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HYDROSTATIC UPLIFT PRESSURES UNDCR DAMS ON PERVIOUS FOUNDATIONS

The purpose of this study is .te investigate the existing
methods of estimating the magnitude of uplift prassure, due to a head
of water, under masonry structures on porous foundations. A compari-

.son of the various methods is made on the basis of a collection of

observed pressures under a number of existing structures on porous
foundations. Pressures at significant points under the structure
are computed from each of the methods and thcen these values arc com-
pared with actual measured pressures under thc dam.

The most definite conclusion that can be drawn from this
study is that nonc¢ of the methods investigated for comomuting uplift
is satisfactory in its prcsent form. The cmpirical methods arc admit-
tecdly only approximations and while they give fair results for some
portions of any one dam thcy arc coﬁsidcrably in orror for the ro-
maining portions. The curve comparing thcoretical and actual prcssurcs
indicatc that the plain crcep theory of Bligh can be discarded in
favor of thc weighted croep mothod. From a considcration of safcty
it sccms advisable to assumc that the horizontal crcep is one-third
as effective as the vertical crecp. This is the weight propos:d by
E. W. Lane in Tech. Mcmo No. 303, U. S. Dcpte. of Intcrior, Burcau
of Rcclamation. The clectric analogy mcthod, which is the most
attractive as a basis for rational dcsign, was found to give rcsults
at considerablc variance with the measurcments on the dams analized.
Until it is madec morc elastic to takec carc of thc variable factors in
the problcm, it is no bctter than the cmpirical method of wecighted
CroGpe

Thce desirability of having a method for predicting pressurocs
with a rcasonably high dcgrcc of accuracy is rcadily apparent. It is
possible to insurc masonry dams on porous:foundations against some of
the various ways of possible failure by using lergc factors of safcty.
Besides being uncconomical, designs of this kind may still fail duc
to a condition which was not takcn into consideration, Thc most
desircble theory for design purposc is, of coursc, onc which will give
a structurec that is safc against any method of failure. This thoory
should also cvaluate pressurss to a sufficicnt degpec of accuracy
that largo safcty fectors necd not be uscd. Th. .scopc of this paper
docs not allow an attumpt to sct up any new theory. It includess only
an analysis of presont design thoorics as weéll as the proposed clec-
tric anslogy theory.

The basis for thc annlysis and comparison of thesc methods, -
used in design, was a collection of prossurc pipc observations under
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actuzl structurcs. A graphiccl picturv of the compcrison, is shown
for cach dam on Figs. 1 - 13. Th ta us ru091Vud consist:d of

ERAUIPER LT BRI PERSRE A TR kot Rty o ions

To c-ny point thc head lost is the diffcrencc in hoad between tho
point of cntry ~nd th. point under considoration. This loss was

found by subtracting, from the upstre~m w~ter level, the water level
in a piezomcter pipc rising from the point in tho sub-soil. The loss
of head was then expressed in percentege of thoe total head on the dam.
The pressurc oxproessed this way wes assumed to be constant at any
point. From Deorcy's Law for flow in the soil w= have

= KQ or h =y
1 K

Since 1/K is constent for any noint in & homoscncous subsoil, (h) is
directly proportionnl to velocity (V). (V) in turn denends on' tho
total hcad (H) which causcs flove Yhen (H) inercascs (V) =lso
increcsos and causcs o greanter loss duc -to friction. Finnlly we say
that (h) increascs os H increascs kceoping the ratio of the two theor-
eticclly constant. By expressing the loss in this wzy, the cffeet of
fluctuntions in hord water and teil wnter were elimin~tod.

Creop distance which is defined os the distance of travel
along thc under surfacz of the dam, is dividcd into two classcs for
this rcport - creep os computcd for Bligh's mothod and called hercin
plain crcop and a sceond cl-ss cnlled weichted erocp. 2 sceond one
ariscs from thc assumotion that cercop along o vertical planc is more
offactive for dissipating hond thon is crcop ~long o horizontrl surface.
Therefore a factor is conlizd to the horizontal crecp distance to give
cquivalont vortienl crcop. This mcthod of weightinguns uscd in the
rcport 2lthough the s~m¢ rcesult g~n be obtzincd by evnluating vor-
tierl in tcrms of horizontal crocp. Crzcp to any point under tho dam
is cxpresscd in percent of the total ercep.

