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hndred masonry with various kinds of earth foundation, to de~
termine the length of the pexrcolation path necessary to prewent feil=
ure from undersespage or piping, Bosed on this stuly, & od
of analysis of such structures hee beei developed, ﬂlial usatlly per-

mits the use of mmaller seepage distmmces than ers ordimarily conside,
ered to be safe, ' ‘ i . _, L

When & masonry dsm is founded on oarth, same of the weter from -
the reservoir percolates beneath it and appears on the downstream
sids, If the veloeity of the flow where it anerges is sufficiemt,
particles of the foundation materiml will be cerried eway by the - :
weter, and thus decreass the resistence.to the Sercolation, The re-
sult is &n incremsed velocity amd grester erosion, ultimately caus=-
ing the formation of & chamnel or ¥pipe® beneath the Aam, which may
rapidly enlexrge and csuse the failure of the structure. This proceas
is known as piping. To prevent piping it is necesmmry to mo design
the dmn that the velocity of the seepage water as it emerges ‘o the
downstresm side is insufficient to remove the foundation meterial,
This is sccamplished by making the route along which the water mey
percolete of such & length that the ‘velocity of flow is redueced to
8 safe value. Tne investigmtion described: herein was undertaken to 7
determine from dete on uctual dems the length of -the percolation path .~ . S
necessary tc insure sefety for dems founded on various kinds of materisl. - |[EEES

T et e e bt wisarer

The law of flow of water through earth was detormined many years
ago in this country by Allen Hozen, M. im. Boc. C. E. and in Indis
by Clibborn and Beresford. Their experiments showed that (nag]_.acting_
temperature effecta) the discharge tiroughk & column of s0il of a given

Theoretioal Considerst i.cms

oamposition varied directly with the head, directly with the cross
sectiopal area and inversely with tpe length, This relation may be
axpreased R _ e

=y HA
C=x

where Q is the discharge in sceond feet, H is the head in feet, A im

the cross mectional area in scuare Teet, L is the longth in feet and
K is a ocvefficient whienh depends on the character of the material,
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Swtituting for Q the vilue LV, thers may be obtained from egua-
%ion {1) the expression - e my S e

L-x% Co ‘(8).

Far & given clees of muterial therc is o definite paximm velocity,
m &t vhich the mater oan emorge bolow tho dem without carrying away [
foundatior materinl and causing the failure of the structurc. Com- [HEE
bining this value of ¥, with K, which alwo depends on the material, to
Torm n new coefficient C ecual to‘%_ the expression S

Iy = OH "

is obtained where L is the minimum safe length of travel path apd G
is o coeffioient depending on the foundation ma’terialp_ , ;

" %he fTawegoing theory seame to be generally accepted. .In apalying
it, two diffioulties arise: (1) How shall the length of the travel
peth Jo, e mousured? and (2) What value of C oan safely be used for
vorious closses of usteriel? Befare going furtler into a discussion
of th.s8 points it may be well to give the history of the development
of thia phese of dem design. : S _ -

4

Historionl

The .irst retional basis for the design of masonry dams on carth
Lowslations seeans to have been developed in India, as o result of the
Smmeetigations of Ool. Clibborn and Mr. Beresford, Col. Clibborn was
&% .ene time Rxscutive Engineer in charge of the Rolhikhend Conal Divi-
eiom of the United Provinces, Indie, where there were & numbar of dams
foundod op 1light sand which had often givon troublo. After he beceme

of Thomason .College, together with Hr. -Borssford, 'he carried
on the law of flow ‘through sand.

ncluded thet the Narorc weir on the

becauso 0f excessive upward prr-osure ¢n the .

eport to that effeot. . Lt the time no special

ionoad with the dem, but as & remult of this report pres- B

8 wore ploced in the opron to indicute the upward pressurc be- B

The preemume indiocted in theas pipes confirmed Beresford®s
and by ocoincidenon, the next day after the readings weie

Salcan arch $0, 1888) the cpron at another part of the dem wee blown

; ting 1n & btremch of the weir, The failure of a&n important g
awruoture followed so promptly after the declarstion of its instebility

Yvofvandly improssed the onginevrs of the United Provirces; and the hy- [N

-Grcdlic grafiiont thoary of desigu baceme generully accepted there about N




The fiwnd edition of Bligh's Prectical Design ut Trrigation Works
aypeered fa 2007 in whick the theory was advanced that the stability
of @& weir en m porous foundetion depended upon the waight of the struc-
ture apd ot on thé retio of the persolation distance to the heed, In
his ‘seeond edition, published in 1010, Bligh eémits the fellecy of his
original ocontentions and explains his Tell knmotm theory that the scfety
of poasonry dams or sgrth foundetions depended on the length of the per-

asoletion path, which was elong thﬂ line of’ contact of the. struc'mre nnd
ita ramnm.

il
-'?

This oonnlus:lm wes also reached. :lnr..e;pendently by Mr, V. H. Grii‘-
1;311;11 about the same time*. The author belloves that his peper hos not

+

:m—o_f—mmmmions o Bond and Boil Bubject to Hydro-
‘.MQ - mc. Juet., C. E, 7010 19’7. Pt., IIX E. 221. 1913-14,

received ‘I:he recognition in this country which its value jus+ii‘10l.
Befare it wos published Bligh's pecond edition appeared, in which he
also proposed that iden. The pome concluaion soems to heve been rsached
about that time by Mr, W. W. Tofft, M. fm. Soc. C. E., but 414 not-find
its vay inte »rint. The videspraad use of Blish's book, together with
the publication of other &rticlc-s nnd books"‘*b:r him, hua lod ongineors

e end Weirs, Biigh. o '

Dans, Barragos and Weirs on Porous Foundations - Bligh, Eng. Ne'rrs Vol.
o4, 1£/29/10 p. 708, Vol. 65 1/12/11 p. 52,

Woirs on Porous Foundationa anﬂ with Pervious Floors - Enge. News, Vel.
68, 4/13/11 p. 444.

Lessons from the Fnilure of o wuir a_nd Sluicas on Poroua Foundutiona -
Bog. News. Vol. 69, 2/6/1% p. 266.

Irrigation Bodd"rorlm Repair and Dem Failure - Eng Nows, Veol. 75

ty p- 1070.

generally to give the credit for the idez ¢o Bllgh. ‘

In 1911 ap article appearad by L. C. Konig™** giving rulea for the'
design of masonry dems on c.arth i‘ounda*ions which contains a numbe:r of
valuable ideas, : :

WYoRe, [m. 5oc. C. E., Vol. 75, 1911 p. 175,

Little appeared in literpture for muny vears cftor theae publica-
tions to aid the engineer in thc praciical design of masonry dems on
earth foundations, but & number of risasuremonts of upward pressure on -
.aotual and model dams have been published from time to time, Recuntly,
methods hove beon devised for devermining the upward. pressure and path
of percoletion for various conditions. One of these is that used by




Terzaghi*, I: geans to have heen firast ‘uud for dsm foundations by

¥Technical Bublication ﬁoTZTg, Am. Inst. Mining an'llataﬁm'g?.cnl E_ g~
neers, n. 31 . : oo ' o -

Forohheimer®®, but Mr. Terzaghi's erticle apnears %o he the first exvla~

‘“ﬁ;&faulic ~ 2. Torchheiner, 1925, ., AB.

ratiion of this uge in English.

By means of & flo— net™™*, the directioplﬁrithg cnrfentgfor the

FF¥iydraulic Luboratory Prociice - Freomen, . 605,

~Bter and the nressure throushout the meterial beneath the dem can be
comoutod for vari-ue assumed conditions.. Another interesting method of
obtaining; the same informati-m has been devised by Prof. N. N. Pavloveky.
He mukes use of the similarity of the laws of flow of the clecectric ocure
rent throu-h a conductor and the flow of rater throuch soil. As nearly
ae can be det.rmined froam the information evailable, his method is as
follova: A croee socction of the vorous foundation materiel in the vicin-
1ty of & dam is revrusented by a thin nlatc of metal. ~ Inmervious mator-
lal in the foundation soil, such &r:, shoet piling, cutoff wells of the:
dam or irm:rvious soil la’ers, are introduced by cutting out the metal -
at that mart of the cross ssction which would ronresent their vosltion. <

Tho uvnor od-c of the ghoot corrcsmonding to thc vortion of the founda- -

tion in eontact —1th tho hiadwatcr, is connectod to one vole of ap elce-
tric battory cndthat ronroeenting the gontoet Tith teilmator Tith the
othor molc. By obscrving thc nopential at various moints ip tho oross
soction and slon: the ¢dgo corrcsmonding to tho base of the dzm, apd .
@ra-ving linoe of o~uel notontial, tho wrussurc at cny noint ~{thin tho -
mcterial or bons.th the dem mzy be-dot rmined. By dra—ing linus rovre- Lo
scn¥ins thoe diruction of flow in the same mauner as in the flow net, the
direction and rolative velocities may be determined. Layers of diffar-
ent mermeadility may be renresented by chanring the thickness of yari-

ous nortions of the "lcte or by using metale of different frictional re- . v

sistence. Tith cither Terzahi's or Povloveky'e methods it ia vossible
to obtuin ¢ ri-id solution for the fivan assummtions, and they arc very
ussful in obtiinin- a micture of the flov of the ~at:r beneath the dam.
As 111 bL 1iscuassed lupter ho-sver, the rcsults obtained, if tho ordi-
Dury assumntions ero uscd, rmet be av-liod to cctual ceses ith cauticm.

Thr3e intiroeting and inmtructi-o nanarg havi raeently apncorod,
“hich thro =uch li~ht on the nroblam. Tc of theec arc manare of the
Punjad Tn-ina.rin: Congross 1930, by A. N. Khosla: Ne. 138, "Hydraulic
Grodionts in Subsoil “Tatar Flo-— in Rclotion to Btability of Structures
Roesting on Saturat=? Soils" and No. 142, "8tability of Toire and Canal
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mtﬂ, Fa .| A;pplicution of the Noy Tthry of -‘I-Ndr;aul-;nc Gr_ad‘ient." - The

third is e paper "on

s, Laliuvalqr.

