original.sourd~sby :Bligh ~is not: given),.. 
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The f~irst three classifications .are~fairly.consis.tent, <'* .~:~ciasi i- 
fication :of : silt by ~ivel, s, ~.howeve~* 'is • not a ~^ ~-----~ .... ~- ~~- ~'~* 

• n ~ne,upper • reac~es :is .usually :much ~.coamser '!thazf ::it/:the. :~ower... ~It I: "~ 
is not k~bwn on .what ~ounhls <Bligh :put ~,the .:: Colorad0 ~River' in :the eil/rss 
with a.~ratio of i15, ~as the.silt ifrom~the lower Colorad0 ...... " ~ :IS '. zauch ~f~ner 
~th~n the sizes given, in fact sven.'finez-.than~those =ires ~n~ ~o ,o.+.~7~ ~ 
^f 18, The classzflcatzons for :boulders: ::sHin~'le ~,ra~ =~a ~-~ .~i~.~ 

. . . . . . . .  , . : . .  , a ] l O  1 ; . D . ~ r  . 

case 5. The classlfzcat~on, 'gravel~and :sand, .9 ,  :and;!boulder~, :~'grave~& ~. 
and sand, 4 to 6, is %he mostuseful, ~since it gives;a definite~<v~i~ :.. 
for gravel and sand ~ithou~-boulders, a common ~i~oundation~m9%e~igl. I 
It is interesting to no~e, ihowever, ithat in !his nateSt :~uNl~catien: ii 
t Bloighl'd;e s , t ~  ± givea .~ ra t i o , - I  owe r . t  hart "5,  , B T i ~  .'als0", S:ta ted~(l~u~ii ~a-  

/ na~ o ~s .~ne very,minLmum :for gravel.- .~The,Classif.ic~iI~ns 
given by Parker are ~ntirely different for-:,the lower urati-os '.and ~coul~ 
not be •located in .avai'lable publications b'z_Bligh. . ,i: ~ ,, i I , " ~ 

Just how .extensi.ve a Study <of dams ,was ~ma • ~. I de by Bligh: as "a ~basis 
for his data is not 'known, but that 'published is~qUiteLme~re...~ I i 
includes only two dam f a i l u r e s  , * ' !both  ~-on/~ine s~/~d f0un~a~0ns..i[a]Id!l-~ ,~ 
• In a later publicati-on B' l igh discusses the ~fai  ~- - : -  ~;~ '~ . . . . . .  " ~- 

Alberta Land and :Irrigation .Co. !headgate... The -publisheddata ~-on :thl~.% • 
structure is so conflicti.ng as to 'tlLro~J~serious. ,:doubt on -the ~e~iab'i.l-~ < 
ity ,of his conclusion. See !:Eng,~.Rec. ~i~, ~:63,..i~p. ~589;::~T. 66, 9, ~376, ~i 
Ep~, _News_ V.  6 9 ,  ~.p. _266, -.~,::_~:~5, ,p.~ .:I070.; . . . .  ~ - . "  . :, 

in one or both of •.these, a~will:be shown,later, .unsound conclusions ~. 
were drawn. - There .were .no dam failures -on 'silt, .d'oarse sand, -gravel 
or boulders. These'~statements are:not;ra~de-t0:dis~=~m1~i~,-~ ..~_~ " 

h~ch has formed the bas~s .of the.deszgn.0f.~scores ~of safe<dams, :but - 
merely .to indicate t at "t " 

h i apparently was *based<on.:.meagr~.:data ~and ~that ; 
wiZh much more .extensive :data, and bB.t.ter,ConstractiOn:n~te~ials, a 
'reduction or ~Bligh,s values o .~ ~C:.m~ht 'h~ m~a~ ~.-"~- , -- ~" " , 

- < .: -~--- ...... T~ .~,z~nouz conl:licwing ~ 
with well established £ae~s. -~-- . . 

Griffith.gave in.an ab~i~ge~d article* :the fol'lowing values :of " 
the ratio.~of .creep distanceto ~:hoad ~which '!had• been :found sufficient 
to ensure stability,, in:the United Provinces of ~ndia. ~- 
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Materla]. 

Fine mlcaceous send 

Fine quar'~z~'sand 

Coarse quartz sand 

Limitlng Safe Value 'of ~C 

~142 ~ to .16 

~12~- to 14 

I0 to 12 

Shingle 8* 

Boulders 4~ 

*Grlffith states that"the question:of loss by~leakage:may.make~Igher 
yalues  of L/H advisable  i n  these-cases~,! 

In an unpublished portion of ~t~iis ~paper ~he ~suggested ~"a '20% ~re- 
duetion in the values given where 'reliable 'vertical Lstaunchlng.of i~I0 
foot depth was used." 

In the third edition~of Bligh,s~Practical~Design of :Ir2igatlon 
Works, (Preface page V!_) whlchwas revised and brought~up ~to ~date ~by 
F. F. Woods, Chief Engineer of ~Irrigation iWorks, iPun.Jab, ~Indi~ i~r.. 
Woods contends that Bligh~should have used a ratio of ~ii for ~'ordinary 
sand instead of 15. It will ,thus zbe ~seen ~that bOth~Griffi~th 'and Woods 
advocate somewhat lower v~ues of C ~than !Bligh. LThe i author in~epend, 
ently arrived at the sere conclusion!from a s%udy~of~the dataon,most ~ 
of the dams included ,in the ~tables~~f this ~papen. 

A ,New ~Method of .~malysis 

As has already been pointed ~oht, ~the ~existing metho~ds i of ~analy- 
sis are open to~serlous-objections. The "comm0nly,used, method, ~as 
advocated by Bligh, does not conside~ ~the greater :resistance ~.to flow 
along vertical contacts as compared w~th~horlzontal~ones, :The :,short 
path method, and the more exact flow net and electrlcal:methods:do 
not consider ~he lesser resistance along the "contact~of ~the~masonry - 
and foundation material: as ~compared 'with that-direcltly .through ,~the 
foundation material. All ~hese methods have, elements ~ of ~ruth ~but 
all have weaknesses. A method shoul~ &be devised which ~will combine 
the virtues of both without including their ~faults. 

In ~he ~present state of our~-knowledge the only method of analyzing 
the ~probability of failure from~flow along ~the creep line seems ~to be 
a study of the action of actual dams. No 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. It will 
be very difficult to obtain this data because points where danger of 
flow along the contact is great wi~ll only occasionally occur, and would 
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probably be discovered only b~ very extensive observations. The flow 
through the found~tion mate~'ial can ~be obtained Lwith more ~exactness 
by experimental mothods, but even here the unknown conditlons df ~the 
foundations and the difficulty ~in determining ~the safety of the struc- 
ture even if the velocity,of flow ~is i knovn~, make this method difficult~ 
to apply. It seems obvious therefore ~that while ~research along ~this 
line should ~be given every encouragement~ for a long ,time i~in ~the Tu- " 
ture the main reliance fin ~dsm designmust be on ~a ~somewhat emp~irical 
basis. 

As the studies made in connection~wlth ~tl~is paper indicated faults 
of the existing methods of analysis. ~as well as the insufficiency of 
the factors used in the ordinary methods, the author has a~temDte~ to 
work out a more rational method cf desi~,n, as well as ~to establxsh 
more accurate coefficients. In order to develop ~a~methodlwhi~h ~could 
readily be used by the designing e~4ineer in planning ~actual struc- 
tures, in addition to the reason given ~above, the method developed was 
necessarily a somewhat empirical one. 

For clarity in presenting the data on which the author's con- 
clusions are based, it is necessary~here to briefly review~the basic 
facts of the new method dev01oped. 

From a study of all the available data ~it appeared that Lthore 
were two distinct forms ~of ~pipins~, one In which ~the ~wator passed albng 
the line of contact of the structur~ .and ~iits foundation, as ~assumed in 
the Bligh theory, and the other ~in which ~it ~passed directly~ ~thr0ugh 
the voids in the foundationm~terial. In i~he former ~path ~tho contact 
of the foundation:on v,~rtical or ~steeply inciined:~s~rfacos can ~be 
counted on to offer more resistance to ~flow th~n along horizontal~or 
slightl~, Sloping contacts. In comwuting the sa1'ct~r 0f a structure 
therefore from this t~e of failure, the creep ~distancos ~long~:hori .- 
zontal or slightly sloping surfaces should be given loss ~weight ~than 
those along vertical or steeply inclined surfaces. Thismethod of 
estimating the stability of a structure may be ~called tho ~weightsd 
~reop method. As La result of those studies a ~woight of ~no~half is 
given to the horizontal ,or s!ightl.v ~inclincd ~croep as compared v~i~th 
the other portion of the psth. 

For brovit~r in the remainder ~of this paper, creep/along. ~,vertical 
or surfaces sloping more than 45 ° width the horizontal will ~be called 
vertical creep, and ~othor surfaces as horizon~tal creep. Lit ~should ~bo 
noted that"vertical or steeply inclined" ~refers to the position~of the 
surface against ~hich creop~ takes place, and not to the direction of 
the creep, which sometimes ,is not in the same direction as the inclin- 
ation of the surface. The weighted creep distance is the vortical 
creep plus one-half the ~horizon~al creep. The weighted creep distance 
is therefore practically always less than the creep distance. 
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As the water follows the line of least reslstanco,, ~if the resist- 
ance to flow along the creep line is much greater, than directly through 
the voids in the foundation materlal-much more water may ,take the lat- 
ter course and failure from piping from this cause ,result. .The Short 
path is a rough measure of the resistance along%l~is path. Both ~the 
weighted creep and the short path ratios ~must therefore be ,greater 
than their respective critical ~values for the type ofmaterlal on 
which the dam is founded. "~ 

Method of '~%nalysis of Data onExisting :S.truc,tures 

In this study an intensive search was made in all available engin- 
eering literature and other sources of °in~:ermation. All :masonry or con- 
crete dams on earth foundations 'were analyzed ,where the data,was suffl- 
ciently comple.te" In many cases :there is considerable uncertainty. 
Where more than one description was found ,of a sin~.le structure ,there 
was often a surprising lack of agreement ibetween them. 

There is frequently considerable room for the ,'exercise of Judg- 
ment as to just where the travel paths should be assumed io ,end. The 
travel path of the water was ordinarily .assumed to end at:/i+]s junc- 
tion with the riprap downstream, from ,the :dam or ~at a reverse :fil:ter. 
If wooden cribs or loose or articulated concrete blocks were :used, it 
was assumed to el~d at the upstream edge of,these. ,Although Lt is true 
that riprap, crlhbing,-o9 blocks may assist ~- --:-- ~.~ 
blowout it {s ' :~.~ ~9¢-¢v~n~ing piping or-a : . . 

believed that 'less uncertainty {s introduced ~by ~consider- 
ing that they do not add to~ "the travel path than to assume that-they did. 

In ch3cking over the data given by Bl~Nh with .that avai,lable from 
ether sources, some discrepancies were Tound. Where the data on ,some 
dams indicated that a certain creep,head ,ratio had been used in des:ign~ 
it was usuallynot possible to Check this ~exactly from the dimensions 
of the structure.. In order that all ~the ~data~might ~be on ,the same 
basis, the same method was used throughout, ,although this might mot 
giv~ the same ratio <which the designer of %he dam believed .he was .using, 
In all cases the author,s best judgment was Used fin determining ~he 
most probable values for usein this paper,. He ,would appreciate ~it 
if readers of this paper . _L call his attention :to any cases in "YOU R 

which his judgment may havehbeen in ~error,.. 

At several points in the analYsis ~of some of the dams it was nec- 
essary to make assumptions. One of %hose was in the ease of rows of 
sheet piling close together. The ana/ysis in this case was made ac- 
cording to that outlined on.page ,. 

In computing the weighted creep distance it was necessary to de- 
term/no the division point between steeply~s'Ioplng, and slightly sloping 
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contacts. This diwision should be at the steepest :slope at ~whlch a 
bank of earth under water would ~be unquestionably unstable, ie., at 
which the bank undoubtedly would slip. This was assumed to ~be on a 
l:l sloDe. Any contact with a slope ~of l:l :or steeper was ~consider- 
ed to be a :'vertical,, contact ~and at a!flatter~slope a :horlzon~al con- 
tact. In a few cases a puddle or earth fill against ~a dare,rested on 
top of a portion of the dam masom.y. ~Ithough this ~was ~a Lhorizontal 
contact, it was assumed ~to be a "vertical ,~ contact, as ~the earth~would 
press as closely on the masonry under Lthese condftions ~as on a ver- 
tical surface. 

In several cases dams ~have been built with a~filllng of dry,:or 
broken stnue beneath them. This would offer much ~less resistance to 
seepage than the contact between solid masonry and foundation material. 
Where the floor.above this stone filling has ~not been~ented, to ~allow 
the water to escape, the resistance of the creep ~ine along this sec- 
tion has been assumed to be half as great as ~for solid masonry. LThis 
is a conservative estimate ~from the standpoint ~of ~this study, ~but would 
not be if used in design. The use of such Lfilling seems ~o~be confined 
to old dams and is probably a bad ~practice. In one case ~it ~is be- 
lieved to have contributed to the failure of ~a structure. ~ 

Considerable uncertainty !has been introduced in the de termina~ion 
of the creep distance by the ~presence of weep iholes or ~ents, Tn 
determining the distances used in this report, ~weep ~holes have ~not ;been 
considered as reducing the creep ~distance, but :a separate analysis of 
them has been made. 

There was sometimes uncertainty as to the ~head ~ to Luse ~in estimat- 
ing the ra~ios. In ordinary overTsll dams ~i:t was ~measured from ~the 
crest of the dam to tailwater elevation, or, !if the latter:was not ~'~ 
given, to the streambed below ~tho ~dam. ~If crest gates ~or ~flashbeards 
were used, it was measured from ~thoir tou. The ord:inary operating 
head was used, altho, in some cases, espec:ially~movable navigation ~ 
dams, the structures wore no doubt occasionally~subjec~ed to greater 
heads. For many structures, especially !irrigation headgates~, ~it 
was not possible todetermine the ordinary head.with sufflcient accur- 
acy and therefore they could not be analyzed. 

Several cases have been found ~wherc d~ms were built on a layer 
of porous material, such as gravel or ~sand, which :vas nnderlaid by an 
impervious layer of clay or hardpan, into vlhich the cutoff ~salls or 
sheet piling extended. These are not subject to analysis fin the or- 
dinary way and therefore the data on them is given "cithout analysis. 
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Classification of Foundation~Material~ 

There is a great need 0f a more accurate and scientific classi- 
fication of Toundation~materials ithan :the •common terms, gravel, 
coarse ~sand, etc. Several classifications Jon the basis ofJgrain slze 
have been made, but none ~are entirely~satisfactery. ~One developed 
by the United States Eureau of ~!S0ils ~has been extensivelY~used in 
the classification of soils and of materials of earth dams. ~ iEor 

. . . . .  : ro~upi~ of Soils o~ the Bas is of k echanical/Analysis, IR. O. ~E--~Davls" 
and H. H. Bennett~artment~ o f ~  

Circular ~No. 419 

dam foundation materials however it is not ~entirely satisfactory ~as its 
classifications, clay, fine sand, ~coarse :sand, etc., are imuCh :finer 
material than the engineer has :in mind when using *these terms Mechan- 
ical analyses of foundation materials could be :obtained for only a !few 
dams. Those ~ available are plotted on Figurel,~givin the r ~ • 
in inches an~ ml ~ ~ . g g aln:slzes 

l~imeters, the :Bureau of :Sells classification, ~and the 
size of stand al.d sieves. 

Results :of Ana.lysis :of ~ExistinglStructures 

The results of the analyses of the weigh~ed~creep rela~idns:for 
all structures for ~hich :sufficient da~a could ,be ~obtained ~are ~given 
in •Tables l, 3, 5 and 7. The first column gives each:dam a~number 
which is useful in identifying it ~on the figures .... The ~headings ~of 
the second to fifth columns need no explanation. ~The next :two columns 
give the vertical"and horizontal creep distances. :The eighth column 
gives the weighted creep distance, ~honizontal creep ~having a weight 
of one-half. The next column gives the weighted creep-head ~ratio. 
The tenth column gives an indication of ;the probable :reliability of 
the computed values of travel path~and ratioa. ~Kn~sc~e cases :the~data 
was somewhat in doubt. The eleventh column, '"Results/,, ~indicates 
what is known about the success of :the structure ~rom the standpoint 
of failure from piping. Failure £rom o~her causes was :not considered. 
In the case of structures :for which~no de£initc data :isgiven;in~this 
column, for the larger ones when ilocated in :the United States, it is 
very probable they are still giving reasonably.satisfactory ~results 
or record of the failure would have been published. ~Smallor~s~ruc- 
tures in the United States and those in foreign~countries are probably 
still in use, although there is a slight chance that they may have i 
failed. The next column gives a brief description of the material on i 
which the structure was founded. The t~rms 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 i' 
other columns ~ 
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Although the results of thii~ study iindica~s ~the desirabiiityiiof 
using the weighted creep in cc~idmring dams ~on porous ~foundations, 
for those who prefer -~:,~ uq~ the ~l]lain creepier Short path relatlons, 
the data~on these fos~ures t~ given on Tables 2. 4, 6 andS8. 0n'these 
tables are also given the ~scurc~s :f>.~om~which the dataon ~these struc- 
tures was obtained. 

These results of the weighted creep ana~s~s are shown graphically 
on Figures 2 to 5 ~vhere the weighted creep length is~<plotted against 
head on logarithmic paper a~-li:<es~are drawn showing the various~weight, 
ed creep-head ratios. The failures are iindicated~by solid dots~and the 
dams which, so far as kno~rn, did not fail.by piping, ~areiiindicated by 
open circles. Different sections :of the s-nine dam, or conditions~of the 
same dam before failure and~after repair~are shown by dots :joined by a 
line. 

i 

The majority of the~failuresared~mussof~e~jpoordesign, but 
they serve to show approximately the limitsof~good design. Well de- 
signed dams rarely fail, butLmore~ilessonscan~beLilearned~fr0m~fa~lures 
than successes. Some well-knownfailures are not~includedbecausethe 
data is Insufficien~ cr too conflictin&ito~permi~reliable conclusions. 
These include the Hauser~Lake~Dam, iMissouri!River, the GrandBarrage 
on the Nile:and the Southern Alberta~Land and lrrigation~Company~head - 
gate. 