All thce data wes reduccd to th: some besis and exoresscd
in the same terms. To m~ke the comparison betucan theorcticnl
pressurcs 2nd obscrvod pressurcs 2 graph wns plottud for cach drm.
For this groph the percentage- crecp was plotted along the abscissa
and thc porceintagoe-hend-lost ~long the ordinnta. The wanlues at the
various obscrvation pipos wore conncetcd by strriiht lincs. In
ordor to computc the percentnge plain crecp for locnting the pipes
along the ~bscissn it wnas noecssary to fix thc point vhore crecp
would bc considercd to ¢nd. The detormination of this point i=
comnlicatod by the fact thet toil ator potentinl must bo nssumed to
oxist at the vnd of crucpe. Duc to thc prcscnec of wocp holos, long
downstroom oprons, groutod and ungroutcd rubble .ork, thc begimning
of teil wator potentinl or creep ond could not be loeated rigidly.
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An analysis of toe conditions and the assumed location of creep end
are given for each dam.

Colorado River Dam. Fig. A-l.

In this case the last pressure pipe was located 29'-3" upstream from
point A. Downstream from the pressure pipe there was no way of
telling what the pressure was. The location of the actual tail
water was not zivene. Beyond A the water cun escape freely to the
tailwater so0 pressure correspvonding to tail water elevation was
assumed to exist from section A-A dovnstream. The weep hole was
assumcd to be too small to. releasc the residual pressurs under it

so it was not takan tror the crecp cnd point.

Percha Dam. Fig. A-2.

For this dam an analysis was madc ard curves drawn using two different
points of creep end. For the first casc thce 2nd point was takcn

at point B. It was thus assuncd that tho rubble concrete with

the weep holes thru it offcered cnoush resistancc to rctain some of the
uplift pressure bencath it. '

In thec sccond ease the creep end was taken at the first weep
hole, point A. If the tail water pressurc is taken at A instead of
B thc total crcep is short:oned horizontally (30 minus 8') = 22' and
vertically by 17'. In order for tail -atzsr nrcssure to cxist under
the first wcep holo it must be rather large so that the subsoil water
can pass thru it frecly.

Kabo Headworks. Fig. 4-3.

End of creccp for this dam wes taken at A, The crigineal data 4id not
indicate the location of t=zil watur potential. Th. observations

of watc: levels in this pipe however indicatcd that the pressure

at (d5) was grecater than the amount cqual to teil water elevation.

The brick pitching was then being subjeetad to uplift and the ercepend
was assumed at the end of this pitching.

Dcoha Barrage. Fig. A-4.

The cnd point for this dam is protty +icll fixed. Both in this renort
and in the computations accomeanying the originzl data the point A
was uscd.
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Pan jnad Heed Works. Fig. A-5.

In the computation for crcep the boginning of the filter at point A
was taken as 100 per cent croep. A rcsidual hend remains at this
point of about 9.47% of total heade This dcercascs to 7.4% of the
hoad at the ¢nd of the filter but inercases agein to 8.2% at the
beginning ef the downstreem rip-rop. Th. rcoson for this action of
thc prossurcs is probably that the strcam lines divide aftor thoey
pass under the shoot piling. Onc prrt of th. linc goes up thru

tho filter and thc other continues on to go under the domstrenm wWell.
Therc is probably 2 layer of clecy at or ncar th. surface which kcops
this rcsidunl prossurc under ite This lnyer is shown in a goologicnl
scction of other parts of the subsoil and enn no doubt bc assumcd to
exist at this scction.

crora Weir. Fig. A-6.

In this cosc the annlysis uccoqpfnyin: the datn mnde the assumntion

that the creep ended at point A, Althoush the sketch shows grouted
pitching at this point th:urc was no way of telling what condition it
was in. So the same crcen eng was uscd in the computztion for

Fig. 54. Then thz pitehing was assumed to be tight and the end of

t

crecp was taken at point B for Fig. Sb.

Pinhook Dam. Fig. A-7.

The end of crecp was taken at eint. .- the beginning of the down-
strecar: anron. Then it was assuried that the apron restricts flow snough
to maintain a hcad under it and the ¢nd of the anron was uscd for

ercep end. The change of cruep ¢nd changes ths gradicent csoveeiclly

at the toc of thc anron.

Mcthod of drewing Curves.