Percolation under /prons of . Irrigation Works" by

. Coursc of the Seepuge Bonooth o Dem

The path vhich the water takes in flowing beneath o dam might be
determined t;ith Tedsonable accuracy by oithor the flow net or clectric—

&l methods 1T gll

the conditions goverhing the flow wore cecurately

knotn. This 18 never the cese hovever, amnd for purposes of design cer-
tain assumptions have to be made, In his second edition of the Practi~
oal Pesign of Irrigntion Works, Blish proposes en enalysis on the assump=
tion thct the water follows o path elong the line of contact of the _dam
foundation (including the sheet priling) with the foundation moterial,.

¢ 7 The seme method w.

8. suggested by Griffith., This contact between the ~

dem and the foundetion material is scmetimes called the line of creep,
and the method mey be colled the line of creep method. .Lnother method
vhich has been advocated to same extent, mey be oolled the short path
method, ond is based on the mssumption that the course taken by the

rersoloting water

is the shorteat path through the pervious materisl) -

@ betwnen the hendwater and the tailimter., Neither of these methods gives

& true picture of

the nctusl conditions of flov bsneath dams, but they

or> useful methods of practicel designy The line of creep method has.
gained e wide acceptance, and most masonry damg on earth foundations .
have beex designed nccording to it, ! Tt has besn used in the irrigation
worke of the Dnited Sistes Bureau of Reclamation for many years with = _
satisfactory results. The short poth theory has been but little used,

In designing

2 masonry dmm on-an earth foundatior it is 'cuat'omnry_

%o ussume thct the path of the woter flowing benecth 1t 1s alweys rox- _
mal to the axis of the dom. Analyses ore therefore node of cross seo-
tions of the dem perpendicular to the 8xis. 1If the materisl on which :
the structure ie founded varies tlong its length, it may be necegsary
%o investigate more thon one section. The assumption of normal flow
‘ is sufficiently accurate for most conditions. In unususl cases hovever,
& more acourate analysis may. be necessary, In anclyzing the security

of the dem at the

41 ;housh the
sign, it has been

abutments, nomal flow cennot be mosumed

Comperisor of Design Methods

line of creep method haos been videly used ir dam de-
subject to some criticism, Part of this is believed

to be due to m improper presentation of the case in its fovor, Bligh
ter followe the line of creep and not the path of
This statement 1s believed to be in error, for the

stotes that the wo
lecat resistance,




Mtﬂh‘tmumameﬁhnthMmmm
sxiomxSicyd Y vnter flous clong ‘the lime ef ‘
sborter path irestly throwgh the. foundution material it is baceuss
the resistonce to travel along the line of creep is less % L ¢ ' _
shorter path. That resistonce along the line of oresp may be less -
thon through the foundation: ‘Baterinl. peems very. mnonabh. o sosount | BN
of the difficulty of securing os Intimats a contact betuesn the more Co
or laas plein surfaces ond the foundation material as bntwm the h-
dividusl pmrticleg of the roundat:lon mnteria'.l..

3
]
ki

It should be ranmharad txmt the lino of creep. mf.hnd is mtunﬂ-
ed to give o don safe at @ll points. This requires thet it apply to -
the worst condition thet will happen with any reasonable care in con- '
struction, The seepnge moy not follow: the creep 1ine ot meny croas .
sections of the dem, but the points where thera is most danger of faile R
ure are likely to be those where conteot betwean the dem end the foun~

dotion moterial is not so close, and therefore where the line of creep
method best upplies. ‘

The principal weu]h:ess of. the line 0T creep theory is 't:hat }Lt T
sumes the resistance to flow slong all purtiona ‘of the contact between
the dam and the i‘oundation to be the seme, In practice the contact
botween verticul and ‘steeply sloping surfaces is more likely to be im-
timate than that zlong horizontal or slightly sloping surfaces, In a-
masonry dam on eorth foundotione ;there is likaly to be unerual settle-
ment which will cause leas pressure at scme points than at others, in
places, even & slight lifting un' of the masonry from its contact with
the earth beneath. The earth benecth o dem may not ‘be compact, and
‘moy séttle after the dam is built, leoving void spances beneath the
floor, especinlly where the dem- ia founded. on piles. Thia action ie
aometimes called "roofing." :

Inother cause of roofing is‘given By Col. J.  C. OakeB ’ M, hm.

iy v

f

¥ranc. e 50Cs T E. Voi. 80, 1916, Dp- 469 ond 0

Soc. C. E, a8 follows: "I the bed of the foundation (of a dun) is be--
lovw the watsar lavel, end pumping is recuired there will be & smcll

space between the bnse of the masorry and the send, -caused by orosiom

by the flow of weter fram under one block of‘maaonry while the next

one is being placed. In other words the structure ‘is-ordinarily sup-
ported wholly by the piles, with almost . certainty that there will be

e space between the sand and the meaonry. Under such circumstances any §
uprrard proussure thet develops under the deam will be uniform freom the \
shoet piling to the toe, and will depond on the tightness of the sheet-
ing and the ense of oscape bclow the dam."=--"The writer hos wctehed
the placing of concrete, and in no case has he Tound, on the works un=-
der ciscussion {Ohic Riwer Dams, Nos. 42 and 48) that the concrete
rested on the sund cftor aufficient time he@ beon given it to sot. The
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!ann of the vurieua parts of thoco is about 10 feet
ﬂnnst:-uct.tm has boen carrisd on within cofferdesms,
: “of the river froam low, ‘wotez to 14‘ feet above ite:

e Mﬁmnma of the material, there has nlwoys been
comaidovalte ‘peroo 3 Which hes reéquired pumping! to.keep the pit
sufticientliy clasr ur“unturfto enable uonstructio:nfo proceeds  The
"tor escaping fram under the ‘coperete alrendy. placed, corries away
e fine moterinl directly under the concrete, leaving o spoce between
$t-end the eand through which the tranmnission of pressure will be di="
Teaty and consequently, any preasure: ﬂhich.mng'be developed will be

exerted over ths whole buse of the structurea" L study of
the results of upward prassure me&surements on cctunl dums diaclnnea
much evidence supporting Col, Onkes' concluaions. b

- Om verticnl or steeply sloping faoces, rooring will not oocur as
the void spaces, if they should be farmed, would be filled oguin by
the innbility of the earth to maintoin the ptoep slope; the earth from -
the steep bank would move down und £ill the voids For this rucaonm the'
contact of the foundation with such surfaces ore close. cnd they offer .
more security sgoinst piping than contnct banaath horizontal aurfoces..

Piping failure should therefora be.- considered a\’ peaniblo fram
two largely indepondent couses: (1) diroct percolution ‘through the
foundation materigl iteelf, ond (2) norcolation clong the:contact of
the dam and sheet piling with the foundction mutorials Considoreble
light on the first of those cousos, ‘has been obtaincd by exne‘hnent but
the latter can only be ovaluated by invostigating a largc nunber of
structures: It is a woakness of the ordinury line of creep theory that
it considors only the socond of" thuse cguses.

lnother wealmess of the lino of creep thoory, is that it is posai-,,“
ble to drive lines of shoet piling so closc togother that the short . -
poth moy be so amnll thut feilure conm oceur by flov which w1ll not fOl— R
low the path of crecp at all : 7o

The weckness of tho short path theo“y is thut it takan no Jccount B
of tho greater probability of percoletion clong the line of contoet of
the struoture and its foundction. In @eses where the lines of sheet .
Piling are very close together however, it mcy be more reliable thcn
the oreep theory. The short poth principle would seem to be obviously
inferior to the line of creep anslysis as apolied to clay or herdpan
‘foundation, eince the foundetion nutericl in this case wouléd be so
neprly impermecble thot the sespuge clong the line of creep would be
much greater. .mothor difficulty with the short path cnolysis is that
‘it gives no method of estimcting the magnitude or -distribution of up-
word pressure beneath the dem, Ls some estimaote of this pressure is
.necessary in order to determine the retulred thickness of the zpron,
.additional assumptions cre necessury if the dom iz to be deaigned by
the short path theory throughout.




'nm flow net and electro-hyaraulic analogy methods ore umtinny
the seme. Both should giwa the some resulta for ‘the same assesptionss'
In his article Terzoghi™ does not tuke into. consideration the greater

Vo ¥reohnicel Publicction B, Do 0

mhabuity of percolaticm along the line of uant&ct. ‘Whether Profe
ioveky does or not is not lmoun. It would be possible to do it -
elther method, howaver, by essuming the relative permesbility ﬂlmc B
this line as canpured with that through the foundotion materiels T
4
: The \'feﬂk'—'lﬂﬂﬂk{ of both the flow net and electro-h:rdrw-'l-ic nnalm
methods is the necessity of a detailed knowledge of subsurface. condi~
: tlons and the luclr of date relating the results cbtained.os showm by
the flow net to the sofe limits for the various oclesses. o:lf muterm. :
This 711l be diacu?aed maore ot 1en.sth on pase & e ' )
| ' .
Nwmrtheleas, \the flow net and alactro-mx-muie mnlos:r nethods ,'f‘ '
may prove to be uaei‘u_l toole in annlyzing unusual conditions, ond’ forme--
ing a mental picture of what tokes place under certoin cenditions; It
is hoped thot furthe\r studies olong this line will be made to. clear. up
scme of the problema of design. . It is believed. thet there is & large
Ofiold for useful expurimentation in this’ rield, eaperialh 4n - the de-—
te:nn:lnntion of the upvard pressure to /y.se in daaisn- . :

. 'I‘he resul ts which would be obtained by the flow net or electrical .
. analysis would rouuhly correspond in o homogeneous madiu:n to that ob=- -

