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T ~  '~OOTATIO~ OF ~ . T ~  

j .  

~ '  iI, 

! ~ e  h.vdrsu.lte!sehmne of p e r c o l a t i o n  th rough  e 

h~nogeneous emrth ,dam on an im~er~rlo~a .~ounda¢lc~ 

~ s h a l l  s t a r t  th  
l a t t o n  th rou~h .e  h~nogoneou 
the  body of. the  dam oan be 
I, II and III, which ere do 

0 

pe 
We s h a l l  p o i n t , o u t  the  main :hydreu ' t h e  p c r c o l a t l o n  
f low through t h o s e  l~Lrts i n  the  f o l l o w i n g  r~nnor .  • 

1. The "~Pperi~wsd~e"~ ' By percolai~lng th ro l~h  t h e u p s t r e a m  face  of  
t h e  dam, the  perc 'o la t tc~  f l o w  ent  . . . .  . . . .  

f low.  Whlle the  p ~ - r c o l a t l ~  flow 

enerKy.  There fo re  the  n o w  e n t e r  
a d imin i shed  s p e c i f i c  ene rgy  (or  

l i a b l e  qu 
t h o r s f o z ~ ,  

i.i only 8 hog, 
In '~ our i caso, 

Ice .oc~ ton ,  
t . e .  i n  th  ~ d e p t h  of~ the 
u s t o r  upatzwe= f r a n  tho:dmn i Hu.: Th~ s p o c l f t c  ene rgy  in t h o : t n t o r -  
s e e t ~  I t n o  W :Lip ~ y  t h e  depth  (h) o f  t h e  porco le t ion :  f low 
a t  t h i e  p o l n t ,  i~,Tho h ~ d s  (depths)  a r e  ~ s u r e d  from the p l a n e  of 
1-efel~nce thie ,  h J.D. 'the ske t ch  i s  d o 8 1 ~ t e d  by the ~llno 0.' .--, .0. 

- 1 -  



The loss o f  s p e c i f i c  energy { o r : t h e  loss of head) w i t h i n  the bound- 
r l e s  o f  the "uppo rwedge .  t h o r e f o r o ,  can b e e x p ~ - - e d b y , t h c  hCa~v~Ia) 
which i s  drop of  , , tho lperco la t lon  curve f r a ~  tho: ,point  M to.~th~ 
point M 1 : I V ~  ~o 

I 

! 

2 ° . The middlo part. 
Frc~ 

porcolation f] 
the wholo fall 

4 

tho 

vious ground to :bo levo~; this c orrospon~s:to itho~iususl 

porcola tic t ho porc'ola t~ion flc~I :i~ .y 
docressed .qoction W, ~F!~;. i~) it docroa.'~os 
to tho vsl 
Mo; i.o. through 
tho downstream f,ac ~e 
problem we assumo "tho ' Zhor than ~thn olov~::tiOn of ' 
the tail ~tor levol - [90 discussod imL~odlatoly:as 
wo procec~ to tho "lower wodgo,- • 

3°. Tho ,lovor~wedBo,,. i i 

tho b: 
of t~ 
etion flow~has to have some additional energyes ~comlmred tO its 
amount in the dlschargln~ section. 

- 

~ho boundries 
i) ~the percol- 

I 

i 

• ," / _ i  . /  / / / 7 /  I ~ 

5 -2- 



I 

"e have-surplus energy if we,assume the point f:l o (like 
in Fig.,I) to beat an olovation which :is above,the-olovation of t, h o  

tail water level. If, wo,dosigrmto. _ _ thishoi~Jlt of the poin~ I" o above 

4 

the tail .wet ~.r 

(2) : yo = 

" . . . . . . . .  . . . . .  " , ~ /  / I  " ' , ," < : , , r T - 7 7 " ' 7 " r ~ "  

F i g .  4- !:3337 ~:~" 

For thiswe obtain two zones i 
in the boundrios Of:bhc:do.wns~roam~ " 'roach 

( 3 )  q =:  ql:+,q2 

whore q is the 
the dlschar~e ~ 
are unit disc~hargos) . 

[or: discharge through the 4a-~. i c 
~e dam.. (ql an8 q2, of'. c~ur'~e ~ _  . also, 

Throu.F~hout i , ' . . . .  the whole :,previous dismtsslon we:uen!t..w~%h,a " 

: o i  

we have instead o f ~ o g u .  (2): 

( 4 )  yo . . . . . .  ao 

T h i s  i s  illustrated .in Fig. "4,  w h i c h  shows..a:sche~na~ica! diaftrem.of 
the filtretlon through an homogeneous ieerth dam:,for iho, = 0 ..... 

." b,., - . - , .  w : .  

do Z 
. . . ,  ,1 . - - - . ,  -,, 

....... ~ ~: . . . . . . . .  ' I ' i 

I 
,~U I 

! 

t , ~ 4 .  

I 
! 

| I . . . .  

" ":"/Ti ' - - -  , I 
I ~ - - 2 ~ . , . , .  - -  - ' r  " 

0 t • ~ r  - '  @ • ">~, %, 

O 



2 .  ;Cent  l nua t i on  

A 

W~ a n d  ~ We 
l a  t t o r  -,se 
a n d  ~wo s h  
F i g .  ' 1 - 4  

- t  h e  d a m ,  

~a 

rot.  plo th{s o  l,s d "gii 
have .the .~i e meesurod ~'from~ho Inno of 
reference whlchzaro::assumod i~to go !through the. abs Bu'~ 
since .it isknown~.that ~.tho egul-potenti81 llncs sro:.normal !~to the'' 
S ~ " • ~ ~i'. tream lines ~it is. clear that the :stream 
flow have to be normal ¢o thoZlino of :the 
whore  t h e y :  e n t e r  ,the upstz~am ~ r~o ch, of . t he  
s u r f a c e .  F u r t h e r  o n . i n  ~ 
porcoletlon ~flow: do ~of c< 
enter : the m i d d l e  p~r : t  .'.of 
less ' t he :  nn i n  ~ t r ~ n s l a t  iv~ 

curve", whichls~only the uppermost stream,~line ,~f L~ths.~:dlscussed. 
percolatio~ flow. 

iThe, above /pointed out entrance dlrectionlof 

begianing:/parZs ~of the ~:flow lines ~ which 
during <the,._experlments :of ~;tho iLoningrad 
t h e  dams : o f " . t h o  ~,lowor:~.Svlv,:,~ato~ 
at the ~porcolation stroam-~lines 

s:~sinco '~it , 

t ly non-uniform ~r/ovemont, • i .o. ~frc 
m i d d l e  p e r t  o f  :.the ~.den p r o f i l e  ~t t o  
t h e  s o c t l b n  W, w h i c h  ~is u s e d  ~: in iFig ,  1 - 4  : (1) ( T h i s  : f a c t - e l s e  i s  
confirmed by tho~sbovo mentioned experiments of Rohbock). TI~ above 
m e n t i o n e d  o x p e r i z r ~ n t s  ~ however, were not plar~nod for the Invcs t l ~  tion 
of Just thls question. We therefore, find it necessary to ostimsto 
to what extent this or that location of (W) c~uld influc:~co the 

--4- 



obtoined results for the~ computation of the depression :curve. This 

t~ 

location of the line :(-" 
curve has been establJ 

s len 
9. 

Due to these conditions 
the upstream corner ef-,,the ':level 
also havc i n  
of that~lino:b 
this place ~ the 
when in t h o . u p  
ing.- By full. 
dam construction... I~, 
(do) of the .damsb( 

to practical mperience. (1)(on the see%ion [W L~notfillod "" 
hea d ~ter ievei see persgreph~S9,) 

In concludin~ the prollminsry remarks on the outllnc of 
the percolation flow in~ B hc~nogonoous ~ioarth dam on an imporvlous 
foundation, we once'more point.out,:>thst:In the outline ~ivcn aoovo 
we ro~rd the percolation flOw'in<~'an, osrth dam as ~Zho.hydraulic system: 

Upstream ronch +;~:nlddlo,part + dovrnstrosm roach, 

one ~ hydruulic whole 
Los.one.and .tile s~v/o 

for ~hichof cou 
(either :of ' these 

d f s c h o r g o  .q~nti~y ~ ) ,~: 

O f  c o u r s e  t h e  pu 
an  approxirn te ;:solution. 

~: explaining tho:existing:ph 
ation of ~thcir cl~nonts. 
. the results is, according 
help of:hydro-mochnnic mc 

~At !the ond,.,-of %h 
symbols which wo,~shGll use 
the pcrco!~:tion filet 

Tbo:hoight of tho oarth dknm " (H~-: i) 
The depth of",tho~.vntor ~bovo 

t h e  dsm ~ ~ ( H( ~ 
The' "socurlty" hoIc.ht of:dc~n 

over hoad~.~ator level do / 

The depth:of .the, writer b31ow 
the dnm he 

-5- 



~ 0 IdOpth of %he ,ra for bolow th e . dam h o 
Tho:width of the ph, nc surfoco ot thodnm b 

Thowidth of ,the dam on ~tho, ":lIoVntlon of .the 
hoad wator }iovol i / b o 

. o coofficiont of tho slopo of.upstronm fnco cotan~ =,m 

Tho :coofficion.t 'of tho slopo of ~,thc <downstroom '-foco cotan@ = m l 

Tho 'loss of hosd:within tho upstronm "roech s 

Tho d o p t h  o f  the  p c r e o l a t i o n  f l o w ' o t t h O  -boglnnin~'=,, 
of tho middlo part .of the dam:profile h 

this middlo part i yo 

olo~ t ion ( h o ~ .  O) 

The be g h t  of' t h e  po:i.nt No c f "~he  d e p r e s s i o n  cu~ 've  
a b o v e  %he ~ bo t tom .of  .the t a l i l  ~channel - ( f o r ~ h o - O ) :  

The co-ordinates 

tl 0 

a o  = y o  

x ,, :y 

The  s e c t i ,  r e a c h  a n d  t h o  . m i d d l o  
p a r t  , W 

I i 

The s o c t i o n . b Q t w o o n  .,the m i d d l l  and .~ho d o w n s t r e a m r o a c h  Wo 

Tho abscissa of"W 

Tho unit percolation dlsclmr~) 

Tho moan perco]~ 

Tho actual :percc 

X =I,S 

q 

The" p o r c o l a t  ion  

Tho r a i n  p o i n t s  on ~tho d o p r o a s i o n : c u r , , c  

3. Tho o ~ u a t i o n ,  f o r  t h o  I . m i d d l o , ~ p a r . t .  

St . . . . . .  I ) 
I I I 

wh ' I 
I , W,X  

F,Q,6 

I 

I 

',~Mo 

' / ." i , r /" z - ' Z ~ |  / 

- ~ . . . . . . .  _ , ~  

I 

I 
/ / 

...... i ..... 



In the middle pert of t~e dam the motion of the parcel- 
erich Is mon-unlform In,the dlrectlon parallel ~o~the imperviouslfound_ 
aticm. For the de~3tatlon of the dlfferential equatlon of:thls flow 
we use the Fig, 8, which shows only the middle Fart of the dam. 

According tothe well ~known fO~la,~of Ik 
oclty of~tho percolatlon.in-an arbitrary section $ 

or61- 

(5) v-= ~k 
dx 

and hence the unit discharge quantity, 

(s) 

(7) 

q = V.y = ~_ 

or 
q dx = ~ . y. dy 

k 

and fro~ this r 

(s) q, X 

k ̧  

The in,agitation constant C ~ ~an be doterz.incd fro~. the con-~ 
ditlon x --O, which corresponds :to :the 
CUI~'O y = h. 

From egu. 8 we obtain with this 

(9) C= 

and 

This is already i the fin~l form of;the cquatlon fo 
depression cu~o in the mlddlo port of the d~n, end ;7o con oasily 
plot the curve for values.of-Y within the li.~its • 

(ll) h~ Y~ ~- ( ao+,ho ) 

by solvlug for the cerrespondinz values of x in equation {I0). In 
order to be able to plot this curve Do have of course to ~know the 
percolation discharge ~ , which is for the tir~ being an un~me~m 
quantity, but will be found bolo~., during the further discussion 

-7- 



Of the p1~blem. For ,the construction of the depression, curve in 
the middle part ,-of the dam~we ,csn:also select difforent ,values ,of 
(x) .end ,determine ,the ~cor~spondir, g values of I(Y)'from ,equation 
(zo). 

S i n c e  : f o r  x = S :!i~'ig. 6) we ~havo. 

(-IZ) y,= eo.,+,,ho : 

'we flnd fr~ (I0) , 

(z3) m,qs =~h 2'~(ao + ho) "2 
k. ' -/ 

and  

,-'--, ~ q . ~ , = . ~  , / , n - . - ( a o  + ,,.hO)'J 
:Z.s L 

o r  

:g _ 

:2., :S 

Since,aocording to,equation :(2) 

'Yo : = a o  +:h ;o 

4 .  The e q u a t i o n  : f ~  ! the  ~ ,uppe r  ,wedge" .  

I t  which  
( in  Paral 
l i n o s  o f  

-., 

He 

For the deriviation of :the/percolation -e 
we shall :replace the curved, stream I~ines 
"essumed. stream 'lines of the type (d-b- 
horizontal. Doing this :we do to some ex 

c a p a c i t y "  ~(,tho a b i l i t y  t o  l o t  a ;d . i sch~rgo  q u o n t i t y , ~ t h r o u g h )  o C " t h o  
upper wedge. Therefore, To shall have to discuss this question more 
thoroughly. 