As has bcoen cxplaincd before the actual and thecorctical uolift
pressurc werc plottcd on the same grawnh. Throe different thoeorics
were uscd to cvesluwte th. uplift nrescurcs. Th. first onc i tho
well known Bligh Line of Crecp Method which asswi:s th. loss of huad
- proportional to thc creep distance which hus bien called herzin plain
CTccpe The linc of pressurcs for this mothod shows as a straicht
linc from zero to onc hundrcd ncr cont.e This is boecaus: of the mothod
of plotting. The sccond theory is tho Weighted Croop Theory proposed
by Mr. Z. ", Lané, in th.: Tech. lumo rcferrad to wreviously. This
mcthod assumces the horizontal crcep to b only onc-third as zffoctive
as verticsl crcepe. All slopos griator than 45° were called v.rtieal
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and less than 45° werc called horizontal. To determine this line
points were taken at critical vplsces such as breaks in the under
surface profile. The loss of head is assumed to be proportional
to the weighted creep. The points along the abscissa remain the
same and the percentage weighted creep is plotted as the' percentage
loss of head. Th> third theoretical line is one that is measurcd
by mcans of an electric-analogy set up. The underlying thecor:”

for this method and the set-up uscd for this study arc as follows.

Thc analogy is bescd on thc assumption that Darcy's Law
for flow in soils holds rigidly. This law, as has b.:cn statcd hith-
erto, cstablishes thc velocity to be dircetly prooortionzl to thu loss
of head. The law has been checkcd by nunerous experimenters since
it was first sct up by Darcye. The cquation of flow, from this law,
is thc cquation of viscous or laninar flow and has thc samec form as
Ohm's Law for flow of clcctricity in a conductor, viz. I =(l/R)E.
Thercforc, the flow of clictricity can tc consider:d arnalogous to
thce flow: of watcr thru soils. Thiie, by simulated hydravlic
conditions in an clectricnl sct up, & measur:ment off notential will
by analegy giv. hcad. '

A skotch of the analogy-set up is sho'm on pace 1 Appe.
For a conductor a sult solution s uscd. Th. e¢xact stren~th of the
solution is no*t known as it -ras rvrcly tan ntir which contained
cnough s2lt to carry th. curr..nt. Th: modcls used wicrc constructod
from pyrelin, a non-conductor, od th . bound-ry conditions were sot
up by mcuns of putty. Putty trs 2lro tricd as o .mterinl for th:
model dom but difficulty wrs cncountersd in g tting it to stand
vertienlly even when most of the oil hd becn roioved. Th: pyrclin
models >0 constructcd to various serlus from 1" = 15' to 1" = 40!
and vicre all coproximatoly 8" inlonsth. Tv'o conmper strip clce-
trodcs, undcr ©¢ voltuage of about 50 volts wor: uscd to simulnte
potcntinl acting on thc dam. These strips wer. oleced ot th: ploncs
wherc water ould cntoer 2nd leave th. subsoil.

Tho proccdur.. us.d uas s follors, Tho dam swias plreod
between the claictreds with the varicus cut-ofrfes nd wells sciled
to thc glass to orevent nny flo under thime Tii. voltrg. wune tren
applicd from an"110-volt"linc thru a bink of lirhts,. Th. nrobe
was plreed ot criticnl points and th. rosistraee slider moved along
the resistonce wirc until ths hum of r voltage dirforcence stonped ot
the percontnge loss corrusponding to that of the proboc position.
The accurncy of this point depunds on the armount of potentinl 4iff-
ercnce thnt enn bz deteeted by o sct ¢f hend phones on ~n nmplifier
with loud spcrKor, Th.: sensitirity of th. molificr -nd sp--ker
is cbout feur times groater th-n that of the hernd phoncs nlonce
The herd phones cniu doteet nothing loss th n 4002 volt while the
amplificr cnn pick up ~ diffaronce of »~aly 0005 velt. An roli-
ficr w s uscd in 11 th: oxn.ri-wnts norformcd. Th. rcsistrnec
wirc wns divid.d into » hundrzd prrts , hich r-ls the slider reniinz
oqurl to the nercentnge drop for nlotting: the curve of mossuroc.



By chopping thﬁ proccdurc sliphtly ozn cntirce flow nct e~n

bo drawn. Plzce the resistance slider at seme poreontrpe point ond
then loeatc the oqui-potential lirc in the model by moving the

probc along the linc of silcnec in the modcl. As n means for
facilitating the transfor of the equi-notsntinl line te n sheet of
pnper, a pantograph w:as uscde. The usunl p:neil inscrt wns ro-