= toined by the ahort path method. They both are based on the consider~
. ation of flow directly\ through the fourdation material.. The short

path may therefore be considered as a rough npproa:imn’ciom Of the ﬂﬂﬁ‘ _ ];
net or electrical annlysis. L L :

L vekmess of 0ll of the -iethods, us ordimrily appliad is that
the flow is considered as taking ploce only in & single plone.  This. -
iB not necessarily the case ho"rever, Tor as. Oriffith- has pointed out,*

ow Toat. of G. Eo VoL, 10 ?,WE ﬁ
when & pipe tends to fom, it providna\a line of agred presm:re aﬁl '
vator fram both sides flows toward it, jas well af " the plaps of

the incipient "pipe.” /nelyzing the atab..lity of ¢ dem by neans of its
croas section is o useful tool,.bdut oneg is apt to be blinded te the
true conditiona by thinl:ing too rigidlylin termms of oross section onlye




ﬂi d' Poroo:l.asim Path

Wot cnly have there betm dirrerenoas of opinion I'Gsﬂ'dinﬂ the P
path along which the pornolntion should bs nssumed to ocour, but alasd
a2 yogards the length of the ‘path vhieh is" necessary to. insure anraty
Tram piping ruilm-o, : 5

~. As the result of his . stud.y of doms end dam failurea, Hligh ar-.
‘rived a% voluas of the oraep-head retie which he believed would make .
doms safe from piping failure, The desoription of the various clese=-
es of material and the valuce of the ratios varies sanelhat in- dirfar- g
snt publicotions by Bligh. The following iable givas the varioua de— :
scriptions and rutioa' i SRR i "

i
-
[T

Bnru nrqu-liead Retios Given _LBliBh

Publicat ion

Year of publinatioz{-- _ 3
"River beds of light silt omd mud, as the : IR AR e
Rile _ I 5 2180 R
. Pine silt and send na' 1n"the Nile River : 13 T
Vary fine sand snd silt T SR T- B S
River beds of i:_lght silt ond sand of , S I R T |
which 60% passes the 100-mesh sieve, as : "l : R
those of the Nile or Misaissippi B I AR - W ;
In mud and silt, such as in the Nile = & BTN
Pine micaceous sand os in the Colorede & - -
and Hyaaloyen Rivers $15 : 15 SR A
‘ Fine sand : Pass 0
Pins micacsous sand of which 80% pagses : i - i - g P ‘f.f;
; e 7b-meab sieve, ns in Hymaloyan Rivers :  : .t : PR
> andl in such as the Colorudo : : " R 1 SR T
In fine; esgs, Punjab sund‘ : : 215
i Coarse~grained sands, as in Central and: : : : : :
South India s 12 : 12
a—c— : : 2 : :




3 “-mu'ns.cm
DL LS LT X

Ordinary cocrse sand U
Coarse mend » , o

F»‘

: $ L
K- 2 I 3
In con.ma eand (thia 38 the ununl type PR SR -
:- BN 2 N IC
Bouldezs or shinglo end gravel cnd mand 15 boi i 18 tot,
mixaﬂ 3 g 49 ;} o _:9;, 3_
Gravel aF@ sand S TR T :;
@ L “ : 4 ‘o B T ol .‘_r,‘ ' :_f |
Boulders, .gravol ond ‘somd . . ° S %ol L
. ‘ T R R S R
Bouldors emd gravel B ieter o [
i LR - P
In cley, shole or shingle g Poi i e B to 9

. "f-\

‘%Bblicntions o ‘, k;

The Prnct*cal Design of Iltmntion Works, 1910, and m. p..ﬂ;iés.f

L]

I Dauns, Burr;~as and Veirs om Porous Fbundntiona, Enginaaring Nhﬂs,
Vol. 54 December 29 19;0 Pe 708. :

I1I Lbseonn from. the Fuiluro or & wgir and Sluices on Poroua Foundn-
tiona” Engineering cha, Vol. 69, Februarv 6, 1915, p. 206.

IV  Doms dnd Weirs, 1916, p. 185, -

\4 Control of Watur, Parker, 1916, p. 879. (Tﬁo;ofiginul source by
Rligh' 19 not given ) RO : -
The firpt three clhssificuuiona are fLier consiutont. ‘L elassi-
ricution of 311t by rivers, hovievor, is not a safe pracedure ag thot -
n the uppor rouches 1o usually nuch goarser tian in the Jover. It is
not momm on vhat psrounds Bligh\put the Coloraco River in the elass
with & rotic of 15, us the silt from the lower Coloredo is muéh finer
than the sizes LiVeu, in fuet even finer than those &iven for & rotio
of 18, The vlassifications Tor boulders, shingle, gravol and sond dif-
Ter gamewhat, in one case using o ninimun rotio of 4 and in another




S sloagification, gruvel cnd samd; ©, emd boulders, gravel -
sand, & %0 &, is the most useful, since it glves 2- ‘definite vilue |
gruvel ond sond without boulders, o comaon: foundution meteriais
mtamtins to mote, hovever, thst ip his lutest'publication
doss not pive o rutio lower thm 5. Hligh glso steted (Pudlicc=

tion ITY) “thet € {s the very nintmmm for grovel:* The classifications
given by Porivr ore- entirely different for the lower: ratios and eould
.not be locatoa in m-nilable mblieutionu by Blil,h. o

E?"’

“Sust bow a::tanuive o stl.dy of clmw wes ._wde oy Blish as o basis B
for his date is not lmomwn, 'but that publisted is cuite meugre., It im= .o f
cludes only tio dum failurea,"' both on fine sand i‘oundationa, ._nd in.

o ﬁfm' 'oubiicc tion BLi Blibh niacuanea the railure or tlw SOLthern FERR .
i1bertn Lund ond Irrigation Co, hew ﬂgute. The publisheu date on this o .
structure 1878onflicting s to throw serious doubt on the relisbility
~ of his ccncluaion. See Eng. Rec.,V. 63, P 589 Y. 66, P 376, Eng.
y Neus, V 286, Vo 75, De 10704

ene or both of these, as will be showm. lgtar, unaouna conclusions were . .
dram. There vere no dum fuilures”om pilt, comrse scnd, grevel or
boulders. Tuese stutements cre not miade to dispcrage Blish's. work, .
-which hus fombed the busis: ‘'of the ‘design of. scores of sufe dems, but

. marely to indlccite that it upparently was bused on pespre dota and thet
with mch more extensive éate, und better: eonstruction materials, o re~
dueti.n of Rlisa's welues of € mizht be muce writhout coniljcting "1th
well astablishad ructs.

Griffith mzve in an sbridped arti cle""‘the follm ing, values of the
. ratio of creep distance to head which "had been Tound surficient to .
s ensure sta»ility" in the United Provincas of Indla. : : :

%cmm_.ag Insti Qf c. E.’ vol. lngPtl' III, P. 221.,. S Lo “.'l‘,:(_‘:';""::

~

e

Material R I.imiting Safe Value or o

L oenl

Fine minnceoué eapd T

141- to 16 |

Fine cumartz sand

Cogrse cuertz sand - ' 10 to 12

Shinzle I - o

4***

Boulders

“¥GrifTitn stetes thet Tthe cuestion of loss oy leckage may make higher

- w mm aeoaom P




In en unpublished portion of this peper he suggested "a 20% re-
duction in the values given where relisble vertioal steunching of 10 -
foot depth ms used." b B R .

' Lo . : . s o R
In the third edition of Bligh?a Prmctiecal Design of Irrigetion
Works, (Prefmce page VI) which was revisad~and brought up to date by
V. F. Woods, Chief Engineer of Irrigation Works, Punjab, Indis, Mes
&oods contends that Bligh should have used a retio of il for ordinayy..
sand instead of 18. It will thus be goen that both Griftith\and WDQQB
advocete somerhot lover values of C than Bligh. . The author indepen=

dently errived at the same conclusion from & study of the data on most
of the dems included in the tebles of this paper. L Can 7

4 Nev Metbod of inalysie

Ls hag clreedy been pointed out, the existing methods of ‘analy- = [N
8is are open to seriocus objections, The camonly used nethed, as ad~ = A
voocated by Bligh, does not consider the greater resistarce to flow:
tlong vertical contacts as campared with horizontal onese The short
path method, and the more excct 1o net and electrical methods do -
not consider the lesssr resistance slong the contact of the masunry
and foundetiop material as compared with that directly through the .
foundation moteriel, .11 these methods hove elements of truth but
8ll have wenknesSes. [ method should be devised which will cambine
the virtues of both without including their faults., == . [ >

In the present state of our knovledge the only method of ‘amalyz- -
ing the probubility of failure fram flow ulons the . creep line seems
Yo be & study of the action of actusl dems, Ko exact date hes yet
been presented to shov the relative resistence to the flov glong the
contects as compared with thet throuzh the foundstiion material. It
™11l be very difficult to obtain thi% detz because points where donger
of flow alonz the contact is great will only occasionclly occur, and
Pould probably e discovered only by very extensive observations. ~The
fi.0v through the foundation meterial cex be obtained with more excct-
heas by experimental methods, but even. liere the unkpovn conditions of
the foundetions cnd the difficulty in d¢termining the safety of the
structure ever if the velocity of flow is kmown,_noke this method dif-
ficult to ap-ly. It ceems’ obvious theratore _tiat vhile research along
this lipe should be given ever: encour;i_-:;_e:r-jn’t,‘,“ for 2 long time in the
future the main reliance in dem design must be of & samevhat empirical
basis, Sy

i8 the studies made in copnection with this yapexr indicated foults
of the existing methods of arelvsis, as well as the insufficiency of
the fectors used in the ordinory methods, the guthor has attempted to




vark out A more rationsl nethod of design, as Well zs to establish
Bore ‘ascudate cosfficients. In oxrder to develop 2 method vhich could
Tealily be used by the designing enginesr in plenning actuzl struce
tures, in addition to the rencon siven above, the mothod developsd

* Wha pooessarily & scmevhat empiricsl one,

Por alcrity in presenting the data on which the nuthor'a con-
clusizs °re bosed, it is necessary here to briaﬂy revien the basiec
Toots of thé nevw method Aevelopad.

