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}[YDROSTATIC UPLIFT PRESSURES UNDER D A Y S  , O N  PERVIOUS FOUNDA'~IOk~ 

The purpose of this study is to investigate the exis$ing 
methods of estimatlng the magnitude of ..-~ 
of water, under masonry structures on head 
son of the various methods is made on mpsri- 
observed pressures under a number of e f 

foundations. Pressures at signlfican s 
are computed from each of the methods e 

.......... ~ , v ~  ~0 com- pared with actual measured pressures under thc dam. 

The most definite conclusion that can be drawn from this 
study is that nen~ of the methods investigated for ~comDutin~ uplift 
is satisfactory in its pros- • " 

}irical methods are admit, 
redly only approximations a fair rusults for some 
portions of any one dam the ,~ . . . . .  

,mining portions. - - "  

indlcatc that the pl 
favor of the wcighto 

it seems advisable to assume 
as cffeczivc as the vortical 
E. W. Lane in Toch. Memo No. 
of Recl~'~m ~ ion. The clcctri 
attractive as a basis for.rat 
at considerable variance with 
Until it is made more elastic 
the problem, it is no bettor 
creep. 

'ded in 
_ _ _ . I  Of ~l'Pr~'~r 

The desirability of;] 
with a reasonably high dogroc ex accu: 

possible to insure masonry dams on Do] It~i s 
me of 

ty. 

i 

The basis for the analysis ~nd comDarison of thcso methods, 
used in design, was a collection of pressure pipe observations under 

. 

desircblo theory for desi£mpurposc is, Lye 

a structure that is safe against any method of failure. This theory 
should also evaluate pressures to a sufficient dc ec of a ~ , 
that largo soee+,, ÷-^* . . . .  . . g~ ' :-ccur~cy 
does not a ~,, ~- ~++ ...... ~ ~ "  ~-c/scope or ~nls D.qDor 

an ~ualysis of o , ,  . . .. , : ~  z zncludos only 
+-, ~ . .. pr,sont d~sign thoorlos as well a~ . ~- 
~z~c ~nclogy ~neory. __ thc proposcd cl~c- 



actual structures._ A grnohiczl Dictur~ of the compcmison~ is !shown 

found by subtrnct~n= ~-,~ +he upstronm ~;ntcr :i( 
in ~ piezom~tor p from tbc" ~oint/in t] 
f head was then ~ oc .%m. 

The pressure expressed this way 
point. From Darcy's Lm.- for flu:.- in th~ ,-,~, . soil ..... have 

V = Kh_ or h ",Irl 
i K 

Since I/K is constant n~ ~ s 
directly proper tion.-.1 [~ , 
totzl hcad (H) "~vhich c 3~ 

increases and causo~ .us : Finall 

that (h) increases ~ s of the two 
cticclly constant. By expressing ...... _ way,/~the effect of 
fluctuations in head water.and tail water ;were ~ellmin~ted. 

Creep distm~co "~hich is~dcfinod as the distance of 
alonp the under surface of the dam, Is divided into~two clas 
this report -creep 
plain creep and :a s, 
arises from the ass~ 
effective for dissi 
Therefore ~ factor 
equivalent vortical 
report although the 
ticrl in terms of h~ 
is expressed in per( 

All the dnt~ u'a.~ reduced:to t' '~ 
in the s~mo terms. To m~k~ She compa 
pressures and observed pressures a &To 

various observation pipes wor~ . 
order to compute the porccnta~ 

along the r bscissc it was nocossc2y to fix tha point :."hero creed 
would be considered to end. The dct~-rmination of thi~ oolnt i:~ 

com~.licatod by the fact thc t toil ::nt..r potential must be assumed to 
exist a~ th~ end of croup. Duu to the presence of ,weep holes, long 
downstrceJn aprons, grouted and ungroutod rubble ".ork, the bcglm:ing 
of tail water potentinl or croup end could Mot bc loentod rigidly. 
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actual structures. A grnphiczl pioturo of the " 
for e=ch dam on Figs. 1 -13. Th~ dc.ta ,~.s race 
rccdingp o~ water ~,@v~is in pressure nincs~pl-ce [one 
unacr znc Gains. Anoso wur," expressed ~n ~orm:~ , 
To .-.ny point the head lost is the difference inlhoad bol;wojn~tho 
poln~ of entry and th,, ooint under oonsidorr +~^- -- ..... 