plceccd by a2 coppor probe nuedle insul-ted from the metnl 2rme To
.complct> the flow net the clectrodc ~nd the bound~rius arc inter-
changced. With the smmc¢ procedurc ~s cutlined, thz streom lincs ezn
now bc drairne. Only onc comnlotc flow was plottecd in this study ~nd
it was under the Panjnad Weir loentsd tii ™a~rj b, Indir. For th.
othcer dams only tho cnds of the potunti-l linos, at the under sur-
face, worc located. The flow net tnkan iz shorn or. Rigurc 7 - c.
The model of this dom was considcerably larger thon thoe others rith
the rosult that much shortir <lectrodes hod to b. uscd. Th2 effcct
of the shortoer .lectrcdes iz ~nprrent frem the figurc. There iz =
crowding of tho stream lihes with ¢ cerresnonding velecity irncrease
at the cntranee 2nd oxit of the subscil. This reprcsents » frilsc
condition as the actunl plones of catr-onec ~nd cxit -r: nruzctienlly

" unboundecd. Tho e~ndition 72s rumcdied by tie usc of sm1llur
modecls and longer cleetredes, -~nd the results, using th. smrllcr
modcls, wcra used tor the eomonrison dizgrams. It -7ill b. notcd
thnt in thc sct-up to tokc 2 corplct. flow net for this weir tho
dovmstrcam well -mns ncglccted. When the soms dom wens run with the
smeller model, the well wns included nnd very littlc differczec in
rcsults ins cbsorved.

Al though thc.cuers for .och dam arce almost s:lf expl-ne-

atory, there arc n fow points on thich pessible confusien esn be
forestalled by a few werds about cn~ech dome

Colorado River Dam Grand Vall.y Projcet - Fige -1-

The obscrv-ticns vhich were very numerous for this dam covercd
¢ wide range of variation. Th.y wer s divided into six groups chron-
ologicnlly. A meon w-s corputed from the readinzz in erch group
and this mcan value was plotted as ripresenting conditions -rithin
its particular time intervel, A osneeinl condi tion cxists at this
dam.. Whil: the watur enn cnter the secil, under the upstream ~preon,
across the centirc width, it ¢~n cnly oscnpc throruch 2 constricted
scction dircetly under the vw.ir proper. This ecendition enuscs o
a decercased prossure in thc scetion by the 3nm: actisn as 2 constrict-
icn in & pipe. Bcenusce of this contrel sceticn veriaticns nre likely
to be magnificed in front of the scetion since nc comnensating action
within thce scil can relicve the © riations in the pressurcs. It
will be notzd that in this e¢~sc 2s in cthers whore vertic~l crcep
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distnnecs arc a small part of the total crecp,thc plain crecp ~nd
the weighted creep line fall close togcther throughout their lengths.

Percha Dam, Rio @rand Project - Fig. 2.

In this plate, there are three observation lines which

fall out of lins with the rest. One of thesc lines rcpresents the
first set of obscrvations takcn and the other two remresent the final
two sets. In the casc of the first onz, the small loss of head

may have bcen the result of the smaller thickness of silt on the bed
which upon thc increese in thickness incrcascd the resistancc to flow
from frec water to pipe numbor onc. The last two were taken after

a summer flood which probably disturbed the silt bed and this changed
the resistance to a value apnraching that for the first obscrvation.
In order to show the effect on thi curves of varying the position

at thc cnd of . crecp, anothor platc was made - Ptate No. 2A.

For this platc th. ond of crcep was taken at the first weep holc.
Then a mean obscrvation linc dravm on platec 2 was transforrcd to
platc 2A whcrc a comnarison of theorctical pressures, computcd hy
using tho new cnd of cruep, is made 7ith the prcbable mcan of the
obscrvations.

Pinhook Dam, Marguokcta, Iowa. TFig. -4

Two scts of curves .cre made up for the Pinhook Dam - figs. 4
and 4A. Fig. < us2d thce beginning of thc long downstrcam apron as

crcop cnd hilec Fige 2 . uscs thc c¢nd of thi anron. Thc true cnd
of ecrccp no doubt lics somehere hetiwe:n thes: two extremen - The
daetcs of the obscrvations nre sho n on th. curves. The first four

lincs rcprescent conditions bcfore any anpreciablesilt deposit had
accumulatcd over the bhottom of the rescrvoir, The fifth linc repro-
scnts moagurcments after o good dcposit had formed.