Trom o study of pll the ovailuble data it nppeared that there
vare tro distinot forms of plping, one im vwhich the wnter passed olong
the 1lino of oontact of the structure oné its foundation, ms ossumed
in the Bligh thecxy, and the other in vhioh it possed directly tirough
the voids in the founmdotion matorial. In the fomer path the contact
of the feundnticn om vertionl or steeply inclined surfaoes oan be
acmted on to offer more.resistance to flovw than clomg borizontnl or .
slightly sloping sontacts. In oamputing the safety of & structure
tharefore from this type of fallure, the creep distences ?(;’along hori-
sontnl or slicktly slopin: surfoees should be given lessiveight tham
those glong vertieol or steeply inclined .surfuoes, . This method of
estimuting the stebility of o structure moy be oolled the weighted
areep method, .Ls u result of these studies & treight of cne-third is
given to the horizontal or slightly inclined creep ne oompu.red with
the othsr portiom of the peth,

Tor exmmpls, if o dom sustuins & head of 10 ft. and hus e oreep
distanoe ulonz horiscmtel or slightly inclined surfaces of 60 ft. &nd
olong vertical and gteeply inclined surfaces of 10 ft., the weighted
ereep distonze would be 60 x 1/3. plus. 10 or 30 ft., and the ne:l.e;hted
nupwmﬂomuldboMCuls.n.

Yor h"lvity in the rexcinder o!f this vaper, cresp clong vertiocal
or surfeces wloping more than 45° with the horizontal will be ezlled
vartioal oreop, und other surfaces us horizontal creep. It should be -
noted that "verticnl or steeply inelined® refars.to the position of
the suwrfooe ogainst whioh ereep takes place, and not to. the direction
of the areop, vhich semetimes 40 not in the same directiom as the. in-
olivation of ths surfuces The weightud croep distance is the verti-
cul oroep plus ome~-third the harizontzl creep. Tho weighted crecy
Gistonee iz thorefore procticelly alwoys less than tho creoy distance.

As 9 woter follows tho line of loust rasiatance, if the rosist-
anco to fiov clong the areep line is much groater then directly through
the veoids: in the foumdction metorial much wore watexr may tuke the let-
tor oourse and failuwro from piping fram this causc result, The short
pctk is 0 rough moasure of the rosistance along this poth. Both the

-




. whick the benk undoubtedly would slip,

.
b v Fe, B

AEMed aresy mnd 4o shoct etk Tetios mst aerefuze be giustes

than their respeciive .eritical velues for the type of matericl om
Vhich the dem is founded,

N,

thé&‘ot

In this study en intensive search wes mede in eIl ovailsble ez~
gineering literaturs end othsr sources of informetiom, A1l
or oonorete dums cn earth foundations were anmlyred vwhere the dota
Ves sufficiently ocomplete. Im nany cases there is oconsidernble um~
osrtointy,  Where more than one description was found of & single
structure there was often o surprising leck of agreement betvean thema

There is frequemtly conslderable room for the exersise of fuldg-
ment a8 to just vhere the trevel poth should be assumed to end,  The 7
travel peth of the wnter wue ordinarily assumed to end st its June- o
tion witk the riprep dovmstremm fram the dam or at & reverse Tilter,

If wooden cribs or loose or articulated conarete blocks were used,

it rms ossumed to end ot the upstremm edpe of these, Llthough it ia
true thot riprup, cribbing or Llocks may ossist in preventing piping
or & blotrqut 1t is believed that leass uncerteinty is introduesd by
tonsidering that they do not ode to the trevel path than to assume
that they did. R RS ‘

In checking over the dota givem by Blighk writh that aveilcble fram
othor sources, same discrepancies vers found.  Where the datc on some
dams indieccted that o certoin creep-hesd rotico hod been used inm Gee ‘
slgn, it twe usuclly not possible .to check this exactly from the ¢dimen=
slons of the structure. In order thut all the datze might be on the -
aume besis, tho some nethod tus used throughout, although this might
not give the semo retio which the designer of the dam believed he was
using, In 2ll coses the author's best Judgment was used ir determip-
ing the most probeoble volues for use in this poper. . He moulad oppre-

ciote it if readers of this npaner vould call his attention to cny coses
in whieck his judgaont nay have Soen in Orror. .

&t sevoral points in the anclys?
sary to mocke asmmptions. One of the
Plling close togother. Tho un
to thut outlined on puge 39 .

B of same of the dams it wos neces-
88 Tus in the cose of rows of sheet
alyeis in this cuse mee moace cecoording:

In computing the 7eightud ervep distance it —as necessary to do-

termine the division point bLet-eop steeply sloring nnd 8lightly sloping
contacts. Tois divisiop should be ¢t the sloepest slope at which &
bank of oarth under woter vould be unguestiionally unstable; i,e,, a2

This 7cs assumed to be on ¢




*

o

than their despedtive .eritionl volues for the type of matericl on
Which the dwm is founded, :

In this study on intensive ssarch wos made in all aveilable en-
&ineering litearaturs and other sources of informectiome 411 DBANCQTY
Or oonorete ims or earth foundutions vere cnalyzsd where the data
WaB fuificiently ocamplete, Im meny ctses there ip considerable um-
aexrtainty. Where more than one description was foumd. of a eingle
structure there was often 0 surprieing leck of sgresment betmeen “them,

There ia frequently considerable roam for the exercise of udg-
ment 48 to just vhere the trovel poth should be mssumed to end,.  The

If wooden cribs or Joose or articulatedl conarete blocks yers used,
it ves amsumed to end at the upetreom odre of: these. Llthough it ig

fonaidering that they do not add to the trovel path thon to ossume
that they did. B

b In checking over the dgta &iven by Bligh with that aveilcble from
e Pancies were found, Where the datc on some

| tin eresep-hand rotic had been used in de- _
Bigm, it tur usuclly not posaible to check thig exactly from the dimen= B
ajons of the strusture, In order thut all the datc might be on the

sume bugis, tho some nothod vmg used throughout, although this might

not give the scmo ratio which the designer of the dam believed he vap
usinge In 2ll cases the Wuthorts best fudgment wos used ir detormine

ing the most proboble veluws for use in this paper. - He would oppre~

clate 1t 4f readers of this vaper would call”his’uttention to eny cases
in ©hiech his judgaent nay hove boen in ‘arror. ‘ R -

Lt sevoral points in the analraig of u

sary to moke assumptions., One of these was in the case of rows of sheet

Plling close togother. The unalyeis ip this case wes 1ode tecording
to thut outlined on nige g, o

s

ame of the dums 1t wos neces-

In computing the oishtud erevep distonce it

termine the divigion point bet-een stoeply sloni)
contacts. This divipion should be ¢t tho stuopest slope at thich &
bonk of ourth under woter sroulcd be unguestionully unstuble; i.e., at
vwhich tho beng undoubtudly vould s8lip. This wyeg ustumued to be op o

WLS necessary to de-
i¢ und slightly sloping




11 =lopd, .2y comtoot with e slope of 1tl e steeper was cunsidarod
to be & "varticul® contact oné at o fletter slops a horizontel ocom-
tecte In a fev cases © puddls or parth £411 sgoinst & dom rested om
top of & portiom of the dom mesonry. Llthoush this was & horizontad
contact, it wus osoumed to be n "vertieal" contact, as the earth would
Irezs as closely on the masonry under these conditions os on & verti-
oal surface. There is some evidense to indicete thei the contect of
puddle with ecrth 1s @0 close thet it would be ecuivolent to'vertiocal
creePs In order to bs conservative however, this aunumption wos not
mdo in computing the rotios used in thie p.:.par. '

Ih peveral cases dcus have besn bui_lt with o rilling of dry or
broen stone benesth them. This would offer much less resistonce to -
seepage than the contact between solid masonry and foundstion meterial.
There the floor nbove this stone filling has not been vented, to ullow
the water to esompe, the resistcnce of the oreep line zlong this seo~
tion bhos been msmmed to be helf as preat os for solid mesonry. This
is o comservitive estincte from the standpoint of this study, but
would not be if used in design. The upe of such Tilling seems to be
confined te old domo ond is probobly c© baod wractice. In one oase it
13 believed to hovo contributed to the fuilure of & structure, In the
cace of © nuibsr of dmms of the butirvssed cone.ete type, no floor was
provided botween the brtiresses nnd tho woter passing benetuth the up-
stroam outoff coulé rise in this space cnd escope thru vents provided
in the downotrecm face of the dam. If theso vents were closed, it.
would hove to poss benocth cnother section of the dom to rLach the toil-.
waters For dums of this type, tho distonces :nd retios for-both comdi- -
tions hove boen computud nltho the shorter creop fistcnee is prob bly
tho effoective one, :

Consi derable unoartdint" hos beeon inproducaé in the determinction
of the arecp diestance by the prusence of wood holuu or vents, . In de-
termining the dicttnoes uoed irn this repori, wuep holos have not been
eoneidared s reducing the creoop diBu&AGﬂ but ‘2 soperote anclysis of
them hoe boen nnde. : ST co

There wes sometinoes uncnrtuintj es to the hc;d to use in Lstima-
ting the rctios, Ip ordinury overfoll domy it wus muhsurad fror the
crest of tho dom to tuilwuter elevation, or, i the lutter whs not
rpiven, to the otrocmbed below the dum. If erest gdtes or floshbhoords
vere used, 1t wos measwreué from their top.,  The ordinary operating
head wos used, altho, in oume cases, especially movible navigetion damas,
the structurcee were no doudbt occ&sionully subjeciad to grecter hoeds,

Bevcerol cuses hove boan found where éuas were built or & ilzyver of
porous matericl, such os groavel or sand, which wus underlaié by on im-
Furvious loyer oi cley or hardpen, into which the cutoff wells or sheot
piling exrtonded, These urc not Pubjuct to wnalveoia i the ordincry
wi.y ané therofore the dave opn them is civen vitnout anclycis, Masonry




dms on earth vhepe the outor? wos tarried to solid rock ware not ‘
analyaed .