-8- 



As ~ has ~ been 'shown ~by~ exl~erlments whi~h~wore carried out :In 
the Hydraulic ~Labom~tory ~In~Leningrad, ~tha ~lowor porco]atlon stroem 
• lines (as "fo r example %ho~lin Fi~. ?).after ontorin~ tho 
upper wodgo~ approach ~ tho: imps T1nzs ~tho 
part of~t ho upstream ~faeo :iwhtch is bol ~ ~has 
only a vary littlo. Thoroforo 
tho shadod part. of orrosponds to e ~mthor im- 
porvious part. Of ~tho ~dam, ~and ~ thus din~nishos tho porcoln't ion cap- 
acity oftho ~"upporwodgo-~. But~this decroaso of ~tho ~porcolstion 
capacity is accountod for In:our cslculs ly 
in a diffo~nt way, namoly; by n cortaln 
tho "assmuod" percolation stroam ~linos. ~r 

To the-above said we have to,add that~alon.~ tho ,~curv,~s ~pert 
of the'stream line/(a -b), the percolatlon.flov~has to "overcomf~ s 
slightly greater, reslstance, on its unit ..... zontal 
part. This is due to:tho fact that the 
brought in in almost horizontal layers __ a 
vortical direction. Thereforo it is quite roasonOblo to ussumo thor 
tho rosistanco along thc scmowhat shortor cut"rod stre~m !!Inos "(o- ) 
is about oqual to ithc rosistanco along tho longori horizontal .str~om 

lines d- b (soo Fig. 7). 

Of course only a :comparison of 'th 
mental data can show to~.what~oxtont tho dos 

flow in the uppor :w~dgo, 
A 
I 
I 

-9- 



By ossumlng tho bound..ry of.tho "upp,r.wod~,, as ~ointod out 
1,", ~ . 1 _ 0  ~ . . . . . . .  • , ,  . . . .  ' 

(15) (do + z) cotan~:~ ~= z) 

(ze) -¸.= 
0 

-.~ (do ~z) 
and ~ho vcloclty of percolation 

.'z,.c;t~)r 1 ovol 
c:'so i8 

(17) U = k~Y,= k~a 

(18) 

For tho dlfforonticl of tho disch~-rCc :dq wc thon my.wrlto 

dq = U.:d~ = _k . t~ .  dz 
re(do÷z) 

and for thc total~3rcolation dischnrge: 
8+h 

(19) q = k.n 
m(do+ :z) .dz = 

or 

a+ h 

og.:nat (do+. = ,K..~a log,inot 
m ~ ~ ~. 

A 

Bysubstltuting: 

(21) do÷:a ÷~h ~ ~ 

(22) d o +:s .=,H d -:h . 
J 

wo obtain tnstcnd of(20): 

(23) q = ~a ~ln 
m 

Hd-:h 

. . . .  | 

" r "  7 - 7  '~-;"T5~2--~-- 



By~assumlng ~ho ':bound,'ry of the "uppor,wodgo', as Dolntod :out ~ 
in ,Parngrnph i-2, we regard the "nsstu~od" stream llno whicli'is design- ~i 
atod by shading in Fig. 8. Tholcngth of~this stream line is: 'i 

(15) (do + :z} cotan ~ = m;(do + E) 

i s  the depth of the stream lino::bolow the ho::d .~.:t~r " i!~ii whore ~ level ~J 
,~lovatlon. Hence the hyflrnulic r~"n'd, i,nt,, far •t..o~, given c,uso is !: 

(16) Y = ~s 

re(do +Z) i 

and ~ho voloclty of percolation 

(17) U = ~k.J = k.a 

For ~ the ~dif~or~ntial of ~ho.disch~rgo dq ',~c then may ,wrlto 

(18) dq : U. . d~.= ~k.a  dz 
W(do~7.) 

end for the total Ix?rcolation:discharge: 
a+h /- 

(19] q= / k , n  • 

" ~  ..... : r e ( d 6 +  z )  ' : d z  : 

a+h 

d z  . 

o r  

(20) 

m 

(al) do+ 

(22) do! a ~1%-,h~; 

wo o b t a l n  . : i n s t e a d  o f  i(20.}i: 

m 
Hd- '~ h 

I i I 

W.£/ 

: Z ....... /?" ...... 

• • ~o X 
.~..~'r-,~-r-7- v. ~-Tr -~- 

-lO- F" el"9 



5 .  Tho oquatlon for tho "downst~oem d ." __ . ~p~o 

, _ .  For tho "downstronm wod~o" wo sh,~ SOS : 

a. 

expocinlly for;tho uso of~oarth dams in conncctlon with s toror~o basins. 
Thorofore we sh,~ll tako up !-Its discussion flrst, 

str~om"wodm~,.by dark shoding Tho longth'ofis tho stronm lino d~signntedc . . . .  on ~ic. 9 

[24) ~ cotnn~@ = m I Z 
i 

whoro P, is tho dopth of the stroom,llno bolow tho polr, t L o' ~t v, hich 

tho doprosslon curvo ponotlmtos through tho do':m.suroam faco of ~ho 
dam. Tho:hydrnullc gradiont for this stronm lino tho:% Is 

(25) J= z -- 1 

m I Z 

and tho corrosponding voloclty is: 

(26) U:= k,J =,k : 
=I 

Tho dischnrgo olczr.nnt is: 

'I 

(27) dq =U. d~ = k__ d, 

mz 

and tho total dis chargo: 

' "'X 

• \ 

(28) q = __k / d~ =~ k.no_ 

n?~ i n~ l 

Caso II. (hn~>O)_ For this case tho porcol'-~tion Zhz~u~h tholdo::,~- 
stroam ~ ' o d 6 o  of the c~n J s subdividod into t;:o zo.,ios~nn hqs bconlshonn 
in pamgIT.,ph i. Tho flr~t : 

-7 6I. 0 

Fr q. I0 - n  

• k \ \ k \ \  '., , : . ,  \ : ' , .  ,., . \ , " ,  .., • ,,. -,, , ,  \ ' \ ' , ,  , .,,. 

, " \ " , .  k " ' ,  ", , , ' 2 . ' >  , ' ,  ' 

q . . . . . . . .  

! 3 + . Z  ,:., r~ ~ 

ho , & n c l z u n e  

/ " :2 / / / " 7 - ' T T 7 " 7 - -  



zone InYig, i0 is ',the trlangle from'.the point~o on to'~ithe hor~zont41 
line ~ of .the .'~tail water .:elevstion, 'whlcle ~the.2nd"zone ~is ,~ho-trepe- 
zold which ~is -: formed ! by tho:line W o the horizontal Of the ~_,porvlous 
~ t i o n ,  ~tho ' ,downstrea.m : f a c o ,  :and :~thc , t a i l  w a t e r  : o l o v s t i o n  . I i n o .  
Wo "lot ql stand :for-,~he porcole~ion dischargo-(spoclfic) :through ~ho 
f i r s t  z o n o .  ~Wo.~soe-at ~:onco-!thst i t  ,c~n b o " d o r i v o d  ~In tho.~s~mo way " 
'as ~ns .dono'above for :~so I (equation 28). 

(29) 'ql = ~k'ao 
:ml . 

.For tho socond zono .wo ~soo from Fig 
gradlont ean~ bo :.derlvod ~:llko in -(24 and 25). ond ~:honce: 

(~o) 

and the volocltyiof :porcolntion 

(31} U--'E:~,= k,ao 
| | 

and ':~nneo :.~he, dlscbergo Cl~nont 

, (~) 'dq~ - u . : d a -  k ,ao  ez 

a n d  ~i~ho : t o ~ a l  d l s c h n r g o  f o r  ~tho s o c o n d  zono  

(s4) 

:8.+ho 

1.w 

i.Or 

~ho 

d i s  e h n r g o :  • 

q = "~ql + '~q2 =k'Q° + k,oo 

~(~) 

q = ~k°O 0 

m 

[oo -"ho  

-12- 



6 " ~e ~I e~ t~ ' 0 f Percolatlon. equations ~for l t ~ ;hae.~-~nous e e : r t h ~ d a ~  • 

In %he iP~cedimg ~graphs ~e orrlvod ~ s% ~,%hreo :'@~ross- 
ions f o r  the  poreo la t lon  ~ : : d i s ~ o  .q . through :the .body of":the I ' ~TTI  ~ O r  

the f i r s t ,  socond and t h i M ~ p e t t  o f  the ~dam p ro f i l o  and. tho ~condlti'on 
hob O. The "corr~spondinEoquations ,are (23), {14), and !(35), but' 
those thee oqua.tlons 'contain :4 unknown quantities: ° 

(36) h;:ao; s; q 

equation (23) isno 
frc~ equation (22) : 

(37) a = Hd-:do,,:~ h 

A fourth equatiot 
~mometrical r~lations (see ,~FJ 

(38) b t  m1.,~d ~,S ~÷:~.l, (~o ~+.hO) i 

(39) 

belowthe damis:not zerc .the 

f q 

(4o) ".~ 

(~) 

from ~hich :: we ,Db.te in : ..... , 

~ 'l ~ b + mlri~ .. ~ - - L " "  (~'0+ ~:h l)o ] 

lFOr 'the cQso • e. when %he dovth:of'%he.i.~tCr ! 

f "I 

I I I  
I 

q 

q ~: ,.kt 
ml 

i 

B I= :b d 

and by 

q Hd- 'do-h: in 

n q = ~h2 (Qo+ he) ~ 
k 2 • :a 

[ : ao' l + :Zn /°0~÷ ho~ ~ 

k m l I 

.~- b÷ m I -[Ha-~(Oo. ho)J 

-13- 



+ • • 

We shall call this system the ',system of equations-for ~he 
homogenous earth dam for h o i~ O. For the case for which he= 0 we c~n 
use the equations (23); (14}~ (28). end (39), ezzd we obtsln the foll- 
owing sys tam: 

m -h 
k m 

iii j~ = h2- ao2 

(41)I~ k 2. s 

llil:q = a o 

i k m I 

~ s = b . +  m~ +(+~-.%) 

-7 

I 
L ~ - h  

i+ r 

This system of course contains the same unknown quantities ~asthe 
system (41). 

Lot us now point nut 
to the obtained system of the pe~ 

~n ro~m rd 

7. Additional remarks, 

~he system 

? titios from the system: i i ,  ~+~ ~;i ~; ~'~"~i~ ~ ,~+  

(4P) h; ao; s; ~k, • 

which will be expressed only by the known quantities: J 

t h a t  i s  b y  q u n n t i t i o s  .which ~ 
t h e  d o p t l ~  o f  ~ho ~m~or  ~abc~, 
quantities in (43) ~.~.wo shall 
boundary ccmdltions" hcvJng 
the hydro-mechanic ihoundsry condi~tions for the percolat~ion flow in 
the body of the dam (which have not been discussed here) are •expressed 
different ly. 

By the ~condit~ons given in (43) .the main points of the 
depression curve ere given (FiF. ,5), nsmalv M. ~ Z~nd M o. Furthermore 
the points of the depresslon c(~rve ~n the ~art ~&" ~ ---L_ __~ . ___ 
f r  - . . . . . . . . . . . . .  " i ~  - j - ; , ' .O  ~ l . ~  L,~: ~ . C U £ e ~ ;  ~ 

om equa~zon ¢Auj mr we know hand q/k, T~ms i~ becomes apparen~ thst 
the shape of the depression curve i,~ the earth dun is not dependent upon 
the percolation coefficient k, i.e. is not dependent upon the percol- 
ation properties el the homogenous sol1, but is determined by the 

-14- 



hydraulic boundary conditions which were explainod':ebovo. 

By determini~g q/k from (41') we find the percale,rice dis-: 
charge q if we know the/percolation coefficient k. Therofo.~.e, iZ Is 
necessary to ~uow the cooffici~It k for the sell out of which the dam 
is built if we want :to know the percolation discharge, but l'or the 
construction of the depression curve~through the dam :the ,knowledge of : 
the percolation coefficient is .not necessary. 