7

Kabo Hond Works. Fig.-0

Prussur: pioes were instelled nlong thrue diffirent cross
sections labellcd in the origin-l dat: as Shicbo Crnal Side, Ye-U Cnonal
Side nnd Ccnter lince The sec icns diffcr only slightly in their
dimcnsions so only ono :luetrieal st up was uszd. Plntcs & ~nd 6a
sho" pressurc curves for 11 throe cross scetions. Th- hish.r priss-
urcs ot U, U2 and U3 on th. ccntur lin: ~rc du. to a ridg. of clany
undcr the ceontur lince of d-m. Bceruc. of th. restrict*d passapc
the pressurcs nre built up in advenee of the r.striction.
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Dooha Borr-~ge, Srrda Cnucl. Fin, - 3

A great mmny prcgsurc pincs ver: instnlled in this dam
ond numcrous obsorvations n~rc availablce. By toking th: mcan rcading
clong 2 linc of pipes normnl to flo o represcntetive picture of
the flow ~eross the thole scction of sub-soil is obtaincd. A
disturbing clement was prascent in this dan in the form of = thirty
foot cut-off of Universal Shest piling wwhich hod opanings %
inch clon<~ the joints, The offcet of the lenky piling is ovident
in th¢ curves Fige 3. The restriction of flow inereascs tho loss
and rcduccs th. pressurce nt pip. linc number 8. Crcop distancos
worc computoed both censideoring the piling cffeetivs and ~lso
ncgleeting it Curves nro shom»for both cascs.

Narora Weir, Lower Gongues Crunl. Fige - 8

This dam fniled duc to upwnrd pressurcs of such mngnitudo
under th: dowmstream npron, that portiosns werce actually lifted
gllowrins interinl to be wnshed frem the subseil. Unfortun~tzly only
very few measurcments are available belfare the £7ilurs. In re-
constructing thc dom pressurc pibc were ploced nind the observaticns on
thcso pines were usced in the anslysis. Only thc¢ cross-scction
at chnin 32 was uscd in plottin-e lth, curves beecn~use this scetion wes a
typicsl onc ~nd h.d tho mest complete sct of obscrvetions.

2apiab Hendvworks, Tunjsb, Iniis. Fig. - 7

This =ct of obscrvations at Panjnnd is -~ v.ry comphreh n-ive
onc ~nd hos nlready heca subjset te o considerabl:. ~rniount of snalysis
by Indicn cnginccers. Th: pincz <re so plrced thit = rough flow net
c~n be dratm frem the obsorvatiocns. A copy of » flow nct drnwu by
A. N. Khosl~ of the Paninb Irrig- ti»n District i= shem on Firse 7c
along wwith the flow nit plotted by clecetric ra-loey. In computing
the crcen distanecs the ¢nd point of the filtor was uscd as wns
expl-incd proviously. From = study of the ¢zoleogicenl scetirn of the
subsoil, it scems quite nossihle thnt the l-ycer of elny ~t the sur-
faco cxtungsnt lcast to the scetien whiclhi ecntoins the obscrvntinsn
pipcs. The goologienl czceticns ineuded only thé bays from ln, 2
to No. 32. Since the scetion cont~ining the pipes wis ot Pier 44
the above statement about thic eclny l-yor is merely 'n assumpticn.

A greot number of mensurcmints werce token on this A= under » idc
veriaticn ip heod. Based on thac ‘soumptirn,ﬁhﬁt the npereentoage

of bhee! lest to cny oipe remains constont, thu obs..rved viluss wore
plotted agrninst heszd for cr.ch pince Th, slﬁpv ¢f ~ men linc thru
the point gives the nercent hend left at the pinc nnd by subtroct-
ing from 100% thc hend lost is obtnincd. The origin-l data wins
workcd up in this way and thc naircent-g.s rofirrcd to o e uscd in
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this present study. In addition to the regular analory set up, one wwas
made using a tipped tray giving a varying depth of electrolyte of 1/8"
per inch of tray width. Some idea of the variahle permeability in

the underground may bc gained from a study of the flow net drawn from
the observations. For perfectly homogenecous subsoil the rectangles,
formed by the interscections of strcem and potential lines, have a cons-
tant ratio of length to width. The degrce that this ratio departs
from a constant quantity as it doecs in Khosla's flow not may bc takcn

as a mcasurc of non-homogcncity.

Discugsion:

In all of the curves the pressurc linc as mcasurcd by electric
analogy takes very much thc same form., Therc is a stcep slope at
the cntrance and cxit while the middle portion is rather flat wmith
onc or morc points of inflection depcnding on th profile of tha
under surfacc. That this form is th: shanc which the curve must take
can be scen by analizing the following simplc casce.