Clessifiocation of Eu_zlx_n!tion Materials

There is @ great noed of s more accurate and scientifio classi-
Tloation of foundmtion meteripls than the coomom terms, gravel, course
sand, eto, Beverel classifiontions om the basis of grain size have
beer made, but none are entirely satisfectory, One developed by the
United States Bureeu of 80o{1s* has’ heen extensively used ir tho clessi-
Tication of moila end or materials of earth dems, Yor dmm foundstion |

‘E;ouping of Boils on the Ba ool yeis, Re Oy By Duvis
and He H, Bennett, U, §. Pepor of fericulture, circullr‘ﬂog 419,

materiels however it is objsctionable es its classificetions, clay,
fine sand, coarse sand, "eta,, are much finer materiasl thar the engi--
heer has in mind when using theme terms, WMechanicel enalyses of foun-
dutiop meterials could be obtained for only o few dansg Those ovail~
able are plotted on Figure 1, giving the grain aizes in inches and .
millimeters, the Bureau of Soils clmsnification, mmd the size of etan-
dord sieves, ' . o

Results of Lnalysis of Existing Structures

The results of the mnalymis of the weighted creep relstions for
0ll structures for which sufficient dato could be obtzined ere givem
in Tobles ] to &, The first column gives sach dam e mumber which is
useful in identifying it on the figures. The next thres coluems give
the nmme of the dam, the stroom dmamed and the stete or country in
vhich it is locoted respectively, The fifth column pives the effeo~
tive heod on the dmm, the sixth ond seventh .oolurns the vertical cnd
borizontel areep respectively. ' The eighth gives the welghted creep
Gistancs, the horizontul creep hoving o weight of one-third, and the
ninth column giver the weighted oreep ratio, or the weighted creep
divided by the head., The thrwe following coluins give Trespectively
the nature of the foundation motericl, the source of the infarmatiom
from whioh the date wms secured, Gndé the plute on which the. sectiom
of the dem is shown, ’ e .

Yor those whe desire more complete deta, Tebles ) to 4 inclusive
of Appendix IT have been mrepared, These give for emch dom the ylain
Creep distence and ratio, the reliubility of the dota on which the
figures are based, the results secured with the dom, usunlly in the
nature or ¢ stotenent of the Poriod of service or dete of campletion
and miscellanoous remorks which give other pertinent infermetion, In
regard to the duto on "Results,” it moy be seid tvhot for the larger




Sustures when located in the United States, it is very prodedle they
are still giving recsoncdly satisfectory results or record of the faile
W woull have been publisheds BSm-ller structures in the United States
ad thote in foreign sountrios are pmobebly still in use, althouch
there i 8 alight ohanoe that they may have feiled. R

. . These results of the weighted crecp enelysis are shown grophieelly
. ..tm Figures B t0 5 where the weighted creep length is plotted sgainst
C B basd on loguritimic paper and lines are d-awn showing the various |
Wolighted orecep hsad rotioss The failures are inficsted by sclid dots
and ‘the ‘demas which, s0 for @s known, Adid not fail by piping,- ere indi-
cated by open circles., Rifferent sectioms of the seme dem, or condi-
tlons of the some dmp before fuilure and after repuir are shown by dote
Joined by m lines T R
' . . - ] g . o i «. . B
The mejority of the failuves are dams Of very poor de@icn, but they
Serve %o show approximntely the limits of good design. Well deeisned
~ dems rerely fail, but more lessons oar be learned from failures than
Puccesses. Same well known failures are not ‘included becouse the date
is insufficient er too conflicting to permit relicble conclusions.
These include the Houser Loko Dom, Missouri River, the Grand Barroge
on the Nile and the Southern Llbertn Lend and Irrigetion Compeny heud-
gates, - l\
‘Several eases were found where the dn'l;::‘sE is Bc complex that it is
- diffieult to onolymes This was tha case in'}[ the'j.lcona and Upper Alp-
medn Groek Dums; the dam in the Bcicto River|at Columbus, Ohio; that
o the Guodolupe River in Toxns tod the Boortmento weir. :

i
Hi

" - | ‘ '

‘S8itioncl @ota on the reliability of the dcto on the various.
strustures, the length of the period of service cnd other portinent in=-
formotion, is given in Lypendix IT, Where the concitions could no% ode-
cuntely be ocovorud in o table, & more complete statciont is given 1n
4ppondir ITL. Croos sections of the dmms cnalyzod are given in Platos
I t¢ XXIT of Appenéiz IV, : ' . ' '

M‘t Yootz Bhown by 22' erience with Existing Pems

siolly of all the arailcble rooords of porcoletion distanees of
iog mosonry dmme on earth foundutions, tnd those which hove friled

btrings out throe very important fucts. These focts are (1)
dome hove fciled from piping with poércolatior distonces
Judgel by the crdinary stunderds should be safe, (2) thet mony
e hive stood successfully with percolction distonees mush loss than
rrevioualy roemxionded (3) that the dame whioh fatled had very little
of their arecp poths nlong vortiscal or steeply sloping surfrcee, while

thosa whioh stood with much mmcller distonoes hod o considcreble pro-
yortion of euch ereep.




Fuilures have ocourred with oreep distandss which ardinery stan~
dards would comsidor safe in the case of the Kulli Dam, Kulll ByoBaoh
ond the Deoha Barruge. - The first two of ghese were Younded cp fine
sand and failed with oreep~head ratios of between 14 and 16, For fine
sond Hligh recamends o ratio of 15 and Griffith 143 to 18, for fine
micoseous sand and 1B} to 14 for fine cusrts sand. The Deohe Barruge
On fine sand wos throatened with o crecp-heed rctio of 17 spd finally
failed with o piping path with length at loast 26.6 times the head.

Oﬂono of these structures had vertical cutoffs, '~

The second fact.im based on the data on daus given in the follow-
ing teble, which shows that much lower rotios than recemmended by Bligh
or Griffith have been successfully useds 4s Bligh end Griffith do not
givo ratios for metericl of ‘the exact description of that existing at _
scne of theése dems, the author has used:his best judgment in estimating .
fram the clessifications they did * . give what they would have proba-
bly recawriended, ' | B U

/ _ O"-L ‘:_’:-azw :E !w&x.'nfl M-Lb_q‘é‘/ﬁ .{,75\@’.
iCreep-: Recamnendéed Retios :  Actual Rotio 1o

: Head : approximate : W
Motericl :Retio : 3 2 Griffi :
ery Iine : 1. ' : '
sand 2 : oo
‘Band, very ! 13,5 : N 4
Obic Rivor i fine to mods : = ' : '
P dum, @ lit-d ' '
‘ tle fine
T gravel
Borre Moss ‘Fine sand &
: * silt
Iron Mountain “‘Fine sand
Riverdale iCoarse sond
Prairie du 8Sac ‘Course sand
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»
.
.
-
-
-
.
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15 to 116

ca a8 se we »s pefs

'se Br o7 2w @

* By B sF 47 we ee 4% @

Columbie ‘Coarse send
Dem No. 1, Big *Send with a t
‘Sunflowur Riv.f little clay® 6.6 °
* gravel cnd ¢ :
° eleyor sandt
Tunuyon Weir *Sund &gruvel: ¢,
Grunitc Reef  ‘Gruvel ane ° 2
. boulders
Walkill N.Y. travel and :.7°2.¢
© boulders R
Oswegntchie K. 'Sand cnd 3.8 ¢
. boulders : : .
Fludmont ‘Boulders - 2.7 4 : Tal 68

T 86
136 toedl’

~
4

-
LY -

130 to 52
40 to 72

r‘ﬂmac valucs include the reduction for vertidal stounching.




Ocnsidering the thrss fnilures before mentioned where the oreep
- »ere substantially equal to the recommended veluss with the
108 1in Ade preceding table whare the rutios aye much less than rec-
wded, (18 18 o very significont fuot that the group which fuiled
bad negrly all the creep distance horizontal and the latter had sube
;ttipﬁal‘po!tiﬂnu[pt their percolation ‘distances along vertionl or
- ,Steeply sloping surfaces. In fuot, not.a single case was found where
‘Piping ungueationably took plece umder & desp cutoff, and only one =
G880, the Flederborn Dem, in which it may bave. The dnte on this faile
‘ure ‘le so0 incamplete that the piping may have.been behind the abutment s,
rather than under the dem, but oven if it was under the dem it probably
'took place at ratios much less than recommended in. this poper and ocere
tainly at retios scmewhat lesm, %The feilures of the Coon Rapids md
Plattsburz Dams were eppurently
Pittariald

The logical comclusion from thesc facts is thot in the decign of
masonry dams on serth foundstions groater woight sbould be given to
the oreep elong vertical or steeply sloping surfoccs than nlong hori-
zontel o slichtly eiopin; ones. Thie has lead tho author to the de-
velopment of the weizhtied ereop mnelysis of oxisting dams and ‘dem
rzilures, : Z S :

Origin of the Weighted Crecp inalysie

The euthor's attention wus first directed to the greater vclue of |
vortical creep by the diffioulty of explaining the stability of the
Prairic du Szc Dam with its oxtramely low plein creep ratio of 4,5 on
0 coersc sand foundctiom. The eovidence Irom onc structure however was .
not Jufficient to justify c gmoneral conclusion. - - - SRR

, _ "

Frecuontly when onc foms ¢ corrcet imprcsaton cnd thoroughly

studios tho literdture of the subject he finds the smme ides oxpresscd

by othora, There aro few absolutcly unicuc idens in ongincering.