Furthermore .we have to point out that for the first: part 
of the depression curve M-Ml(see Fig. 5)we can onl .... 
trerss points of the curve by the method givoff above 
MI: the first Doint is obvious (It:is located at t e 
,water surface above the dam) ; the second, however, 
the help of h or, which is the same, with the l,cli)eL" a, which can 
be found ° b.v equation (37). For the ~oint- o ~ . . . . .  
~.. _ _  _ " . " " • 1 ,  . • = , ,  ~ ~ : ~ e  cur:-o oe=,::een M B n d  

! 

one and the s~mo tangent)_rn the ,r.oint ~: ~ m  

(according to whet ~s said in parug~ph2) that the curve should be 
normal to the upstream 15see of ~he dam profile:, 

For this we can add tlmt " to the depression .... 
curve in the n, angle ~cissa axis. which 
can be easil om equa~ ,<now 

(44) = - _Z__ 

dx k .5' :~ 
u 

For the abscissa x = 0 (of the eo,ordi1:ate ori~in~is 10cared as shown 
in Fi~. 5) we obtain: " 

(45) ( d y )  - -  - " 

( d x ) k, h 

Since for x = C, the ordinate of the curve is 

(46) y = h;. 

for hms the tangent el tee shmrp~angl t . . • , 

the above mentioned tangent to thoabs 
' )  of the inc~ination~of 
axis is: 

(47) t a n .  (~ 

k .h 

-15- 



T h o ~ a b o v o m e i d  .is s u f f i c i e n t  for.  t h e  p r a c t i c a l  p l o t t l n g . o f  
the deprssslon cu~e in:h~nogenous eerth~dam, since 8 more accurato 
p l o t t i n g  of  :the c u r v e  b e t w e e n  I~-H I ,  ..is n o t  n e c e s s a r y  ,.for :th=o d o s l g n  
of the_ profilo. I t  :is wor th  whilo :to :remember., ¢ . h a t  if we -. --~ " " 
nornm 1 t o t h e  u p s  t r ~ a m  f a  co ~of ~ho dam ~tn ~:tho ~ o i n t  ' H and t 
(which wo f i n d  b y  .the 
s t r a i g h t  linos "~h$cb /I 
p e r t  o f  t h e  d e p r e s s i o n  ~ed 
lines. - . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  ~ u ~  u ~  _ : o r c o l a ~ ; l O Z l  c _ U s _ t 1 o l : I S .  : 

For  .~ho SOlUtriOn: Of t h e  s y s t e m . o f  ~oquat ions  (4 i )  ~ o : ! h a I 1  
f o r  t h e  ~ak8 ,',of w r i . t l n g  c o n v e n i e n c e  i n t r o d u c e - a  few : o b s e r v a t i o n s  : 

(4s) l+ ~ ~ A : 

(49) 

[5o) 

and ~thus thinness  I I I  : i n t o :  

. ,~ = a O  A : . . . . .  

k _ . ,m I . : " 

by s u b s t i t u t i n g  :(49) i n t o  : t h e  l e f t  s i d e  ~-of : I I  w e o b t a l n :  : ~ 

"o A___ = ~2_ (So* ho) 2 : 
m 1 - ~ , 2 .  , s  . . . . .  " 

and f rom t h i s  w e . s o l v e f o r . ( h ) d n t h e  f o l l o w l n g m a n n e r :  

(01) h - / : 2 , : a o A ' . .  + ( . ~  ~ ) 2  

and iT, t h i s  e x p r e s s i o n  ,~we s u b s t i t u t e  s f r o m  e q u a t i o n  , I V o f  ~the s y s t e m :  
,:~; end o b t a i n  i n s t e a d  . : o f  ,i(5I)~: 

h 

(~) 

:and w e  ~oall 

• : ( so+-ho)  2 

[5S) 

(54) 

"b + I~ .(so* h o ) ~ *  (a 
t=1 _J• 

and  i h e n c e  

h = D  

- 1 6 -  



IlL 

(ss) 

(s6) 

(5v) 

U~ing (54)the oquation",l...of ~the s~t~n ~bee~: . 

-qk " ~-Hd"" d°m -D in ,~'~-'--~d: .b 17 

end we eEaln introducelan .observation, :~ ~" .... 

H d - . D  

whichmakes: 

k - 'M - 

If in (57) we.substitute %ho, left >sido :by its value from.e, 
we obtain: 

(58) 

(59) 

ao A = ( l i d -  do -:D)E 
ml n 

Or 
C/ - .. 

m_. a o .A : (Hd-d 0,~D)E 

we see frown (48), :(53), :end (56) that the te1~s ~-, D and Eere (for 
given values of Hal, b ~ho .do, m,.ml)oztly PunctJ.ons of 

(60) ,,, 

the sTmbolsfl, f2, f- - 
~.,Or COUl~se arl 

f r ~  ( 4 e ) ,  (53)and ( S e ) .  
_ :7 7 

that isthe 
l n a t e d  i n  t 
bo s o l v e d ,  o n l y - e n p r o x i m n t o l y  by , 
In ol~der ~ o . s h o ~ e n  ' the  ::~work~.connec~ed w i t h  
a ~ r a p h i c a l  . s o l u t i o n . o f  • ~By.e: 
o f  ( sg )~os  a I ~ m c t i o n . o f  andi~the r ip .ht  s i d e  as  an o t h e r  

l eJ.) 

(s~.) F2 ( a o ) =  i h -  do-~ )E  

F, /I 
• t ~ i ~  



¢ 

a@_ 

We can plot a diagram of both ~funcZio~s within 'indeT~ndent 

I 

limits as is shown.in ~.the:schemat 
section point of these~two functiq 
(So). 

p ~, ~ r~ I~ 

.... ~-. : :.he ~:inter- 

e o = (a o) ~nted 

After having 'fov-nd ,(so) in this,way it is::ea: to det~:::L :'' 
mine the remaining unknown quantities of the system (41) Thus,we 
find from equation ,IV of this system S: 

(63) S = b ÷.ml~H d ,- :,'(sO+ ' • 

and farther, knowing A from equation (48).we can find h 

(5l) h = -_ .s ho)2:: 

ml 

M:):: 
V ¸ " 

and finally fr~n (49): 

= ao~A 
k 

from which we ob~In: ..... 

(84) q ,, a g A .  k 

m 1 

All that has been,said ubout t~e solution of tho ~ystem 
of equations (41) roferrod tho :case 
ho = 0 we had the system (4 

............ ~0 ~nner 
only with somo simplification. .Wo find from (48)the: f 

or h 0 = 0 

(e5) X ° : 

-18- 



But we do nee need ~ho torm A at all, since from equation III of the 
system (41) we obtain directly: 

~f this is 

introduced into :the lef~ side of oguation II of the sysz, )I .~.o 
obta in : 

2 :2 (66)  a o , = h  - e o 

From ( 6 6 )  we can express h in terms of a o. 

( 6 7 )  ,:h + 0o2 ~ 

m 1 

in which we substitute s from 0qustlon IV in the same v:ay as this 
Was done for h0~ 0; we then obtnin 

(68) _ h _= D in whiah_ 

(6~Q) D ~/2 aO(~l + Hd-~o~ + Oo 2 

Equation I in the system "(41)! duo ,to (68) ~s the so: 
form (55) as for ithe Case ho~ 0. :For this ~he s:?mbol ,56 ~ --- - 

. ,~ ; , I -OLS~ II the sar~ : 

(70) E ~= :in Hd 
Hd-D 

and also (57) is 'unchanged 

(71) ~I =CI{d__-i  d o  - .D)E 
k " m . <'~ 

and it is solved in the same wayas wa 
ho~ O, 

After findlng a^, we find 
(41) 1 and ~(h)rom (62). From equa~m 

h a v e  : 

q --- : 8 0  

( 7 3 )  q .~ .o o k .~ 

m I \~<~ ~ ~, ,.<, 
,< I: 

For the sake of bottor illus~rstins the a'£tusl functions 
(61) end (62) we add s diagram (Fig. 12) on which these functions are 
Dlottod for a concrete case. 
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1 
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u 
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g O~: tho  q u e s t i o n o f h o w : ~ t o s c l c c t  ~t~o l o c a t i o n  of  t ho  se  r a t i ~  
• " - t " i t  ~ ~ s ,  " m t | • ~ ~ t i i ,  

sect lc~ -botweon %he u~por ~woe~ ~and ~tho ~middlo ~ t , .  

As was p o i n t e d  ou t  i n  ~ r a g ~ a p h  ~2 we s e l e c t e d  t h e  bound-  
a r y  be tween  t h e ' u p p o r w e d g e ~ e n d  t h e  m i d d l e  p e r t  a s ' i b e i n g  g i v e n  b y  t h e  
l i n e  W ( in  F i g .  5 ,  r) ~which goes  through~ ~ho u p s t r e a m  corno~r~of t h e  
horizontal pert - t a k e  up ~tho 
discussion of th of ~ts 
general velue, b ch this 
question has for he solution 
(i) of the four l)(Foot 

n o t e :  see below 

:~By cerrying out the ca lculstlon for the depression uurvo 
for different Ioeetionsof the "seperetlng section" botts'con the 
"upper wedge" :and the middle pert of the curve (thus for example on 
Fig. 13 5 different 1ocetionsof ~he section ere~hown} we c~n con- 
vince ourselves t t ~ t  the selection of this ~ii 
influence on the porcolat ~ 
the  depression curve ~i(osp 

tained from a ~:computation ~on tho  dnm profile shown in iYig 
dimensions ere given in meters. 

Table i. 

Tublo 2. (Page 22 or origin~l) 
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kn Moto~ :i 

E ! 

TobloI 

O 

m l , m [ 

9 

~'~ b io II 

Position ' . . . . . . . .  

of . 
D i v l d i . ~  ,i yo= o o ~ h o  ~, ,~/": )S : , ~  ~:,:i 
Soction ~ :  ' , / ( m o t o r ~  ) • , :~  ~m . .... .. 

l 

• 1 3 ~ i" ~:,iI.273 1 1 ~9:,454 ~ :~;~ 
n , , = =  

J l 

l 4 i . . . .  

I : " 1 . 2 1 5 .  ; i 9 ; 5 7 0  
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is re~rdless of the fact that location 4 is ~removod quite fc, r in the 
dovrnstream diructlon; i.o. to the downstroam cornor of tho~lovol uppor 
pert of~tho da~ profilo. Of courso tho diffcronco_in thcdoprossion 
curvos•isstill s~llcr forlocotions 3 and 2~o~ tho soction (~) 
(soo tablo I and 21.,From tcblo:r2 ',70 SO0 Of tho 
soction (W} .of Ira, to one on tho:othcr sid~ , tho 

rmlnos tho ~ lo~,ti 
ross ion - curvo • chnngos only 
y influonco on :tho ~rosults c 

in practico. Tho porcolation dlschnrgo chnngos only to Shout 5% 
duo to such a chango ofy o . 
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:10. The l aw :o f  s imi l i tude fo r  the depression,cu~e in~an 
earth_. _.. _ _daL..._ We ~ aha ii . . . .  ,show ?Ixl ',this :paragraph, ,~,tha t :,for, geometrl celly 

zailwa~er.~ads (dept~s).~ are .ahamged : correspondi~ to :-~the :c-ha~-e. of 
the. dimensions of ~th~ idem ~pro'f£1e~ ) 

use an arbitz " - 

s h e l l  u s e  t h ~  
I I  we drew~s~ 

n 

s i o n s  ( a l s o  ~ those  , o  , :en-  

I£ are deslg21atedb: 
m and ml remain:the samo forboth profiles. 

_ ~flclents 

As,we know from~ 8, the basic cquatlon:by,whieh thequantity 
a o is determined for sketch I (Fig. 14) has:the form of equation (sg). 
HeneCwo have the eorresponding equatlon.for tho detormlnatlonof a~, 
for skotch II: 

C74) ~ s o '  A ,  - (Ha,  - ~o '  - D ' ) . E '  
ml  

24 



where the quantities A'p E' and E' are found from equatlons (48),ii(53) 
and (56) as-follows: 

(75) A' " I + i n  9~0.+ h,o 

8Or ~ . 

(Te) " - 

(77) E' = In .H'~ 

Hd' .- ~' 

We shsll show that equstlon (74) is fulfilledfor 

[78) So' = n a o 

where n is the "similarlty~ modulus,' for the ~transitlon i from profile I 
to profile II in F~g. 14, Fo'r the transfer fzx~m one ~profile ~to the 
other th~relatlons!bctwoen thc quantitles Hd , b, and h o and'the quan- 
titles Hd'. b I and! ho, _are dotcrmlned by the*following equations: 

H d' = n. Hd 

(Tg) b' = n . b 

ho~ = n ..h O 

From equat ions (75) to (77) we see that: 

i80) D' = n... D 

E' " E 

By multlplying both sldesofeq, by nwe obtain 

(81) m . n .~ao • A = (n • Hd .n , do = n ] 
m,-=~ ; :s ;~ 

and if no rcmomber~the relationsi(78) rtO (80) We obtain instead of (81] 

m_.. a o, A - (Hd' .... do' - D,) E'. i.e. %~ find thst oqustlon 
ml 

(74) is fulfilled,for 
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e 

The quantities s, and h' for~the profile II are obZeined in 
the follo.~ing manner .... In accordance ;~ith the general relation of~s in 
equation IV of the system (41)ue obtaln for s, ~the followlng formula. 

(82) s' = b' + ml (Hal, _ (ao, ~+ ho,il from which we see~that'ac- 
cording, :to (78) and (79)1..that '~ 

(83) s'=m .s 

From (511 we find:for h,: 

(84) h, "V ÷ (80' +h'o) 
ml 

with (78), (79), (80)and (83) we then obtain: 

(85) h' = n /28 n ,A.s+ (a 0 +!ho) ~* 

ml 
end compared with (Gl) we ag~ that: 

(86) h' = n .h 

Thus we see that the basic~ elements~of the depression curve 
of the profile II (Fig. 14), i.~., the qusntities~ao,, s, and h,, are 
in fact proportlonel to the corr quantities of theprofile I. 

Let us discussrthe int points of the second part 
of the depression curve. At first ~e shall discuss the~change oflthe 
unit discharge in the profile II, q'. Accordlr~7 4) ue 
can .write (assuming that ithe percolation coefficl change) : 

(87) q' = a~' A'k 

ml 

Since A' -- A and a o, = n . ao we obtain 

(88) q' = nao A k 
=, 

ml 
end according to equation (64): ~ 

(89) q' = n . q 

From~these equatlons ~e see thatlthe unit dischargeq, is 
n times larger then the ualt discharge q, 

For the intermediate points of!the second pnrt of the depres- 
szon curve of the profile II ~e can nrite an equati0n which is corres- 
ponding to equation (lO): 

(90) ~ s' = h,2 _ y,2 
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in whlch x' and y' are the coordlnates for the profile II. 

this we obtain: 

(91) Zy, 2 = h,2 - ~ 

k 
and by substituting Into the right side: 

u 

h' = nhl ~ q' = nq 

From 

we find 

(92) , 2  = n ~ , h 2 _ 12qnx, 

T 
If ~:e also substitute the value for the abscissae 

(93) x '= nx 

we see that 

(94) y,2 2 = n ~ (h 2 - 2qx)= n2y 2 

k 
and hence 

(94') y' = n . y 

Thus for the ~hole second part of the depression curve:ofithe profile:II 
the similarity is retained. 