______ ... !
!
’ /I\ Rl__w ..
|
—— e e b L1 .

. ,., e !
! .
- ' H
AN A J |

With a siwmplc structurs on a porpus foundation as showh in th: figurc,

the strcam line (n) will take thce form shown. This shane cun be
shown mathcmatically to bc an c¢llipsce with foeci at the too and hoeel
of thc structuroc. Loss of hcad occurs along the stream lince In

thc portion ahcad of Scction A-A and bchind Scetion B-B the lenseth

of thc strcam linc per unit horizontal distancc is groocter than boetmoen
tho two soctions whore tho laminar flattons out.  So, thurcforo, the
curve of hoad loss will howe two stcep portions conrnccted by a much
flattor soction as all th¢ curves show.

The analogy curve of pressurecs indicates that compuratively

large lossos arc to be cxpccted ot th. cntrance aad oxit. A ctoop
gradicnt is indiented at the tow which iz not amparent in the curve
of actual prossurcse. It must bc kept in mind, howsver, that duc to

thc difficulty of fixing thc erccp ond the gradiont shown by tho

'
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mensurcd prossurcs is rother indefinite,

After nn nnnlysis by thc cleetric an logy method to
confirm thc m:thematicrl devclopment tin. problem of computing up-
lift prossurcs is by no mcons sclved. As - priliminary to nny such
method as the clectric an~logy, which allous of = v.ry nicc degrzc
of refifonient, = study of mecsurcricnts under acturl drms shculd be
mndce Having donc this, the investigntor enn interoret his cnnlogy
recsults for vhnt they sre worth. With such a clcnr cut rcthed ns
the clectricnl sct up it is nlways n temptation to losc sizht of the
true weight of the roesults a2nd to procecd beyond eny justifiacblo
limit,. An indiestion of the limits c¢:n be obtained dirsetly from
expcriments with hydraulic models. A compesrison between the results
of these oxperiments nnd enalogy measurcncnts on the sfame dam profile
should give & bcttur agreccment than con be obtzincd with acturl
measurements,

Before cntering 2 discussion of this method of cstoblishing
the existence of n {aor/ A cxeminution of the obscrvad d-te will be
made with the same ¢nd in vicw, With strictly l-minzr flow the loss
to any point exwresscd as 71 percentnme of the totwl he~d would romain
constant.,. This frct follovs dircetly from the construction of 2 flow
net vhich remtins the snme regnardless of the magnitude of the hond.

The data from four of ths dnms wrs drovn up in graphic form Figs. 8 -
10A. Time was measurced slong the nbscissn =nd upstreom level, domse
streem lovel, hend, n~nd pereocntage hord lost werce nletted nlong the
ordinate for e~ch pipec. In thc e¢~s: of Hathar- Esc-pc Head the

teil water elcecvations werc not ~v-il2ble so the variation {n hesd ecould
not bc shovme. There scems to be no ral-ticn betooon upstre~rm 1zvsl
and uplift pressurcs. In th. cose of the Colorndo River Cem it is
difficult to notc any ferturcs of t'w vrriation in the pcrecentrge
lincs as compared @ith tho vorintion of henad becnusc of ths long
interval betuw.oen observntions. It i= -1@rys possibl: for 2 flue-
tuation in hecnd te ocecur within on. intcrval ond not sher its effect
until the next intervsl vhen a2 ne'r herd is rocorded. In the instonce
of the Deohn Barrage curves, © for of the pipes szem to follow th
hcnd water but the othurs sho. nc such r .1~tionship. Here ~ in the
intcrvals betwoen obscervations were too sront to he of rmuch v~lue in
this porticular cnnlysis. 0f the four dmne shom, Knbo Herdr-ecrks

is thc most consistent. Th otservations plotted winre t-ken 7i thin
a pcriod of 4 d-ys. The percentnec lines do not f21llor the curve

of hend at first tut becom. ccastent hon the he~d roer~ins ~onstont.

The decided vezrintion in the porcuntage less lincs is
a very disturbing frctor unless it e~n be cxplwincd on the basis of
the flow under the dam shifting ond ch-nsing: the flo: lincs ~t any
particulor scetion. The non-cxistence of stendy perecntnge drems is
o wy of scying that the flow net for the scetion hrs chongeds A flow
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nct can 2lways be drawn whun the flo.r is definitoly l-ninar and roemnins
constrnt as long as conditions of thc medium remnin constant.

The oxpcerimonts with hydraulic models which h~ve ~lrendy
bcon referred to have b:en of tuo typcs. In onc typc the pressurcs
under thce model dam ore redsured in the s~ne ¢y nas thosc cxisting
undeor on ~ctual dam, A modcl of n dom is sct up on screccned sand
with piczomctor tubes instanlled for rcading prcssurcs. The model
is then subjectecd to -« hond of wicter and thc piczomster levels ore
road, The most complote sct of exworiments of this tyme is thnt of
Colmon, o rocord of which mny be found in the Transactions Amor.