Several cases were found where ithe data ~is:soo complex ~that ~i~ is 
difficult to anaAyze. ~This was ~he case ~in~the 'Alcona, ~he ~d~ ~in the 
Scioto River at Columbus, Ohio, and that:on ~the Guadalupe River in 
Texas. 

Cross sections of the d~ns analyzed, lfor ~hicnno description ap - 
~pears in easily accessible literature, are giveninPlates~ito ~VI, 

Dams on Cla~ and Hard?a~ 

The results of the analyses:of d~ms on clay:and hardpan are given 
in Tables 1 and2 and are shown graphically on Figurei2. In order :to 
demonstrate more clearly tholbasisfor~the~ratios recommended,~aTew 
of the dams constructed on thlsmaterial will~be~brieflyidescribed. 
These are either dams which havc lfailed or those with low ra~ios of 
which no failure is recorded. 

Woodward Damat HilltNe w Hampshire. 

This dam was founded on material so hard that if an iron 
bar was driven into it 12 to 18 inches, it v~s sometimes neces- 
sary to use a derrick to pull it out. The adjacent ba~s were 
of a hard cemented sand and clayey materlalwlth occasional 
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layers _of pure sand. 'The ~foundations ~were ~said ~to ~have been ~ex- 
cavated i0 to 12 feet below ~the ~natural• surface of :the ~earth.i~ 
The line of creep and ~the ~short path ~were i both~about ~32 ~feet,~ 
which, with the 30 foot •head, ~give~ratios of length~0f ~path~to 
head of 1.1. A large ~proportion~of ~the ~creep~on "this dam:was ~ver- 
tical. The weighted creep-head,ratio was~0.93, i .... i 

This :dam failed after~f~ive years iof ~service width ~no isisn ~o'f 
failure " • . ,~here dams fa~l ~after a~considerable~peri6d ~of ~-satis- 
factory service -with!heads thati have been ~carried iLbefore :satis_ 
faetorily, the probable cause ~0f ~failure ~is plping~along :the ~li~e 
of contact •of the dare,with,its '~foundation. Whe n~£ailure itakes 
place suddenly, at a~head which :has ~not !been i held ~befo~e, or with 
a path which is suddenly shortened!&by an'apron Blowup, ~the,cause 
may be percolation directly thru ti~oundation material. ~As 
this dam failed after a long service apparently~at ~no ~unusual 
head, the failure was probably due ~to percolation along ~,the con- 
tact of the masonry with the ~earth. The layers of pure sand may 
have been responsible ~for the if allure. 

D olgarrog D am ~ ~Lake ~ Eigiau ~. Nor±h ~ Wales. 

The Dolgarrog~ dam ~was, £ounded on'~a ~ glacial: deposit ~of ~hard 
blue clay containingboulders, ~overlaid with ai:layer~of !peat, ~: 
Part Of the foundation was :not carried as deep~as~planned. This 
section failed by ~a blowout nnder the ifoundation after the ~:dam 
had been in ~ service ~ fourteen years. ~The ~reservoir:~had ~previous- 
ly been drawn down below theLd~m f0undatlon~'due toilprolonged dry 
weather and the drying out of ~the '~clay~may!have!~been ~!the real 
cause of failure. The lportion,:of ~the d~mibuilt accordingi~to 
plan did not fail. The creep idistance !for the ~latter~portion 
was 39 feet and for ~the ipart which i, failed :33~feet which~for Zthe 
i0 foot head gives creep head:~ratios~o " . . . .  f 3.9 ~and oA 3 ~respectlve- 
ly. The corresponding: woighted ~creep ratios are 2,0 and ~,l.0 
respectively. 'As the dam held fourteon years wi±h tho ~lower 
ratic ~is should be nearly, •if not entirely~ safe, 

F ergus Falls~ Red River T !~innesota. 

The Fergus Falls damwas founded on hardpan. It failed 
after eleven months service bY a blowout under rthe ~power ihouse. 
It appoars that a spring was •encountered in the power house 
foundation and no outlet was provided for !it. This spring prob- 
ably forced an outlet foi ~ itself and gradually enlarged it. 
The path from the hoadwater to the spring was too short Land 
piping occurred from the headwater to the spring and thence a- 
long the spring outlet channol. Thcr~ is no evidence to show 
that the spillway had insufficient length of path. The creep 
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distance for the spillway was I04 ~eet, givlng aplain:creep 
ratio of 4.5 and a weighted creep ratio of ~ ~.8. The creep~dls - 
tance to the spring was:45~Teet,igivinga~plain~cresprati01of 
2.0 and'a weighted creep ratio::of~l;4. 

North Diversion Dam~ 0rlandlProSect, California. 

This dam ~is Tounded onrather ~impervious Clay with :con- 
slderable fiznly imbedded gravel andhas been,~in service ~since' 
about 1913 with no a~preciable ~leakage ~benoath the.:structure. 
It sustains a normal head 0f 4.7~feet:With:a cree~:distance~of ~ 
5.0 feet, giving a plain: creep-head,ratio Of ;1.1." ill::6fitho 
creep'of this d~m is horizontal and the;welghte~creepi!Is ~there- 
fore 0.55. 

Whitin6 Street Dam~ HolNoke r Ma'ssachusetts. 

This ds~m was founded on a Ve~T compact:unyielding, gravelly 
hardpan. It has a head:of 18~foet and a c reep~ distanco~:~of:36 : 
feet, making n plain creep-head,ratio of 2.0. The:weighted<creep ~ 
ratio was 1.6. 

Lake St. Francis Dam, St. Francis Rive~ °C.'uebee. Canada. 

This dam is founded on~s-~iff:c!ay .vith ~ll-.,bo0hlder s and 
gravel (hardpan). The head is about 37fleet, :and!hasi~bmehgiv- 
ing satisfactory service since !1917.. ~The creeu !di, stance i~for 
the bulkhead and spillwa~T sections~i 94"and-121~feet respective- 
ly, givi~ ~ plain creep-head ratios iof 2.15, and :3.3, ~' The ~:c0rres- 
pending weighted creep ratios are 1~9 :and:2.4; 

O 

Kettl~ Creek D~m, Kettle Cree1:~ Ontario. ' ~ 

The Kettle Creek dsm is founded on ~verylhard'::blue~clay, and 
sustains a head of ~0.5 feet. It has a creep distance of_!i66~ifeet, 
giving a plain creep ratio of:3.2:~and weighted creep ~ratio of 

2.0. About 27 foot o'. " this creep is~under an apronl2 inches 
thick. If appreciable seepage under the ~dam occurred, +the ~apron 
would be lifted u~, reducing the :cl-eop distance toJ~@:~feet and 
the "~voighted creep ratio to 1.2. 

~:arysvillo Dam r ]'hshwaak Rivcr~ Ne~ Brunsuick. 

This d~m is founded on hardpan composed of firm impermeable 
clay containin~ at least 50% of~large boulders. The head is 22 
feet and creep 92 fcJt, giving a plain creep-h~ad ratio~of •4,2 
and weighted creep ratio of 2.6. The creep of a gravel fill on 
the upstream face is neglected. The dam has s~ood ~ith a 
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weighted creep, ratio of-2.4-for a.~'short r:time. 7The lower 1130 ~!~feet 
of the creep~distance is.under:an ,a,~ron.~12.~inches~,t~ilck, :~If 
much•~see~age should occur under the,~am~the apron would~be • • 
blown up, reducing :the •weighted ~cree~ :ratio ':to ~1.9. 

Dams on• Gravel, ~ C0bbles :~and i:Boulder.s j i • 

The data on dams on gravel, cobbles and boulders is~ glven~in TaSles 
3 and ~4. The results are shown graphlcally on Figure ~. :Dams%gn foun- 
dations composed _largel~,~ of •:~sand! but • with cons iderable ~proportions r<0f 
gravel'are ! inc!uded !In rthis group, rThey ~represent an i intelnn6diate con- 
dition~between coarse ,sand and gravel, :smd~to i include them ~in ~this 
classification is~ on •the side of ~conservatlsm. 

To set forth more fully ~the ~basis for~the !lengths-0f percolation 
path required for various materials, ~the ~dams havlng:most ~influence ~on 
the conclusions will be described at semeilength. 

Puentes D~m~ Guadalantin R., S~ain. 

TheLPuentes dam • was!built in~!1785-1791. ~ Most Of it was 
on rock but in the center of the ~valley ~it was :founded on,zpiles r 
in earth variously described ~as ,earth-, '~','alluvial: s0iliand 
sand" and•-sand and gravel at least~:25~feetLdeep,~T the~latter 
classification being assLumed as'being ~the:moSt conservative, i • 
The dam was 151 f~et wide~on the.base~.and~ad<a;masonr~7!~apron 
7.3 feet thick extending ~.131.feet-.fnrthor,;dowhstream. ~'~Nearly " " ..... 
all the creep was horizontal. The fai~lure: occurred~suddenly 
after ll years of use. The pressure ~b~neathTliftcdi:the:~apron 
at the toe o~ th~ .dam •causingcxt~,to: fa~l ~ and :~thus Ereatlv ~re- 
ducing the cr ~ ""~ .-, ~ ~~" • , ~ • " ..... - ecp ax~tanc~, r~sul~_ng ~rn~a blowout. _The reser- 
voir was said to be silted~ 44~feet above ~_theibasO<of ~the, dam 
and at the time Ofrfailur~tho ~ -- ~ ~ • h~ad ~,as :14,., feet. It: had !reach- 
ed 75 feet in previous years without~ifailuro. 

Considering the effect of the Silt, 'thcLlino :of creep to 
the end of the apron was Z7,9 feet. With the head:of~14Z~feet 
at time of failure this gave a~:croep-head~ratio~of.2,37~and a ' 
weighted crsep ratio of 1.56. Z~o si~ns~ of !failure at'~the end 
of the apron appeared for thisJratio, but might have ' [had 
those conditions continued. The blowout:reduced the creep 
distance to 200 fcct, the plain creep ratlo to 1.40:and the 
weighted creep ratio to 0.86. In a previous year with 75 <~ 
foot head, the respective ratios~wero 4..5 ~ 2.6 assuming 
the same silt conditiQns.at the time of failure, •although 
it is possible that they woreiless. This indicstos that the 
dam was s~fo with a 2.6 ~eightod creoprhead ratio,-possibly 
saxe w~tn a 1.36 weighted ratio, and cortaxnly unsafe with 
0.86 weighted creep ratio. 
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port ~Angeles Dam, Elwha~R., Washington. ~ ' 

The ~base of the ~Port -~geles ~Dam rested :umon ~a ~"~iaei~1 
dep0s~t consisting ~rlnc~paZly of ~gravel and s~a~l gr~t~or i 
coarse sand."~ lit was ~ 97 :fee% Wide, on !the base !below ~which :a 
caisson had been, sunk'~ll feet. "An ~earth fill 'was :constructed 
on ~the upstreami!side with ~a ~height ,of ~50 ~feet and ~.base of :a- 
bout 100 fee%. ~Airow of 'sheet pi=li.~ ~30~t01~O ~Zee% i~long was 
driven 8 ~feet ~do~u~stream ~from ~the ~toe of ~he dam, :but ~not ~con- ..... 
nec%ed to ~it. Thi s piling .was detrimentaL, ~as ~iit ~tended to 
concentrate the underseepage ~,into ,the space between :the dam ~ 
and ~lhe piling. The ~water ~had~been at-:about spi:l.lway ~leve~l 
Jfor ::nine~ days when~Signs :of •increased :pressure were ~noticed 
below the dam and within~u,two •'.or three :hours ~he entire ibo~tom 
gave way. 

The creed distance was about LiG0 ~eet. ~i~The head-was nn- 
certain, probably.79 ~feet, but may have ~been ~higher. ~Th~ 
plain creep-head ~-atio was ~there~ore n0t~more :Lthan:2.~l.. The 
Weighted creep .ratlo •-,,vas 1.5. The:shor, test path~was 150 feat 
and gave a short path ratio iof 1.9. 

The ~am was repaired by ~filling ~the ~oanyon~ith rock 
blasted from the side hills, roinforced-with~wi, l~low mats, 

'm L sheet piling and a large concrete block. ~he ~short path dis- 
tance is about 650 to 700 ~feet and 'the head Iprac~ically il00 
feet, making a short path ratio,~of 6.5!to 7,.0. Under ,these 
conditions it has been in satisfactory sem~ice since ~ii913. 
On account of the 'lack of a def, i~nite -contact ~between ithe ~,iT1 
and the original~mmterial, ~no ~creo~ ~distance can ~bo ~es~in~ted. 

• . , ~ ~ • ~ 

Pittsfield Ds~m~ ~!est Brook~ ~Massach~etts. 

The Pittsfield Dazl was ~founded on :an upper ~laver ~of~!~gravel 
and fine materlal 4 ~o 5 feet deep., underlald ~by~a~much~Jf.inez 
and apparently kmpeNious J stra~um~of~clayey~matenial 5 ~to ~6 
"feet thick, beneath•~hich ~as a wa~erbear~iz~ ~grave~lY~mass 
containing much fine material with boulders from ~hens.egg ~size 
to possibly a cubic 3~ard ~in ~olum2. The ~upstream cutoff ~wall 
extended into the Lmpervious lay0r~, but-not down ~through !the 
pervious material beneath. The dam seems ~to have ibeen~design- 
ed on the assu~ption that the ~foundation material below the 
r~'op layer was impervious. Apparently the flow thru ~the per- 
vious material appeared downstream, either ~lifting the ~imper- 
vious layer or ccusingi~plping along some channel leading thru 
it. The failure ~vas probably more in Lthe •nature of piping 
through the material rather than along the llne of contact 
~.~h the dam. The shortest path was 63 feet and the head 3Z 
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feet, giving a short path ratio df ;il~ ..... The ~'p~ai~i'creep,:di's' 
tanee :and • ratio-were 76 ifeet ~and ; 2.3: respectively. The L weighted 
creep ~ratio was !i.~. The 'dsm~was.repalred .wl,th'a ~cutS~f ~wall ~ 
extending ~through ~the 'pervious layer~'and has.beencglvlng satis- 
'faetory.servlce for~:about" 20-. years.. ~ ..... 

Coon !Raplds ;Dam, ;Miss is§ip~i ; River ;~ :,Minnesota. 

o 

;The Coon ~Rap ids:: Dam on ',the~iupper ~ Mlssls.~ippi ~Rlveri~;fa!led ..... 
from a :sudden blowout.'durlng~repairs, ~f.ter :~ithe ~dami had ~beeh • 
giving satisfactory service i (from ~the s tandDoint ~ 6f~i~n~ ,;~o 
0 ~ " " " " " ' ~ ' / ~ ' ~ -  ~ - - - ~ ' ~ "  " "  ~ - -  c~  ver :.three..years. :The ..prlmary .. cause ',.~. as.. '~a : gap .one.'i!p... fle ~'wide !in 
the sheet pile,~cutoff..:The:hole %elow:.the,.~dam,:caused:-.by ~ scour 
was pumped out i to build an.: extens ion. of ".the .:' apron,, caus ing~ian 
increased ~head on '.the structure. ,The ~"head :-was ~approximately..:48 
feet, and :the shortest •path130 ~feelt, : g!ving..a, short-p~th. 
rat io of ~2.7. ! S ince the ~.-water :level '. b elowT.the, 'dam ':at ',.~this .~.tlme ' 
was:conslderably:below the bottom<of the downstream:piling, ":,~he 
water did not : follow 'the ~creepiiine ~and ~therefore ~the ~creep~:head 
ratio cannot'be~estlmated. - -  ~. ~ ,  o - , .  

The. earth below ",the :: dam ,had . a~sloPing surface ~and-'.would 
therefore-fail ~more :easily".than if ~:.the,ground.,,were }.level. ~:on - .- 
the-other hand the gap of only-one:Pile Would..~considerably-,re- 
strict ,the flOW., as. compared with ,the :.ordinary.condi~tions ?as- 
smned in design. 

Plat~sburg Dam, West Bro0k~!attsburg, ~New Xork. 
, ~ ,  , • , 

The Plattsburg Damwas founded on ~ a~':glacial,:ms~erial of/~ ~ ~i_: 
the following, composition: 2&%~boulders, 26~flne~gravel,-!~ ,. ~ ~-- ~ 
very coarse,, sand, 2% coarse sand, .4-% medium.;coarse sand, -14% ~ 
medium sand, 8% .medium:.fine sand, ,'~l~"f.ine.:sand, and -29%-sand . . 
and silt passing a :lO0-mesh :screen. There :was ~less :,than 1% 
clayey material. The base of the dam was stegped Up the 
sides of the hills. The Upstream cutoff wall~was:said i to~be 
20 feet deep. ;:It lie ~reported Lto i have 'been built-wi,th :wood . • 
sheet ing lef.t be tween, the conc re to, and t he- natural iie ant h -and 
that the backfill was made with excavated material:and con- 
stzuctiondebris. The weep holes planned~for:the~:structure 
were plugged, l•t is also reported ~that~a trench.was-excavat- 
ed along the upstream.side-of the cutoff and refilled with 
puddle, but this report could not:be confirmed. Leakage was 
evident from the first, and the dam failed from a blowout, 
probably from seepage alem~ • the line of creep, apparently a- 
bout two months after it was;filled. 
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The length~of the line of ~ c.reepvaried for :diTferent •sec- 
tions of the dam and the creep-head~ralios ~varied~rom'7~.~l ~to 
3.2, the higher ratios being Lfor ~the~)1ower!parts of~the ~am 
where it was stepped np the ~side 0f ~t~ei~valley. iThe .'corres- 
ponding weighted ~creep ratios ~.were~6 ~l ~to ~2.4. ~The.~sh0rtest 
path ratios varied from 5~8 ~:to ~2~6. i%Where~tho~failure itook 
place the head was ~probsbly appro~imateiy:22, ~and ~the ,creep 
87,, giving a plain •creep ~ratlo~of ~.$~0 and ~a~weighte~d ~:creep . . . .  
ratio of 3.1 'The shortest~path at'~ " ~ .... . ,~hzs ~point was ~probably 
,70'., giving a shortest pathTatioof~:~3,2. ~. 