With this v.e concluc 
the depression curve in earth 
~7 the s l  

czent of p( 
discussed ] 
fici0nt k ~ 
equation (~ 

(95) q' = k' .ng 
k 
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ii. A graphic method of solvin~ :the sTstem~-of percolation 
e~ustions, ThefundamenZalass~pticns:on ~ich thisgraphlcal 
method can be based are the following: 

ao 

l 
H ~  

(i) For the gemmetrically similar profiles the corresponding~de- 
pression curves are also similar :to each other. 

Y 
A 

. . . . . . .  - - - - - - - i  
! 

. . . . . . . . . . . . .  I 

- ]  . . . - . ~  . . . . .  , i 1 k / ~ O ,  -. ~," - , . . - ~ :  . . . . . . . . . . .  ~ . ~ - -  . . . .  . . _  _ , , ~  

' ./'":" ~ ' . t . . .  ; ... ': .-,: : . . .  , j , . .  

(2) It is accurate enough~to~sss~::that~he ~relstlonof~the~quan- 
tity (So) to the uidth of the flat top:of:the dam (b) is linear. 

(3) For the graphical solution of~the system of percolation equa- 
tions, the boundary vertical between ~he first and . . . .  ? 
the percolaZion flo~ in'the body of~the dam can be It 
M (Fig. 15)- The pointMiis the intersection bet~e. 
level end the upstream face 

Let us now explaln 
first of them J s a short formulation of :the la~ of 
discussed in /Pl0. The s~cond is based on s su 
of computations, which were carried:out accordi 
method of the solution of the percolation squat 
The third assumptiom finally follows from what .~s s 

. 

To the thlrd assumption we may say~thst it introduces a sim- 
plification of the graphical method in the sense that the qu 
(the olevution of the top of the dam above the headwater su ) 

does not enter the grephlcal diagrams, for which thus one of the quanti- 
ties is eliminated. The y-axls ~s placed as is sho~m InFlg, 15.,:and 
from this axis on the construction of the second p~rt of :the depr~sslon ' 
curve starts. After this part hos been plotted the beginning part of 
the curve has to bo graphically corrected in the folloning, manner (in 
accordance .-ith ~nt h~s been snld about the first port of the curve in 
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to the divisi¢ 

~ 7). We connect Lthe polnt M with the plotted part of the~curve~by 
drawing the normalLto the upstream face of the dam ~In point M and 
then draw a smooth curve whlch has this normal and the plo~te~,curve 
as tangen~so 

For the location of the separating vertical according to the 
~ I r d  assumpt j . . . . . .  
head (or the 3 )teases the loss of 

of filtretlon !thru 
the '~pper wed ~m ~the iupetreem fs~e 

~ers fro~ 
• We hc 
3ction t¢ 
cslculst 

a n d  2 (:l~) 9) t h e  q u a n t i t l e s , q - , e n d  ~ 
S O .  

We have ye 
ion vertical instead 
of dam at the elevat 
calculations (see I FL 
symbol be, all the,remaining s: 
b o we can write the following relation: 

(96) ..... be = b + (m + ml)ido 

h by the 

After we thus •have ~discussed the three fundamental ~presup- 
positions we ~csn start to ex~1~in the graphical method 
of percolatloz 
at the elevatj 
for the quantity (So) 

(97) a = o ~.Hu 

a triongular profile wi 
~ter surfac01 we woUld ha 

L. 

.... i/~ ¸ 

•8 

according to the first presupposition Cthe ~ ~ 
this equation ~is s coefficient whichd~ 
triangular ~ .e. uoon theslopo~r 
upon thc rat head water sad tnilw 
tity h_~o . If wc go ~over to the t rapezoidi 

Hu 

have to account for~ths influence of the q 

So. Bss~d on the second presupposition we can express this i'nf!u~nce 
by the formula : 

(gs) ao =oC. Hu-~. b e  

since it is clear that for increasi~ vslucs of b o the value aO has 
to decrease. The coofficlent ( ~ ) is dependent, like (~) upon the 
values of m and ml, and upon the ratio of ~ho' Further ~bolow, we shall 

h~ 
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. . . . . . . . .  _° 

discuss the determination of the coefficlents~((~i~) e nd (~) Irom the 
graphs. In this place we'shall discuss the general method of deter- 
mination for theotherunkno~mlquantitles. 

Enowing~(ao), and keeping in mlnd~that the ordinate~of'the 
discharge point Mo is 

(99) Yo = ao + h o 

k 

we..._~__can find, .., the ..... value of Yo. In accordance~wlth equatlon ~IV ~of the 

cording tolFig. 15) from the expression: 

(100) s= b e + ml (Hu - Yo). 

Then, knowing ao ~ ~se • find ~the value of A £rcm (48), and~we 
can also write:* 

*Further below a~ nomographic chart for the determination of the :val- 
ues of A is given. (Graph:No. 4 / 

( l O l )  -~--- " ÷ i n  ,:.~'o 
~0 

- : . , _  

After this ~vc find (h) fromequatlon (51)or by ,introducing"(yo) 
from the formula 

(io2)~ h2~ n0A ~ ÷:Yo2 
m! 

and 
(1031 

The percolation discharge qi~fina!ly 

j -  

f rom ~ ~ .on: 
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• .12, Auxiliary dia~rsms~ nnd tables. After ~havlng explained 
the. basic rels'tions for the graphical : solution of ~,the ::system ,of :~per- 

colatlon equation >ceed to discuss .the ~graphs~o(and 
one table) the,me ~oint out -that those"diegrams werc 
plo tted: based • on the ~ numbe rfcal ,: re sults ~ of ~ a. great ~ number,, of analytical 
computations~ of the solution* for;system (41) ~end: (41'). ~Thus s.they 
rap resent ~a. short - 

* T h i s  work  a s  has, , :boon p o i n t e d  o u t , i n  %ho p r e f a c e  Ims~donc: ,by~%ho o n -  

,~ineer R. R. ~ Tscht~a~of, ' '- i " 

The graphs Nos. l:~,~to:3 give-.:thc values of"tho.,ceofficlents i 
c~/and ~ ( which enter tho~oquntion (98)) for diffcrcnt "values of!he_=__ ~ 

and for the most commonly used valucs~of the slopes (m)and ;(ml). Hu !i 

The grr.ph No. l~is plotted form =:2.0 and the values of m I i 

(104) m = • • • ~ ,I 1"5, 2-0, 2.5, 3.0; 3.5 '~ ' 

~* For values which are between ,those ~valuos, of,m and~ml whioh-nre 
used in the graphs~ ra3~ can intorpolr.te using the :s~mo graphs, / 

The notes which eccompsnyithe graphs give those limits o 

~Tithin which the values " • 
The ~,llmlt s 

given have %o he understood ese 
the second presupposition (sc mte. 
basic formula 
rate. 0utside +h~ ~, 

solution ([~n8). 

0n graph No. 4 we have a slm~ 
termination of thG value of (A)!in:rcls 

grmphic chart is construttcd according 
~rigg,s logarithms, ~vc can, if we wish 
the formula 

(105) A = 1 ÷ 2.303 LoglO yo 

~0 
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D 

table (3) serves for the~detert~ination~of th~ 
~oefficie~ d (i~i)ifor~the c~se he wster 
downstream from the dam is zero (i,e. ~ho s case 
determine thelvalues (oC) ands( ~ ) also l~to 

more accurate ~ restt!ts, qT.e~note which ~is 
the s~me meanlr~ as the~notes under the ,-~ 

In Tables 4 ~ which are connected with the 
graphical method. Jsre der in which they are listed 
at the same~time denotes the orderlin~which they are~used~for the com, 
putation. 



• 5 0  ~:~il; 



% 

i "ii 

" )al l  

t 

L: = 

!I ." 

I I 

I .~._L 

i I~ 
' ~ 

" ' - ~  ~ i l_.k_ 

N 

~P#p~.s .w~11/n mo~, c=.se$ iFvrn;sh v alue~ .~htbh 
(x .~ no~'.a, c c u p ~ , ~ c  e~oug~ 

3~r 



1 ~ l ~ ; ~ :  ~ ~ ~ " ~ q ~ ~ ~ 4 ~ "  ~ ~ N 4 ~ l ~ l  I ~ ~ ~ ~ . . . . .  ~ ~ 1 r ~ ~ ~ ~ '~ ~ :  :~ ~ t~ ~ r ~ l~:~: ~ i l i t  

¢¢-- 

: G~@h No: 5 
14 Cher'Ole f er l l ' l  tn~t lOYI O f  ~h¢ COel°FjC/eFIf,'~ 

ac 4 ~ d  t¢ rn , . e l ~ i o , T  to 
H ~  : 

0 

KO - 3 . 0  

t 

1 

"#or ~ r a  

o.70 to  Z. 
/ ; ~ ;  t's 

J 



I 

R 

I k ' '  i ¸ ' l i '  

~ ~ ~ i ~ '  ~ i~  ~ . ~  

~ i  ~r~, ~ • L J ' ~ i ~  , ~ I  r 

. . . .  ~4~ ¸ 

~.~ ~~ ~ i~ ,~i ~ i. ~~ ~ii 

. . . . .  ~ . . . . .  ~, i ~  ~ 

I 

\ 

k - 

S ~ I , ~  r ~ ~'? 

~ I~ ~ 

I ~ I ~¸¸ , ~  ~ • ~ ¸ ~  

I 

~I~ ̧  , i~ , ~ I  • ~ 

• ~,~ ~k ~ I̧I " 

~ ~ i ~  ~ ~ ~ 

L 

i !~,-~!,i ~ 

r I, 



muln (98) 

Table3 

T h e  VIllU~S of the m~elficients C~q and ~ as used :in the ~ ' I o 1 ~  

m No. of 
Profile 

I* 2,0 
2* 2.0 
3* 2.0 
4* 6 ~ 0 0  

5* 2.0 
6" 2.5 ~- 
7 2.5 
8 2.5 
9 2.5 

i0 2.5 
i!* J 3.0 
12 1 3.0 

t 

13 ' ;i.O 
14 ! 3.0 
15 ~.0 

> ! 1 

m 

arc not mmrked. 

Nc 

• m I 

3.5 
i • 5 ,233 
2.e , ;~86 
2 . 5  ~ - 3  . . , 2 , .  4 

3.0 : .:375 
3.5 .¢o8 
1.5 .198 
2.0 .252 

" 2,5 ~90 

;258 .059 
.312 .046 
.350 | , 0 5 0  

'g | ,q 
• . , , 9 3  . 0 5 ' *  

• 426 i .057 
: ,033 
i ..... 041 

~: .057 
! .023 

i . o ' . . u  

i i051 
, i 

~h 
o 

Q 

@ 
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TABLE "~  • • 

The derlvation and list of formulas for ~the case;hoT0 . 

procedur which is The formula 
_ de t orb:line d 

1 o b o  b o  = b + 

• ,o o< I 
I : D e t e r m i n e d  -from ~.b.e ~ ~ • 

• 4o l a° - 

• 50 t Yo 

• 60 S 
7 °  k 

. 8o 

9 0  [ h 

10° qk 

ii o q 

- - - -  o ,  

is :determined 
from :,,the ;,fcm~ 

' 2 h2~ 2ao.A.s + Y o  

ml 

h = 

m 1 

a l  

6 

12 ° 

13o 

Note : 0:~ 

qd 

~eequat- 

ml 

k 

" ' ........ ~ ~Zd .Joe further bclow ~13. formula (i08). Y 



T,~LE, ~ 5 

The derivation and list of ,the formulas for thecase he = @ 

40 

0~der of r The:quantit~ ~ 
Ip~ocedtu'e which is .: The Formula 

determined: 

I° bo b o = b ÷ i(m *m~) .d o 

- , , ,  . 

5 ° s iS:=b o + ml(H ,ao~ ) ,~ 

9 ° q : : =  . ~  . . . . . . . . . . .  - 

: m ]  : 

No$e: On the quantity qd see further below (Ill). 
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i 
u~. ~,,u u . , = ~ u = u ~ . p q  u ~ , v e  ,z .ur .  

.~- ~ i ~  

4 
. o  

6 

!- 

!Let us~use :~the ~following !ex- 

, !16) : 

5.0 ~m 

~ho = . 0 ~ 5  ~m 
m = .~2~5 

[ f o o t  ~note  ~): 

~',~.Tho :numerical ~values. of "the 

4 

"m 

r .~z 'colnt ion ~ oqu~tlc ~or ~i~ho ~cor~s' t~on 
of the ~p~rcolution o~percolation dis- 
char~ q. 

I./A~al~leal solution. 

According to ,what :has been a~id ,in par~aph 6 ,:,we ~have a~ 
first .to ~etermine-~he ,value a n from equation (59) by way of approx- 

a " ' 

im tion ie. using different values a o ~d co~srin6 from %hem ,'the . .,i 
different values of F I (So) and F 2 (ao) of the left and ri~ht side of 
equation (59). Previous to this we determine the constant values . 
for the .present example: 

40 



"..! 