found by subtracting, from the upstream wnt~ rol 
in a piozomotor pipe rising from tho"polnt ~,J .oss 
of head ";m.s then oxorussod 'in/percentage of the;dam. 
~%0 pressure oxurcssod this way was assumed any 
point. From Darcy's Law for flow in the s, 

V = Kh_ or h - T1 
1 K 

Since I/K is constant for any noint in a ~homo,Ncncous ~subsoil, (h))is 
directly proportion.:l~to velocity (V). (g) in turn de~onds,lon the 
~otal head (H) which Causes flow .When (H) increases ~ ) ...... 
_ • V ~'iso 

otically constant. By expressing th~.i los: 
fluctuations in head wo~tcr ."znd tail wn~cr 

CrcJp distcmce ";hich is defined as the distance of travel 
alor~g the under surface of the dc,m. ~ is dividc~ ,into t.~.n:~:ln.,gos for 
this rc~ .horcln 

plain cx ccond one 
arises I ~Is m~re 
offect i~ ~i surface. 
Thcrofoz c to give 
eq uivnlc in 'the 

ticcl in 
is oxprc 

All the data u'a basis and ororessed 
in the s~,uo terms. To 
pressures and observed prcssu "m. 
For this gr?,oh ~the percentage Lssn 
and the percentage-head-lost ; the 
various obscrv~tlon pipes were conncctedby straight _lines. In 
order to co~guto the percentage plain:creep for.locating:the -plpos 
along the .~bscissc. it was hc p.olnt whore creep 
would bc considered to end ion. o f  t h i s , ~ o i n t  is  
comolicatod by the fac t  thct  "~ o, t,..il .ntJr potential must be assumed :~o 
oxlst at th~ end of creep. Duo to the proscI~ee of~rrocp holes, •long 
downstrut~,n cprons, grouted and u11groutod •rubble :;ork, the bogiTh~Irlg 
of tail water potential or creep end could r~ot be located rigidly. 

. 



An analysis of toe conditions and the assumed location of creep end 
are given for each dam. 

Colorado River~Dam. Fig. A-1. 

In this case the last pressurepipo was located 29'-3" uwstream from 
point A. Downstream from the pressure ~pipe there 
telling what the pressure was. The location of the 
Water was not given. Beyond A the water can e 

el Dressure under it 

L 

Pcrcha Dam. Fig. A-2. : 

For this .dam an aria and:curves,drawn using 
points of creed end ~asc the 0rid point 
at point B. it was thu: 
the weep holds thru it o] 
uplift pressure beneath it .... 

th::- rubble cohere 

_ ..... 'osistanco to retain sonic !of the 

In the second case the crcc 
hole, pointA. If the tail w,,~cr 
B thc total creep is shortened ,, % ho,,iz 
vertically by~ 17'. In ordc 
the first wccp hole it must 
can pass tILru it freely. 

Kabo Headworks,• ~ Fig. ~-5. '<~ 

End of creep for this dam .was take: ~o ~:data did not 
indicate the ideation Of tail~wa~u: _;r'¢aZions 
of water levels in this pipe hewer, ~ 
~Z (so) was gr,ator than tile amou~tt equal ~o ~:ta: 

The brick pitching was tllon buing suhj~ctSd~:to uplift and ~tho(crcop, bnd 
was assumed e~ the end of this pi,tching. .... 

Deoha Barra~u.. Fi~, A-4. .,.~:"ii~)),~, ..... 

The " ~ . . . .  ~_ i " -  .~na poznt tar thz.~ de~,~ is pretty ;.,eli flxe(l. Both in this rc~ort 
and in tnc computations acco'-:c~nyir~ zh,~ original data the point~A 
was used. 

. 
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Panjnad Head Works. Fig, A-5. 

In thu computation for creep ~thc b0c. 
was taken as 100 per cent creep. 
point of ~ ~ot~l head, 'fhis 
head at tl ~iltcr but increase 

begirn~in~ of the downstrcnm rip-r~.p. Th ..... 
the pressures is probnbly thnt the str 
pass under the shoot piling. One Do 
the filter and the other continues on 
There is probably n lnyor of clay at c 
this residual pressure under" it. Th~ 
section of other parts of the subsoil 

exist at this section. 