D 
Pinl~ook Dam, Ma.quoketa River, ;Iowa. 

This dam and ~power house are [founded ~on what~is ~repoztgd 
to be ~,'fairly well graded Sand, ~altho there is :c0nsldera5lc 
gravel and'oceasional~[boulders ~as !large ~as ~i~3 CU.yd. ~I(~A ..... 
sieve analysis !Is: given~ on;F~i&~ro il.~) :~The head ~ !iS ;:25,'i~ , 
the creep distance to the~end 0f,the ~fixed apron,~bel0w~both ~ 
the power house and ~spillway 'Is~.130', giving~a~iplain ,creep- ~, 
head ~ratio ~ of 5~2'~and a weighted creep-head ~ratio ;of ~4.. ;, 
Below this •fixed ~portion however, there are 2oncrete~slabs ucon- 
structed to ~allow ~settloment ~'~'ithout ~cracking; but41,without ~ 
watertight •,joints. Since these ~slabs, no ~doubt i.to~• some ~ extent 
increase the r~sistance tolupipin~-, it would not~be-correct ~io 
assumc that the success of this dare'indicated'that the~4~0 
ratio was safe. The -creep distances ~o ~the ~iend ~of ~this .slab ~ 
apron'for the power house ~tud the spillway Lsec~ion are.206' 
and 231' respectively, which give ~plain creep-head:~ratios of 
8.0 and 9.2 and weighted ratios, of 15.7 ,to ~16.3 ~. The ~ shortest 
paths, not includ%ng ~the block ~aPron~are 92' ~and 91' for !the 
power house and spillway respectively~, ~giv.ing ~raZios ~of ~3.2 
and 3.1. Including ~the block ~ apron ~these -distances are i~161~, ~ 
and 179' a~nd the ratios 5.6 and 6,2.respectively. 

Richmond~ IndianaDs~n. ~~ ~- • 

L 

This was a small dam, founded ~on ~sand ~and i gravel, ~sus- 
taininga head of 5 ft. with a creep ~ distance of 27~!~t. ,giv- 
ing a plain creep-head ratio~ of 5.4 ~,anda Weighted creep-head 
~ratio *of 3.8. The dam is believed ~to~have been~washcd out !In 
a~flood about seMon~years s~ter conat~mction. 

Boise Intako:Dam~ Boise, Ri~er~ ~Idaho. 

• ~i ~ 

O 

This dam is founded on very compact gra~ol and cobbles. 
It sustains a head of 33ft. with creep distance of 96 ~ft. 

~3 
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givlng~a plaln~creep-head:ratio of 2.g. Much;6f this ureep!is : ~ 
horizontal and the •weighted" creep ;ratio ~i:s 2 ~2. The :~shortes~t ' ~ 
pathLis~921;ft.~ and short ~path;'ratio 2.8. This~dam.has~been 
giving satisfactory service~since about 1906. ; 

0swe~atchlel River t New York. 

This dam, for part of itsilength, is reported -.as being ; 
founded on ,gl~acial boulders ,, but as llght Sheet~piling was 
driven, the boulders were more ~than .likely canbine~d~with; ~sand 
or •gravel. The head ~,~s.z 23'~. The cutoffs,were•formed~•by~oon - 
crete walls with 2x6 inc~ Sheet piling, on.each;side:of ~thewall 
driven down 4 to ~f~t.E~eyond'theLbottom:0f the~concrete. ~!Ex- 
~pti~Dr^.~DrJ~ug~± eacounteredldurlng construction, •there was no ~. 

• ~ ~ ~ ± z  w ,  ~ z s ~ , s n o w e a  n o  ~ . . " :  ' 
/seepage. ~e p~ing is .assumedwater .tight and ~that :the re- o 
sistance to travel between ~ the ~two adjacent~rows~ is:equivalent 
to a creep:twice the:distance between~the!~iles. ;The creepldis- 
tance is S21ft. ~and ~the~•head~23~ft.,-making/the,plain creep .... "- 
ratio 3 . 6 .  The~.weighted creepratio~is~:2.V. ~';The!shor~estSpath 
is 57 ft. giving a short :~@ath ratio L0f~;2.5. 

Granite Reef Dam, Salt River~ Arizona. 

The Granite Reef iDs_m is :i founded ~on~gravel ~ and !:boulders and 
sustains a head of 20;. The total creep dist~Luoe ~tO!the porous 
apron is 77,, givir~E~a plain :cre.ep-head~ratio~of 3.8 anda 
weighted creep-head ratio ~of ~ 3,1: !i!The shortes~ :path ~to ~the ~ UP- 
stream edge • of ~the ~ porous apron~is~ 58 , ,~;givimg a~ s•hort~path : 
ratlo~of 2.9, and the ;short: path to the ~ wee~holes .is 47, ~:giv- 
ing a ratio Of 2.3. ;!] ~ 

Wh " P " P !!~" i e was a seepageLof :two" en f~rst ut ~nto o era ~on thor 
to three sec. ft. under the 300, ~length: not ~founded on ro;~k, !but 
the pool above the dam fill~8 with sand and silt, which~reduced 
or s~opped the seepage. It ~i.s :possible ~that ~tho rock,fill under 
the downstream apron acted somewhat as a .:reverse filter ~and Tin' 
creased the security of the structure. After:some ~ ~ears;in 
service the apron was:destroyed by a;Tlood, and the dam;~St00d 
some time without it before it was repaired, sho~'~ing :that at 
that time it was not necessa~ for security. 

Av__y~one t D am, Drae R.iver, ~Franco 

This dam ~as built on,gravel about 1903 and sustains a 
head of 56 ft. It has a creep distance of 266;ft., giving a 
plain creep-head ratio of 4.8 and a weighted ratio of ~.2. The 
short path is 217Tt., making the short path~ratio;3,6. 

24 



:i.: 0 

@ 

. , . . .  

25 

/Dams .on'.Coa1~se :iSand ~ /~ ~" i 
. . . .  ... J / /  

The .~:. data . on. dams~ on coarse ~! s and ~-i~s ,: given ~ in..J TaBle's.~ 5 ~and ~6 ~and 
shown graphically, in'. F i&mre. :4, :.A.'~more~detailed,"description..:6f~:.the " . '.:-.~_.. i 
dams which have ..an ~important~ beari'ng :on::the :-safe !lengtH~6f ~.path ~.nec- 
essary f.orthis ~class_-gf~ materi.al~follows:~, ' " "~ ~ " " ": ° 'i 

Riverdalej Dam, .Anple:.River, Wisconsin, . . .: " ' ."' : i ~ . ~~~ ~'i 

T,.hls :'.dam was.. founded: ~on!torpedo~':sand, ~ and ~ held ~-a. head~.'of i • ~ . .~ 
24,. !.t:~.was completed in~lg05J, and.was.still,:ap~arentlv.!in • -~ 
service in ~1909 .. ~: The: maxim~tm i line..: of .-creep:~is i~101,,{but~!thi.s :': "- " 
includes: 20' for Sheet piling ~composed~0f ::steel.~ rails., driven. 
as - close together as/.peas Ible, '.whi ch".wofild ~ ~r.obably fnot':~be ".wat' ~:i 
ertight, and the probable creep~was.~ theref, ore~!81,:,~.the.q~!ain, i'~ 
creep,head ,ratlo 3.4'.~arid ,the - we ighted :ratlo ~:2.1..TConsiderlng "i 
the rails to have made anoff~ctlve-cutoff, .tho.'-~laim~creep. , . . • ~ 
.ratio would be 4.2. and the'.weightod:..ra~io~-2~9, .~This~:value ~ "~ 
will:-be used as:it~is more,~conservative, iThe:shortest~-path i,~ 
is 71,, and the..short •.'path ~Tati.o, :~3.0. ~.D~W/~s tream~f.-rom "%he " - " ~_ 
dam is an apron' of : larg 0.••stones :.which~nmy)~have ~.~acted :;:to :.some " " " : .!,~ 
extent'as a filter. The.:foundation'.~.was~:'~till¢~f-::sprlngs,-dur_ -.V 
ing. construction . . . . .  :,...~ - . . . .  .. " " ,:~ 

Godavery Weir, GodaveryiRiver~Madras,~flndla. : ~ . . " i! 

The portion~of "this wei-r:if0undodldi:rectly~::on~.coarse. • .. ' .i ~. " " ~. 
sand had a"creep?distanco of!100.,f.t.~,and.~:sUstainod~a ~head --. ic.'. .. : i 
of I0.8 ft., givin$' a~plain,.c~eep-head ..ratioc6f.i9.-3.::Jand~.a J ~i....i 
weighted creep -.ratio~~of"6.9. "The !~short.lpath..wgS :77~:f.t. ~and 
short path ratio 7.!. - ! 

Dam No .I. " ' ~ • ..... ~.-'fssissi~i. ~ i ~ Big Sun~lower: R~vor ~ , 

This dam. was foundod.:.on, sa~id, with.a:ilittle i-.clay., :-some 
gravel and- some clayey:sand. ~ It ~.sus.ta £uS%~,a ' head-..of ~16.9 ::f..t. 
with a creep -distance..-of ~iII fft. ,~.gi~ving Sa :iPlain~.~cr0ep ,ratio -'- " 
of 6.6 and an equal weig:htod ,creep.ratio. ,.The~:rows::-0f~.::shoet ~. 
piling are close together and.~.the unstream.:one:-c0nsiderabiy 
longer than the..downstroam .one, sO -that :the :.path :~.is -assumed 
to cut across-at a:211 slopefrom-.th0..end of :~the. downstream 
piling .to the upstro~.m- piling, :as .doscribod.-on ~:page?53. " 
The dam has given successf, ul .sorvico:.sinco- about 1917. 

.3 

Prailrio De .Sac Dam and .Power: House, Wisconsin. River i :Wisconsin ~ .i 

This dam .was built .about ,1912 and is :founded - on ~ipuro 
coarse sand. 'It~is hollow concrete, the buttresses are 



I ;  

supported by piles and 'there?i's~o~fleor~ugder the:dam. ::Seep- 
agells prevented by a 50, row of sheet~piling~and an upstream 
clay blanket about 20' wlde. iThe inside ~ of'the ~dam is iTill4d 
with loose rock, through~which ~ any waterlpasslng~under the 
sheet ~;~ling may rise and ~ untll ~the• vents 'were : 61osed~eseaped 
thru them in the downstream side,of ~the~idam. ~Water~may~alse 
seep out thru the sand and,undergO%he ~d0wnstream~sheet pile 
cutoff. Since the plaln, creep~ratio~ifrom the~inslde 0f~the 
dam to tailwater is much~greater than between ~:the~headwater 
and ~he vent, the~underflow~undoubtedly escaped through.lthe 
vents, until they were closed. The~head ~from~headwater ~to 
vents is 29', and~the total ordinary~head~32t. The creep :dis 
tanee to the inside :of ~the:dam, where it~formerly~could/dis - 
charge thru the~vents, was 124,~. With the~vents~closdd, .the 
total creep distance is 198'. iThe :ereep~head~rati0 ~to :the 
inside of the d~, with the vents :open was ~therefore 4.3"and 
with .the vents closed the ratioLfor •the!~en~ire structure was 
6.2. The corresponding weighted creep:ratios~are!3~9Bnd:5:l. 

The ~ shortest path with the vonts~open i ls il04,,igiving a • 
ratio of 3.6, and with~vonts closed/~149~,~, with~ratlo~of 4.? .... 

The creep distance under, the power house iis :301'~,which, 
with a head of 32', gives a:plain creep ratlo of9.4 and 
weighted creep: ratio of ? ;2. •~Tho shortest path ~s ~216' and 
short path ~atio 6.8. 

L 

_ D a m s .  o n .  Sand ~ ~ Fine, Sand .and:Silt 

The data on dams on sand, fine sand and silt~±s.given.--on~.Tables 
7 and 8 and shown graphlcally:on Figuro~5, A{brief:,:summary~.is,glven 
in the following paragraphs #f the percolatlon~cond~tions~forShose ~" 
dams which, have animpo~tantl,boaring.onLthe liml.tatlons~:of,.theLlength 
of the seepage path. 

Narora Weirt. Gang, es River~ India. 

This weizwas founded on~fine~nicaceous.sand, probably 
falling into:Bligh, s class'"ofwhlchS0%of:the g~ains~pass 
a 75-mesh sieve~ ~,, It sustained~aheadof~about~13~feot, 
After:about 20 years of service It failed and was repaired 
witha muchlonger creepdlstance. 

~This failure has occupied:.allarge~place,in discussions 
of the d~iiignef d&ms on~poreus~oundations, and thcrefore~has 
been studied' in considerable detail. Bligh contended 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, 

26 



@ 

@ 

built the structure of his widely used~methods. ~A'~thorough 
study of the data leads to conslderable:doubt~as ~.to ~the;:ae, 
curacy ofsome of Bllgh's conclusions. ~There:aremany~!differ - 
Ing opinions on ~the~ exact: manner in,whi~ch the~failure ~to0k 
place. In Bligh' s Practi*eal ~ Design of i'!rrigatlon?mWerks, L!3rd 
Edltlon, Mr. F. W. Woods ~ records several :~oplnions ,~ and~iGrif- 
fith has still another. Woods :contends~?at ~length, apparent' 
ly with considerable Justification, :that ~the !failure ~was ~ipri- 
marily due to,undercut b ing of ~the~upstream portion;~of ~the 
weir by a lateral curre~t :and ~that ~this :occurredLin~the~river 
channel section where It was?built on'~a~fill. 

For the purpose of this paper ~it is not necessary ~tode- 
termine exactly how the structure~failed. Certain~facts:seem 
to be well established. The greater~poztion~of Lthe structure 
whlch was not built on a ~ fill:~sto0d ~without :failure for~twenty 
years, although some trouble with, spri,ngs at ~the~downstream 
edge seems to have been experienced. ~'Thls ,~portion:had a:creep 
head ratio of 13.0 and a weighted creep~ratio :of ~8.0. The,up- 
stream puddle apron in the,section where~!failure,~occurred had 
been washed away. In some • portions of !~the ~weir, sprlngs,of 
c onslderable magnitude came ~up : through: the ~ ups tream edge of 
the grouted rlprap. The spaces between ~thewolls~forming i the 
downstream cutoff .were said to ~be ',indlfferontlyj,~losed, ;.by 
piles. " 

Bligh apparently was : not ~inKpossession~:ef ~ all :,those facts 
-~when he reached~his conclusions. He,:assumed-~.that ~the~line-.o~ 
creep followed the llne/~A'C D iiE~F G~ H I .~JK~L~M.~N. '(.Plate 71V) 
This gives a length of approximate!y.169:i:feet,~!and~a,creep- 
head ratio of 13.0. The-,upstream.puddle~is known :to haveLbeen 
washed away, and this reduced ~the:,creep,-ratlo~to ~ll.0. :How- 
ever it is very likely from.the accounts of Jthe ~failure~that 
the seepage path ended :in::sprlngs at ,the upstream edge,of ~the 
grouted pitching. If this is ::the;~case, ~the Tatio would:be 
still further reduced to 7.3. /If, ~i'n addition ~to ~thi s, -the 
creep path passed through the iindlfferent staunching~between 
the wells of the :do'~ms tream cutoff, the ~;ratio'~would ~reach'~the 
low value of 5.4. It ~is apparent theref.ore ~thatBllgh's~con- 
clusion that the failure occurred with:a~ratlo~of 13.0 is in- 
correct, and if tho,dam.failed~from~piping:at~all ilt:occurred 
with a ratio of not~more than ll.0, ~.probably,~with ~7.3and ~per- 
haps as low as 5.zl. The corresponding.weighted creep~head:.ra - 
tlos are 7.2, 5~.4 and 3.5 res, pectively. ;The data-for:;the,-dis, 
tances and ratios for plain C~reep, weighted creep and short 
path are as follows: 
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: ~ y ~ :  We~;h ted: Cre.ep: :She ~t iPa t h ~  
::Dist. :: ~Ratio:~Dist. :: ,Ratio: !Path ::Dist;:.Ratlo 

: :: '.: -: 

Conditions .As- :A;C ,D ~E:~F, : :: ~ : 
sumed by Bllgh: G,H,I,~J;K, : ! 169 : : '13.0 : : 1104. 

:L,M,N ': , : : 
: • -: : 

Puddle Apron :B,C,D,EiF, : : ,: 
Missing :G,H,I,J;K,: 143 : :ll,.O,: 

:L,M;N : : .: 
: • , , 

Exit of Perco- :B,C,D,E,F,: • -: 
lation at J :G,H,I;J;P : ?95 : 7.3 : ~70 

Puddle Missing, : : . ~: 
Exit at J and : : : •: 
Percolation :B,C,D,E,F, : : : 
Between Wells :Gi.J,p : .70 : 5;4;: %:45 

: .... : • : 

Reconstructed : -:~ : , :  

Weir : ...... ::201 : 15,4:~: 130 
: .:~. . :  - :  

': ~'8.0 

9 3 . 5 : :  , 7 ; 2  
- :  

-, ." :: :: 

:A~D~E~Hi: :: 

°. : ~. 

: :B',C~D ,H;: :!: 
;: !I,M.N : ~i13;;:'8.7 
': : :: 

• e ~,e , 

• : -.B,C~D,H,: 
• :~5.4 :':;~I,j~:p ~: 
~o ,D 

": .: : 

: ::B iC ,D,E i: 
: :3,5 ::G,Y;P :: 

:i0.0 :, : 

80 .: : 6.2 

67.: :  : : ;5 ; 2  

. . . .  : -158 ~12;2 
• , ' • 

:;0 • 
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Khanki ( Lower Chenab) .Weir., :ilChenab~:-River r ~Pun~ab r ~' India. 