(106) . m " 2 A 5  = '-i,~67 
m I . 

and 

(107) * Hd = 4,0 + 5.0 =:,.7,'67 
ml 

All other steps_for t~e approximation of the value ao which 
sa¢isfies the " "  In the third 
horizontal ro~ iven in an 
abreviated wa~j and for the 
mathematical f t he ~numbor s 
refer to tho n ormula is 
written. _' 

i 

As we Can see from table (6)the oquatio: 
ed as being satisfied by a value o of 

a o =-0.33 ~m. 

sine o for %his .valuo 

Fl(a o) 

Furthermore we ~find the other unknown quantities as :is ahown 
in para3raph 8. TPus from Cqua~lon (68) we find: 

S = 4 , 0  ,÷ 1 . 5 ~ . / [ 5 . 0 - ( 0 , ~ 3 3  :+ .0 ,50.  .G = ~_10;25. . m.  
end fron (51):: 

h =~/2 x 0-331xi.93 x - - 10,25 + (0.50:+ 0.33) 2 
1,5 : 

= 3,07~m 
and final ly ,from J, (49) : 

.q . ,= 0 , 3 3  ~x ~ 1 , 9 3  : m  = 

so that ace 

, ,05 : ~ 

for k ldlich the Un: 
flo~. It is, hol 
per day -~.:d per, 
tain instead of %he: oquat. (64), ~tho~equation: 

-:/i. i:! ̧ : 

>f :the 
i liters 

..... To ob- 

(Io8) ~= 8~o A ~ao~k 
ml 
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where A and m I are dimensionless (juantltles, a o is expressed in era, 
and the percolrtion coefficient is expressed in cm/sec. For thc ,~iven 
example we find: 

qd = 8640 X 1.93 x 33 x 0.00005 
1.5-- 

= 18.S 
expressec in liters per day per~l meter ~ the ~wldth of the flow 
(i.e.) 1 meter of the lengT;h/0f the dam). (1) 

(Foot note : (I) Usually the! earth dams have a vari,able height along 
the lan&~h of the crest (the9 crest being horizontal the dam follows 
differences in ground etc. ). For the determination of the ~total 
percolation discharge theref~e~we have to subdivide the dmn in i~s 
length, in'~o a numbQr of reaches which have as nearly as pessibl~ the 
same height. After having aetermined the percolation discharge 
each of these p~rts we aad~all of them and obtain ~le totalii~rcolation 
discharge }. 

¢" • 

• i • 
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, t h e  : a e c o n (  r ~  
h a s  i . the  '~ f o l l o w i n ~  :~fo~n ,~i ( in~  m e t e r s  ) :  

[lO9) "Y2=~g,4o-<o,sc~x 

Table (7):,:iscomputed-,from,thfs,,:equatlon. 

X: 

2 

4 
6 

:8  

9 

S =' 10,25 . 

".:TABLE '.V " ' 

0 ;85':.':z . . . . .  ,: ;~Y~ ! "  <9.~ 

5.10 
~ 6 . 8 0  

7.65 
~8'71 

, i . i  | i ii , 

,40&0.8{ , ' , ~ ' /  , • ; , y : r : ,  

' . , . .  : ' ! , ,  . :  " " : , 

= ~  , | | ., , 

:9 
. . . . .  ? , 7 0  

~4~30 .... 
>~2,;50 : 
!,1~75 

, i  , , ,  | i |  

t h e  11 ~ .'of : - t he  ~ f ~  , :on  i t a b l e : , : 4  : ( : s ee  ::~~ph.~>12 ) .  
!!given.:In 

We:iplaee i,the 

i n : p a r a g r a p h  ~1~) : . 

~.bo->= : 4 . 0  4" 

< / . : ' "  

• " <r4,;'20-:iX'i:~'O ~ I S 7  : - - '  7 ' ; 2 0  .~'X CO; 0 2 3 ' /  ~: O '  4 0 '  

a n d  I~ 'Om:t :h iO ,we iflnd: .- 
<'~0": 0 , 4 0 .  + ~ 

J;S : -  ;,~.20-~.). : ; I ,  5 0  - ( 4 . 2 0 - 0 , 9 0  } = '  ] .2( ,15 m 

. :A"- , ;1 , ;81  (frc~ graph No, :4  f o r / l ~ ;  ~ = :2.2,5] 

i 
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and finally from formula lOO~and llO,of the~same ~table 4 we obtain 

~ = ..~_'= 0.40 x i~81 = 0.483 m =,48.3 ~n. 
k m I 1.5 

q = 48.3:x 0.00005 = 0.0024 am2/see. 

nnd from formula 12o of ~ 

qd = 8640 A_.. a o k = 8640 

5 
= 20,8 

l al oooo5 
1,5 

glven In liter per day andLper imeter ~f 

Hence the equation of the despression curve is (in meters): 

(ii0) i y2 = 12.53- 0,966 x 

for this equationthe dspresalon curve is computed making also the : ~ .... 
correction which was pointed out i~ . . . .  

ig. 16 both de- 
pression curves are drawn to scale found by the 

analytical method and ~the curve which was found by the gra~lical method. 

P~a~ h,14. Exam2_le for the computation~ofthe~resslon curve for 
t~e case. 

For this case we take lithe following example: 

H d =8,Ore 

d o = 1.50 In;!}£u =' 6.50 m. 

b = 5.00m 

m = 3.0; m ! = 2,0 (h~ = 0~ 

k = 0.00005 cm/sec. 

k 

..... i i, 

Lng of Pare. 1 3  ) 
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~r~ ¸ 

Let us keep in mlnd all that has been 
said in nara~ra~)h 8 for the ~e~se 

%5 "~. " " 
p~¢~;~I .Z~ Z " " "" " 

~,xV-~- - ~- -m 

p 1 " / # . W ~ '  . . . . .  , - . " _  . . . .  
s,xVl , ~ ' , , .  ; .  - . . 

we find 

m I 2.0 

5.0 
+ 8,0 = i0.50 m 

i 
[ i 

'ii  
, I 

graph. Table 6 is arranzed in the 
samen~ner, showingl " 

mathQmatical formulas 
~d the abrcviated formulas in an- 

From the aole.wo see that for the 
given example 

a o =l,08m 

; '~) ~i'~ and we find the value for S from 
' ')'~'~ ~ formula IV"of the systom of squations 
! --.r7 .... ~"~ (411) : 

and 

8='5.00 * 2.0~ 

= 18.83 m. 
h from equation (67): 

h =~21.52 = 4.65 m ~ 

furthermore from equation III of the system (41 

q ~ So = l.OS = 0.54 m = 54 am 
k m I 2-7- 

and from (73): 

1 %  

 5,1ooooo5 0" q 0027 cm /see. 

But instead of (108) we obtain for qd: 

(iii) qd = 0640 a o k 

m I 
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and hence 

qd 

Fo~ ~ th. valu{.~ of h and ~ ~, computed, above,the equation for tD.c s.;cond 
part of th; dop.t'ossion c~rvc Cquatlon:i(10) has th~ follov;i1-~, form: 

(112) y2 = 21.52 - 1.08 x 

According to this cquntion the part d .  t:hc depression in Vi~ 
constructed. 

II. Solution accordin~ to table 3. 

In ucco~..danco with table (5) we dct~rz::inc fir'~t of all tn~. 
width of the d:~:~ at the elevation of ~hc head wazcr surface: (i) 

(Foot notu: Th~ location of the Y- szis is shensi on Fig, (17); '~ 
axis 6cos throup}, the ~,oint M) 

b o = 5.00 ÷ (:5.0 + 2.0)1.50 = 12.50 m 

From table 3 wc then obtain: 

od = o,252; 0,031 

For our oxa:.plo ~m = 3.0 and m I = 2,0 '-,rid furthc].m~ c according to the 
order of procedure given on tab!e (5): 

a o = 0.252 x 6,50 - O.Ou! 

.... 1 o5 

S =112 . .50+  2 , , 0 ( 6 , 5 0 -  1 .25 )  =123.0  r,, 

h ~ = 30.31 m 2 (from £or~:ula 60 

h = ~ 30.31-" 5.50 m 

and finally fro: ~. £ormuln 8 ° of table (5): 

= ao = 1.°5 = 0 C .o~ -~ = 62,5 ore. 
k ml 2.0 
q =  2.s(o.oooo5) 
qd = 86 0 ao k ~ = 0 .0031 c::" / s e c .  

r~ l  

= 2710 

given in liters per day and per me~er of ~he !en,,~th of the dam. 

I~.e equ: tlon for the depression curve for the location u[" t~ 
y-axis i~ as sial ~, in Fig (I?) has the ~'orm: 
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(1131 y2 ~ 30.31 ~-1,25 x 
! 

From thin ~equa~ion the depression curve is constructed and tlm 
cor:-ec~ion according to paragruph ii is made aftervmrds in Its/flrs% pal-t. 

P ara~mh 15. Addi~iona! examoles. 

In addltioL to the two examples which have been discussed abo~ 
we shall ;ire a ~ew short calculations wILich illhstrete~the i~l~w~Of : s i m i l -  
i t u d e  for the porcola~io da il, 
itude also l]a,~ a number s of 
earth dams o~ceiallyif a great number of earth d aLl L lt 
as "or oxampl~ in the lowur and ~horn 
Kankersus provinces, o~c. 

i °. Let us assume that the depression curve l 
in an earth d&~ of the following given d~nensions. (th~ 
s~e as used in paragraph 13-14): 

Hd = 1G,Om 

d o - ~.0 m; H u = 15.Ore 

b = i0.00 m 

~ = 3; m I = 2; he = 0 

We see thnt this profile is ge~netrica!~:!y ~similar to the dmm 
orofile which v~as used as an exampls inPara. 14, Also the heads at? 
geometrically sLmilar. The modulus of slmilarity is: 

n = 2.0 

(Foot note: On the plottingLof ~ho ~e 
further below in iscction 30) 

v h e  • f o r m -  

?Znowinc ao. S and h fret. the analytic~l calculntion in Para. 14 
we find : 

(n4) 

(hl -- n.h = 2 x 4.65 = 9.30 m 
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4& 

2 ° • If the same percolation c~u[ficicnt k = 0.00005 a:~/soc, 
is used ~s was Uscdin the case given in Par~.. 14 ,the Unlt percolation 
discharge ql is " obtained .'from equation (Sn,).. 

(I15) ql = n.q = 2~x 0.0027 = 0.0054 cm~/scc. 

and in t~o same! ~ay: 

(1151) ql = n.q d = 2x 23.4 = 46.8 

taken in liters per day [24 lu.sj)per one meter of the length of t,,o d~n. 

If the porcolatlon coefficient is different from tnc one 
which was used in Para. 14. and is for example equal to ~kl .... 0.00001 
am/see. ~ we obtain from equation (64) : 

(116) ql = aol. A I. k I 

ml 

in which (see paragraph i0) : 

A I A ; = ~ ~;~, = aol n .  a o ~. 

so that : .~ 

(117) ql = n.<e,~ A k ] . . . . .  n.aaz____ k! 

~, ,~m I m I ~--- , , 
f r o m  w h i c h  ~e o h t a i r ,  a c c o r d i n g . t o  ,~qu.~tior~ ( 6 4 } :  

(118) ql = n.q k I 

and hence also ~:z.,: 

(1181 ) i i .... qd = n.q d k ,< 

k "t 
and for our case. 

qd I = 2 x 23.40.O0001 = 9.4 
U~ 0o0o5 , j 

again takcn in litozs per d:~y and per 1 mct,r o~' thc~ l~c~Ft~ of i, hn d&~. 

3 ° For th~ plo~ting el the second rnr~ of the doprusslon 
curve we use equ;ttlo~s (i0) ~u~d (92) i.e.: 

( Y2 ~ h~'- 2_._~ 

((Y~ = n2h 21- 2 q. n x 1 

~k 
The oquutlon tilth yl and x I refers to the present vx~nplo which the 
uquation with xlY refers ~;o ~ 
equation (119)in the form: ho  OXluplc o~ P~Lra. l-i. " W o  can ~n-ito the 

(120) (y2 = k - N x 

(Y~ k I -HI xl 



where: 

(121) K 1 = n2k; }i I = n.}: 

From equation (1].2) we ~know that k = 21.52;and~N '~ 1,08 and: thews fore 
for the given exmnple we obtain: 

K I = 4k = 86.08 
N I = P2~ = :2.16 

/ // and thus the deprosslon curve for otu-ea~e has the equatlon: 

(I 21 (y 2 o 86.08-  .16xl 

For this of course the comrdinate axes (o-xl) and O-yl ) arc located in 
the ss~ae way as the axes (O-X) and O-Y), 

Since the shape of~the depression curve is not dependent upon 

beginning of this para.-~aph) for an arbitrary coefficient k (If Darcy' s 
law is valld). 