~t this 

Narora Weir. Fig. A-6. 

In this c:zsu the analysis r.ccom~vi n'~ ~th~ d~.tn rondo the assumn 

that the creep ended a~ poin~ 
pitchin~ at this woint the:re i'~, 
was in. So the same crce~ en 
Fig. 5A. Th~:n th~ pi~chinz{ was assumed to 

creep was tak,'n at point B fpr FILS. 5b. 

Pinhook Dam. Fig. A-7. 

to maintain a head under it and the 
creep end. The charge of crzcp an6 
at the toc of the aoron. 

~,.o ~hod of drawin~ Curves, 

As has been oxplai-~d bcfor~ 
pressure wo~'~; plotted on the san~.' ~Tc~ 

unlift 
tics 

of oloZting. The second tlloory is ~nc .~cl~<n~cu uz~,;~J ~L,;u~ ~:,~ 
by ~r. ~.~ i. J anu, in th; T~ch. ::;me rcforra~ ~o l~cviously. Th:s 
m~thod ass,m~s th~ horizontal creep to b:, only onc-thlrd as effective 
~s vcrticul creep. All slopes gr:_u~cr thun 45 ° wore cnllcd v.,z'ticnl 

4. 



and less than 45O,,wero" called horizontal. To de~ermine this llne 
points were ~aken t • ~ ". 

a critical ~Inces such as'breaks in the under 
surface profile. The loss of hand is assumed to,be:Droportionall 
to the weighted creep. ,T 
same and the percentage w~ ~emaln-the 

iporcentag~ 
loss of head. The third ......... s~moasur0d 
by means of an electrie-analog~. 
for this methodand the sot_up 

The analogy is based on th 
for flow in soils:h01ds rigidly. 

otto, establishes the velocity prouor 

of ,.c,d. The law has boon cho numerous,ernb 
it was first, sot up by Dm 
is the equation of vlscou~ 
Ohm's Lau for flow of cleat 
Thorcforc, th,~ -flo,,~'of cl,~c 

the flo:- of water thru soils. Thu 
conditionc in an electrical sat up, 
by analogy ~:iv.~ )~cad. - 

on that ~Darcy 

as has b :an ~ hith- 

A sketch of tho nnalogy sot't ...... 
For a conductor a sul, solutlon~ Tusu~<~ 
solution is no~ known as:it was ~urbi~ 
enough salt ~to carry the curr,=nt, y~ .... 

fromlpyrclin, a non-conduczor, ,Td ,~ , ~eund~y ............ 
un by ~,.~an~ ~ ~,,+÷-, ~ .... ~ _ ....... ,, , ~,conditions nero sot 

model dam bu 
vertically o 
rnodols :.~ro 

and ',yore all 
trodcs, undo: 
po tcnti:11 ~ ac 
where :';at cr 

.1 

applied from nn"ll0-volt,llno thru]]a-b?.~. "-~ 

was plnced nt eriticnl points ~d th; r~sist~uco 
slider moved ~: nlons 

the:resistance :,iro until the hum:of r. v ̂ '~''~ .... .~ 

th~ percentage lo~s corrusgondlng to :tha 
The accuracy of thls:polnt depends on th~ 
ercncu th:it can bo dctectud by c. sat cf 

~,.'ith loud spo~,K;~r. Th,- sonsitl-,ity of tbJ, ":noliflcr 
is about fern' ti~s grc.:tcr thin th-.t of the hc~-.d phone 

The hard phonos ca,' detect nothing lass th-n .002 volt v~hil¢ the 
~mmpliflor arm Dick uo u dlfferJac~ of ,,sly .0005 :volt. Am. "~nDll- 
ficr ~:s used In qll th,~ uxn,,ri-~nts ~ ~,I 

.~or. or~, ,. '~,: real ntcncc, 
wire :;~s dived d i:Ito ~ hundred prl'tn ;hich :'~'~l:Js th,: slider ru:'dln~ 
oqu,-i to t;hc oerc,jntngu drop f~r blot,Uiug the curve Of ;rossuro. 