This weir:was founded on~iflno 'sand and:failed about :.three 
years after,cons~ructlo.h, when ~it~was ~repairod, ~tho,apron~was 
extended and sheet pilOs wore added• :Tho:data ~ on.~crcep"dlstan- 
ce from various sourceslidiffers considerably:and the values-.use'd 
are therefore:somewhat i~rbitrarilyselected. 

Bligh' sme thod :of~ mdO sign and ~his : cons rants-, were ~ based :,prin- 
cipally on the results with.~this structure and ~the 'Narora:Woir. 
There is unfortunately considerable .uncertainty.regardingi.tho 
cause of failure. •Bligh6ontended that :it was:from~p~ping~but 
Woods argues zvery convlncingly:that i it was due to:subsidsnce 
rosultingu from undermining on ~the ::upstream side by :a '~,lateral 
current, that this occurred ~here ~tho-dam was !built :on' a,_fill 
and that the weir ~?as :safe where not undermined• :Buckley. how- 
ever. states that there,wore bad springs below allbays of ".the 
weir before it Tailed, and slnco:failure occurrodonly~three 
years after construction, it is reasonable to conclude that :the 
original doslgn was.-not very. secure, oven If ~the failure did not 
result from piping. 

The original design included very little vertical creep. 
It was repaired by extending the upstream apron and adding-a 
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cutoff ~ of wells or ~sheet piling, the nature ~of ~the "repairs J~dif- 
Tering at differen~parts of the weir. Bligh/gives ~the!head~as 
13 feet. ~Buckley stdtes that :the maximum~ head may ~ have :been 
~12 feet, ~and ~the~ avera,Ee8 ~to 9 i feet . In the ~following ~:table 
is given a sulmnary, of the analysis of plain ~creep, short)path 
and weighted creep for bothl2 and ilS-foot ~heads. :The~12- 
Toot head,is adopted es!Seing more'~conservatlve. 

Before ~ Failure 

: i ighted Cre ~" - : ~BllghL Cre ~We e : ~Shozt~Path 
" Dist.: Ratio: Dist. : Ratio ii~Dis~t;:Ra~io 

Using 13-foot head: .119 : :9.2:: 67 

Using 12,foot head: 119 :: -9;9: '6F 

. .: .1 :1 

~: 5 . 2  : iIO ~:~8.5 

: 5.:6 ~: i!ii0 ': 9.2 
. . . .  ." 

After Reconstruction 
-e • • 

". B l i g . h  .i C r e e p  : : ~ W e i g h t e d  i:.Creep :2 : S h o r t  i P a t h  
: LDistl : ,Ratio: ~Dist. ::: ~Ratio - ~Dist~:Ratio 

• " , ~e 

Using 13-foot head: '209 : 16.1~: :128 : :9.8 :~: 188 ~: :;14;5 

• ~: .. ~: -. 

D:eoha Barrsgc~ Deoha River- United:proyinces, :India. 

This barrnge was const1~acte~1 on Tine sand, with.a~creep- 
head ratio of 17, the entire ~travel~bein£ along the~baseof 
the structure, as there was~no sheet piling. ~It was~put iinte 
service in Yuly1925. Trouble was experienced with,crackJmg 
in 1925-26. In 1927 some evidences of piping~and~subsidence 
were observed and strong springs with sand discharging'down- 
s tresm from the c~lal: headgate developed' during a ,flood :but 
ceased as ~ho flood~receded. 0n~account of danger of~,under- 
mining at the downstream edge of the apron.in ~1928-29 steel 
sheet piling 15 feet ,long was driven, but difficulty was ex- 
nerienced in getting a continuous cutoff proporlF tied into 
the floor. Thickening of the floor-on account ~of the in- 
creased upward pressure was found ~to be unnecessary. Inter- 
locking steel sheet piling 20 feet long was also drivenup- 
stremm from the hcadgate and no more trouble appeared from 
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the headgate springs. ,Aline~ofinterlocking steel-sheet:p~l- 
ing, 25fee~ long, was:started~along :the~upstream edge~of~th e 
floor. 

InSeptember 1929, when ,it was :necessary to :carry :the ~full 
12 feet head, springs suddenly appeared :~downstream,of ~the ~sheet 
piling in the first bay, cracks soon ~ideveloped :and ~the~floor ~ 
was slightly ralsed. A~distinct ~channel :formed L~leading }from ~the 
end of the upstream line of:sheet piling:athene ~abutment to Lthe 
downstream rowJof piling, th~l which ~the water ~escaped. 'Por- 
tions of the floor were :und'ermined and,one pert'ion ~upstream :of 
the gates was forced down by :the ,weight,of !%he water ~over Lit, 
and a section downstre~1 was ~lown:up, 

The length of the creep path was more ~than:320 feet, ~Ei~- 
ing a creep-head ratio of at !least:~26,6. No:appreciable~part 
of this path was along a vortical :or ~inclined isurface. This 
distance is so extreme tha~ it iis .reasonable to ~assume <that ~:the 
channels along at ,least a ~portion of the !path had :star~ed <to 
develop before sheet piling was~driven. ~As ~the ,length~of :the 
path which developed under the various ~conditions ~is :Unknown 
the structure at the time fai:lure ~occurred<cannot cbe analyzed 
in a quantitivo way!but it does serve to ~bring out/several im- 
portant points. It is ovident~:thst ~,the <original:creep~:diS- 
tanco giving ,creep head a ratio of ':17:was insuff~icien~. The 
long distances that creep can develoo ~.under~a ihorizontal 
foundation surface are strikingly shown, iemphasizing ~the ,value i~ 
of creep distances along vertical surfaces. The ~necessity ~of 
tight sheet piling well ,connectod to the foundation:masonry 
and of tying in the ends of the shoot piling<cutoff :at the abut- 
ments so,that the water cannot find its way:around ~the end ~of 
the cutoff are convincingly illustrated. 

Kitcha Bye-Wash ~,eir. r Rohi~lih~d Canals • . t. Unlted Provinces ~ :India~. 

This structure was founded ripen dry sand ~above :ground :wat- 
er level. It had s puddle upstream apron co~ered with~grouted 
riprap and a stopped masonrydrop, width 12' ~sheet ipiling at~the 
downstream edge. There was no upstream cutoff. ~Normally no 
water was against this structure. ,Several times small 'flows 
passed over it, each time causingplping and-failure of the 
floor. The first t~e a real test of the structure occurred, 
it failed to such an extent as to require abandonment. 

There are differing 0Pinion:B as to the cause of the failure, 
evidently it ~ms a case of ~pipin,N, but ~the path of the piping 
is not definite. The water seems to have passed thru cracks 
in the puddle, which had probably dried out, or thru the con- 
tact of the puddle and the masonry. The head was about'~-:~,o 

30 

" I 



.i 

@ 

@ 

feet, and the creep distance Wh~ich ithe Water~actuaily~took, 
probably about iS~Teet, making the ~12~in creep-head ~ra~i6 i~.~ 
and a weighted creep head Tatio ~of'~i, ~ ~The corresponding fig- 
ures for short path~are 47 ,feet ~and.i~,feet; PossiSly~.the 
settlement of the dry~sand~when~brouEht ~into contact ~wlth • 
water contributed to the ~failure ~of the ~structure. It ~is ~pos- 
sible also that a ihead~brought ~suddenly~on a~drysand would 
give rise to. greater Tpercolation -~.than sand ~continuously~wet. 
This failure ~serves to ~bring ~to attention ~the ~danger~of ~puddle 
aprons where they,may~.dry~ou~, "and ~the possibledanger.of ifound- 
ing a structure on 'dry.soil. 

Kulli • Dam ~ Rohi.lihand Canal I Lind ~!a_~. - 

This dam was ~originally ~.constructed ~with an apron of ~inslif- 
ficient ,weight, which ~was blown ~up, ~necessitating the ~rec6n- 
struction of the weir. ~The ~reconstzuc~ed ~weir stood ~wlthout ~any 
signs of trouble ~for~about ten years, when it :,suddenly ,faille'd,, 
apparently from piping~along ~the ~line of ~creep. The ~structure 
was founded on fine sand, without ~any~cu~off ~,:alls :or ~sheet 
piling. The creep ratio was~between l:~l~ and i:16. ~_The~struc- 
ture was Tebui'lt ~ith much the ~same section ~as ~before, but ~wi'.th. 
an upstream cutoff of inter1~ocking steel sheet~pi,ling, ~and ~has 
given no trouble since. ~The data avaiilable iis -.imnsufficient i~ 
to give .exact data on ~this structure, but ~iits ~failure ~is ~of 
major importance as showing the ~necess£ty~of vertical ~s~aunch- .... 

t ing if shorter creep ratios ~ han ~those ~advocated ~by~Bl~igh and ~ 
Griffith are to be used. ~ ~ ~ ~ 

Kulli Bye Wash~ Rohilihand Canal~i ~India. 

This structure had several failures of the npstream~apron ~:~ 
which were patched~up with~reinforced concrateo, ~but~aftor 3~or 
4 years it failed beyond repair. It was~built on ~ino~,sand~, ~i!~i 
withou~ cutoff walls or shoe~ piling; and had a ~plain creep '~ 
ratio of betwecn 14 and 16. /~ 

Corpus Christi Dam (ICoutment.Failure) Nuecos River,~ .Texas. 

The author believes that the 'failure of the 'Corpus Christi 
Dam abutment ~.~as due to the existence of ~a short~porcolation 
path under and behind the abutment. TNis is the only record 
of a failure duo to this cause w~ich hc has found, and the only 
warning of this possibility of such a ifailure seems to have 
been given by Griffith,* The short path was apparentlY do~vn 

~Proc ' Institution ~ o f .  Civil Engineers Vol...19~, ,. I~t." ' IIIr'' P.,229 
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t he ups tream, face ~ of ~.tho ~dam. dlrec tl~ ever the 'edge , :of. ~the a- 
butment, under the abutunent to '.its :rear ~edge., up ,~over :the top 
of ~the sheet piling, down to ~the ~bottcm ~0-f ~the 'abutment and 
thence to the 'drain.' There ,were ,tw0 '~±nes ,of ;title ,draln :under 
the dam. The ',creep ~path ~,to :the ~en~ ~df ~,the !upstream ~:one,, of 
these was apparently about ~103 ft.,~and,~.to ~the .downstream,one 
154 :ift. , which, with a ~head:of ~approx~ately ~37:f..t. ~w0uld iglve 
plain creep ratios of ,2 ~:8 ~and, 4.,2 ~and ~welghted creep 'ratios fof 
1.9 -and '2-6 .respectively., . ,The,data~i~,avallable-:~does not:~in- 
dicate a filter around.~the ~tile ',draln,:and ;flne~material seems 
to have escaped ~through. one 'of :the drains, ~untl',l ~.a ""p'ipe" ~was 
formed ~leading to ,that,drain. As this ~ehlarged 7the flow ~be- 
came greater ~than the draln,.could..carry without :pressure,, '.and 
a pressure under the -apron.~was !built ~up whlch,:eventually blew 
up the apron. The water rushing 'through ,this ,L opening ~and ~the 
"pipe" already ~formed, rapidly,enlarged .~±ts ~passageway,'and 
undermined the abutment. ~It~may,be concluded~from this that 
the weighted creep ratio responslble ~for:ifallure .'was ~not over 
4.2 and may have been 2.8. The material :at ,,the abutment 'was 
sand. 

Nepean. Rlver ~ : New Sou th ~.Wa_!es. 

The weir was founded-on :sand 'and~sustalned a :head of 6~ft. 
with a creep distance-of 90 f,t,,, glving aplaln :creep-head 
ra~lo of 15,0 and weighted,creep_head ratio.-0f!,9,~8" .Some 
springs appeared '~ below but were :too,small ~to,ie-ffeC,t the sta- 
bility of the structure. It was:bui1t.about,190B and was 
probably .in service at 'least seven.years. 

Islam We.lr, Su__t!e'J Ri_ver, Pu..njab t India. 

This weirwas.founded on sand. i,~It;was :in ~servlce about 
two years when,it failed:from ~retrogression~of :the tailwater 
level. It seems ~to have been ,satlsfac~oryTrem ~the s~andpolnt 
of piping. The percolation data:is as :f011ows. 

: : P~lainCreep _~: ~Weighted ~Creep: ~Shozt ~:path 
:Head : ~Dist.: '-P~i-o: L.Dis~. ~: Ratio .~: Dist ,': Ratlo 
• : ': . . . .  ' ,.- 

Main Sluice : : ..: : : :: : 

Section : 18 : 249 : 13.8 : ii162 -: 9;0 : .195 -: I0..0 
. : : ~: : :- .. : 

Sam.K ~..~ Sluice : : : : : : .: 

Section : 18 : 264..: .14;7 : 169 : 9.9 : 210 : ii.7 
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Zifta Barrage ~l~ilo R i v e ~  

This baTrage was founded for part of Pits length on ~,l~nning 
sand and mu~, ~It sustains a,head of i~13::ft, w'fth ~a ~creop dis- 
tance of 210 ft., giving a plain creep-head ratio 0f !i6,2~and ' 
weighted creep-head ~ratio of 10,2. It has an Invertedufilter 
at its downstream edge. ~It has been ~in service "since 'about 
1902. 

Iron Mountain Dam. Meneminee •River ~Nichigan. 

The bed of the rlver~at the damsite is covere~wi%h a 
layer of sand and gravel, i~paved with small ~:boulders, beneath 
which is fine sand. The dam:probably ~rests on :this :sand i~lay- 
or. It sustains a head of 30 ft, wlth a creep distance of 
259 ft., giving a plain creep-head ratio ,of iS,6 and:~a:weight _ 
ed creep-head ratlo of 6.3. The downstream :apron :of %hiSdam 
is thin and the pressure beneath it ~is relieved by~a drain of 
tile surrounded by gravel. This [dam has been :giving satis- 
factory ser~zlce :since about 1926. 

~2 

Important Facts_ Shown by. ~Ex~erience .%~l~th" Exlstlng. " >D~ms 

A study of all :the available records 0f oerc01a~ion distances of 
existi~4E masonry dams on earth foundations, and :those which have :failed 
from piping brings out three vex-j important ~facts. These if acts late ~(lJ 
that several dams have :failed ~from[plpil%E with-gercolatien distances 
which Judged by the ordinary standards should ~be :safe, (2) that ~a ,num- 
ber of dams have stood successfully with percolationdlstancos much less 
than previously recommended (~$) that the~dams which failed had very lit- 
tle of their creep paths alomg_ vortical or :stooply:sloping surfaces, 
while those which stood with mu h smallor:dmstances :had a :considerable 
proportion of such creep. . " ' 

Failures have occurred with creep distances which ordinary~stand- 
ards would consider safe in the case ~ the Kulli~Dam, ;Kulli~By Wash ~ O ~ 

-aml the Deoha Barrage. The ~ • . -,irst two of :these wore founded on fine 
sand and failed with creep-head ratios of ;between 14 and 16. For fine 
sand Bligh recommends a ratio of 15and Grlfflth 14½ ~to 16 for ~fine 
micaceous sand and 12~ to 14 for ~fine quartz sand. The Deoha Barrage 
on fine sand was thrcatened ,with a creep-head ratio of 17 and finally 
failed with a piping path with length at least 26,6 times the head. 
None of those structures had vertical cutoffs. 

The second fact is based on the data on dams given in thofollow- 
ing table, which shows that nm~ch lower ratios than recommended by Bligh 
or Griffith have boon successfully used. o o__- ~ ..... : .... 

- ~ -'- ...... As Bligh and OriffiZh do not give ratios for 
material of the exact description of that existing at some of these 

33 



O 
dams, the author-'has used his best .judgment in.estimatingTrom .the .'c'lase'i.- 
ficatlons they did give what they would-have probably recommended, 

Dam : Material ~: 

Dam No. 48 
Ohio River 

Dam No. 47 

: Ve~z "fine .: 
.: ~sand : 
: 

:Sand, very : 
~: fine to 

': ::Recent, tended Ratios:..ActuallRatio in 
• "Creep-Head: .~(approximate) ::.% of ~Recemmendea 

83 . to  91 

Iron Mountain 

Riverdale 

Ratio ::Bli~h . ~Grfff,i~th:Bligh 
• .o 

13,2 :. :18 i to 16 .... 73 

" m  

:medium, a : 13~5 : 18 
.: l'ittle fine: 
: gravel : ~: 
: : ~: 

:Fine sand : 8.6 : 15 
: : : 

: Coarse sand: 4.'2 .: 12 
: : . . . .  : 

14~ ~to :16 : 75 
~o 

i2~ t'o'~)l~ ~: '57 
P 

m ,  

i0 !to ;'12 ::'V :35 

I0 to12 : .36 
t 0  t o  )12 : :  152 

i0 : 47 

t :  

- p  

.6 : : 3 6  t o  $ 4  
. e  " 
. e  

8 :40 ~to 72 

~ m  

Prairie du Sac :Coarse sand: ~,3 • ~12 

: : 6.2 -: 12 

Dam No. i, Big :Sand with a: .: 
Sunflower River:little claE: ~.: 

, :gravel and : 6~6 • 14 
:clayey sanh: : 

Granlte Reef :Gravel and : ~: 

: Boulders : ~3~2 ~:5 tel9 
i • ,m 

0swegatchie R. :Sand and : 3~6 .:5.~o9 
: Boulders : 

/84 to 93 

61 :to ~69 

35 to 42 

~36 to-43 
52 ~to 62 

66 

53 

45 

Considering the three ~failures before .mentioned where ,the creep ~dls- ~ 
tances were substantlal.ly ,.equal :to the recommended ~,values with ~the ratios 
in the preceding ~table where the ratios are :much ..less ~than reco~ended, 
it is a ~lery significant fact that ~the group which failed had-nearly .all 
the creep distance q~orizontal and.~the ~latter 'had substantial portions 
of their percolation distances along vertical or.steeply sloping surfaces.. 
In fact only one case of failure by piping whlch-,might:ha~e ~been along 
the llne of contact with a properly constructed deep cutoff was found. 
This was in the case of the Flcderborn .D~.m, where the creep ratios ,.were 
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much less than this study indicated would ~be :sara. The failures ~of the 
Coon Rapids and Plattsburg dams were apparently due to,,defectivs con- 
struction and the Pittsfield dam to :a ~blov~out ~directly through the 
foundation material from a porous layer,beneath the immervious layer on 
which the dam ~vas ~founde~d and not along the line of ,creep. 