4 o. If we takc as anothc] 
all dimensions arc reduced by ,20 ,%! 
m and m I which rcmainconstant), a;~d r:~tio: 

n = 0.8 

Wc shall not ] pnra!~ra, ],h. ~-~ut 
~o can point ( :urve ~/o :car~ ~;~ 

in an easy ~:a.~ i~i!i !13 , 
only incroasi~ 5y ti:c 
n = 0.8. ACtor ~that the curvc can~bo plotted by!~ooints~for~th,~ ,Zivcn 

~ 16) profile (.io. 
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C~TF~ Iii 

16. The .~Perc°l:~tian throu,t:h_ a co',.o ~t "~uctan.u] .... c, os~, 
section. 

. . . . . .  ,~ now ~o the quostiol~ of po]culao.r,~ in a daU whici~ 
is _ . ~  a" - "~"-~"-  ' " ~  ' ' 

- ' ............... 1 - " ~ " , & ~  0 

"o t :  ..... ] 

i 

5 ~ 0 ' " " . . . ~ _ e , ~ - "  l , - ,  , 

Fig. 18 

which consists of compar:ztivcly i~ipurvious m,'atc~li~1i li,:o ,limo-c~aont 
or very wcl] rolled sand- cloy soil w~iich is :well suited lot ~hc r,u~--' 
posc etc. A t~-pical ioxam[.lo of n co~'o is [rivcL l,y the dora at the 
Pi!srcitos it. Colii'orni,a, which Is shown ,in Fig.% !8. 
thc sides of the traoczoidal core is here me =.~/I 

cotan of the nngle of inclinatiOu of the sides of the co~-e. Cmner ,fly 
for such struc~ure:~ the value of : , i o  var!e:~ ~,ib.~".,}r~ the.liar.its: 

(12~ ) me :: 1 - 1 

and 8s s mo:.~,~, value one can ssslzre 

/ 

%'/e show a recZt~n<ular co>2o on n L;epn.~;a~e sketcL, We ussume 
a constant thickness of ~t. the de~th______of t.h~,%~}crJi:ro~r~1.__ ,, f].ow uos~:ro:~-) 
(Foot note : The trapozoidi,,ql core ",-'~i!l be~Z~]iscu~sel <ikn-th,2r : belOw.- 

20-21 ~, 

I& 

fh-om the corc is h6 and below the core h c. Th:: lost; of ho:'~d (o-~ o~" 
the specific en, rgy)which is caused by the pert'o].~r~iou thro~u~b ~h~iJ 
core is called Cc, and tl~-~ porco!a~i;)n coc1'fi~ic~t c,f the mut~:vta! 
of which the core is r.~dc i~ called ko. ',',to subdivide thc pcr~o!uti~:,n 
flow throu;.i~ t'.c cort~ into two zones, us will ~ , , ,n~,~,, bclo~, Wc m~h~ 
this subdivision in the ro!lowsi:L: m:2tnc~:; 



7 . . . . . . . . .  r 

t ~ / ~  
I 

/ 

~t ; 1 t 

,/,' ' .  , ,* . '- 7;'7 ;' ' 

. _  7t 

: .  , ; - " : < t =  . . . . .  

t; (: ['2"oi e 
.,L2_: . . . . .  

Fi;i, 19. 

' -)~ " t.. (- 2 e r ( } ; .  [ I n  t;hi,*~ ,',U.,"t 
a l l  1,}~, } c r . ' < ~ - '  [ c . , : :~ . .  flow-t,..Y'..,.,;~,vu~nulo~:.ouo" " ' " "  Lo 
t[I:dc~r ~ sJ'~..~,':i_ .~5 dill'ere;It h0:,d u[.-~olU:" o:.]ch o~!id~, :~:'.('i~2]" 
q ~ I X Q S ; j I O ] ' O  r t  [:'3 "~')" "(' ~" ~~ , . . . . .  VI ) d  . . . .  ,~,1~ ~ I I  [;hO " " " " " 

, ' ! : ' o U ~ d  [ , ( : ~ , t  hd : t h < :  o t . ~ / ' O  ';;(.': h u V o  qt"n" ht'"',~ 
.... P .. I,, ?"O.":'U]'O, so f'H" ,~:; it i:] ~",OV~ "~ 

u.~!F, ;iC'['~oC<;;Li.O~I C;UI 'VO, A f t , y : '  thn ~ ' ' 9 "  l ,  : ¢  - .  ) e r s  o C  " , h i ~  : l . ' . 'm ;  * . ,  - ~ - ,  .~ ~ ,  ~ , 
" d ~ v (  . . . . . .  .A~_,I ~, P O  ~ ".1 t ' i e ,  ;( t O  ~;~ '0 '"  

, , ,c,.~, .c:,?m,:.~rd d i r e ,  t ! - . "  c , ~ ; t ~  , . ' h , .  t ' ,  ~ . . . . ,  . . . . .  

:'uni x ulon; *" ~ ,v,~stro,lm., ".. £:t"o oi' the eoru it,: ,I" 

........ un. FI(,w c~,-on- (!avo!.) in thin non(,,: a.mi 
' ! ~ f i n c  i t , ~  ,,"~::~i;c~.- . bv. t h u  V U t u o  o f  (~ . )  ( ' = ~ o  ;Pi " ,  .~. ~-,., O l o r < o n t  1~, wo  
c b t : ~ i : ,  t~;c - o ± ~ o , ; i n <  conditions: 

TL_ !cn,qh c,(" ,~b.: !::yet is (g), +~, ........ ~ ..... . 
;:'.'~dicnt is : ~ 

(12,5) J = z 

t 

und !'cncu t!-, P~'".~lution velo.eity: 

(12<,) T" kn . ! ~ ko. z 

t 

...... ~' ""~'~: 01~;I~"[ Of D ..... ~.-u ~][U¢ l!.II'[qO iS': 
(127) 

d ql :" = ~'- , ,'..: d Z 
i- 

t 

So th:: t  t.h- ; ' / ] . t z 'u t ion  di:.;~'~,~.c<c! q l  f'o?.' t / . :  whole f ' i r . ' : t  n*:,,~ i s :  

(128) q! / kc,.z d,: ~? ~ / z~b : k ; G ~  

o o 

(129) ~ ~. ac 

t 
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(IL,)) "" 

t 

Xlao t ! , c  icca~ion of this clcmm~.~ will ~e doi'incd ti:~ whe 
w~'l.~. , oF {':} (see Fig..19), and 'm see thut .for this zone :~>.c V'.lue 
o2  .":: c a n  v,~ ,y L o t v : e e ' ~  t], .c l i m . i % s  

( ;L 1 ) a, < z = h" 

Fc:"  this t.~:e: c , l ~ u c n t  o f  tho tmi~ discharge i~: 

(132~ d q2 ~ U. dz = k~.a,,_ '..d z 

t 
~nq thc to,u! dischars;o 92 is: 

h'~ t t 

"-,Y a".dlnc tho dischari~.o q! andqE/w° obtain the total pcr- 
• ol,u~;io:,, di~,.... ~ r ' : o :  

(1 : ' , 4 )  q ~ ql + q2 ' : ~  } ' o , a e  ( h ~  . a o )  

t 2 
, ) 

? : ' , k s  ,.:_,.~., a ! ~ , >  >2 x ,~ . , t~e ,~  i n  n di..1 ~ronL  wa-,,, i . e .  f r o m  Fi~,, 1~ we , s e e :  

( ! J S )  a ~  . ? : b -  h c a n d  i f  :xo s u b s t i t u t o  t h i s  i n t o  e q .  I ,%:  .wo f l u d :  

0 e~ 
(i;:<.,',~ q = :: ,. (!I.'.,~ -h '~') , 

~t 
Of 

7':o 2 t  

-"O¢~t~L'..':Lll~tI" C~.-0 . ,  

It' ',:,, r~;,','.~:,d t'.:,..: l)OrCO!:Itlcn t,!r:'o'<<h ,.', dry;: ::i~.]~ 1',.:<'t,.~:~.,,:td_ar 
- 'or,;  ~:~ : "~:. ,) ,c  (F i .~ ' .  2 0 )  "rod k c o ~  ' n  .... ~, 

l ' i l ' : ; ~ ;  C,'.'!<z[lt(~*." :-~:';.l[ ~tIl [':'~L [ ' l 'OViOi / : }  p ( i ~ l r T : ~ , ' ! :  '+;C C,~I S ' - l~ ' [ f IVi~i~.  ~ . ~  
F' . . ' rc~±, : t , . t  m f i e ' .  i r , ~ r ,  :~.:~: I 'ol.lo,,#~n:~: i : , n r t s :  ( i ~  T:.c, c:~t",')-..:.:,. ~0~- ( u p p o r )  

'a'c.i % :t']a] , ,  :~ : .a:; ,ap t.nc, f i r : J r  p ' u ' t  o F  t~:c  dm:l)r~;:~:. icn :',t:'v,.. 
:';',- 1;: ; 

- ( 2 )  T! .c  part t ' , . . b i n d  

;,2, 



% 

i ,  

do- ............. : 

I i" I 

• i 

H<., f-;;+ / 
, /  oK) , 

f / "- I 
/ /  

A. 

t4%• 
I 

i' I ~ !,:,. i 

y ,  . i ~ ,  

Fig. 20. 

the ~'~U~cr wed?,e ~:D to the co:'c (the depro,usi(m, curve 1"r,~m ~2~u poin~ ~:! 

- , ' , I ) , "  (3)'-~',t~,c pc:'c'.ole.tion dl.re.~tly tiirou:',h ~he core ~,'ith ~: lo;.;s cf 
i,e~id e.d" - a,.; (4] the putrt Of the p"rcolutio:~ :.'!o'~: l,ohiP,~i %Le:c(.n,c 

l o w e r  ( o r  <'.?.r ~~ ' ' ~; ~ 0 i i ;  

",';~, which i:= l~:lid tn.rou,;i, the point ,"Jo, Knowin{7 the :iunn~:tics: 

[I;~.[?) i [ d ;  d~./, I~o;  b ;  O" ; t ;  k, ;.rid k,~;""~;i a h d  .':,~ 

/ 

{L:.~,t~) h ;  .h.~; .~<~; ;a:.:~; : s ;  tf. ~ m d  q ( o : ' . . q  

k 

. . . . .  : oo: ' ; - : . ; :  '., ';r c u r v e  ¥ , ' h i c h  i s  shov,~, i n  F I ' - . .  2 0 ,  ~ a : : c d  on  mq.  ["'"~.L,.~ 

. , o r r ,  , ~ . . i o I 1  " c ?  thO L~R~[, ' " " ' ~ ' " "  " ~  . . . .  ~" ,,  lu . . . . .  0 . , , , 3 1  

. . . .  { ... . .  ' ., . n ,  .:¢; o t ~ . , , i n  f o r  tn¢~. ~o~,~, '~d b,.~, ,. o f '  o u r  d e p r o , , ~ m i o r . ~  

k 

~ I , ~  ~, < . ; i : : t ! ~ , . ; ' l y  o ~ '  "h- "' " " .... o~ t,~ part (,.:2~.Vc) : 

fi 0 ) 
i-: 2~j 

?:"3~' ?~'L'-., ., 20 wo ~iso nee theft 
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and If we remember the :relationship f(137:,) of %he .pz~ced/ng ~paragreph 
we o b t a i n  t h e  . sys tem~of  p e r , ~ o l a t i o n  ~'equatlon f o r  %he :.dam :~with co re  
as follows: 

~m . Hd - ~ h  

2 

2 
u 

s = +b * mm:fHd~ . ",(ao+-hO')'~ 

.~( "+ :t + 

un~oNn quant~4~Lee ~'in ':.(~139). 

determine%ion :of the seven 

We t h e n  .obta'i~l-<O~O e x p r e s s i o n  : . ' instead ',c 

ci ) :,b "-'ml d - , tee hol 

In the :s~8 .~y'we can .treat ':the :f, lrst :two ..oquntlon£ 
(1,~3) by .:a1~l~-ineting ih. ~With ::this :purpose .in •.view :~,we 
that the second ~ar% of:the ,O, epression ,I/no is rather ahOr,t :(MI-M:.I; 
Fig. 20)~, nnd~hevo to ~consi~r ~whet ,was sald in para~aph 9. We 
shall :then .r~ard ~th...Wh~ :-!u1~r.:par.~ of ~he..:d~un profile ,as the 
- e n t r a n c e  w e d g e " ,  a n d w e  ~ h e n  ~apply ,.for ~thi 's . pa r t  ,the ~same method ~of 
det~nlng the lose?of head ~nich ,wee used in ~psrs~aph 4. '!i'~ 

',; c 
.We ~ii ~elomonts of .the iporcoldtio~ "~~ 

fl~ (,Bee pax , whore~' ',(see Fig. 20.} is the 

~ szloe of tho t~enm wall ,"of '.the core ::fr~ ~,the .vertical...plane W .... ..... : 
h l .  ma id  ~ m ~  .the .point mi' = d  ~n~e f~ ,-.~ho :~eohargo q ~o 

h ~  tnste-~d-of  (1~) ~: 



.... "7:"..i '.' ",. 'i 

¢ 

. i  

(Z45). q = 
dz = ka 

fran which we obtain 

01" 

(z46) 

(147) 

• ' i V 

a = A ,~n -_m(eo,- -,-h~'~)',-t ' 
k m r e ( d o . a )  + >::-, 

k m do+a .+ 
m ' " 

• Q 

since 

(i~) 
(do+a÷hc ' = Hd 

(do+a =.~-h c, 
(a = Hd-do,hC, 

have instead of (1.17),: 
,7 

(149) ~ = ' U d - d o , h 6 .  ! j# 

k m ~.m~. ~.~d-hc 

We thus obtain instead oi" ti~o sycto~u ~ 1'3 . . . .  .( . ) t h o : s v s t e m ~ . o f  
equations : 

I ~ = 1~jdo-hc' :~n- =., i~d 
" 't. ": 

:k m ~(i + '~-hc' 

(15o) m 
II .~ = :h'2-he2 

ko  :.2t 

~crcolation 

III ~ = ;h'2-(ao+ho }2 

Iv ~ =:22 :. i 
k :ml i "' - ..... .\'ao 4/ 

In this system we have five :i%nknown quantities: 

• a - i • ,~) (151) hc'i; .he, . o,.~, q(or k~ and the known quamtitios given _:in 

(L~). 
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The systoza ('150) has '~to be :solved :by ~pprox~mation. .~. ~s ~! 
for example ,we c n regard (ao)~as ,the basic u~,2m~ovnl quantlty:n,d ~in 
para~Tai~ 8, znd ,q:ive different °nmnsrical value~ :~to ~i~. 'By ~.teking 
some nuzmrioal value of~(a0)we flnd fr~u [IV tq. 150):the correspond- 
ing value of ~ and trc~n~V the ~lue of ~., After that we dutormi~%e 

k 
the h c from III and he' ~from oq. I] (150). Aftur this 
cq. I will f~ni h ~ -~-ta ~- -" Is ' ~ ~ • ~n ~ValUO course would be 