5. 



By 
be dra:'m, 
then locate 
probe along 
facilitating the trnnsfor of the 
paper, a pantograph -:as used. 

n 

and 

Of 

placed by n copper Dl~bc noodle Insul-~ted from :the mctnl'0mm. To i 
.coNrpletc the flo'.-not the clectrodo ~nd~the boundnri~s arc ~intor- 
changed. With the same procedure :~s.outiinod, the strc~.~ .~inos c~n 
now, bo dra~.ul. O~ulY euc cor.nlotc fio~ was plotted in thin stUd~;-~d 

We ~fl "~a'4 j%h, Lndi~.. For th. it ~as under ~the Panjnnd Ir located • 

other d~ns only the ends Of the potunti^l llncs, nt th~ under stu.- 
face, ~ere locntcd. The flo:~ net ~ak.m is sho--'n 
The model of t" ~ ...... 

the result that much shorter ul used. Th~ of feet ~.:' 

~np.r~n~ from. th~ ,,igur,~. ~h~ic i.~ ~. ~ ..... 
cro'~vding of th~ stream llhe: g voloclty increase 
at the entrance cnd Foxit of s r~rosonts n f:~so 
condition as the actunl!~l~.ncs of ,~ntr~,nco and exit - fly ~ :, 
unbounded, ,The " " O, .~dltlO.~ ~7 ...... ~cmodied b~ tn,, ~s~ ~. 
models and longer elect 
models, were us,~d l'.~r t 
that in the sot-up to t 
do~vnstrc~m u'oll u-as ncg 
smeller model, the "~.Jll 

results -,'as obc,;rvcd. 

[cr 
noted 
the 
th the 
~c In 

Alt hou~h, the 
a~ery, there arc ~ few 
forestalled by n fc:; ~=crds about A 

ble ~confusion c:'n bc 

/1: ̧̧ 

Colorado Rivcr ~ D~n Gr~nd:Na~l ~,y ~Pro jo ct ..... L"~Fi~.~ ~-i 'i 

olo 
znd 
its 

d~m. Whilo~thc ,'~e~ur can enter the soil, : upstroc~:cpron, 
across the entire ,Tidth, it czn only escape , c~nstricZed 
section directly under the w:.i: This condlti:m causes a 
a decreased pressure in ~thc so~ the snmc~aczion.=~ a cons~rlet- 

ion in a pipe, Because ef ~nls ~c?n~rcl section vnri~ticns nr~ llkoly 
to be m:~ified in front of the zoctien.sinco no ccmncnsa~ing action 
within thc soil can relieve tie :- riations in the ~rossurcs. It 
.~ill be not.~'d that in this c~sc as in others ~.;h~rc vertic~.l creep 

. 
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distances arc a small part of thc tote ~ 
the weighted creep line fall close to~ qincreop and 

~$ their lengths. 

Percha Dam, Rio ~and Project - . '2. 

In t is plate there are: three observation line W: 
fall out of l'ne w" ~ s W iq~ 

- ~ .~Au~u l:ines reprot%er 
first so~ of observations taken and the othcr t,~ reoresont t~ 
two sots. In the case 
may have bccn the result mall loss of ho~,d 

s of silt on the bed 
which upon thc increase in chickness increased the resistance I0 low 
from free ."zatar to pJpc number f 

one. The last two wcrc take~ ~etcr 
a su~er flood which probably disturbed the silt 
the resistance r~ a value aonrachin~f that for the aged 
In ardor to she::: the " [on. 
- effect o:i t] of vary 
at the end of . creep, another " 

For this Plaza th,; cn~ made 
at the Thcn a moan obscrvati( 
c 2 ~~s transfcrr,,d "to plato 2~. where a comb~ 
pressures, co~utc~ "by 

using the. new end of creep, i~: made .;~ith t.ho probable m~'an of the 
observations. 

Pinhook Da~ ........ 