The logical conclusion from these ~facts is that in ~the deslgn of 
masonry dams on earth foundations greater weight should be given ~to the 
creep along vertical or steeply slopin~ surfaces ~than ~long ~hor~Izontal 
or slightly sloping ones. ,Tiiis !has lea~ :the author ~to the development 
of the 'weighted 'creep analysis of exist in~ <dams and dam failures. 

Origin of 'the.Weighted :Creep i~n~:lys:is 

The author, s attention :;vs.s first directed .to the greater value ,:of 
vertical creep by the difficulty of ~explaining the :stability of the 
Prairie du Sac Da~1 with its extremely low ,ratio' ~of 4.3 on~a coarse Sand 
foundation. The evidence from one structure ~however 'was not sufficient 
to justify a general conclusion. ~ 

Frequently when one ~forms a ~correct ~imuression and ~horoughly 
studies the ~literaturs of th~ sub~jec~ ~he :finds:~the ~same ~idea expressed 
by-others. There are few absolutely uniqu e ideas ~in engineering, Tile ~;J 
idea apmarently was first expressed by i~r. W. ~{, Gri ~ -  ~-, 
gested in his abridged paper tha~ a ~rsduction could be made-in.his sug- 
gested creep-head values for reliable ~vertical 'staunching. He ~ex- 
plains the grca~r effectiveness of vortical~croem as ~follows: '~:irst, 
the line of creep !is subduer to a .@roster ~prossumo where carried to a 
greater dobth; secondl~r, at ~tho greater depth largerand 'he~vi~r sand ~ 
will probably be m~t; and thirdly,, sand carried!ou~/must ~bo llfted Up 
the curtain ;;all, presumably requiring greater ~velocity of percolation, - 
".~'r. Griffith kindly ~avc the author data ,on the Kulli Dam and Kulli 
By :~,:ash and expressed ~is present conviction that the ~creop,hoad ~ratios 
he gave were probably too<[16i; u~loss some ver~ical staunching was ~used. 
The author's exwlanation fore'this di_,,c~enc~• ~ ~ sccms to have boon in- 
dop~ndcntiy roached by ~r. A. A. ~[usto*. ~ ..... 

['~Punjsb E~nginccVrin~, Co~zosm igzo, paper NB~. I%2, p. ~-121 - - 

The effect of shuot pilin:, in reducing up~,~rd pr0ssure and e,:tting 
do',wn th~ flov., through the voids in the ,foundation material has been 
discussed st length by Ehosla and Loliavsky.. •Both seem to have roach- 
od the conclusion that such piling reduces the pressure by a greater 
~-ount pe, r unit of contact ~ - ,ongth than horizontal creep, 
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Relative :~'/eights :of ~ertical and Horizontal Creep . 

The proper relative ~welght .to ~give to .~ertical ;a~fd :hozizontal 
creep can be determined :only .by !analys~.s ~0f~.~a.ctual damS,, ~although 'some " " i 
light may be thrown ~on it by~!an,analysis ~of iobservati0n off,upward pres- .-- ] 
sure on actual dams. While '.the results of theanalyses ~of.~all avai,l.l ~ ~ 
able data on .percolation-distances ,of~dams does :show .conclusive~y . . . . .  .~ 
that the horizontal creep L distanc~ is ~not as eff~cti.ve in ~,reslsting 
plpin~.:, as vertical c~ee~, distance, i% does not :indicate ~aceurately .... _~ 
Just wh~t their relative.e~fectivenesses are. Although se,veral~dams i.,i 
without appreciable vertical .cree~ 'have faile~ with distances ,nor- i 
ma~ly considered sound, no~Tailur~s were ~ound .with uonaiderable vor- 
tical creep except at ratios'much less than ord:inarily :considered ~safe - !~ 
and therefore the upper limit of woight-must remain .uncertain, ii 

In arriving at the decision to use .a weight .of .one half for .her- : 
izontal creep the author listed ~611 the ~structures ~hav:ing creep ~dis- 
tances below or near what ~mlght ~be considered the lowest safe l~imit,, 
to~'ether with the material ~upon ..wh~dl~ :the_v~ware .founded and %he~iweigh " 
ted creeps :f~rj each., with ~weights-.for :horizontal cree~ :of ~(~,5~,~:~0..~ ~and 
0.3~. At %he same %ime. ~a table was:madc of :the wo'ighted creep tat'Los 
which the results of analysis of actUal dams.::ind~icated .to.::be .safle..f, or 
the various .crceo [ratios.. .~ careful .study ~of :those does :not show es- 
sential su.~crority :of one we1Sht ever .the :othcm. 

A careful.study of,., the upwal~ pr.~ssure .measurements on ihe P~ereha ~, i 
Island Park * , Pinhook • and ~,~arora*~*-.wei,rs ,.shows tha% .the d.r0p in 'upward 

• Trans. Am. Soc. C. E. Vol. 93, lg2g~, :p~, .1'717. " - 
• *Punjab Engineering Concr~ss T ~Paper No~. ~1~_2 r ~mlato I,I 

pressure alon~ horizontal concrete ~surfacos "is almost zero:, :and along 
a puddle :surface somewhat more~, indicating that f, or ~horizontal concrete 
surfaces the ratio might :be as low as zero. It does nat necessarily 
follow, howowJr, that the safe ratio for horizontal/creep in cons~idor- 
ing piping failure is the same as in ,considering upward pressure. ~Mo~e 
study along this line is very dosirabla. In view of the uncortai~nity 
as to how low a ratio to use ifor horlzontal creopo~ the~author !bell loves 
it is advisable to be conservative. Astho present use of ~unity~or 
this weight has usually produced safe s~ructures i(ialthough~frequent~!y 
unnecessarily cons~rvative~ it is undesirable to dopazt ~%oo :far ~f~rom 
the present standards until data definitely LeStabliShing %he safety = 
of the now ones is available. The author therefore for the present 
recommends the use of.,a weight of one-half for the horizontal creep., ~ 
rather than four-tent'hs or one third, although there is exlsting,data 
to indicate that the latter, and perhaps e~en lower ratios may be bet- 
ter, and c~-perionce in the future may establish it conclusively. 
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Sung, as ted ~ ' e  ishted Creep Ratios 

The following table gives 'a stnumary ~of ~he ~weighted ~creep ratios 
for structures which throw :most ~ligHt on ~the limits ~of :safety against 
failure from piping along ~he ~creep line. 

Summar~ of ~Limiting Wei~hte~ 'Creep ~Ratios 

: : ~:V~eighted ~Cree ~ 
: : : !Ratios 

Table : : -. ::Wefght of iHorl- 
& No.: . _ _ Dam : Foundation;Material ::zontal~Creep_ 
Tbl. 1: :: 'Cla7 or !Has.pan :: 

,,,, , 

• ~";~ . . . .  " " "  0 ; . 9 3  1 :Woodward (Failed) • Hard ~tg~'ial, probably '- 

• ' 'ha  an - • , . m  _ . e  
. : %  . . . . . .  

2 :Dolgarrog " ~:~Hard •blue clay . : 1 , . 0 0  

: : ~; : 

3 :Fergus Falls " : Hardpan ~ ~ ." :/,~D 

ii :Dolgarrog(Standing pot- :: :: i . 

: tion) :Hard:blue clay . :: 2~00 

12 :Marysville ::F&rm clay with boulders : 2,60 ~ 
: ,: :: 

14 :Kettle Creek :Very hard :clay : 2,00 
: . 6 .i 

, .e i • 

15 :lake St. Francis : :~ 
, L / 

: Bulkhead section •~ ' " ,  - '  • .otlff clay v, lth small :: 
: : boulders and :: 1.90 
: Spillway section : gravel : 2.~0 

20 :Whiting Street :Very Compact gravel• : :  1.60 - 

: : - .  

21 :North Diversion :Clay wi~h considerable ~: " " 

• " : firmly embedded ,gravelTy: 
: - -  hardpan ~ ,.-" " 0 , , ; 6 4  

t 

Tbl. 3: ~. : Gravel ,cobbles & Bou.lders: 
i :Puentes (failed) ~ :Sand ~and gravel :: ! Q , ; 8 6  

2 : Port Angeles " :Gravel, small grit or : 
: : coarse sand : 1.50 

5 :Plattsburg ,, :Boulders, fine gravel : 

: : and sand :: 3.10 
22 :Pinhook :Sand and gravel : 4.00 
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@ Summar~of Li~nitln~Welghted Creep.Ratios ~(Con~,~) 
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Table: 
& No.: Dam ~Eoundatfon ~Material 

".'WeigHted ~Creep 
:: ,[Rat los 
:Heightof~Hor~ - 

23 :Richmond 

26 :Puentes ( H e l d )  

41 :Boise Intake 

e 

43 : O s w e g a t c h i e R .  

49 :Granite Reef 

5~ : A v i g o n e t  
m 

Tbl. 5: 

13 :Riverdale 

15 :Godavery Weir 

16 :Prairie du sac 
: PowerHouse 
: Dam ( V e n t s  o p e n )  

S :: Gravel and and ': 
:: r "  

: Sand ~ and ~ gravel ,. 

~:~Very ~compac~ gravel,and ,.'- 
: cobbles -- 
: .: 

~: Sand~ and glacial ~boulders: 

• Gravel and ~boulders ~: 
: ": 

: Gravel :: 

: Coarse Sand -• 
: ": 

:: Torpedo, sand ~: 

': Coarse ,sand ~: 

:l~are coarse s and~ 
:, :Pure ~c~oarse s and = : 

: Dam (Total creep) 
• 19 :Big Sunflower Dam ~i 

Tbl. 7: 

1 :Narora (Failed) 
~\ Probable 
-'" Possible 
: Not over 

2 :Khanki (Failed) 

: IAlre . coarse.~-sand : "" 
:: San~ with~a ~lit~le c l a y , -  :: 
: grayel,& clayey,~sand. : 
• . : 

~:Sand, :Eine Sand.~&~Si:it : 

:Fine ~sand .: 
:Eino ~sand . :  
:Fine .sand , ~ : 

:Fine :sand 

3 :Corpus Christi (Failed)::Sand 

4 :Deoha (Failed) 

5 :Flederborn (Tailed) 
: Probable 

-: Possible 

::Fine sand 

;:Sharp sand underlaid :by : 
: fine sand 

: ,2 ; , 2  - 

._ :2,  . . 7  

~ 3 . 1  

: 3 . 2  

~2;9 • 

6 . 9  . 

:7.2 
3,9 
5.1 

5.6 

+ 5,o~-~ -. . . . .  , .[- 

,3,5 
.7.2 

,'."5.2 

>2,6 

4.0 
~5.3 
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Summary of Limiting_ Weighted :Creeo-Ratios ~(Cont"d) , ~:: '~, ~, ~!i" 

: " ~:Weighte~ '  C ' reep :i!3~ 

Table: '• , ::Weight ',.:of ;'Heri- ,"~~. ,, ~:, 

&--No, : D a m  - _ - _  : ~Foundat ion~  M a t e r i a l  : : z o n t a ~ ! ! C ~ e p  ~ >~" 

: .: ,• i!~ :~ ~3 :Zifta :Pa~t'wlth :running sand~& : ,~ ~ii 
• :10142 : 

29 :Narora Recons~ruc~e :Fine sand. • . . . .  

30 :Khanki (Reconstructed) ~:Fine':san~. : ~ ,,,9..~B ~ 

34 :Iron Mountain '~F:inesand• ,~: 6.3 

39 : Nepean River :sand. ~!, -. ~'c9.8 , 

44 :Islam :Sand. ~: ' 9 . ' 4  : '  

. I n  th following table are given ,the weightea :creep ~rat~,os which ~i~ 
the analys~s of all ~available data~:from~:axisting/st~actures ~and ,partlc- i 
ularly ~hose in the above ~able indicat'sd :as~necessary~f.er~!safety~a- ,~:~i 
gainst ~failure from piping~ along the centact :0fJthe:struC~ure and its ,_i 
foundation. In order to'use :these values with ~safe~y ~the "cut0f£s::mus~t / 
be of solid masonry built in centact;with :the~earth~sides ~Of%'%he ~trench ~ 
or of interlocking steel piling driven so that ~,the ~Interlook is ~not :'~ 

broken, and satisfactorily embedded at ~the top :in :the ~masonry structure. ~i:] 

They also assume competent supcrvision~during constz"action,and :efficient .... 

maintenance aftem~ard. ~ :' : I  

These values, are, for ma~jor s~ruc~ures and.are ~beliovod tolbe con- 
servative. Somewhat smaller,values may,bemused for less ~impor.tant 
structures, ranging down :to ;perhaps :75:~per ~bent~,of ~ ~,those Jgive~n for :. 
these of minor importance. There are se many-~ypes of £oundation'mator- 
ial that it is impossible ~o ~give ,values.'fer~a]~l. .Only ~the,nsual ~.t~qoes 
are thcrefore given and ~ho other _cond'itions,~can:,be determined by com- 
parison with ,these. ?, 

5 "  
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Suggested' WeiGhted ~!Dreep ,~Ratios 

Weight of Horizontal Creep~ ** 

Very fine sand ilt ~* 12.0 
Fine sand ~*i0.0 • • • • L e  • • 0 • - e  ~ o  . o  e , J  . o  • - e  • • * . e  * ~ e  , o  ~ e  ' ~ J  " - w  ~ e  ~ e  ~ o  

Medium sand ~ 9~0 
" @  • ~ o  • • • • - t J  • • • " e  • , e  • , e  - o  • • . e  ~ e  , o  - o  , o  . e  - o  • , 

Coarse sand 
. . . . . . . . . . .  • . . . . . . .  • • • . . . . . . .  • • . . .  . . . . . . .  7 % 0  

Fine gravel ~5.5 
Medium gravel. ..... . ..... : ~s .5 

" • • • • • • • o . o  ~e  • - e  - 0  ~ •  ~ 0  ~n.  4 

C o a r s e  g r a v e ] ,  i n c l u d i n g  c D b h l ~ s  . . . . . . .  • . . . . . . . . . . . . . . . . . . . .  3 . 8  

Boulders with some cobbles and gravel ........ ........... . . o. 3.4 
Soft c l a y  4;0 ~ 

• • • • • • • • ~ 0  ~ e  , ~  • - e  * e  • L ' O  • ~ •  • ~ • e . , e  e " •  ~ e  • 

Medium clay 3 • • " " " " • "" • "" " ~" ~" • ' • • • • • -. • *. • • ~. ~3~ 

Hard clay ................. ~" ........ . ............... • ~2.5 ,~, 
Very hard clay or~hardpan " 2.1 

These values ars not : / . h e  lowest.which;*have ~been~found,for~structures 
which have not failed, :but 'rather are ~believed ~to ~be Conservatlve con-~ // 
clusions from the data at hand• ~Conditions:at the ~various/structures '~ *' 
d~ffer so much 'that it is improbable that a definite i~llne~of;demarka- 
tion exists which' would lbe applicable it• all structmres~ ,It ~is not 
improbable that when more: data on ~act~al structures has~been~accumu- 
latod, it will be found that somewhat ~lower, values can be ~safely used, 
but until that ~time, the :Author does~not~feel justif, ied in,going ,lowen 

The values for~medium/and sOftclay ~are somewhat ,uncertain :,as *no 
record was found of dams ~founded on these~materials, ~If th~.~require- 
ments of bearing pressures can~bemot, the values'given would i'See~to 
be sufflcie~tly conservative. ~; : 

~.~ examination of minimtun:wei~hted creep ~ratios suggested as -a ~: 
result of this s~udy sliows that ;they are roughly .two-thirds to one-half 
those recommended by Bligh. A comsarison is shown "~n the:following 
table: 

Material 

VeIV fine sand or silt 
F ine sand 
Coarse sand 
Medium gravel 
Gravel and sand 

Boulders with some cobbles and gravel 
Boulders, gravel and sand 

Weighted 
~ Creep !Bl!gh's 

Rat i o .Value 
1!2,0 /18 
10.0 15 
*7.0 :12 
4.5 

5.4 
:9 

4 to 6 
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This does not mean that Blig1~'s',values are 50~ ito ~i00~ ~.to6large, 
or that d~,ns des igned ~ accord ing :~to~the 'weighte'd ~:creep rat los ~:w~ll ~ ~have 
only two,thlrds or one-half :the :.'percolatlon distance ~whlch,:dams ~have ~'~ 
had in 'the past, The difference ~oes :not :,represent as ~radical ~change 
from the present ~custom~as a comparison '6~ the .~ratios ~ould ~ suggest. 
The requirements :of ~length ~.to ,protect ~against. seou~, ..and to ~secure. suf- 
ficient ibearin~ pressure ',will :sti!l,.~necessltate ~considera5le ~horizon- 
tal creep. For- dams :on- coarse gravel :~inelu'dingicob~les ~and i:boul~ders 
with some cobbles and -gravel, the ~necessity, of conservinguall ~the ~water 
may insome cases require greater?percolation L~istances, as :the values 
• glven may permit; .too, muc h~ seepage. 