Soc. Civ. Engincers, Vol. 80, p.421, 1916, A scrics of cxncriments
using cloetric nntlogy was madc on the srmc dam sh~ncs by the U. S.
Burcau of Reclmntion. A comporison of thesce rousults with thosoe of
Colmnn is given in Teche. Mcroe 303, Sccurity of Mnsonzry Dams on
Earth Fourdations by E. W. Lanc. The rosults do not chieck ~nd on
tho basis of thesc oxperironts the cluetrie m~nnlogy method trould

have to/ 3riously rcstricted in its usc.

The socond type of cxncrimeats rentioned before aro those
in vhich the actual strcam lincs ~rc¢ traccd under a structurc by
moans of dyos introduced inte the s.apage wiator. Thz2s. cXperiments
show very clcarly thnt tho weter dous flow in l-~ninnse The dycs
travel very dofinite curves and thus s .cm t2 contrandict tha ork
of Colm~n,

In ordcr to reconcile th. two scts of cxpuerinucuts n
noglcctcd sourcc of crror rust bc found in onc of the two typos.
From ths -stondpeint of actunl pressurcs oxisting, under drms, “-hich
can crusc failure, the cxperiments of Colrrn rould scem te be the
rnorc dircctly applicnble of thc tim typcse He uszd too s mpilcs of
sand roferrcd to as snnd A nnd snnd Be Sand A was o nnturtl 8~nd
vadrying from large pebblos to finc groins with very little clay.
Send B was obtnincd by sercening A thru o 3" squarc mesh sicve
which removed about 35% of thc l-rgcr pebbles. The exmerirents
using Sand B werc used by Mr. Lano in showuinm the compnrison ith
ennlogy results. Colm~n in his sct-up did not take any particular
precaution to insure uniform distribution of his foumnd-.ti-n mntericl.
Sinec tho range of sizc in his rrturinl wns conslidorablo nud sinec no
provision was I ade for uniform distribution, it is difrficult to eay
how rmuch moﬁ?’ omogeneous his mmt.rinl is th:n the rmteri~l of an
acturl dam sub-soil.

Khosl~ stntes that the clcetric ~nalogy is only -pplicnblc
undor the folloing condi tions:

Q. "If grrvity -rorc nbsant."
b. "If the trnnsmission ccnstant for flo - in the verticnl

11.



dircection wero cxnetly the same > in th. horizontal."

He cttributcs (b) to stratifie~ticn or to soo.s oth r ctusces hich

have as yoet bcen undetcrrminced. Hz goecs to some legnth in ~n nnnlysis
of the Panjn~d obsurv tions teo cstnblish 2 factor by me~ns of rhich
indicatcd pressures arc corrcctod for gravity. This correccted pres-
surc hec ¢2lls tlie vnalue eof'.-r the hydro-dyn-~ic~l prcasur:. The
obscrvations at two prossurc pipes Nos. 28 nnd 29 arc uscd to cstabhlish
the cxistence nnd magnitude of this corrcetion. H-wrever, tro cther
pipes Nes. 14 #nd 15, which orc¢ cqurlly wcll situ ted for showing

this ccrrcction, fnil to indicente its oxistcenco. Lfter computing

the corrccti~n, Khosls ncgleets it beer~usc it is very sncll.

The questions of oressure with regord te laminar flow is

apt to be vory ceinfusinge. It sh -uld be gcﬁgﬁrgg that in hydro-
dynamics only potentinl is cconsidercd as éausina floe. By notentinl
is reant the. inhcrent ability of n body by rerson of its pesitien,

te accormplish worke. In hydr~ulics pot{yntinl riry bc said to e nsist
of tiro parts, pressurc aud pesition. 7Prossur; c~n be defincd in
torms of potcnti~l thus: it is the notintinl of a peint -ith reof-
eroncc to o datur. thru the print. Fror thce dufinition of potcntinl
given it is obvicus that therc rust be 2 dntum or plane of refcrance.
When every peint in rm hydrrulic systomn is reforred to soris comren
plcne, tho'potcntiﬂl of cnch print relative to the drtun is accom-

plished. As -~ simple illustrrtien of the diffircnec boetween pot-
ential and pressurc a tonk of w~ter is uscd.
| i .
—f- PP A
rq \:.rf i
l ! () }:’
a tm s 2l RO
f p '
- ' t"
t\l l & ‘ E 7