Two sots of 
and 4A. Fig. < us.,, 
creep end ~°;hilo Fig, 
of creep no doubt li~ 
dates of the obsorva ~ 
lines represent cond_ ......... 

accumulated over the bottom of t 
,scats n%~,asuremcnts after c good 

. 4  

r 

r~- 

Kabo Hand Works Fig.-O 

Pr~ssu r 'o ~i ~ • • 

' . ~  ,, ou~ were znsta ong throe dlff~rent cross 
sections labelled in the. origin-~l, Sh:Tcbo ~2noI Side Yc-U Canal 
Side end Cantor line. 
d" , The sac ions difTcr only slightly in thcir 

Imu-rL~lO.qs ~O O ~ ~ , • • 
• n l . v  on~ -l~ctrlcnl o~:t UD ~;as / 

.... ~us,;d. Plates 6 :'rid 6a ........ 
s~o" pressur~ curves fez ell thr~c cross scctlon~. ~'~ hi~,.h r pr~Jzs-~, 
uru~ at UJ.,U2 rmfi U3 on th, center line arc ~u,. to a ridg~ 0f clay 
under the centJr l~nc of dam. Buoau~,~ O f '  th- rGstrlcttd passage 
the prossur~z arc built UD in qdv,-nco oC tb._ r-:Itrlction. 

7. 



Dooha B-mr.~gc, S~rdn Cnn:.l. 

A groat mu: . . . . .  

a n d  Iiu~oro~s obsorvt 
nlong ~ line of pi~ 

Fi~. - Z 

foot CUt-Off :~f ~Univurs~ 
inch ~lonc-~th~ joints. 
in thc curvcsFig. 3. 
end rcducos thi~ pressur, 

~?orc computed !both cons] 
neslcc ~in,~; it. Curve: 

N a r o r a  W o l f ,  . . . .  {, , C ....... 1 L o w c r  ~ U ,  u s  - , , - .  . 

T]~is d~n f'~iilc" " 

under th,- dotTnstrc~m ap 
allot.~r,g :~qt~riql to be 
very fcw mcnsur~cmcnts n 
constructing the d~n pr 
thcs~ pines ~~rc uacd i 
a~ ch~.in 32 w.~.s used in 
typic-:l eric und h-~d the 

one ~.nd  h 

b,V Indian 
cnn bc dr 
A. N. Kho 
along -;i tl 
the croon 
expl'- ine d 
sub soil, 
f~co OXen: 

plpcs. 
to No. 3~. 

~° 
,~ i.~,. - , 

t h e  a b  ¢ : ; c  

~,.L-',.~ ~ u ~ L L T T ~ , D O r  C ] I  rD/Z~.~A/r~--,nts ~.-.,,-,,,-, * , , ~ u , -  . .~ ,,, .~' ~ ' ~ " .  

rl i .I i~ ,,~.d. Bused on ~,.e Issumptlcn :thq~ i;?io n'Srcentnge 
"f h,~:." lost to nny o'ipo rc.~ins const ...... ~ _nt, th,~ .,bs,.rvod v,o:lucs u'~ro 
plotted agninst hc:~d for c~ch pioo. Th ..... sl,~pc c f ~ mu-.n !inc :thru 
the point ~iv~s thc percent he:~d loft at the pine ~nd by subtr:'ct- 
in~ from 100% thc head lest is obtained. The original ,,,~t.~..,. ..... .,,.~ 
worked up in this :~ay ,qnd the ~,~.~_o,~.-~ 

: . . . . . . . . .  ~.;s r~'f~;]TO~, tn t . ' c ! '  u s ~ ; d  in 

. 



this oresen~ study, In addition to ~he regular 
made using a tipped tray giving a ~varyin,q depth ( 

~es 

per inch of tray width. 9 idea of the variable permeability, in 
the underground ,may be g~ ~rom a study of the.flowuet drswn_ . from.__ 

+~he observations. For perfectly homogeneous 
formed by the intersections~of szrcam snd:potcn s- 
~ant ratio of length ~o width. Tim degree th 
from a constant quantity as it does inKhosla~s .............. 

as a measure of non-homogeneity. ' .... 