The •effect of the adoption,'of :the we'ighted ~creop:method '.wf1'l ibe 
to put the emphasis on deep cutoffs, and ~lead ~.to tho ir:~use 'as.~far~as 
the limitations of scour prevontionandbearing~pressure.will:permit. 
It will •tend to eliminate :the wide massonry~f~loor~type without •sub- 
stantial cutoffs. For example, to:moot :theweighted creep ~require- 
ments for a •weir on fine sand wi,~h no,vertical.creep, would ~rcquiro 
an ordinary creep distance .of :2 ~x ~lO-- ~20, -~vhile 'the ordinary creep 
distance according to Bllgh should Lb~lS:.and according to Oriff.i.th 
12½ "~o 16. ' 

Because of the emphasis whlch~the weighted~croep method ~puts on 
deep cutoffs, if the greatest ~economy ~isto ,be ~secured, ~ili ~will ~be 
necessary to invostigato~more fully ~,than before ~the lengthier ~apron 
necessary to iprevent ~scou~, • and ~tho best ~ shape, of ~dam ~to accomplish 
this purpose. The pressure ~on •~thc~idosignor will~be •toward uslng~as 
short an apron as ~possible and unless careful studios ~•are~made ~÷there 
will be a ~tendency to adopt,ono~whlch ~is ~itoo~shor, t. It should~bo • 
kept in mind that ~the~.woightod ~creep~method !deals '~vith-~piping ~only ~, 
and the req.u~rements of_scour~may~dlctate~much~moro~Jexpensivo ~struc_ ~ 
tures i~than safety"from,~piplng,would neccssfate. The ~roccnt advances 
in hydraulic model tests ha~o cle~url~.~shown~tho ~reliability•of this 
means of determining the conditions ~necessary topro~ont ~SCOUn. ~Th6 
design of im~.ortant structures .should•~theroforo ~inclUdc a ihydraulic 
model study. ~, 

Other Consldorations !Influencing the~Soiectlon of 
~_Woighted Creo~ ~Ratios 

C 

Several factors besidos~thonsturo of the foundation material 
should be considered by tho dosigning o~_ginoer Linsolocting~ho weight- 
od creep or short,path ratio to use inltho~dosign of the type of struc- 
ture under consideration, if the most economical result ~is to be secur- 
ed. The safo ratios given dn Page40 may thoroforobc modified some- 
what in view of those factors. No definite rules canbo glvon, as it 
is a matter of judgment. It is believed, however, that the data 
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available do not Justify more ,than;~!ight ~reductions in 'the 'ratios 
given, except 'for unimportaut~structures. " 

k~ 

Perhaps 'the°most imp0rtant.of these considerations :;is ;the damage 
to llfe and property which,wouZd ~result ~from ~a failure. 'For ~a~'dam:so 
situate~d .'that a failure would ~result in loss of ~life ;an~unquestlonablM~ 
safe deslgn,is:required. If extensive propezty:downstream':would ~be 
endangered, conservatism Of design iis ilndicated. ~For;most ~:dams~ on 
porous foundations ~he conditions are&such :that i~l~ttle "damage would 
result from their failure except '.to ~those directly~served ~.by !~them, ~and 
the degree of conservatism~should ~be:dictated ~by ~a~comparison Of ~the 
damage which would result~fromTaTlure wi~th ~the cost,of ~the ~addltional 
factors of safety. One phase~necessary ~to consider in~:estLmating the 
damage which is likely ~to ~result ~from~failu~,e :~is ~tho ~time ,necessary '~to 
make repairs or temporarily lpatch,up the :~structure. 'A~Jfa~lure which 
would pu~ a hydro-electrlc plant out of ~service~for ~a considerable time, 
or shut Off the supply of irrigation waterTor a ~long:enough~period ~o 
cause the loss of a crop, or:more especially~of ~orchards or .citrus 
fruit groves, would 'be ve~ serious :and~Justif~y larger ~ratloa, while 
for a structure which could ~be temporarfly.patched)(up in:a short 'time 
more risk of failure would be justiflsd, iEor ~.thls ~reason:small struc- 
tures of low head can usually be,designed with lower weighte8 creep 
ratios for very minor structures perhaps ,as lowas ;.three-fourths as much 
as those given in the table. 

Another consideration is!thelquali±y/of~.supervision which ~he 
structure would have during and after,~construc~ion. ~howeighted 
creep-head ratios suggested in~this~paperassumo~irst~class ilnspec- 
tion during construction. It'is ~oubtfuliif ~an~ongineer~shouldconsent 
to design a dam on porous foundati0ns unless he was~satisZlod ~that :it 
would be builtwith intelligent~supor~ision,%but ~should~hat~not~bo 
available, higher values~than!thososuggosted should~bo~used. 

Most dams on porous ~foundations require more or ~loss maintenance. 
M a n y  dams have experienced difficulties from ~.~e ~ito ~tlmo :which iwot~id • : 

have erontually led to failure without comPot~nt~maint~nance. 'Usually 
it is necessary occasionally to add riprap~bolow tthem~or iropair "the. 
flexible apron. If repairs are ~not:mdc with reasonable ~promptness 
scour at the lower edge of ~the Structure may at~ain~such proportions 
that the conditions assumed in computing :the travel ~paths Tor ~the 
design may no longer hold :and -the original socurity~against ~piping ~no 
longer exist. Unless a reasonable degree of maintenance can~bo counted 
upon, higher values of weighted creep-head ratios than those suggested 
should bc used. 

For dams on coarse gravel, a factor which deserves consideration 
in solectin8 a creep-head ratio is the money loss which would occur if 
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some seepage took place beneath the dam without endangering the~struc- 
ture. For example, in dams ~Tor power iplants, any 10ss would usually 
result in a decreased plant output, ~but Tor an~IntakedamL:for an irrl- 
gatlon system where only:part of ~the~water iln ~the is treamLwas Jdlverted 
and water would, therefore, ~be continually ~wasted over ~the dam, ~the 
flow under the dam would be of no ~consequence. 

i Reverse Eilters, ~;eep Holes and Drains 

Another factor which should be considered ~in :selecting the !proper 
ratio to use Lin the design of a~mason~, dam on a~,iporous ~foundation~is 
the possibility of ~using reverse filters, weep holes or drains. :The 
reverse filter was probably first L~developed ~by ~I.I~S. !BcreSford and 
seems to have been used extensively~about :twenty lyear s ago. ~It~was 
used on Zlfta and Assult barrages on ~the ~ Nile ~River ~and ~on tthe iHindia 
Barrage in Mesopotamia. It ~has ~been used in L thls ~country on ~dams i Nes. 
7 and lG on the MohawklRiver. iIt conslstsJof a~filter~placed at the 
lower edge of the downstream apron, built up of atettomlayer~of 
flne material surmounted ~ by •other layers Of ~progressively coarser 
materlal. It is called a reverse!filter because the~position~Lof :~the 
layers is the reverse of that in ordinary filters, but ~tho~watcr~passes 
first through the fins and then ~the coarse materlal as ~in ~othor~ifilters. 
Its only function is to fil~er ~tho water seeplnglbeneath:the dam ~and 
prevent the removal of ~any of the ~fine Toundation materlai~ ~Aithough 
usually covered with riprap, the re~.erso • filter ~is apt to,be damaged~or 
destroyed by the high velocity~wator passing over the dam. 

Holes through the apron of theldam or~the wing walls,:~caLlod weep 
holes, have been extensivolyused in~America~but~noexamples/were~Zound 
of their use in other comntrios. Most of the~available literature Lon 
India and Egypt, hewever, was~ublishodmany:yoars~ago~and~itils~pos _ 
slble that they have come into uselthoro since then. !Their~func~ion 
is usually to relieve upward pressuroboneath~hoaPron~0f~i!thodamand 
thus permit the use era thinner~aprenwithout dangorilofL~itsbolngli£t - 
od from under pressure. In recent years plpe drains~hsve~beenemployed 
in some cases instead of weep holes. 

The greatest advanta~:olissccured~hycombining thofunctlonsof 
the reverse filter and weeplhole hy~construc~inga£iltor behind ~thc 
weep holes or around the pipe dralns. LIn this posi~ien~the~£ilter:~is 
protected from scour. 

Since piping failure rcsults~from thc r0movaloffoundation~mater- 
ial from beneath the dam, if a filter prevents the romoval~of:this 
material, the dam will be safe, oven though large quantities of water 
are passing beneath it. The quantity which passes~through the filter 
depends upon the head acting on it. In ordlnary filtration practice, 
a filter is frequently subjected to a head of water several times its 
thlcknoss. If an ordinary reverse filter wore subjected to such a 
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head it would be lifted bodily. Such~filters therefore~cannot~be~sub- 
Ject to much head. If however the filter Is weighted~downlby,a~suffi_ 
cient thickness of concrete apron ~It can~be sub~ected~to a much~higher 
head than a~reverse filter and the dmn~be~made~safe for~the~passage of 
a greater quantity of~water~beneathiit. With~sucha~filter~near~he 
end of the percolation path of the~water flo~ingbenea~haLdam,~a 
greater velocity of flow In this~water~s thereforeLpermissible~and 
therefore a shorter percolation~path~can~safely!he~sed. 

Weep holes anddrains have been~usedwith~very~short~percolatlon 
distances between them and the headwater. In one case aTlow,through 
the weep holes sufficient ~to cause~geysers~several~inches~highoccurred 
without apparentlill effects.* 

"~Trans. kr:. Soc. C. E. Vol. 88 ~1925~p. ~319 

A striking example of the effectiveness of vents came itoh~llghtLat ~the 
Coon Rapids Dam. ThisL~is an ogeo structure having ~ a i:thln downstream 
apron with steel sheet piling cutoffs under the~ heel of ~the~dam ~ and ~at 
the downstream edge of the Lthin~apron. Imnediately~behind the~upstream 
cutoff a drain was constructed consisting pof a ~ reverse /filter discharg- 
ing into a small tunnel built ~In the dam. Due ~to am.~accident, one Of 
the steel sheet piles of the upstream Jcutoff was fpushod down~farlbeyond 
its proper position leaving an op~ning~in the cutoff,~and~reducing the 
creep distance to the drain to 0.6 times the h~ad. In~splteLof this 
the flow through the drain does~not seem to have beensufficiont ~,to 
excite alarm and the defect in the cutoff was not discovered until~a 
large hole washed below the dam was pumped out during repalrs ~to the 
apron and a blowout occurred. Had the drainnot ~ existed it sec~ very 
probable that the thin concrete apron below ~the dam would have been blown / 
up. 

Table 9 gives data on damsJusing weep holes, drains or~re~erse 
filters, together with the creep-head, weighted creep-head and~short 
path ratios to the most upstre~u vent, the foundation material ~nd ether 
pertinent data. The low,ratio resulting from the short distance~from 
the headwater to the upstremn vent in many,cases ~is striking . . . .  

The author does net believe that it is~safe~to use low~ratios for 
drains or weep holes ecept where combined with a~reversoLfilter. ~JIt 
is probable that the use of a drain witheut~a filter contributed~to the 
failure of the Corpus Christi Dam abutment. The Bureau of ~Reclamation 
has for many years used weep holes with filters of gravel boneath~with 

~ good success. It is the author,s opinion ~hat while weep ~holes-and 
drains are valuable devices, the greatest care ~mst be exercised in their 
construction. A weep hole or drain whlch will permit ~the ~foundation 
material beneath the dam topass through in effect, is a pipe already 
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partially formed, and certsinly ;no. such weak spot in the ~protection~of 
the dam should be deliberately constructed~with the iimpression ~tha~ ~it 
was addin[i to the safety of ~the.structure. 

Weep holes or drains have'been used ~on iems on:practically~all 
classes,of material. The~necessity~of a well constructed filter~is 
especially evident in the~case of weep~h01es or L drains with clay~foun- 
dations, as the fine clay~ could J readily.pass ~out through ~them~unless 
restrained by an effective ~fil~.er. ~Inl gravel al~il~er ~probably~would 
form naturallyby the-washing out ~of ~.the ~fine~ material ~near ;the ~v~ep 
hole or drain, in the ~same~manner as~acfilter tends to~.form~around 
the screen of a driven well..However, ~in view of the~small expense 
in installing a f'ilter tehind the weep ~hole ~it~Is t believed ~that ~their !i 
construction is Justif led even in gravel. ~iThey~ ere ~ abs61utely~necessary ~ 
in sand or silt, if weep holes are depended&upon to reduce the ~length 
of the percolation path required, 

The location of the ,wee~ holes~and ~filters-should ~be igiven consider- 
able study'in dam design. L From~tho~standpoint~0f the ~prevention of pip- 
ing, the best location~for ithe Tilter iis ~probably~beneath ~tho~!apron~at 
the downstre~u ~end just upstremn from ~the ~cutoff wall or row~of ~ sheet 
pilln~ which is usually placed at the ~:downstream edge.of itho ~ structure, 
the weep holes discharging through the Wall~or piling into the ~riprap 
or ether scour protection material. The ~downstream%~,all cr row of~pil- 
ing in this case does not act.so effectively, as a cutoff~but iis.very 
desirable to prevent undeznining" It ~nced ~therefore ibe ~no ~longer ~than • 
necessary to accomplish this purpose. To reduce ~tho uowardi~pressure 
on the apron it msy be necessary~to place,the weep~holcslfarther,upstream. 
They should not be placed farther~than~necessary:~for this ~rpose ~(unless 
required by safety from sliding) ,for to do so shortens :the[percolation 
path with no.advantage, but brings a greater pressure on theJfiltor and 
therefore increases the danger of ~failure. 'For~',this~reason-it is •be- 
lieved that the installation of a drain ~inmediately downstream}from ~the 
upstream cutoff is no~ s good ,practice. 

A word of caution also maynot:be amiss ~regarding drains~beneath the 
apron of dams whore a hydraulic~jump is formed. ~If~the.~drain discharges 
downs tres_m from the jurc~ p ~Lhile its position: under the apron is upstream 
from the jump, the pressure bonoath the apron will be.equal :to:or great- 
er than that where the-drain discharges, which, being ~below thcsjump , 
will be greater than the ~ressure acting downward on ~the ~apron, ~due to 
the thin sheet of wstcr upstream from the jump. This unbalanced pres- 
sure may be enough to lift the apron. In the Iron Mountain~D~uTthe 
drain discharges at the toe of thc ogoo section, upstream~from any Jump 
which may form. In this case the drain may~bc downstream~from the jump 
and discharge upstream, which would cause an unbalanced pressure ac~ing 
downward on the apron, increasing its stability. Weep holes which 
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discharge directly ~ through ~the ~ apron~equalizes the ~pressure ,on ithe ~two 
sides, i but they should be constructed inrsuch a',manner~that ~the~ high 
velocities can. no~ suck ~Toundatlon~material ~ through ,:,them. 

If it. can~.be conveniently done, , it iis ~ advfsable !.to ~have ~ drains ,L'dis- 
charge, where the ;i~f low ~f2om ~ them :c an ~.be ,~observed, in order ~:that,~:any ~fai l- 
ure to function properlymay:become known. ~In-northern'.'climates'~re- 
liance Should not ~ be ~ placed ~in~weep' holes or:~dralns ~,,whi6h:may~:freeze 
up: and thus ~ become Inoperative. 

It is ~ believed ~,that '. by the,,use ~!of ~:.weep holes~:or,~drains ,-:construct- 
ed with reverse, filters ~.which ~preventithe ~.removal, of ~the ~ifoundati0n 
material .a reduct ion~-of~ 10%: in ~the ~,safe, .weighted rdis tances ,given !~on 
page 60 : may. be ~ permitted. '!.This assumes~,that ~:the ~,~vents are":of suffi- 
c ient capacity, .:are ~ free i~ Trom~f reezing : and ~are ~.located! a .~suffi'c lent 
distance upstream from~the iilower~Bnd ~of i~the,~.!nerc01ationi.path .~that " 
practically all of ~,the ~.,underseepage will ~reach 'the 'tailwater ~ithrough 
them. No fixed, rule,can!be, given.:on' Lthese-~req~irements, i.but 'the,:ex- 
erciso of reasonable Judg~nent :_should- prevent, serious,.mistakes. 

Effect . of Silting ~-ofL R~Iverbed,.. above Lthe_ Dam 

The possibility :of silting of :the~rivorbed~above ,the~dam shouldi~be 
given consideration .in determiiw the',~ermisslble~'.porcolation:ratio, as 
it may greatly reduc:~ the upward-pressure ,beneath .the dam and ..the,prob- 
ability of failure by piping. The, upward ~pressur,~ ton ~the ~Island ~Park 
Dam was almost entirely removed ~in~two yoars~Lor~less, .:only~the~upward 
pressure,froln ground water remaining. The upward~pressure on ~the 
H~nilton! D~n was : practically eliminatedi by :~s ilt ,~"depos it, ~in,~splte ~.of 
the fact that a gravel plant.,continuously excavated .gravel :100 ~toi:200 
feet upstream. Both of those d~ms arc ~ on.the ~iamiL~Rivor, Lwhlch~has 
a gravel bed ( see, l~igure ~l) ands:does ~not,.carry an,Lunusual~amour.t ~of 
silt. On the othcr hand, ~tho~upwardjpressure:ontho,Sherman Island~Dam 
on the IT.~dson-River does :not seem, to,heve ,chs~nged~,,materially:~over ~-a 
period of five years.* It is :possible, ..however, that,Lconsiderable 

*~rans. Am.: Soc., C. 7,.., Vol. ~93~ 1929, p. "1576 

silting took place ~ when th:- pond was f irst~filled, whlcn~'apparently ~ as 
about 2 months before up~wrd pressure measurements:began. ~The~offect 
of silt in reducing, the flo~v under the Granite Reef : Dam ~ has ~ already ,:been 
noted, and the fact that it probably made this dam ~safe, when otholn,~ise 
its security was doubtful. For an~intako dam, where ~the ~entire width 
is composed of gates, extending nearly down to the riverbed, silting ,~ 
could not be rolled u~on to increase the security, as the flow through 
the gates might remove the impervious silt bed. This effect has been 
noted at the Grand Valley Dam on the Colorado River.* 

"*Trans. Am. See.. , C'-U E., Vol'. 93, 1929, p. 15_'~0. 

46 

" / 

• j 



@ 

@ 

I • 

It would J not•~be advisable ~ to count ~on ~the ~ silting~up ~above a dam i '~ i I 
to reduce the necessary !tr~nvol ,ratios ~ and ~at ~the ~'snme ~time Jcount ~on 
vents for further~reduction, ~ since ~if the ~sil~tihg up,was ~effective, 
the veuts would ~be Inoperatlve. Tt!~must ibe :remembered,~moreover, ~that • 
izmnediately after, closure, ~ before ~the ~,bed ~has ~had ~a ~chance ~to ~'silt ~up, 
the dam would be • subjected to more >severe ~piping conditi0ns, ~and, 
therefore, it would ~be ~sa~e ~to assume Lin the ~ desi~',n ~ohly !the ~limlted 
reduction which ~the ds~n~ml~.ht ~stand until ~it s llted~up. ~ ii:!i 

Dams on Pervious:Materlal U n d e r ~  L~ •~ ~ ....... i 

~Hardpan ~i 

A number of caseswere ~found of dams ~resting~on~pervious~materlal ~i 
under-laid by clay or hardpan withlthe~,cutoffs extending iinto ~the ~Im- 
pervious material. These ~cannot be analyzed ~according ~to elther ~Bligh!s I 

or the shor~-path me~}~'0d. In fact, ~no~satlsfac~tory~method~of !treating ili 
them has been ~f~oun'd"and ~therefore ~thc data only is , g~-ven ~ ...... in ~Tabie 6. 
In determining this data, ~the Shortpath~'in<the claY!Is assumed to:re].- ~i 
low the creep line, as it seems ~ unreasonable ~to consider-a~path dir- i 
ectly through the, practically impe~i0us clay. 