"k 
equal to the value of ~ which had ,been'found by oq. ~IV if the value 

k 
cho,~on for a o in the begln;:in[s of~:tho-computntion,was..morrcct. For 
t.bc first :tri,ul, howcvzr, we never succeed in chooslni/ the ~co root 
v,',luo. If we contlnuc ,~hls method ~of approx~','~aZion ,(~rial ') ~:c iflnslly 
find t}l.~ k ",,~e 
can use S of 
(S) i whi of 

(So). In Fi,~. 21 u sch~m,.~ticdl skctch~oU~such ~ [~ph:~is:s]~0vn~ (not 
~ .~h. oc ~u~l 

I Tho :intor~ 

V furnisho S ~,tho" want cd value : of 
ij , a . If v, o have 'the, ~ vuluo i~of : 

(uO) ~:, can easily !dot ermine 
"' ~ the re ant, 

~ - - ~ o - -" --~i . o iities given 
Fig. Bl. in, s :  

From the equations of systam,i(l~3 as 'those,of (,!50'~ 
we see that the shape of the depression cur~ :in the :ear:~h damLwlth ~ 
core does not :depend on !the ,absolute ~ .values of "~he percolation coef- 
ficients k and ko, but onl,~ We ~can:easily :con - 

vince ourselves that this is true ~if-~wB reason 
if wol express the percolation equation of othe c 
form: 

(151') h~2 -hc 2 = q = k . A 

2t ko ko "k 

and 
g 

/~_18. On the "ima~;inar~,' lengths of the percolation streo:~. 
ks a basis for the second (6~ima'gin.".r'~'~ moth'od of the doter- 

mlnatlo~ of the depression curve in an earth d~:1 wlth,cor~, ~ shs~l 
at first roc~zrd the Zhoorotical (scho,mntic) porcolnl!ion ~on a ,horl- 

¢% r zental imp,urvious luyur which is s~own in I'll. 2~ ~i). For this ,J;o 
use ~ no~k~ncluture which is in no wuy oonnuctod "itl: the previously 
used dosi ~n',tlon. 
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J a 

' . x '  :n , ,  
I 

Fig. ' 22. 

If we use the .axes Ox~and:iOy ~the equation of the depression 
curve for the present case can be written (according to.whs~--s:said 
in paragxmph 3) in the following form: 

(152) Y2 = H ~ -:'2S ' x 

k 
where H is .the beginning ~pth of,the under-groundflowr (q)is~:the unit 
d~saharge, (k) the coefficiant of p;rcolation. For the final depth :(h) 
we obtain from (152) for x=iL : 

(153) h 2= H2 - 2gL 
k 

If now'we take:a different soil :~ith.,a.~ercolation-coeffiCient /,. 
k', while the beginning ~epth H and th e unit discher~ge.q ~remeln ~Che .same .... 
and the length of the flow now is L',-we obtain..insteadof (153)~for.:~.,the 
end depth~ h' the following, expression: 

(154) (h')2,= H 2 -i:~ 
k' 

For this the loss ofhead along the length L' will be: 

(155) h'f I=:H - h' 

But if we want that for the second,kind of sell (Fig. 22, II)'the loss 
of head along the new length L' ro:mlns the s~mo as-the provlous (in 
Fig. 22, :I), i.e.that it is hf = H- h, -^~o'have to select:such a::Isngth 
L' that h' = h. We s2o that this condition :is fulfilled f~r (153) and 
(154) if 

(156) 

or 

L = L' 

(157) L' 

L 
= k' 

o 
k 



Thus if ~ ~nt to obtain equal losses of head fin land II (Fig. :22) 
along L end L' theselileng~hs sctly 0 the 
percolation coefficients k' ~the 'e for rthe 

will be : 

(158) (y,)2 = H2-~2q :x' 
k' 

and if y' = y (Fig. 22, II) 

(159) y2 = !H2~-~2~ ix' :~ 

~ik' ~' 
and comparing this with 152 we see ~tha t  ,:~' ' '  

(160) x' = k' 

x i~ 

We call the ratio:of the percolation coefficients 

(161) k' = 
K 

snd hence we obtain from (157,) end (160)that 

(162) . . . . .  

and 
(ze3) ....... 

L' =~r" ~L 

samu aria Dy lncr~slng ~-~o a0sclssee by ,,the ~ctoz :i.o. by 
~ ° 

tho mstio of t h e  two percolstlon coe£flcfen~s k, , ,rwords, we 

obtain the dopression curvo in ono of !tho two ,oqulvalent £1ows" by ~ho 
corrospondlng sealo of dlstortlom of ~ho ~oth-.rdoprossion curvo, i.e. 

, # |  ' ~ f  so to  spoek by " c o m p r o s s i n g " o r  s t r o t c h l n g  i t .  I n  t h . ~ h o r l z o n t a l  ~d i r -  
~ c t i o n .  # o c a l l  t h i s  mothod ~tho ',mothod o f  d i s t o r t i o n  o f  s c ~ l o . "  ~For 
tho transfer from, the doprossion curve I to ~tho ;urvn in II wo have 
tho relations of oqts, (162)-(163);for the ~re~ rse operations w,o have: 

(1641 L = L' 

o--" 
end 

(165) x = x '  

0 " - -  
~k 

59 



..... ~', .~: /'i " ..': " ", '. ' '.", 

parts: In the first part the ~ipero( 
second k 2 and In the third ~k~. _';,Th( 
depths are given on the sketch. W( 
not changing)flow, and the othor ij 
flows wlth a percolation coofflcle~ 
That is we rotaln the ~ini$1al, dsptl 
loss of head for the svstom,hnf - H 
the first part remains unchanged ~(l~Ig. ~3, '!B). 

and that 'of the third part 

?; 
(168) , = 

(166) -- " , .. 

the length,of the second part .-is ace'o~Ing .to:"(:163):. :::. ',:'I:' 
L~ 

where 

(16g) " 

0 - -  2 = ~k2 

k 1 

The total length,of the whole 

I 4c ,~ 

I ~o I 

____~I ' I 

~, , , I  ,~ , L ~7,1 K~, , 

.'.equal to: 

I Flg. 2~ 
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k .. 

/ 

following form: 

(171) y2 = H2~-:.2q x' 

From this ~t is 'also easy~to obtain the depress~on~i>curvefor ~he.first, 
initial system~Fig. 23 A) by theabovediscussed"method:~ofdis~orted 
scale." 

For the~sake of brevity and ~clearness we ~the 

of the corrospondlng equivalent :system. ~Wo shall in the following dis- 
cu~sion designate the-:imaginary" loagths :by the s 
ing for "virtual"). Thus according ~o /(166)-~(170) gths 
for t~ho arrsngeman~t (fig. 23) A arc, ? for the goc~ 
~2;~3 and L: - " ' - w "  

(172) 

for the first 
f o r  t h e  s o c o n  
for the third 
for the whole 

w h o r e  a~in (3--2 and (3-. 3 arc :~ 'oMod from (169), 

19. The "imaginary method" for the construction ,oT 
. i i i | 

presslon curve in an earth d~m ~with a roctan~Ala r ;~o:~, ~;: " 
I I III 

Returning now ~o%ho earth dcm with rocCangul~/r core which 
has already be~n shown in Fig. 20, we select the "hydraulic system" 
which is enclosed between the entrance and ~ho discharge "wodg0", i.e. 
between otho verticals %~ and ~o. For th~is system then v:o fi~d the " 
imaginary length" according to what h~s ibcen said:in ~ho preceding 
paragraph. ~JJo have, however, ,.,~ first todiscuss o prellm~u~r~- qucstion: 

In thc preceding p~rah~ru~ph the me~,nlng of the ~"equi~,lont 
floW" and the "imaginary length" h~s be~n ~xplnin..~d on the b~sis of, 
oquntlon (152) for c dopressloh curve of the non-unilorm slowly c.hang- 
ing motion of the undorgrouhd~ flow along the horizon~ai impervious l~yor. 
The oquotion is, as is well knov, uu, based on thn formulu of Dupit for 
sl~wly changing movement of the underground flo~s. On the other hand 
we have, in ~rmgruph 16, discussed ,, special scheme for the porcol~;ti~u 
within the core of don,~o mctorinl which is not directly connact-d J v.i1~ 
the formuln of Du'pois, Therefore ~ i¢ is naCural that ~he question 
arls~s: Can we expand what was said In the preceding paragraph to the 
ca~e of a dam ~ith core? We find a simple affirmative snarler in the 
fact that ~he percolation through the core as given in paragraph 16, has 
lead to the expression (137): 
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wh@~@: h ~' ~ stands Tot ~'~i~,de~ 
from the eoz~, hc ~d':i~ectly ~'dc 
thl ~kness ;sT ~'~t~ ~-~oe~ng~lar 
of t h e  p e r o o l ~ t i o n  ~flows whic 
was .the pero01ation ooefflcis 
u n i t  d i ' e c h e r g e .  ~From t h e  ' ,ebbvo ~ o q u a t t o n  :we ~cen d e r i v e :  

( Z V S }  h ~  C r "  hc s " = ~  ' "it . " 

B~t we ~ou ld  h a v e  ~obte inod"~the  'zamo :,rmlm~ion i ( t73)  ibo 
d i r e c t l y  f rom eq~mt~o: as ~tho b e  
i n  t h e  p r e c e d i n g  ~ez~ai 

,@ 

)n 

(174) ~Y= h c a n d  H,=~ ',h"~ ~c - . ,.~, ~'~ :~ 

F r ~ n  t h i s  we ~sQo ~thet  :the l o s s  o f  'hoed i n  t h c  'co2 i'). 
T ~ t  moans t h a t  t h o  n ~ i n  c h u r a c t e r i s t i c  f o r  ~ho • , the 
"imaginary length- is cxprossod , on  t h e  basis ~of ~ono end ~he ~a~mo relation. 
This, thon, is tho ] . . . . . . . . . .  - 

movomont. It ~also ~L~ 
"im~gl 
hsvo, 

of heed" in t ~.e , c o r e .  

o f  t h e  depression rC u 

p e r a ~ a p h  16, we do~ 
but only of a free-surface ~,or .~ne under 8 .... 
for~, we ....... i~,~h ~.tho 'moths 
~enc~all ~rmine ,~ho i'Io 
we have  ;h r~he othor 
s t r u c t  t h o  d o p r o s e i o n  :curvo  itho,~whole d a m  : d e ~ a i l ~ s o f  ' t h e  : , 

flow through the core aru:not ,important for ~tl ' . . . . . . . . .  " 

.~ .... ~. We..now ..... turn so ,the "hydraulic :system" whi ch we ~pisked out :In " 

entrance and d£scharge "wed~ 
this "s~tem- corresponds very well to the .4 

..... 23, and dlscussod In ~e+1~graph ~18. The only, however, :not ~Importa1~ Fig ''~ 

d_~ifferonce. . is. ~tlmt . . . .  i n  t h e  l e t  i, o r  a l l  ~;hros  o P e r t s  h a d  ~ d ~ f f o r o n t  ~c i i )o f f~c ien t s .  

In  soeordanco, , ' , , . - I th  ( 1 7 2 )  we o b t a i n  . fo r  tho p r o B e n t  , , ca se  :the 
f o l l o w i n g  r o l a  t ~ o n s  f o r  t h e  "~ imegiusry  l e n g t h s - :  ,~, )~' 

I 
CITe) t v = ~-~ t 
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(178) 
I 

F~rthermore, 
of the dam top: 

(179) ~ tv+ 

where in all :th~se rele~ions: 

(180) = k 

ko 

~ .  . In thls way we reduce the I 

l ) t  

, i . e .  f o r  the imaginary width 

la t ion :~low 

We design the crosssectlon through :this profile of :the 
"equivelent- dam kmownlng :~v fr~n (I 79)and ik~epln~ the ~'u~n~i:tlos 

Y 

//dO¸ 
~ " I  "~ -- -- "='~ 

t. . 

I I 

Hd; do; he, 
we cen montl 
the percola t 
= k, leO. th 
~o the core. 'I~o ] is shown +in:i~Iguro :24. 
The dimensions ~whlch differ from:those iFig. 
20) are desl~nated by the subscript (v) ons 
ere given in the some letters as those of :Fig. 20. (soothe ~relations 
in equation (175) to (179)). The depression curve and somo~of its points 
she II be discuss ed i~urthur below. 
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F o r  %hQ . - - e q u i v a l e n t  dam" ~ :have t h e  ~ f o l l o w l n g  '.unknown :, q u a n -  ' . .  ' 
t i t i s s  (see : e h a p e t e r  !I) : 

(181) ,So; h;~Sv; q (or~.i.) 

For these we have for:ho>0~aceording to /(41):ths"followlng,sys%een~Of ~ 
percols tion equatlons: 

I _~ = !H_¢.- d o  -.,:.h .~-n ~Hd , 

k m . :Hd-h 

II ~ = 
K 

(lea) III ~= 
k =! 

h 2 :_: (ao..+ :,he):2 
• i i 

(182') 

IV Sv '= 15v +:ml~ 

and for the e a s e  of he = O~according~to~('41,) 

I k~ = Hd -',dO'-, = h ~ n  , 

'm ~ "  

I I  ~ - h 2 . - 8 0 _  :2 
k 2 Sv : 

III ~ = s E.. 
k mz 

IV Sv = !'~v +,m I .,(Hd - aO} ,i ~ 

We solve these equations c 
paragraph 8 or with who hE 
paragraphl0-12. For the 
the w i d t h  :of %he dam'~on ~ 
to introduce the' corraspoz :. 
see fram Fig. 