Di scu~ si on: 

In all of the~cL[rvcs the m,~;ssure llinc as measured by electric 

analogy takes vcry much the same for p slope at 

the entrance and exit while the midd flat wlth 

one or more points of inflection dee take 
under surface. That this form is 
can bc seen by analizing tl~c follo~ng simple casc. "~ 

'i 
................. Lr~,------4 "I 

L_ 

With a sii:~plc s t r u c t u r ~  on a porpuT; f o u n d n ~ i o n  
t h e  s t r e a m  l l n e  (n )  w i l l  t a k ~  t h C  form sho'~m. 
shown m/]thomtically to hc an el] 

• of the structure. Los,~ o1" hcac 
the portion uhcad of SccZion A-A 

curve of head los~ ': hr,~ t"~ ...... ,. ~ . . . . . .  
flottor see%ion as :~ll thu curv~ .... he, 

TPc annlogy curve oP pressures indicates tl~nt compnrmuivoly 

largo losses :.~rc to be oxoccted at th,~ cncr:~nce nud exit. A :~tuop 
gradient is indlcntcd at the to~ wl~ich i~ not n,~pnr~n% in %11c curve 

It must be kept in mind, ho~.:ovor, thnt (h:c tc of actual pressures. 
the difficulty of fixing the creep end the gr::dlent sho'~m hy the 

9. 
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measured pr,~ssures is rr~thcr indcP.~ni ~c. 

After .~.n nnn] ic ;m .io;~y m,ithod t o  
c o n f i r m  the m .~hcm~.t~( o r o b l e m . ~ o f  . c o n m u t ~ , ,  Up-  
l i f t  pressures is by ~ 
method as thu ole~ ~rlc an-lo ny such 
of rofifiow, cnt, q study of rr~ gruc . 

m::.dc. Having d~nc this, t. 

results for :~h:~.t Zho~ .~ .,orth. With :such a v - o~ gY 

the oloctrice_l sc~ up i~, ~ is nlnr, ys 
true r;oight " -" oi th~ results and to 
limit. Am indication of the lira 

exporimcnts~ ÷~:,~ ~..~'~'ith ..... hydraulic~ . :nodc!s.. A coronation l-,~t~oen thi~ results 

me r: sur c~l cn1~ s. 

of: cstabli.ching 

to any point exorosscd as.~ p~-rccuto~c o,, 

net ~::hich r,~m " - "il]IS t* . . . . . . . . . . . . . .  

The d~te from four 
IOA. ~ " ', 

stroc~ level, heed, : -  
ordinate for ouch n 

ll t:~qtor elcvn tlo 

not be shm-:n. [rh 

nnd uplift proszur~ 
difficult to note a: 

lines us compared "-7 
intcrvci bcZ~:~en ob 

ua~ion in hcnd to 
until the next Into2 ~¢9 
of the Dcoh~ Barrng, 
hc~.d .~.ntcr but th,~ 

a o~riod of 4 d,~ys. The percont.%,'~c lines do not follo'= t!:e cur,/-c 
of head at first but becom., cc::~st~nt :;h~n the. ,hoqd rc:'~-~ins constqnt. 

The decidud vari,'~tion in the percentage loss lin~ :is 
a very disturbing f°ctor unJos:; it czn bu uzol:incd on Zh2 b~sis of 
the fllo:J under tno d:~ shiftin~ e.nd ch~nt~nu the flo: lines °.¢ any 

p~rticule.r suction. Thu non-oxtstcncc of ste$;dy percentage drops is 
n ,~:~.y of stying til-.t the flou- net for th~ section h~s chnn~od. A Tle;; 

10. 



not can zluays be drawn when the i'io:: is dofinitJly Irz.iinar and remains 
const,~nt as long as conditions of '~hC m.odi~t~ rc~ain constant. 

The experiments ,uith hydraulic models which h'wo alto,, y 
boon referred to ha':o b;cn of t-,9 typos .... jinxonl type the pressures 
under the m~dol dam arc r~dsurod" in th~ s~.ic -,u!iy ,~.s those existing ~ 
under ~n ,.ctual dam. A model of a d~ is sot up on screened snnd 
with piozomu~or tubes instr.llcd . Th,~ model 
is then subjected to :'. head of ,or levels are 
road. The most complete sot of exr~orimouts of this tyro is thqt,, of 
Colman, :~ ~ocord of ~which m,~y bu found in the Tr:msactionz ~kmor. 
Soc. Ci". EnRincors, Vol. 80 1916 of oxnorimunts 
using electric "mnlogy '.~ns m~ u sc by the U. S. 
Bureau of Rccl~/nqtion. A comparison of those results v;Ith ~thosc of 
Colm-.n is given in Tech. Me.no.. ~OLi, Security of .~:::son~ry D,"~.s on 
Earth Foundations by E. 17. Lc.n~, The results donot chock and on 
the basis of thus,] experiments th~; ol,~ctric ~nelogy mc:~hod "::ould 
have to/~%rlously rcstrlctsd in its use. 