Consider. such a dam ~ founded on a ithick ~layer < of ~per~ious ~ material 
with a sheet pile cutoff,extending a few feet into~tho<clay,beneath. I 
If well constructed, such ~ a cutoff would nearly~ entirely~ stop i the .T low ~ ~ 
of the water •beneath the dam~ and result ~in a head approximately equal 
to headwater elevation on the upstream~Sido of ~the ~iling and ~to~tho II 
tailwater level on the dovtnstre ~a!u~side. ~This condition~is s~rikingly ~ !]~ 
shown by the upward pressure measurements, on tho~Sule~anki ~Weir 'in ~India,* " 

~ t y  of~Woir and Canal Works- A. N.~Khosla,~l~jab Engineering ! 
~ 9 ~ o 0 -  Pa~er No. 142. 

Nearly the entire head of ~the dam~I1ould thcroforo~bo,concentrated 
on the few fce~ of creep,along ~thopiling., in th0~clay. This would be 
a severe test on this contact ~and ~If~svon a minute passageway existed 
water would rapidly flow through lit •and ~would probably enlarge ,it ~to 
a certain extent. Ho';~'ovcr, unless ~tho ~porvious~materlal~was ~-er~j 
coarse, the clay washed out in enlarging, this hole ~wouldLbe~filtcred 
out in pass!ng through the pervious material andLform~an ilmporvious 
coatin~ on th~-,filter ~, which would greatly rotard~flow i throu~h it ~. 
Also, th~ loss of •head of the water in~p~ssing~ at high velocity ~through 
the pervious material in the •immediate ~icinity of the upstream .and,down 
stre~ ends of the "plpo" through the clay ~ould decrease Lthe ~elocity 
and reduce the scour in the"pipe.- This action ~is somewhat analoguo~s 
to th~ flow through a nearly closed valve. Under ordinary~conditions, 
therefore, no great enlargement of the opening could be expected. 
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Another reasonwhy this would!be ~the ~case ~is ~that ~the~flow conilng 
through the~small~opening upon entering ~the~per~ous~material would 
spread out into the greater flowarea~of~he~per~ious~materialJand~iose 
velocity. ~By~theLtlme it hedKreached~thesurTacewhere~movement~uof~the 
partlclesof pervious material was possi~le ~It~w0uld!he~e~tooi~low~a 
velocity to cause~movement. No~sign~ficantm0vementof ~the~particles • 
near the~bottom of the sheet piling would be~possible because!~hey 
woul~ be surrounded by~materlal~which~was~not~moved.~ , Therefore,~un- 
less there were enough0f these~!~openings~topermitstt~iclent~flow ~to ~ 
cause~piping velocities~at~the~downstream~edge~0fthe~dam,~no danger 
to the structure would result~Trom ~them . . . .  

It is evldent, therefore, ~thatl eut0ffs into impervious~materiai 
beneath dams greatly~increase the safetyofthe~damagalnstpiping .... 
even if the contact between~the ~cut0ff and ~the impervious material is 
not watertight. ~No satisfactory~meth0dhas!been~workedout~for~es~i _ 
mating how ~uchreductien of travel path~canbeallowed under i~hese • 
conditions, and slncethedata at hand iis~sllght/It~must~remain~for 
the present~rgely a matter~Of~udgment, i~F0rthissor~0fifoundatlon 
however, great care must~be~exerciaedltoprevent thc~concentrati~n 
of flow around the end of the pile cutoff~from~forminga~plpennder or 
behind the abutmont. ~ 

Dams on C!a~ Underlaid iby ~Pervious Materials ~ 

Structureswhich Test~ on a !thin ilayer of claY,underlaid ~by~!per- 
vious material soem especially likelyi!to~cause~trou~le./Apparently 
the water frequently enterslthe~pervious~ilayer~overla~largeareaand 
seeks to escape at the downstream end o~ the structuro~in~a~compara - 
tively small area, giving rise toTlowsofconsiderable~magnitu~ewhich 
are apt to endanger,the structure and possiblymey!blowupitho~imper . • 
vious layer due to excessive upward prQssure. The!pressure in !~the 
pervious layer is sometimes due~to~groundwaier conditions~ef Lihe;sur- 
rounding terrain and onl~ remotely connected with the ~local~hoadwater 
conditions. ~ 

The Pittsfield Dam seems toLha~o ha~ this kindof~£oundation, 
its failure being probably due to a blow up of Lthe~impe~ious lamer. 
The Nathaura Escape Head was another case of ldifflculty and~final~fail- 
ure under these conditions. As ~tho details of this~failuro~are not 
accessable to most engineers, a summary is given hero. 

Nathaura Escape Head, Sarda Canal r Unite. d~Pro~inc~es r 
India. 

Data from Note on ~thc Failure of the NathauraEscape Head - 
Department of Publi~ Works, United Provinces, India. 
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The foundation of this ~,structure',was~excavated !in a thick ~layer 
of clay underlain with sand, whichin:~urn ~was!pr0bably•uhderlain<wlth 
a lower ~ stratum of clay. The .floor !levelwas ~'nearly ,to ~the~bottom'~of 
the clay;layer. It seems ~to have ibeen~designe'd~for,~a~cree~-head~ratio " 
of about '13 and had no Sheet~piling~cutoff~and ,very~little }.ver.tical 
creep. The sand layer carrled• water,under ~pressure, ~he ~spring ;level 
being about 5~feet ~above th e ~dov~nstream '~escape~:fl~oor~, ;~,~strong ~spring 
developed downstream which, functioned ~ oven',when i.the canal~.~Was ,~lose~d 
After thro;Ting up a sand crater ,i,t-appeared ~to ~stop ~removing ~fou~/dation 
material. A,:water cushion ,threei~fee.~ ~deep was:maintaine'd .~overi~t ~and 
laterdisappeared. With e head'of"iT,~5~feet,~givin~a~creep~head ratio 
of about;17 the stm~cturetfailed suddenly~if~rom:undermining. ~ ...... 

The immediate . cause of ~this :failure ~ is i-somewhat ;0bscure. ~It°'ds 
probable, however, -~that :the pressure ~bu~lt-up ' beneath i>the clay ~layer 
downstream from the structure ~tmtil [i~t~, suddenly >raised ~ a ~considerable 
area of it, breakin~ the contact with ~the downstream~apron~of the ~-struc- 
ture and permitting the water~within ~the sand !layer~to~ escape. ~.With 
the sudden release in .pressure, the ,sand i changed ~to ~ a '/dilatant~state 
(see page.50) and was rapidly'washed ~out~fromi~beneath ~the ~struc,turej, .... 
until a channel- formed : beneath ~the s~ructure:~and ~undermined i.lt. 

,d i f f  i ~ l ~  sr.~ .~ th~eo~.~,~h~~-~, .~ .~ .~ ,~ Ion iis!made ~of 
zne same canal---- ------ ~ ~ ~ - ~ ' J ~ u n a e r  similar :conditions.-~Ir. ~iChosla ~i~as:desc~:ibed 

jab ~ inee ring II.C ongre s s il93b ." F Pape'rs ~Nos. ~:~138 i~sn¢_ ~42 _.. 
. ,.. . 

in detail the difficulties with .the Dugri ,No. l• and.,Jauryan sx1~hons ,in 
the Punjab and theremedies unsuccessfully and~stfccessfu~ly~.used:.~to 
remedy the trouble. ~Although success Lis sometimes ;achleved~under ~these 
conditions ~ the number ~offailuros,and near:Jfailures~should~serve ,~to 

• i 

~T'he Des ign and Cons truction of ~tho :Bassano Dam ~--~En~,ineering..qgo'ws, 
vol. 72 8/27/14r~ p. 425. 

warn one contemplating the cons'c~c~ionof a dam<on.,such~a ~foundation 
to look into the matter ver,v.carofully. As Lthe • conditions~may ~vaAv so 
greatly it is probably better -not to attempt ~toi~prescrlbe.a~genoral 
rule. 

Limitations of~Creen "Analysis 

As has already boen~pointed out, piping may occur as a result.:of 
percolation along-the~line~ of contact oi" the dam with its foundations, 
or by flow through the foundation material ~itself/. In a given case 
failure would result by travel along the path which offered °the ,least 
resistance. 
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In orde~ to dete~nnine exmerimenta~ly i,the~'lengthof :percolation 
path necessary to prevent piping ~from~!flow !through ~the.ma,~erialli~Mr. 
W. M. Griffith performed a series 'of ~ experiments ~wi~th ai,masonr ~ !trough 
l~ x l~-'ft, in section, ~filled With flne'~micaceous :sand,,~and,covered 
with earth, to determine ~the :head ef water'necessary* ~to cause ~ai~blow- 
out to occur , ,, 

$1)ata' ;from an unpublished 'por'tlon of ;'ivLr., Griff:iths paper ~.previously 
mentioned. 

The results showed that a!blowout dldz'not occur'until 'the ~ra~io i:0f 
length of creep :to head -reached values • of 13.33 ~to ~ 2~5 ;although ~exper, 

si:nueehsadSthylnth~s cbee~theadt h~ t is  °sndf. " about  !1'4~ ",were ~necessary ~to 
: !no 'round that ~the ~flow ~of 

water through the sand column Increased~directly with the i head~unti:l 
failure occurred, which came suddenly, :without 'the previous i formation 
of springs to form a channel and ~carry away ithe~material:. He :also 
found that loading the sand decreased the t~ndency ~to'~blow out, :and 
that wa~er brought up suddenlyon,'dry;sand iincrea~ed ~i~he ~tendency. 

Much the s~ne results ~were obtained bY ~Terzag}li~'~wh0:found :2hat 
the water percolating through the sand :increased with :the !head until:a 
moint was reached at :which the :permeabili~y~of ~the ::sand:suddenly de- 
blowoutereas es, takesand theplace.Veloc ity, t.hrough ~i~. c ensequently :increases,; ' '~i.~ ~ and a ,~ 

cal Publication 'No. 215 'Pg.'i 36 J~m. ~Ins±. ~ of ~Min. ~and :Mel. ~E---~-~. 

This increase in permeabili~y iis :the result of:a chart ~ :: 
the sand ~r~'~ +^ ~ ~--- J~ - ge of pos~t~on:of 

bulk and gre~ter'vo~ds~.~SThe~mPffe~ctrr~:ghement~eg~elighth~ ~IGnii~,~thased 

experiments was probably to :resist ',this chenge of ~volumo and :therefore 
increase the head necessary :to cause a iblowout. ,This~phenomenon;has 
also beenstudied by 0sborn Reynonds.* and by;Dr,. ,:Warren ;J . Mead£~ 

• 0shorn Reynodds Sciontif-ic ~Papers, Vol II (~1901) ~p. ::217 
• ~The Geologic Role of Dilatancy ..... ~Journal of Geology, ,Vol. ]C(XIII, 
No._ 7, 0ctobor, November~1925. 

In his paper-,,0n Percolation Under Aprons of Irrigation.Works,, S 
Lollavsky discusses a number of experiments to establish ~the ~head ratio 
at which blowout '~occurs and explains ~he difference in the results ~ob- • 
tained by different experimenters. This is largely due ~o the slope of 
the surface of the material where the water emerges. If the surface is 
inclinud, less pressure is necessary to move ,the particles than if the 
surface is level, as ~ravity assists in the movement 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 tl~e standpoint of flow directly through the foundation 
material. It does indicate however in a rough way'that the assumption 
is justifie~ that the flow takes place directly through the material 
when the distance is loss than :half the weighted creep distance. On 
this basis one might ass~ue that the limit of safe short path would ~be 
one-half that of safe ~ei~dht~d creep. There is another factor which 
ent'ers here hog, ever. Even with ,,~ell dcsi[~ned an~l .~.~,intalned dams scour 
may occasionally take place at the (lownstresm edge. Under these condi- 
tions the material on the side of the hole is more easily moved ~by per- 
colatin~ ~mtor than if it ~ere on a flat surface. For tliis reason it 
is believed advisable to li::~.it the short path ratios to three-quarters 
of those given for ":¢eightccl creap, 

As previously stated, there is a defect in the creep analysis when 
rows of sheet pilin.~: are too close together. Bligh recognized this and 
stated that the percolation fol:lo:.'ed the line of c~,eop as long as ro~;s 
of shoot piling were not closer together than t~;zicc their depth.* 

1@ 

@ 

*The Practical_ Design of Irrigation Works, D].i.~h. ~2nd. Ed:. p. 168. 

Some such limitation of sheet pile spacing is necessary, for it is ob- 
vious that t~,'o rows of long. sheet pilins ~.,ould offer little more resistance 
to piping thmn one re':, ~hile if the ro~'~s v.,'erc a groat distance apart they 
"~;ould offer considorably more resistance than one ro~, hli~;h did not 
suggesz any reason for usin~ the limit of't~.'ico the ~epth rather than ~somo 
other value, nor did hc discuss :~hat ~.~ould take place if piling rows 
wore sw.aced closer than his li~itin~ value. 

As the flo~: follo~s th~T~path of :l.~mst resistance B].iFh's limit 
sccr~ to be '~ouivalent to stating theft v;hcn th~ piles arc s~jaccd t~;-ice 
their de~th the resistance alonr the creep line i:, equal to that direct- 
ly through the .~ntcl.ial and ":~hon closcr than t'~icc their.depth the re- 
sistance dircctlF through ~thc m~,.torial is lass than alon~; the line of 
creep. Uhon tha. pilin~ arc spaced t':'icc their depth apar~ the creep 
distance bot~:c:n' their lover ands is t:"icc the short path dlistanco and 
since for this condition the rcsistancc along those t::o paths are equal~, 
the resistance per unit length along the short path is t~ico that per 
unit lcnsth along the creep line. Wherever there are t~','o points on the 
creep path so close together that a path exists directly through the 
foundu.tion rmterial :-:hich is loss tilan half the ~vcizht'~d creep dis- 
tance between the points, the ~:low "~ould take _~lacc directly through 
the material "rith a rcsistmlcc of tv'ico that along the creep path. 
Whore several ovcrlapri.~ short paths arc thus possibles, the one ~lhich 
gives the snlallest combined cre,Jp and wei~htcd short path distance for 
the entire ,~tructuro is the one on }:hich the travel ~.:ould take placf.':. 
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For~iexamnle, t,wo lings of steel sheet piling were driven for ,:the 
Middle Loup River DsJ~, 31 feet apart. On~ extends 29 feet below the 
bottom of the d~n and "~he other 3,[-; feet below. One possible:short.path 
which fulfills the abovo,~conditions extends horizontally~/from the end 
of 29 foot Dilin;. to the lon~.:er piles. Other,.nossi~le ,naths,extend 
from various points on the shor~er~ro:~ of piling to various points ..... 
alonc the longer ro.~. The "~ath ~ extending.; b-otween the louver, onds~of the 
sheet piling rows 9ives the lo'cost woi~,'htnd c~'oop fo~' the structure of 
all the possible paths, and should therefore be adoptod as tho~path :to 
bu used. Where tl~.o ~:a~er follov.,'s the short path, ,the path connecting, 
the ends of the two adjacent sheet:piling rows ~ill usually-give :the 
lo~';ost v,,ei:--htod cro:,.p for tho'st~,acturo unless thebottom of the long- 
est ro;~ is more than one-half<t.he distance bct',',,oen~ the ~ro'~.:s below; the 
bottom of the other re<, in :;hichce, so'tho snort p~ith extends from ~; 
the bottom of the shorter re.." to a point having an elevation one-half the 
roy. snncin,: lo"~r on the other row. 

The above reasoning applies also to the weighted c.~'eep. In this 
case the horizontal creed is considered to have a r.,'oi~,ht Of one-half, ,~ 

~ho vertical creep :, ",:oi~.ht of ~ono and the short nat~.i~:a weight 0 f t~o. 
In computing the plain and v.,ei~htod croc~s:for oxisti~_~ d~uns, those 
ru].o.~ hc, vo boon use( ',:herovcr applicable. 

The ~mlL. that the flo~, ~.ollows the short path if its length is loss 
than one-half the ,,c,i:'-:htod_ croon, distancr; bat',:eon a n - . , .  .. ,, t-';o~points in'the 
creep path pol~,its .~om~that ~m~_l~r pile: spacins- thml Eli~uh's rul~z,, since 
thu horizontF._l creep, k;hich in Eli{~h' ~ In/].oi~has a ",Toi~,ht of.ono '" Iii C ol~l- 

putinFi' the croon distance h.::s a. ':e, iy,ht~of onlyone-half ill computing u 
the '.;oi6::htod c~oop distance. 

If borin~ r ocords indicate a vcr~j parvioi/s la.~or oxte~dina beneath 
the d,_~:~ "and cominp; near the surface n~,ar the downstream ~toc, more~ con- 
servatism in the ,'~hort p~L~h distance "." ~ " " ~,'~" ," for as Torzaghi • 
has pointed out this condition is conducive to :hiFh volocitles~.Thcre !the 
-:azer omorc:es and thcr-~fol'o to danger of piping. 