The idea opperently was Tirst uxprosscd by Iir. W, E. Griffith, who

suggested in his ebridged p.ner that o reduction could he made in his

suggestod orecp hoad valuca for reliable vertieal atzunching. Mo exe
plains tho greater cffcotivoncas of vortical eroop o8 follown: "“First,

‘tho lino of eroop is. subjeect to a grecator Preasure whoro curried 1o a

groater depth; secondly, at tho groater denth larger and heavior sand

will probably be mot; and thirdly. sand corried out nuat be lifted up

the curtaim well, prosumcbly rocuiring groator velocity of pcreolotione™

Mr, Origfith xindly gave the euthor dstc on the Kulli Dem wnc Kulli Bre

Wash ond exprossod his prosent convietion thet the croep hond retios
o he gave wore probably too low unlcsa scme verticel sirunching was uscd.




The authorts erplnnation 1ar tho dlfferencs aaams to have been 1ndo-‘
pendently reached by Mre o Lo Huato"' 2

¥Punjab ¥ugineering Go ongTess 1950L pEper No. 1«»2, p______i,_________. )

The effect of sheet pil ing in reducing upwnrd presm_ra und oute

ting dowm the Tlow: ‘throush the voids in the fmmdation reterial hes . -

. been discussed at lencth by Khoela'and Leliavsky. Both seem to have
reached the conclusion that such piling reduces the pressure by &

greater mmount per unit of contaot-l‘angth than horizontal oresp.

Relative Weirhta of Vortiaal and Harizontal Graa]g

The proper relative might to. f;iv'e to vsrtical a.nd horizonta.l
creep ccn bo determined only by mnelysis of actusl dems, although some
light may be throwmn op it by an nnalysia of gbservaetion .of upverd pres~
sure on cctuel dcoms, While the results of the anclyses of all avoile -
able dota on percolation disiences of dems does show conclusively that
the horizontal creep dimtance is not as effective in resisting piping
es vertical creep dimtonce, it does not indiccte oxactly whet their
relative effectivenenses ore. Llthough severael dcma without apprecio= -
ble vertical creep have fcilsd with distances norally considered ‘sound,,
no feilures wore found with considerable. vertical creep except st retics
much lass thaen orcinarily cunaidored sare and thererore the uppar limit
of weight must remsin uncertnin.:.

L careful atudy of the up'mrd presuure measurementn on the Perehn"‘" .
. Islend Poxrk*? Pinhook* and Narora“’woirs shows that ehe drop in upnu’-a. '

o

M ana. o, oo, T, E. Vol. 93, 1989, 7. 177, ‘
***Pun jab_Engineering Congrass, Paper No. 142 jplate 1T,

pressure oalong norizont:sl concrete surracoa 18 clmoat %6TO, and alanc;

a puddle surfece somathot more, indiecting that for hnrizontal concrete
surfaces tho ratio might be as lov as zero. It Goes not necossarily -
follow, howover, that the safe rctio for horizontal creep in consider- :
ing piping fuilure is the same es in considering up*mrd pressure. Moro
study alons; this line is very deaj.rable. , ‘ . -

In erriving at the decision to use & weight ¢f one-third for horie
zontal crcop tho author listed ell the structures having creep distances
below or necar ulct might be considercd the lowoe? safe limit, together
with the motorinl upor vhich they were founded- axld the mishted oreeps
for cach, with weights for horivontal croep of 0.5 #nd 0.3 Lt the
same tino a table wos medo of the woighted croep ratios which the ro=
sults of anclysis of actual doma indicatod to be sufe for the various
crocop ratios.
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38
38
3
40
41
2
&%

North Diversion

Dalgeriog ‘(Fatled)

Farmue. Fello (Failed)
French Landing

- og
(Btanding portion)
)

Kettle Craek
Whiting Street

}
i

Edenville Plant
Sonford Flant

Secords Plont
B3mcllvood FPiant
Tobzooo Plart
Barton Dam
Black River stor-g
age Dam
Lﬂke St. h'a.nC:’.B
Bulkhead Section
8piliway Section
Beltic }Main Dem
Baltic Side Dom
Logen, Utaeh '
New London, Conn. -
8t., Paul, Minn.

mmmuq

Hardpen
Cley

tHard blue olay

Mim clay with boulders
Very ‘herd clay

Very compact grevelly

Cloy with considerable
firmly embedded graveld
ly hordnon ‘

Clay, grovel and very
hard herdpan = .

‘1Cley, gruvel and hnrd—r

pan
Clay, grevel & hardpan
Clay, gravel & hardpan
Cley, gravel & hardpen
Cravel & hardpnn -
Clay _

Stiff clay with small

| boulders and gravel

Clay and gravel -

Clay and gravel _
Clay, sand and gro.vel-
Clay and gravel

Cley with 50¢) sand and
grevel




B OHBR

Orovel, swll grit or
| coerse sand

® b

{Boviders, fine grovel . 2.8
] and ‘sand )

cnd grevel 3e5
lorovel and sand B33
4 and grovel 2.0
Very sompoot gravel 1.9

and eobbles
and glacial bould- 2.8

m.

, avel and boulders 2.8
JAvigdinet ovel .7
it Rivor, Ga. :en Limestone 2.7
i fpiﬂwt’ W. Va. dera l-p
IBtamford, Conn. and and gravel 2.5

. ‘{Woodstosk; Ver. Loose gravel 2.2
2l eelkil), M Y. ' [Boulders and gravel 1.3
-3 - Dums. on_Coarse Scna
Federborn (Paileqd) P sand 3.4
|Riverdalo orpedo sand 2.5
‘|Godavery Coarse sand 840
JBig Sunflower Dem nd with @ little clay 6.6
| No. 1 end gravel : ‘
JPrairie du Sac ure course sand
Power house do 6.5
Dam (Vents open) 33 do 3.7
Dem (Total coreep) ‘ do 4.8
Colwmhia arse gand " Re
{Cruwlord onrde sand 4 :g
Glouvcestor carse sand 2.3
. - 3.3
Camp Hunphreys oarse send to gravel 5.5
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Table &
Tam No.: Dam

Foﬁndntion
. Materia.

Table 4

Wt1d Creep Ratio
Wtoof HOT.

Dam KNo.

1 Narora (Failed)

Probabtle

Poreible

Not over
Khanki (Feiled)
Corpue Christi

(Failed)

Lacha (Feiled)

Nadrel Escepe
. Fall
Faric Dom

Ielam Weir

Ehanki (Heconstruc-—

ted)

Narora (Reconstrue-

ted)

Nodral Escape Fall

Zifte
Iron liountain
Mottville Plant

Villege of lowell
Villoge of Belleire

Lxron, Ohio
Ansdarko, Okla.
Barre, Muass
Mieri, Chio

Okle. Diversion Imm

Poms on  Sand, Fine.

N

* Fine send

¥ine. asand
FPine sand
Fine send
Sand

Fine aand
Light snndy Boil

//,/Quicl:aand_ &.. grovel

Bgnd
Fine sand

Fine pand

Light sendy soil ¢

. Running sand and mud

Fine send i
Quicksand
Sand

Fine,. clean sand

Send and silt

Sand

Sand, fine Bund & sil't
Sandy silt

- Sand end shcle

.. LI
OO - KO o D

3
&
s
C 4
4
2,
4
3
4
8




e 4

De
1 Narore (Falled)
Probable
Posaible
Not over
Xhanki (Failed)
Corpus Christi
{Fuiled)
Teoha (Failed)
Nodrel Eacape
Ml
° Park Dam

Islom Weir

Ehanki (Heeonstruc-
ted)

Narore {Reconstruc~
ted)

Nodral Escaepe Fall
Zifte

Iron Liounteir

Mottvilles Plant
Village of lowell
Village of Dellaire
Lkron, Ohio
Anedarko, Okls.
Barre, Mass
Miami, Ohio

Okle, Diversion Dam-

Fine sani
Fine sand
Fine send
Sand

Fine sand :
Light sandy soll ~

Quicksand & gravel

Bend
Fine sand

Fine und

Light sandy aoil
Running sand ond mud
Fine sand -
Quickannd o

Sand

‘Fine, clean sand

Send and silt
Sand . ' o
Sand, fine aa.nd & s:th .
Sandy silt
Sand end shzle




lead ‘W@tad‘ _Creep Ratios -

Tn the following table are given. the weighted creep Tatios which
the analysis of all avelilable data from existing structures and partic-
ularly those in the sbove tables indicote ns necessery Tor. safety.
sgainat failure from piping along the contact of the struoture ond -its
foundation. In order tc use these values with safety the cutoffs must
be of molid masonry built ir contact with tho earth sides of the trench
or of interlockinz steel or concrete piling driven sc that the inter=
lock 1s not broken, and satimfmotorily embedded st the top in the meson= . §
ry structure, They also asaume nompeteont supervision during construction L
end efficiont mnintemance afterward. Thess values are for major struc~
tures. Somewhat rmaller velues may be used for less important strue= .
tures, ranging down to perhaps BO per cent of those given for those of
minor importanoe, IR :

There —re 8o mony types of foﬁ.ndation material thot it is impoasi‘-.‘ .
ble to give vclues for all, Only the usunl types are therefcre glven
and the other conditions ccn be determired by cmnpn;igoq}:wit_h these,

Weight of Horizontal Creep 1y3

Very fine sand or silt .
Fine sond ., « .
Madim sand . .
Coarse sand . .
Fine gravel . .
Medium sruVﬁl . ; q . . 8 0

Coarse grovel including cobtles . o
Boulders with same cobbles and grevel
Bortolay.e'-;.._-.....'--.
mdi\mcw.;,ocooo-oqco

[ I
B . B

PEDUBGGR OIS ad
PO N LOOG DL

Hard OlBY o« o # ¢ « s« o v a = » = 4
Vary herd clcy or hardpan .« « « o »

0. & 8 e ¢ ¢ s @ a 8 8w
]

- . o ] . ‘s L ] L ] - - [ ] a
2 0 4 2 2 2 s v b 2N
4 e ~& & & ¢ a » & »2a s
@ ¢ 2 ¢.8 e B 4 o e 8. @
- o & 5 O & 4 a 0 6 @ 8
'S e 8 8 '8 a_ a & 8 @ & a
- . » - e “' - 8 . - »
e & 4'e 4 e & & s s 8 8.
s N
e ¢ &4 22 8- 8 2 & 4 & »

s ‘“ ..
e e e & e ¢ &' e & a8 "
.