The second type of ox-ocrincuts ~sntionod bcfcr~ are those 
a structure by 

in .,-hich thu actual s~ro~-du lines arc Sraccd under Th~s,~ experiments 
moans of dyes introduced into the s. 
show v~ry clearly that the .~ator dec haS. dyes 
travel very definite curves and thus s .on to contradict the [~ork 

of Colm~ n. 

In order to reconcile ~th- two sots of oxouri~uuts a 
types. noglcctud source of c~-ror musz bc,';-~f~und in on o • ,~!j 

more directly applic ....... 
sand referred ~9 as 
vdryinu, fron largo puuu-~ .... 
Sand B was obtained by scrccnl 
~hich rcmo.~d about 35~ of the 
using Sand B ~ore used by ~r. 
nnqlogy zosults. Colm"n in I ~, 
precaution to insure uniform. 
Since the rangc of size in hia 
prQ-¢ision w~s made for uniform lifficult to say 

h o w  m u c h  mo~'~o~.ogonuous his - 

actu~l dam sub-soil. 

Khosl~ states that thc electric ~nalegy is only-pDlicablo 

under the follo'::ing conditions: 

os of 
s~nd 

~e 

b. 

"If gravity ,:ore nbs,mt." 

"If the trnnsnission c:nstant for flo in the vortical 

Ii. 

I 



direction wore exactly the snmu ~.: in th~ihorizoutal.,, 

Ho attributus (b) t.~ stretificati~'~ c~:uscn ~.~hlch 
have as yet bc,~'n undotcr~nlncd. • n nnnlysis 
of the Panjn.:d observations to ~ "~,hlch 
indicated Dressures arc correct( ted pros- 
sure hc c~.lls the value of'..~r t~ ,The ~ 

observations at Z'~:o Dres~urc DiI~os N:~s.~28 e.nd 29 aro!uscdtoqostnblish 
th,~ existence ~.nd nm~i1~/do of ~his eorz~ti~. H~.n'svor, ~:o other 
pipes ~bs. 14 ::nd 15, v;hich are oqu~ L aitu~tod fo~-zhowln~ 
this correction, fell to indicate it ~ncu. &ftor computing ' 

the c,~rrocticn, Khnsla neglects ~it<bcc~.uso it is very small. 

Th~ questions of prcszur~ ~Tith ro h~.rd~to l?~ninur fln-: is 
apt to be very ccnfusln~. It sh'uld bc/rcm~crcd that in hydro" 
dyn:~mics only potuntiql ~s ccns~de~uu ns eausin~ flo.. ~. By notc~ti,~.l 
is z~z~m.t the ~ " " ~" ~ ~ . inh rent nb~l~ty .... 1 . bod~ by rc son of its ,n~,s~tien, 
to acconDlish :7ork, In hydreulics pot~nti:,,lZ-y bu sai,l to~cen:~ist 
o£ t-.':o Darts, pressure ~d position. !PrOsmn,~ c~.n be doflu~:d in 
terns of potcnZi~l thus: it iz thu not~nti~l of n point ':,ith ref- 
erence to z datun thru th~ p:'int. Fro~ the d~finition~ of notcn~inl 
given i~ is obvious that there nust b~ ~ datuu.n or pl.".ne of ~ tea oro.'Ico. 
~Wncn ovary point in nn hy,irqullc systc~:~ i:~ zef,~rr<;d to ,so~.~ c.:~on 
plane, the potentiul of c-:ch o~int rclc.tiv~ ~o.thc c%'=ttun is accom- 
plished. As - si~lc illustration of the: diff~roncu between pot- 
ential ~d pressure ~ z~:~k of ";".tcr i:~uscd. 