In masonry d~ns u~-;,'ard pressure is important because of its tendency 
to reduce the factor of s,'foty aC, ainst::,sliding. Sliding iscariot so import- 
~ont a factor in the. d,'~,~i~zn o'~' masonry d--~s on. ca~rth foundations. The 
principal dam?or from u~'.,.ard .,ocossuro on a d~m on earth foundations is 
that it will be sufficlsnt to lift up some portion of the dam, breaking 
a no~] outlet, oponim~ for the ~.ercolation :'hich ":ill give such a short 
percolation path theft tllc d.~ ~;ill fail. Up-~,az~ pressure is therefore 

f~ctor in the failure of dc~s from piping. , 
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• UP~,".~ard Pro s sure : -  

A s  previously shorn, dams may fail fromlpiping ~by flow along ~the ~ 
line of contac~ of the structure with its foundation~or~byi~flow directly 
through the foundation material. In all dams someTflo~, ~takes place 
directly tl~rough the foundation?material and no'!d"~ubt~i%he ~us • "_ 
tion is that most of the flo", o~c-~,~ ~ ~ ..... ~!i~ / ual cond~ 

- --o ......... u ue sa~e against.' i in -~"~" ' :i ~r~-~ ~ ......... , .-- , \~ p g, thq up~;ard,,pressure under ~ 
~ ~[~o~.~ a~- or It ,~iII probabl~[depend more :upon ~:%he COl~ditions ' :  <' " 

or r±ow through the foundation mat~:ial than. alon~ 'the line of c0n- 
tact. Even if a pipe did fo~m~ it r~ould cover only ai~small area,.an~ 
the foundation masonry 7ould brldge over it. iTheref02e although it 
is necessary to give creep along the contact the preeminent place in 
determinin~ the s~lgety a~ainst pipina, it may have less bearing ~in 
regard to up:Tard,~pressure. 

Under conditions ~.-here the foundation material and its distribution :: 
i~ accurately kno'~,~ ~ ~ . . . .  

.~ _ v ..., ~ ~eems prooably that the u~vard ress'~e to e 
~rovlaed ~'or could be obtained ~,~ ~ ~  ..... ~ P . t~ b~ 

......... , ...... ~o±o accuracy oy ~the Tlow ~ 
net or electro-hydraulic analogy, although these results would be mod- 
ified some~.:hat by the c~]se of creep along horizontal surfaces. The 
Author hopes in the near future to investigate this further by moans 
of' a comparison of observed up'~:ard pressures on actual[ structures and/t# 
the results obtained b.v the' electrical analogy method. Whore ~the 
l'oundation conditions are co~licated or unknown, some a%proximate rule 
must mus~ be used. ~easurement of up:Tard pressure on actual dams and 
research by model ex-perLment, ftl o. 

,~ne ~, and electro-hydraulic analogy 
~scthods seem to indicate that 

ne atop in pressure caused by a cutoff 
greater in proportion to the creep distance than for the horizontal 

contacts. Loliavsky*, after a study of the ~.~'orks of Coleman, ~ 

~olation Under Aprons of Irrigatlon,Works~46 

Forschhelmcr, Terzaghj and Pavlovsky states, "Thus in calculating the 
hydraulic gradient the depth of the_shout pilin~ should be~multiplied 
by a coefficient = 2, (sic) whereas there is already sufT~icient evidenc'e 
to shot, that this coefficient should be throe or four or more.,, Tn 

half or ~ • ~ ,. . " ~ one- 
other words, the horizontal creep should be weighted three_fourthss sug- 

fuss. Untll more aeilnlte data is obtained therefore it i 
gested that ~here it is nccessary touse an ovJoirical: rule, the upward 
pressure be assumed to vary along,,the contact line in proportion~the 
:::oightod cro~:p; ie, that the pressure drop along the vertical or steep- 
ly sloping contacts per unit of length be assumed-to be three times that 
olong horizontal contacts or slightly sloping contacts. This is be- 
lieved to be a co lservativo rule as upv;ard pressure experiments frequent- 
ly indicate that a '~eight for horizontal creep of zero would give reason- 
ably close results. 
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Where sheet piling is so~,close to,ether that the flow may be con- 
sidered to follow the short pa.th-%etween the piling rather than the 
line of creep, the upward pressure along the creep line between the ends 
of the short path may be considered zo vary according to the weighted 
creep distance between these points. 

@ 

Since the weighted creep rule gives less :slope'of the p iezometric 
line for horizontal creeps than th~ method advocated ~oy Bligh, and since 
ordinarily the cutoff walls, which constitute the greater part of :the 
vertical creep are located in the upstream portion of the dam, the 
weighted creep rule usually indicates less upward pressure under the 
downstream portion of the dam than the Bligh ~rule. ~{easurements of up- \ 
ward pressures on existing dams indicate ~results nearer to the weighted 
creep method. In other words, for the portion of the dam where the 
magnitude of the upward pressure is ~nportant, the Bligh rule gives ~re- 
sults which are too large. T!~is shows why that rule has given satis- 
factory results, although frequently the thickness of masonry used has 
been little if any grea~'er than the theory would indica.te necessary. 
The factor of safety therefore has been in the ~theory and none was 'there- 
fore necessary in applying it. It would be much more logical therefore 

to O hnt°rYfaW~ tha fea~ntb!e t ~raOf e "us 
is s~,e e o f : 
.in determining thc thickness of masonry required, to ~take care of the 
variations of the pressure from that indicated by ~the theory. 

J'~" u . L 

Special conditions sometimes cause unusual distribution of upward 
pressure. A dam founded on pervious material underlaid with impervious 
material and wi~h a cutoff extending neal'ly to impervious material, :will 
have a lower uplift downstream fro.~ the cutoff. A d~mwith~such a foun- 
dation where the cross-section of pervious~matorlal: under the downstream 
end of the apron is less than thaz at the upstream edge will have a great- 
er upward pressure over the entire base than one founded on pervious mater- 
ial of great depth. This condition was noted i~i~ the upward pressure 
measurements on the Grand Valley Dam ~-. 'A oontracting of the space through 

:~Trans. Am. Soc. C. E, V"ol'. 9~, 1929, p. 15~. ~ 
w- 

t 

which the water flow -~eneath the dam acts as a partially closed"val~e . 
and raises the pressure upstream from it and lowe~.s it do{~nstream, :~' 

In cor~uting upward pressure it should be remembered that the con- 
servative assumptions may be different from these for safety from piping. 
In the latter case the creep under flexible aprons and s~imilar cons$i-uc- 
tion dovmstream from the solid portion of the dam, should be-neglected ~" 
in estimating the security of the dam against pipin&, as their effect 
is uncertain and cannot be relied upon. In computing the upward pressure 
they should be Eiven consideration however, as they may cause greater 
upward pressure to occur at the downstresz.1 edge of the solid portion of 
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the dam than the other asstunption would indicate. ~he upward pressure 
experiments on the Pinhook Dam,*forexample,~showah a considerable up- 

*Trans. Am. Soe. C.E.~ Vol. 93~ 1929~ p. 1551 

ward pressure at the downstream edge of the solid portion of thedam, 
due no doubt to the flexible apron downstream, although if the ordlnary;~/! 
assumption for the design of such structures for safety against piping 
were used in determining the position of the end ;of the creep path, 
~here would be no upward pressure at that point. 

It is perhaps worthwhile at this point ~o 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 anywater which may be above it, 
can then be considered as resisting this pressure. This will elimin- 
ate any uncertainty as to whether or not the masonry ought to be con- 
sidered as submerged, and therefore as having lost weight, and prevent 
a mistake sometimes 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 
available to resist it. Experiments by ~Hde B. Parsons* and others 
have shown the necessity of assum~ing that the upward pressure ~acts 
over the entire area of the base of the dam. 

*Tra~mactions~ Am. Sac. C.E. Vol 9G~ 1929~ p. 151 

Miscellaneous Causes of Failure .... . .~ :~ ,~. 

Although a d~m may apparently be d es~ighcd ~with Jsufffcien'± le~t~ 
o~-p ere ola~l on path;- -i.t ~may ~ s t ~-.i- :f a~11 • b v. ~p ~.n ~ng~ -due ~~to - c au so s-~vth.i~h--- 
the. de~.i-gn~r., me~ not :fo~'~sea-.---~F a.f~ure -m~y ~-a.lso i..occur-fTom-~a~-k-~of--care ~ 
in construction. A number of cases in bothclassos .aro.describod .in 
the accounts of dcum failures provlouslv Sl.ven in~thls ~,papor, but ~lt 
is believed to be dosir%b~]~a, bv~Tav of emphasis, ~ to .assemble ~hxs~ 
data in convenient form~ group th0so points together. 

Too great omohasis cannot be given to the I[ecessity of having the 
cutoff walls absolutely tight, tied into the main masonrY, of the.dam and 
in intimate contact :-Jith the foundation material. A single pile mlss1~BG 
causad the failure at the COon Rapids Dam and leakage between the piles ....... 
and between their tops a~ the masbnry was a large factor in the failure 
of the Deoha Earra;_~o. Even with interlocking stool sheet pilin£1 , rigid 
inspection is necessary to sac tha~ there arc no breaks in the inter- 
locking and that their tops are properly imbedded "in the masonry of the 
main structure. The cutoffs must also be ticd into the structures in 
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Designedcreep distances canbemateriallyshor~ened by~a blow- 
up of the base of the dam Tr~n upward ~nressure. ~Thls ~action was prob- 
ably a materlal~factor in the,failureof~he!Puentes, Naroraand 
Deoha dams. The apron must be!heavy enou~h to resist ralsin~. 

Although not connected~with piping, it~ay ~be~worthwhile tomen- 
~ion here several other causes of difficultywith masonry~dams on 
earth foundations which shouldbe avoided. In~manystreams ~here is 
a constant "flow" of solid material composing the rlver~bottom. If 
the backwater from the dam prevents this material from continuing to 
come down, while the flow downstream from the dam continues to carry 
material away, a considerable lowering~of the rlverbedoften results. 
This may cause greatly ~increased scour at the downstream~edgeof the 
dam, and in the case of the IslamWair was ~sufficient to cause a fail- 
ure. 

In computing the uplift benesth the apron of damswhere a hydraulic 
jump is formed on the apron, the fact that the downwardpressure of the 
thin strean~ of water upstream from the jump is less than lhat below 
the jump, should be given consideration. The ~upward~ressure on the 
bottom of the apron is ~influenced ~by the depthbelow the Jump and the 
downward pressure on top ofa portionof the apron~dependsupon 2he 
lesser depth above the jump, Failure to ~provide~sufficient weight of 
apron to overcome this difference inaddition to ~he normal npward 
pressure has resulted in failure inseveralcases. 

In designing a dam on a porous foundation it is necessary to be 
sure that the ~hydraulic jump willbe formed on ~hestruc~ure~where it 
is expected. A case has occurred where a dam was placed at the top 
of s steep section of the river and the tailwater level was so low 
that the ~nnp occurred below the dov~stream end of ~heapron. ~n~a 
short time it scoured out the riprap and destroyed the Jstructure. 

In several structtu.es difficulty hasbeen ~ex~enced wlthaprons 
formed in layers, • due to the tendency of the swiftly f~owing water to~ 
get between t~em and "peel off" the upper ones. If possible, aprons 
should be cast in blocks rather thanlayers, but if layers~are nec- 
essary they should be thoroughly bonded to~ether. 

Although the bed of a stream may be considerably higher near the 
banks than in the center, the downstream apron of the dam should be 
level all the way across. The construction ~of the dam is usually such 
that the discharge is spread mearly uniformly over the entire width ~of~ 
the river, and if the apron is higher at the ends the flow over the ~ 
dam at the sides of the river, after passing off the apron tends to 
run along the downstream edge of the apron ~oward the middle of the 
river. If the slope ~ in this direction is considerabla, sever scour 

r 
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• s likely to be set up. ~his resultS!has been observed at several 
dams. Even ~if the downst~esm apron is leve~, ilt ~is ;advisable ~to plan 
the earth excavailtion below the dam in such~:~a!,owaY that severe currents 
are not set :up along the toe from the :ends of the dam toward the main 
channel. 

~C onclusi ons 

The ordinary method of ana~ysls Of a masonry dam 0ha 
foundation to secure safety against piping, which is usually~ascrlbed 
to Bligh, is faulty in that it does not consider the ~pr0babililty__ 
of creep along vertical and steeply sloplng contact surfaces as compar- 
ed with slightly sloping ones. 

The flow net and electrical analogy methods are faulty in~neglect- 
Ing the lesser resistance along ~he ~llne of contact~0f a damwith~i~ts 
foundation as compared with that directly ~through the foundation mater- 
ial. 

Piping may occur~in two distinct ways~, ~i(I) by,flow along the ~ne 
of contact of the structure and ~i'ts ~foundatio~ ,or ~(2)~by f~1ow direcL~y 
through the foundation material. ~Flow ordinarily takes place along 
both of these paths in iinverse ~proportion~their'relative resistances. 

Considerable light on the probabi,lity of failure ~f~rom the ~first 
of these causes can be obtained by experimental methods, ,but ,the.sec_ 
ond must be studies largely by an analysis ~of the action of ~actual 
dams. 

From the result of an analysis~of ~the action ofmore thanone 
hundred dams, it has been found that L creepalong contact~surfaces 
having slopes with the horizontal of iless than 45 degrees should be 
considered to offer only one-half,the :resistance to~iping as those 
with slopes of 45 degrees or over. 

Analysic on this basis may be called the weighted creep analysis, 
, ~he creep alon£ surf~aces Lunder 45 degree slopes called horizontal 
~ creep and thst., of 45 degrees or over vertical creop. It should ~be 
~ noted that these slopes are the slopes of the surface of contact. 
'~ The slope of the path taken by the water,may ~be different. The ~weight- 
~' ed creep-head ratio is ~thm weighted creep divided by the effective 

head. 

The following values are suggested as the safe weighted creep- 
head ratios for use in the design of major structures: 
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SUGGESTED WEIGHTED ~CREEP !RATIOS 
,EIGHT OF ~HORIZONTAL ;CREEP 2 ~' 

• Very fine sand or~silt . . . . ....... . ....... 12.0 
Fine sand ..... .j ................ ..... . . . lOgO 
Medium sand ....................... ........ g.0 
Coarse ~sand .................. • . . *. ,. ...... . .... 7..0 

Fine ~gravel .... ..... . ............. . ,. 5.5 
Medium gravel • • ....................... 4,5 

Coarse gravel includin~ cobbles ........... • . . 3.8 
Boulders with cobbles and gravel 3 4 S O l l l e  . . . . . .  . . . .  . - - n : J  

Soft clay 4.0~ ~-~ ~ • • • • i • • • , •  , •  L .  • 0 • ' P  • • • " •  " •  ' e  " •  p . . . . .  . 7 ~ ' ~ • ~ "  

Medium clay ..... .... • ....... . . . . . . . •3./3" 
Hard clay .................... ........ 2.5 

Very hard clay or hardpan ..... . .... • ........... 2.1 

These values can only be used for solid masonry cutoffs built 
directly against the earth or interlockin~ ~ sheet piling d~iven 
so that the interlock is not broken and •with the top of the ipiling 
satisfactorily imbedded in the masonry of the dam. Competent ~super- 
vision during construction and eff:iclent ~maintenance are ~assttmed. If 
all these do not exist higher •values must be used• 

For less important structures these ratios may be reduced some- 
what down to perhaps V5%of the va*lu~s given for very minor structures. 

Additional factors ~which should be considered in selecting 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 dan, (4) the difficulty in mendi1~ a breach if~it occurs., 
(5) the possibility of the river bed upstream ~silting up. 

Reverse filters, weep holes and drains are an ~a~id to security 
and weighted creep.head ratios may be reduced ~up to 10% if they are 
used. The best form is a weep hole with a reverse filter behind '.it. 

f } 
For best results vents should be located far enough from the ~ad ~of 
the travel path to insure that most of the flow*passes through them. 

Except to reduce upward pressure, they should hot ~b6/located farther 
upstream than necessary to accomplish this purpose. Usually the Zbest 
location, from thu standpoint of piping, is just above the downstream 
cutoff, venting through the cutoff. The position of the hydraulic 

j~nnp should bu considered in locating vents. Great care must be ex- 
ercised in constructing vents or drains. 
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The security of dams onpervlousLfoundations underlaid by im- 
pervious material will begreatlylncreased~if ,a cutoff is carried 
into the impervious material. No satlsfacltoryanalysis~Zor ~tHis con- 
dition has been d~velo~ed. Damsfoundedon Im~ervlous material:under 
laid by pervious material are~apt:to~give trouble and should be de- 
signed with care. 

In all cases care must be exercised ithat "cuto££s are properly 
tied in at the ends, so that the water wi~ll not out~lsnk them, ~and 
that there is no short route behind or nnder ~the abutments through 
which a channel may be :formed. 

In order to,prevent failure of~d~n~ by lpercolat~ondirectly ~through 
the foundation material the short;~ath-head ~ratiosshould not be less 
than three-fourths of those~recor~nended for the welghted~creep, 

I£ any two points on the creeo~line are soLclose together that ~ 
the short path between them is less thanhalf the ~eighted creep dis_ 
tance between them, flow may be considered Lto'take place di,rectly~through 
the material, the length of this travelbeing given a weightier ~o. 
Where more than one short path is possible between :the same Lportions 
of the creep path, the one which gives the smallest total~weighted 
creep for the structure should be used, . . . .  

The upward pressure to be used in design may be estLmatcdby:as - 
suming that the drop in pressure from~headwater!~o ta~lwateralong:the 
contact line of dam and foundation is !proportiona I ~to ~the ~eighted 
creep distance. Between shee~ pi~le ~lines which are so close together 
that the short path limitatio~sap~ly~he ~totalpressure d rop~may be 
computed as proportional to the short path distance wi2h its weight 
of two and distributed between the t~7o ends~of the short path~In pro- 
portion to the ~eighted creep between those;points. 

Miscellaneous causes of difficulty or failure which can :be,avoid- 
ed by proper d~sign and construatlonare clay founda~ionsor~spr0ns~7hich 
are located where the~ can dry out, construction on dry sand, control 
of springs during construction, apron~blo~r~ps dus toinsufDicient al- 
lowance for upward pressure, apron uplift due to the hydraulic jtmzp~, 
scour belo~ ~he d~m duQ to j~mo ~orming off theapro~, peeling of 
apron duo to construction in layers, retrogression of ~the riverbed 
after construction, scour belo~ apron due to itnot being level across 
the stream. 
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