The pressurc at twe points, in the tonk, such as M. »nd No is cqu-l in
cach cosc to the wcight of thie =wnter colurn beve tho pbint. Unit
pressurc enn be sct equal to the hiisht of the colurm fmltiplied by the
unit weight of the liquid. Thus the pressure exnreascd as head of li-
quid is Sm for point M and §n for peint N. Sinece 5m ~nd Sn rre
different the pressurcs rc di ffvrent. Th2 notenti~l .1 noint M
rcferred to Plmne B-B is equnl to the prcesurc nlus th. lifference in
clevetion. The »otentinl tharc cquals S~ plus t.. or (). Lik.wisc
for point Sn th: notential cquerls Si nlus tn or () So M ‘nd ¥ hr-re
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thc scme potontinl ~lthough thoy arc under different nressurcs. Pcten-
ticl is rersurcd usunlly by ricans of -~ piczemecter tube. ‘Th: ¢lcvation
of thc -rater surface in the tube is o rersurc of the potentinale In
ricasurin:* uplift under a dany, thc datum for deter-ining piczoieter
clevation is usunlly takun nis the tailwnter and the differcnec in olc-
votion is called heed.,

In dealing with subsoil flow the velocity is usu~lly so
small thnt total oncrgy can be ncasurcd by renns of notontirl. Tha
necessity of superimposing an electrical field to represent gravity
in the elcctrical analogy method is very questionable. The clectric
potentiel at a point is certainly analogous to the potential of
water measurcd in the ranner described herc if the flow is laminar.
If the resistanccs are strictly analogous in the sub-soil and in
the analogy set up, the flow will bc similar.

The point is well made that thereé arc factors such as
stratification which disrupt the rigidity of thc analogy., The
questions for solutioh is the dogree of this departurs from strict
analogy and thc factors causing it.

From the experiments perforred by Taylor and Uppnl at
Pun jab, India, it is evident that the flow can be brought very closc
to the purcly theoretical by controlling condi tions. Thc sand uscd
hero was very uniforn. It was of such a gradc that it passecd a 60
mosh sicve but was rctained on an 80 ncshe. This gives a range of
particlc sizc aporoxiriatcly from ,0068" to .0087", No cttompt was
made to measure uplift but it is plonned to do so at a later datc.
From the shape of the stream lincs it cen be exneeted that thes.
measurericnts will cheek with wnnlogy . asurcments.

From a comparison of clcetric nnulogy results with actual
Mensurcients -nd model exporimeznts the conclusion indientzd at tre
prosont stage is thet any @polic~tion of an~logy rosults to prob-

loms of practiccl design must be mnde with corc. I b:lieve the
enclogy ricthod hne considerable veoluc for o qualitative study of
subsoil flo'. It is not nossiblce yot to nnke rnuch quontitative use

of thc =mcthod. Thoro 2reo still too mnny factors involvins tho
guologic~l conditions 't any d=m sit: =hich clude cvaluction mnd so
cannot bc simulntcd in an malogy s-t up.
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I do not belicve that as yot thoere is rny conclusive
evidcnee thrt flo~ in subsoil of = masonry d-:: ¢ nnot eventurlly
bc¢ studicd both qu-lit-tively and cu-ntitatively by means ol the
cloctric nnalogy. I consider no cvidene. conclusive which dozs not
nttack the fund-went~l basis for nn~logy. Att.mipts to do this
hev: boen nnde but the cvidenes uvon which thoy rest is nct convincing.

Thc data used in this report werc dran from the
following sourccs:

Colorn~do River Lur: - - - Transnetions A.S.C.E. 1920, Vol. 93
Perchn Dom - = - - ~ - - " : " " "
Pinhook Dam = - = = - - - " " " "
aror. Weir »,- Bngincorinc Conferince, Sirl~, Vols. 1 & 4, 1913.
Island Pork Dwm - - 2ng. ifows R.cord, Vol. 84, No. 21, p 1015
Kabo Hendworks - - Data furnished by Supte. Bngr. North.rn
Irrigrtion Circle.
Natheur~ Escrp3 Hend - - United Provinccs, P.7.D. Indin.

Dcohn B rroge = = = = = Unit<d Provinees, P.%.D. Indin.

Panjnad Headworks - - Punjnb Enginccrin- Congress,
Prpor No. 162 (1933)°?

The Buresu of Rocl-ui.tion is indebted te tir.se orsmnizntions
for the valuzble assistance thoy have furnished.
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