The values for mediwm and soft clay are somewhet uncertoin as no
record was found of dams founded on these matericls, If the require=-
ments of bearing vrossures can be met, the values given would seem to

" be sufficiently conservetive. g ' :

Recommended Vilues are Conservitive

The recammended walues have intentionclly been made cuite '-:..cnuer-
Jative.” Not = single fzilure wes found where the den had creep head _
rativs as lamge @8 those iven. It is posseible thet future experience




year, and the grouted riprap at tha end or this apron was blown
up end piping nroceeded until the Whole,structure collepsed. .
Congidering creep under the. vuddle anron as vertical creep, the
geighted creer distanco to the point- of bloout *vac 58 foet,
giving a weighted -cresn head ratio of 2.3.. . The corresnondiug
plain creep and short-path distances and ratIOS are 109, 84 and
5.5, 4.2 respectively. :

Leasburg Dam

The Leashburg Dam was built in 1907, Tt - vav'rounded on sund

about 10 feet below the surface of =~hich therc uere many bouldnrs.

There was a rov of 20 ft. trionle lun wooden shcct‘nllinp -along
both upstrear and domstream edges. On account of the houlders,
it was not possible to drive the sheet piling *ith close- Joints,
throughout. BHetween the shact niling: vers. round niles 4 foct
on centors. A layer of 4" of broken 9t0no was nlaced benesth
the dam and & reverse Tilter was placed just unstream from the
lower row of viling and discharged thru the concrete, by passing
the sheet piling, sthru 2-inch nipes at ‘about 4 -Tt. 1ntcrvalg.
There was 8 flow of hot mater un t“ru the foundation mater;al.

The dam crosgsed the river channel and extcndcd nart way
across the higher bottom land. When Tflood s came the ater came
doon the river channel and then spread out to ro ‘over the croest
of the dam. This gave a higher head neer ‘the river channel - “hich
caused flow along the upstream facc of the crest, cuusing decn

scour, Thi's uncovored the zavs in the sheut nllL“ and. neseihly
scoured hclow them. Pining developed but the ‘dam did not col-
lapse as it "us subported on thc plles. It was renaircd by
throving rinrap and brush on the upstresm side ~herc the water
had pived thru, -hich stonned the leaks and- allowed the basin
upstream to silt up. The dam has boun in sem vice sinec 1806,

Danr oo Uta, Underinid by Pcrvlouq hatqriuls

Nathaura Escape Head, Sarda‘CanalJ,Unztcﬁ Provxnccsj‘Indin

The foundation of this struchure wus cxeavated in o thick
layer of clay underlaid =ith sund, <hieh inturn ~as orobooly
underlein with @& lomur stratum of eluy. The floor level —as
nearly to the hottom of the clay laver. It scems <0 Ruave heen
designed for a cracp head rutio of abwut 1% und had no shoet
piling cutoff and wvery little vcrticu] creen. The sand layer
carried =uter under oressurc, the norlnge level heing about §
fect above the do'msty sam eacans: Floo:. A ostrong coring de-
veloned doomstream whichr functioned cven :hon the canal - 'us

- .




ologedi After thiowing up a eand oretor it apneared to stop re-
moving foundation material. A water cushion threc fect doep ™as-

maintained ‘over it and lator disanneared. ‘With a hoad of 7.5 root,

giving a orcop hoad ratio of about 1'7 tho structure railod aud— o

donly from undomining.

. The 1m§bdia_to cause of this fallurc is somchat bbscurc.
It is probadblo honovor, that the vroesurc built up bennath the

clay layer domstream from the structurec until. 1t suddcnly rajsod -

‘s eonsidorable area of it, broaking tho contact with thc dosm-
stroam apron of tho atructuro ‘and’ normitting the tator ~ithin

4ho sand layor to cscape. With the sudden rc.loaso in wressure,
the sand cheangad to a dilctent atate (mec nage ) and —as rapid-

1y washod out fram beneath “the- structure, until = channel rormod
bensath ‘the structuro and undurminud it. : ‘

- . e e

P




APPENDIX IIY

PLATN CREEP AND SHORT PATH RATIOS
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Te16-14
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g-u-24

g-5-14

12-18-13

Huilning Power House and Dam on Sand
Foundations.

£101,000 Hollow Concrete Dam! St,
Francis River., - N

A Low Head kater’?ower Plent.

The Design and COnst~uctlon of the
Bassano Dam..

The Design and Construc on ofothe
Baasanc Dmﬁ,

Construction’ Work for East- St Louis
Flood Protectior (Cahokia Creek Dam )
Reconstructing the Foundatiom of th
Elwha River Dam.

The -Sheet Pile Cutoff on the Port
Angeles Lam.

~ Lessons from the Fa‘lure nf a Weir and

Sluices on Porous Foundations.
:oundation Failure of a High Concrete
Don - Port Angeles, Washfngton.‘

The hccident: to the [Lem Bt Port Ang,les,
Washiﬂbton.

Irrigation on the ‘Hoyal Au;gab Estate -
Turkestan, Russia. . ‘
Blowout -of a Canal Ret&lnlnk da‘l at
Ansonie, Conn.

. Weirs on Porous roundatxons and with

Parvious Floors, 7 .
Sheet Piles as & Means of Dacraasing
Permeability of Porous Foundstions.

‘Movable Dams con the New York State

Barge Camnal.

lama, Harrages and Weirs or Porous Foun-
dations. (See alsc Vol., 48, 1-18-1],

p. Q&.} o

The Failure of ths Fergus Falls, Minne-
sote, City Lan.

- The Failure of the Lar ut Ferpus ¥Falls,

Minnescota.

The Cranite Ree! L[am snd Sgie Mecnaniam.

The Undermining o7 e Heinforced Toncrete
Dam at Fistarield, Massachugsits,
Turning the Colorado Kiver end Complet-
ing the Lagune lem, Arizona-Colorsdo.
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12-31-96

3=14:95

5~24-04

- 9=6-90

ineeri Hecord -

Vol. 74 12-9-16

?1 le2-15

89 - 1-17-14
| 3~28-14
12-7-12
10-5-12
11-30-12

8-31-12

- !'ho Gmnito Reor Dlveruun"nm or the

24
77

72
640

376 -
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'Balt River Projact of the U, .S, Recla- " o

mation Service, ‘Arizona. e
Tha- Construction of the I-ggunn lhm.
Colorado .River, Arizona, '

" The Brenk in the Hnuner Lake Dnm Ilmtm

The Hauur ‘Lake . Btml Dum in the Miaaquri
River near Helena, Montana. ot
Water Power Plants on 'the Lpple Riwr.,
Wisconsain. -
Pile. andation ror llovable vlair. s

The I.nguna Dmn, Yume Irrigation Project
California,

Grouted Ruhble wc-:ra l'ralla for the ‘l';eira '
of the Delta’ Barrage, Egypt. :

The New U. S, Govermment Needle Dam at
Louisa, Kentucky, on the Big Sandy River.
Locks and Dams Great Kanatrha River,

Movable ‘Da.ms. Great Kanawha River.

New: Masonry Dam at - Lonadale Hhode ¥
Island. Vel

"The' Chenal weir. i

'u'!hi%—i.-ﬁ'éfl;\‘St; Dam, Holyoke, Massachusetts.
Diversion ‘neir - Ganal Type Uaed for

Pioneer Hydroelectric Develomnent in
Sandy Scil. '

Hindia Dam on Euphrates River. -
Coon Rapids Hyof-oelectric Developﬂxent. "

lReconstruction of the Elwhe "ﬂivcr De.x:'x i
Connecting Laks n'ashington Seattle with
Puget.

Failure ot Intake at Bew Rl_ve.r Dam.

Washout of Base of Port Angeles Dar,

~ater Power from the &0 Sable River,
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‘.13.1 -y 401 - Thh Failure orfndh at Oawegu, H.'Y;“‘

m-zl-u - p.'v-m - A 8mall Hydrualectric Plant on the
' Oawsgatchia River. -
V-ED-lL.- p. 141 Puublo-Rocky Ford Irrigation Prnjeet.

5—27-11;- p. 569 Bow Hiver Dam, Southern Albcrta Land co.
. 5=20-11 .~ p. 560".Gran1te Reef Divaraion ‘Dem, Arizone,

:10;8-10 p. 396 -.The 'las Vegas Irrigation Project, ‘liew
‘ i Mexico.
4-9-10 - p. 487 - Fallure of Canal Headworka Egypt.
ot
1-1-10 p. 24 The Failure of a Small Conc:ete_Dam.

6-4-10: - p. 726 "Compensction Weirs, Nepean River.

11~-21-08 - p. B72 - The Hydro~£1ectric Plant of the Uncas
~ Power Company at Scetland, Connectlcut.
12-5-08 - p. 645 - A Successaful Low Timber Dam ror Broad
. _ Sandy River Channels.
12~-268-08 p. 728 - A Low Hba@ Hydro-Electric Development
at Berr*an Springs, Michigan.
7=-20-0% p.’ 75 The_ Unper Grays Dam, Consolidated sinter
L Company, Utica, New York. .
10-19-07 p. 418 - Three Low .Head Hyaro-hlectric Develop- .
« . ments in Michigan.
10-26+07 .~ p. 462 - Three Low Head Hydro—Electric Devc;op—
) ’ ‘ _ ments in Michigan.
10-14-05 - p. 431 - The Riverdale Plant of. the Apple Hiver
‘ T Power Campany.
- 4=15-05 - p. 428 - The aAsyut Barrage Across the Kile.