I 

The pressure nt two points, i ~' tl,. t~nk su~h as M. ~' in 

unit ..'~ight of the liquid. Thus th& pr~s~al.,. OXOl~S: ll- 
quid is S[~. for ooinSi~ ~, aud ,~n f,~r poinZ N, Si,~o S. ~ ,-n~l Sn ~I.~-. 
diffcrcnZ th.. pr~sm, res urc dit'f<rcnt, The nntun~'i~l ~i' point ~ 
referred to Plr nc B'B is eq~c,1 to the orc~-s,~n'~/nlus th~ liffOrcnc,~ in 
elevation. Th..: ~ " " " otcntl~',.l there equals Sn plu s t: or (~). Lik~;;isc 
for point Sn th~ notcntial oquels Sn oiuc tn or (~.). So ~ -nd .?[ h:vo 

12. 



the se~c potential '-lthcu~ th~ 
tial is ,.~c:.surcd usually by cc~ 
of the ":.'atcr surface in the tul 
zcasuriru, uplift trader a dr~., 
elevation is usuv.lly taken as thc:~taih'."r~t~r 
ration is c:~lleO head. 

assures, 

In dcalin~ ".~ith subaoi! flo:v thc. vol: 
small thnt total:oncr~v can~bo ~.:oasurcd by ;D 
necessity of superlmpOsing a l l  electrical ~fiel 

P c  ten- 

O- 

If the resistances are strictly anal( 
the analogy sot up, the flow will be 

sub,soil and in 

The point is well made that there arc factors such as 
stratification ~hich dlsrupt~the rigidity of the analogy., The 
questions for solutloh is the dogr0o Of tills departure from strict 
analogy and the factors causin~ it. 

l~mjab, India. it is evident that the fl~: can be brought 
to th~ purely theoretical b . 
here was very uniform. I at it 
mesh sieve but was retained on an 80 :~sh. Thi~ gives a range o~ 
particle size aporoximatcly frou ,0068', to ,0087", No ~tt~t was. 
made to measure to do, r~ .at 
From the shcpc o a be oxooct~d 
measurement s will chock wl th analogy ~:aa~re'~cnts. 

From a comparison of 

ioms of practic~l design must b~ 
anclol~5 r method ha~ considerable v 
subsoil flo'. It is not nossib 
of the :zethod. There are still too 
g~ologic-:l conditions ' . t  any dam slt. 
cannot bc simul~'.tcd in an -ulalogy s.:t up. 

t h ,~  

a a n d  s o  , 

13. 



I do not bclicv.; that an y~.t th,~.r~ ~ is :-~y conclusive 
evidence thr.t flo': in subsoil of ~ . . . . .  ~ ., r.ns~nry d... c nnot cv~ntu:<!ly 

bu s~udicd both qu'.lit'.tlvcly qnd qu.'.ntitatlvcly 

electric ?.nalogy. I censidor no (;vid~nc,,,~.co nc 

attack th,; fund~.u~,~nte_l basis for ,m~lo~y. ~ ~ .... At~x~pts to,do this 

h: v; b.cn r',.adc but the evidence uoon v~hic]{ ithC:y rest ~is nc;t Convincing. 

ST, c data used in this rupert '::ere d ..... r.,. ...... from the 

following sources: 

Color-'do River Dan .... Tr ...... a.~ions ~.S.~.,;. 19m., 7ol. 93 

Perc hr,. Dr.m . . . . . . .  " " " " 

Pinhoo~ Da~ . . . . . . . . . . . . . .  " 

Nnror" W,;ir ,,- Enzinuori~' Confer'rico Si-lq. Vols. I & 4 1913. 

Island P'Tk Dnn - - iZn{;. i~,~ws R. cord 

Kabo Hcnd;7orks- -Data furnished by Supt 

Irri~'!tien Circle. ~ " 

Nethaur:" Esc~p.~ Hc-~d - - Uni~ 

Dcohn B~rragc .... . Unit 

Panjnad Hend':orks 

) 1015 

Indin. 

Indi~,. 

i [ ': 

~nc Bureau of Rocl~:~. tion ,i. ~ 

for the valuubl~ assistance 

14. 
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