. ggsineerigg and Céntracting

vol, 33 - 2-11~20 - p. 147 - New Storage Dans in Jllinois (Decutur
: Dam} {See also Engineering Newa-Record,
: Vol. 91, August 16, 1923, p. 264).
51 -~ 3-1£-19 - p. 261 ~ Conditiona of Stability and Suprested
Deaign for Wogsden Dam Built on Sand.
44 - 9-8-15 - p. 193 - Considoretions of Sliding, Over-urning,
Crushing and Blowouts in Dam Design by
the Ohio Kiver Board. '
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Engineering and Contracting

Vol, 41 ~ 5-20-14 - p. 584 - Structural Features and‘COnstructidnf
, ' Methoda, Hydro-Electric Plant at Elk-w
: L hart, Indiana.' :
39 3-19-13 -~ p. 315 Unique Construction Methods and Devicea -
Buployed at Lock and’ Dam No.. 1, m1ssiaa-ﬁ
ippi River Improvement. \ i
39 -  S5«7-13 Methods of Constructing a Hydro-Electric;
Power House and Dam on ‘Send Foundations,
37 ; 8-5-12 039 -~ The Design and Hethods. ‘Enployed in Con~.
) ‘ structing ‘the Cooke Water Power ‘Plant on
the Au Sable River, Michigan. _ :
37 6-5-12 646 ~ Three Approved Deaigns' for Jeil Dams for
Irrigation-Canals.. i _ : s
35 3-8-11 . 290 -« Dams on Sand Foundatlons. -_”

33 - Z-B=10" 117 Wrat Cauard the Failure or the Dansville K
Dam? . S
53 3-2-10 207 - The Dam Failure a8t DanSVille, Hew Iork. .

25 . B-6-06 155 - Cost of & &Small Reinforced Conc ete Dam
) at Hichmond, Indiana.-

Water YWorks (Formerly Part of ‘Engineering and Contracting)

Vol. 85 - Feb, '26 - p. 65 - Qliver Dem on the oouthern Okanogan
' Irrigation Project, H _
AS - June ‘24 - p. 269 -~ A New Type of Spillway. _ "'4!
59 - March 723 °- p. 805 - Concrete Barrier. Dam for Intﬂrcepting }
Crifting Graval and Sand. SR ‘

Roads and Streats (Formerly Part-of nnglneerinr and Contractihg) ;
. JL
Vol. 62 - Aug.. '24 - p. 321 - Frictional R331stunce or Concxcte or
Various Sut-Bases, :
]

The Engineer (London) Through Vol. 156, 1933

Vol. 156 - §-4-3% - - The Flow of Water in. Sand..

153 - 1-22-32 S - The Lloyd Barrage at Sukkur -on the
. Indus. '
131 - 1-30-31 The Nag Hammedi ‘Harrage.

2-0-31

- 10-4.20 36F - The Sukkur barrege.




Tﬁ Engineer ]London]
Vol-.i45 - gélo-za - D “ - If?igatibn in Siam. -
144 = 9-2-27 - p. - The Nau Hammadi Purrage
142 ~ 18-234-26 - Dp. = The Sukkur Barrage Ir*igation Projpct,

1920,
11~3-93 - p. 43) - Movable waate Weirs, Mira Canal India.

m%w.w {London) Thmshrlm A o ‘

Yol. 136 - 10-13-53 - .- Autcmatic Radial S‘luice Gate on the '
. River Quae,
C133 - 1-29-32 - : ‘The Lloyd Barrage! at Sukkur

131 2231 = p. The ‘Nag Famandi parrage.

120 = 6«R7-30 - p. Zuyder Zee Recl_.amatidh Works., Iiain
‘ RS - Encloaing Embankment and luioes.
10-15~-26 -~ p. The Dolgerrog Dem Failure.

"B3~20-25 = The Regulation of the Murray River.

4=3-25 S owe W e R
4116 - 4-17-25
L1 . 5-1-25

.1.19 ‘ 5-8-25

B . ) . . '
© Tl4 - B-20-22 o Sukkur .Parrage.

. "fhe'cenadim'i Engineer ‘

‘ Vol. 44 -~ B-2-22 - p. -Coriét'*uc-tion of Kettle Creal L‘a:rx..
| ) ' St. Thomas. : .
38 - 6-3-20 - p. Dam That raithstood Unusual Severe Test. -

',' - 10-30-08 - g Divars‘on Weizs on Sand. 3
i ’ [

'l‘ranlactions of .the Americsn Sociatx or Civil Engineers - mrough 1933

Vol. 93 - 1829 - p. 262 - Hee.dworks of the Imperia; Canal.

93 - 1929 - p.lSl'? - ﬁydroatatic Upl:.ft in Pervious Solls.




Transactions of the Amsrican Sociat; of Civil Enginoars (Cantinued)

Yol. 93 -~ 1929 - p. 1717 - Upward Prassures undor ‘Dams, Er,eriments ‘1'
; by the United States Bureau of Heclemation..
g2 - 1928 « p, 100} - Lakp Waahington Ship Canal Soattla.; ]

B89 - 1926 - p, 1181 ~ The 0 adell Dam of the Hackensacx Jater c :
.88 192§ p. 1257 -‘Shennan Ialand Dam anu Power House.
fIBB 1923 - p. 148 - Locka ‘and Movahle Lams cn Dhio Rivcr“
8l = 1917 - p. 1~ ﬁeaigning an: Earth Dam Having ‘a Gravol -
e .. Foundation, =
80 - 1916 - p. : Action or ﬂatar unde* Dams.

77 - 1914 - p, -Prewitt Reaervoir propoainiun.

77 - 1914 932 - niversion or Irrigating iuter from btreama.ﬁ‘

76 1013 =~ - 'lgl -'A dostern mype -of- Movahle Weir Dam

76 - 1013:- pi 1284 - (Irrigation and River Cont"ol in the Colo-
‘ T ‘Tado’ Hiver Lalta (uharpe'n Headsate) .

1911 - p,- 175 & . . __ ‘
190 - Iams on Sand Foundations.

32 1884 -":p,. 389 - ThP Dunnlnﬂs Dam.

15 - 1886 - 887?“ The Southington Dam.,_
Civil Zniiineering ' : :
2 - ho. Yl - Jan. 1933 - p. 9 - Prorile ro: e Low Dar butorminad
“ by Mbdela.'
Ko. 6 - June 1931 - p. 322 - Temiscouata~’$torage Dan on Sand
Foundation., Do

Journal of Electricity, Power ahd Gas -

. Yol. wss - 10- 16-15 - p. 297 - Port Angelea Dam,’

Proressional Memoirs, Corps of Enﬁineera U. . A:qy.

Vol. 7 - 1915 - p. 32 Percolation and Upward Rressure‘or W&tare‘
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7r‘ ke me. 7 - 3-10-‘2 - Po 137 - Roof -~ Weir on-Guadalﬁpd Hiver Téx&a:q'

7 - 5-25-32 ~ p. 287 - Cochiti D1Varaion Dam -on the Eio urande.

0

’ Frocesdings of the Institution or civil E_nginuera - Tbrough Vol. 233.
1931-32 _ ,_ o ; ;

. ﬁf

Vol., £33 - 1951:52 P. 140 - ‘The Deaign and Gonatruction af the e
. . . BSarda Canal. i

232 - 1830-31 - p, 340 = The Nag Hnmmadi Hnrrage Unper Exypt. '

197 - 1914 - pa 221 The Stahility of ‘Weir Foundations on
) .. Sand and Soil Suhjeﬂt to iydro&tatdc

" . Presaure,
158 - 1904 p. 26 The Barrnga Acrosa the Nile at asyut

. 1904 Pa ‘= The Jamrao Canal. ‘ 7
1903 Pe 323 -~ The 7ifta Baxraee and. Subsidlary forks.
- 1883 - p. 314 - The Chenab Wei" |

Journal of the Western Saciety: or Engineers

Vol. 18~ 1514 - P 979 = Coon’ Rapids Low Head Hydrc-Eiecfric=Devéioﬁif
ment ’ co L S

Le Genie Civil

Vol. 92 = 5-5.28 - p. 486 - Cana‘izatlon of the Meuse in dullan'
Bl - 7-8-22 - Pe 40p - Canell7ation of the Meuse 1n <ollana. "

Iournhl of the Aaaociation ol Enqlneerlng-80cietles_-

N

Vol. 1€ - June '96 - P. 210 - pesr Trap, Sand" Lake Hesé}xoirt
1€ -« June '96 = P. 208 - fear Trap, Davis Island Dam,

American Inatltute of Mining and : 1etallur51cul Enginaars..

Technical Putlzcatlon Vo. E?a - p. é;.

Die Bautechqih
-‘——-—-—..__-

Vol. 37 - 8-7.26 - p. 326 - lie Kanuliserung der rollindschen .;




.Vii;;éﬁl'iﬁb- 713,7.7 - Yeirs of Canalfied Meuse.
i inaﬁri"’ ‘Congress, 1930, )
’apor No. l'.’sB Hydraulic Gradienta in Subsoil Water Flow in rie].ation
- to Stability of Structures Resting on Saturated Soils. : : y o
anar No. 142 - Stebility of Vieirs and Canal Horks - An Applicatlon o S

-of ~the th Theory or Hydraulic Gradient.

?un]uh Irriggtion Research Inst;tute

Raueurch Publicetion Vol. II Jan, 1935 No.: 2 - Studies on oukso;l
Hydraulics, Invastigation of Observational Methods for xodels.
Renearnh ‘Publication Vol. II, No. 3, 1934 - & Study of the ¥Flow ol
e .. Water Under Worke ‘on Sand Foundationa by Means of llodels - Dart I
e neaharcn Publication Vol. II, No. &, 1934 - A Study of tce Flow of |
o Water Under Works -on Sand Foundations by Meuns of iiodels - Pert II
' ’”Rasearch Publication Vel. II, lo. 5, Feb, 1804 - An Investiyation of
' . ' the Pressures on Works on Cand Foundat1uns. : 2 IR
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