(183) (bo)v~= ~ v +  

F u r t h e r m o r e ,  we > h a v e  f o r  :" 
(162) 8nd(182' ) to ~keg~ ~ inmind <whet ~hnd b~on..sald ~o %heg1~phicsNo,. i 
%o 3 a n d  t o - t h e  ~blo 3. 

By.determinlng ~ho unknown quantities .of '(181), ~ ~obtein =the 
main points .of'the depression c u r v e  o f t h e  ,im~Einsry" dam: M e ;  :~Ml, 
and H (the lnst of which of course is Qlrendy previously k~own). After- 
w ~ r d s , w e  c o n s t r u c t  p o i n t  b y / p o i n t  t h e  . d e p r e s s i o n  c u r v e  w i t h i n  ~the ~ re s ton  
b e t w e e n  M 1 and  ~ u s i n g  t h e  o q u q t i o n  o f  t h e  n o n - u n i f o ~ n  movement  :on : the  
h o r i z o n t a l  u n d a r l o y i n g  l o y o r ( f o r  t h e  c o - o r d i n a t e  a x e s  u h i e h a r o . s h o w n  
i n  F i g .  2 4 ) .  " .... 
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ya=h2_ 2_a 
k 

Doing this we remember that for the graphical solution of the systems 
(182) and(182,)the ordinate axle has to go through the point ~, ~nd 

ficient ,re obtaln, the points M~ andM 2. 
point MI in equation (184)is: 

(185) =/7' 
and for the 

(186) Xv = ~+ tv 

For this the abscissa Xv::for the 

s: 

In order to transfer 
(Fig. 20)we now have only to 
scale", which in our case can 
equivalent dam to the left-side of the[vortical~l 

iowith core 
stortion of the 

err of/the 
0 

we reduce the length of ..... f 
the '°equivalent- dam !a 
remains unchanged, and 

part of the depression curve b~iJween.i~_~nd ec tv t(together with the 
Me ) • 

Thus we obtain th( io glv~n in Fig. 20, In which we 
then obtaln the constructior pression curve, ~.nd the 8mount 
of losses of head in the core, accordin~ (135): equnl to 
so = h' c - h c. 

.as 8 c 

second ("imagine 
in an earth dam 
had been shown 1 
systems of percc 
significance for 
of interpreter ic 
furnishes the be 
respect to perco 
system. Thus al 

~h 

more, we think tna~ ~be a bqustions 
for the earth dam with co: comprehensive 
explanation of the problem at Hand. Finally the first method can else 
be used for practical computations in many cases. 
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~ D 2 0 .  On : the  p ! r c o ~ t i o n  th rou~h~a  t r a p e z o i d i c o l  c o r e .  

Due t o ' i t s  c o n s t r u c t i o n  advan taF~s  o v e r  t h e ~ r e c t ~ . n g u l e r  c o r e  
the t'rapezoidleal core ;Is;almost exclusively applied in ~he ipractice of 
dam c o n s t n a e t i a n .  For  t h i s  r e e l o n - i t  i s  n e c e s s a r y  f o r  u s  t o  d i s c u s s  . the  
• questlon of percolation through such a leers ( or 
t h e  t ime  b e i n g ~ n o t r ' d e e l  w i t h  t h e  p e r c o l s t i o n  
t h e  d a m .  Le t  us s t  f i r s t  e x p l a i n  : the  s~nbols  
( f i g u r e  sS) ~ " 

H u = t h e  dep th  o f  t h e  h e a d w a t e r  u p s t r e a m  f r o m  the  dam. 

h ' c  = t h e  d e p t h  o f  ~ tho  u n d e r , r o u n d  f low d i r e c t l y  b e f o r e  t h e  c o r e .  

h c = t h e  d e p t h ; o f  thn  p e r c o l a t i o n  f low beh ind  the  c o r e .  

ac  = t h e  l o s s  o f  head  in  the  c o r e .  

to  = t h e  t h i c k n e u  o f  t h e  c o r e  o~ the  e l e v a t i o n  o f  itho h e a d ,  t o t  
su r fQ  ce • .; i  

T = the thlckness of the core at its :base. 

me = the slope of the core {see paraFraph 16). 

tc = the thickness of the corc on the clcvatlon h,c, i.e. on the/! 
elevation of thc p~rcolation flow l~vol in f~t of the cca~. 

t = the varlablo thicknuss of the d 
elevation which is given by .th, 

In aocor n   Ithlthe e hem 
rectan~ler core, we subdivide ithe pares 
here into two zones. 

I 

: 1  

F i g .  25. 
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The first zone (. - he ,upper,..) . In selectlng in this zone an arbitrary 
flow element 1 (see Fig..~-5) we obtain for this element the same express- 
ions as were given in equation (125) for~,-the rec- 
~n~ler core, ,only that for the pro (t) is : ,var-  
i a b l e  and dependent upon-(z): 

(187) t = t c + 2:mDZ 

so that according to,(127) we obtain for the elemon% of the discharged.q: 

(188) :dql = k.~Z.,-, dZ 

to, m~o z 
and consoquaugly • 

lzsg) ::= 

8 
and slnea: 

(190) z ~? = I. - 2 me 

2me 2 mo 

8c 

~ z +~.,~ dz 

a 

we find fT~n (189): 

(19l) ql =ko c -  
2 ' t o o .  2~mo 

• ao~d (lo~rl.-.~.~,,,. :For~his zo-e ,,e ee:e~t::th,) 
F i g .  25)-and we o b t a i n  t 
1 6 , .  o n l y  t h a t  a g a i n  : ( t )  
t h e n  h a v e :  

and  q2 is,~:f1~m t h i s d e t e r m i n e d . t o :  

o r  

(19S) ~ dz = ko ac 

ec t i c  

= #o ] "" 

[."° ,1 
2 m o 

By adding the partial discharge we obtain the total discharge q: 

= / -  . . t o \  -~ 

\ ~ I ~,a~":E-r, 
67 ~ 2 mR / \ 2'h,' 
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In , t h i s  expresslon we~now~have ~o express t,t c :in'.torms of!h'c•:and some goomo 
rlcal elements of th.~ dam profile. 

Let us now,regard the:gecmetricel-relations in the ;com~ on;a 7spec~ 
ial diagram ,, (Fig. 20) where the ~trapez0id :,is compl~ted ::to,,e ~triangle iby ~the 
dobbed lines which meet in,~tho vertex~point N..Wesoe th~;t 

(198) t c ~ 2 mo~Hc 

end from this we find 

(igT) ~ = Hc 
2 me 

where Hc cen~be expressed in t e r m s  of h'; and the~height 'of ~tho ~comuloto 
trianElo (KNL) H: 

(198) !Hc = H -'~h'c 

for which th~ qua~tlty H is knoz~forLtho ~ivcn eor~{and,is ioqual to. 
. . . . . .  ' . . . . . . .  '2... ,+ . ~ . _  , i . , .  

F i g ,  26,  

(199) H = I - Iu .÷ ,N<)~= I-1 u ~ ' t c ~  
~2>mo 

By substltu~in g (197) into the ~xprossion for tho.dlschar~o (195) we ob~al. 

=oo, . . -  - - ;  ,=o J J7 , 
k 
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and if : we express in-this .equation Hc.:eccordlng :.to -. (198) *end keep 
that .'a c = :h, c - : hc, we ~ obta in the: ~fellows in~:expr~ss ion : 

mO ~L ~h'c'hc 

and ~ thus 

(2o2) 

in : mind 

to which. corresponds:for a constant ,thickness o2 :'the:::core :the ~sbove 
obtained fors~la ~(137), ,.the equation ',(IS4) on .the .-other hand "corresponds 
to (2oo). 

Up8 8 

~:21 . :The..:!introductio_n._of: s~mean ..thickness of-:~..the :~rspe_zoidi cal co:.: 

unlfonn.avQ~6,e~,thickness oT ~.thc 

With :.this. aim .we :take the .equation 

'hich) has the 

/ 

d ~the 

.equation,(137)!into"whi'ch:we-.now~introduoatha,'average. thickness t V:: ' "  ' a 

( ~ o ~  . . . .  

and '  di~ 

(~o5) ~: 

r e f o r e n c o . . A s  : the l a t t e r  we 
o f  tho  d a m H u .  ~ e - , t h u s c a l l  

(200) 
Hu 

in tr.oduce: tho depth of ~the : wa'%er in front: 
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I # 
(2o7) . he = ~(c 

z~ 

and obta in 
(208) h'c - ~['e. Hu 

(209) hc =~ {1"tc. H u 

Furthermore, it is for our purpose sufficiently accurate ~to 
assume that the thickness of '" 'e:at.:thO:~eievaltiT, n off.the hoed water 
level (to) is approximately he width Jf :the dan~crost b; i.e.: 

L L ' .L "L~/ '- 

(21o) to = •~ b i 

In connection with thls:we remember.i--the commonly used ?elation botwocn 
the dq~h of the wmtor upstream from the dam Hu ehd the width~b, end for 
our comparison we 

(211) 

(fo~t no~e: 

t O = , 

If ths 

out moro~In favor f 
ical core by rcct 
to emphasize tl~Jt t 
Impartial carrying 

We have frgr.,:(199) see!(Fig. 26): • 

(212) H = Hu ÷ O.I ~, ~, =~(I ~+ 
2 : m o 

and for the quantlty tav w e fiz 

(213) tar =:1/2 (,to÷ T)"= 

We can WTite (212) in the slnplified 

(214) H = ~,Hu 
where 

(215) n? = I÷ 0,05 

m o 
we can now introduce (2! 

(21~) . . . . .  £ . -_  _ ~ _  
0 . 1  

where for the given quaz 

#- 

id (214)into (~05) end find 
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The,.tables_furtherbelow,ere~computedfr~m ~the/equations 

of these tables the quantities: 

calmalated in addition • istod values; thoy~oxposo the 
rolstlvc hoed iossos In the core ( i.e. within the limits of the do~th 
of ~be water Hu). 

For the comparison let us stflrst S U m o u r  sttcntion to 
those quantities (~) of tablo~9-11, which are o~talnod f i 
in the following runner. 

The moan thlcknossof the cero~tav has for each given case to 
be found et the boginnlng of~tho co~pu,ation from the'formula 

(218) tar = ~o *.T 
2 

althotlgh actmally the core infltloncos the filtration not within the 
llmlts of its thickness (tc)=te T bu~ wlthin the ..... 
t o  T ( F l g .  2 5 - 2 6 ) .  B ~ t : a t  t h e  b ~ g i ~ u l n g  ~f  t h e  ,c 
know t h e  q u a n t i t y  t c  b e f o r o ~ n d , ,  and therefore v~o 
a v e r a g e  Shlekness of~the..coro from. the  f o r m u l a :  

{219}-tar = ~ , ~d~ilthus wolntroduco~into:thc com- 
~2 

2zs). 

o f ,  t h e  r e s u l t s  ~ . . . .  - . . . . . . . . . .  of~ tho~ s u b s t i t u t i o n  
,rlsati~ 

0 / ~i r 

r/ 
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TABI~ 9: ~Mo = i 

41 

~,oo! 
i .9o 

i ~ , • .70 
.60 

i i: " ':. ,30 : ,, 

• : • / i • .... I _ ¸ • • • • • • • 

2 .90 .00 • .90 .357 : 1.14~ .90 : 
oi0 i .00 ~ ,399 • I '13: .80 
,3o 1.2o " .483 ' Y . . . .  i.~2~! ' ~ , 6 0 :  : 

! . 5 0 ,  1.40 ,: .582 ' I.i0 ~ . .40 • . 

~,.70 1"601 " 6 9 8  ii'06~: ~ .20 

• ~ , ~: : : I" • ' ' ' 

3 .80 .00 • ..80 ' .306 . 1.19 i . : .80 i 

.50 .~ !,SO .523 ' " 1.13 " .30 
• . . . .  . 0 :I 1.50 .633 ~ 1.07 ,I0 ~ 

4 ,?0 .00 i.29 , .~59" ~' i,23 ~ ! 0 
I i 

• i0 ~ 1.50 .297 ~:i :i;22 :~ ~ z .60 ~i 

'30 ~ 1:2"254.50 .... . S ~ 9 1 . 2 0  .40 
, : : . 3 o  ' ":4?3 :.2o! i ~ 
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~ 0  • 

TABLE ~lO 

mo - - 1  

~D 
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,~0. 

.TABLE ;ll 

mo=l 

r~ '  ~ ;~  i "  ~ ,  ;~ ' 
~ 7 c !  . . . .  _ ~ .  ~ o . ~  ,?~J~ 

1.00 ,00 i .00 " .5531 
.i0 i.I0 _6161 
• .30 i ,30 .747~ 
.5o 1,50 .895!! 
.70, i .70 i .081: 

J 

i,, 

i .00 
.90 

.70 
50 

230- 

J 

4 .70 .00 .70 .336 !I.~ .70 
. 1 0  .80 .386  , 1 . 2 9  ~ " ~60 

.i0 .70~ .326 !i.54 ;50 1 
.so .9o .431 ~I.3o i i I 
• ~0~ i .I0 .560 1 ,30 

, ': :' 1.24 .i0 

Jl © 
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" 4  

" 1  

0 

o 

°'-/®, 
,! / / 
- -  , t |  

a! 

' I o 
' <S 

II 

t ' ~  ~D 

k 

\ 

\ 

From ~thoso values ~" 
also ~soo ~ . t h n t : ~ f o r  : , thc  co~s 
which are :t, ~ 
tables the 
spproxi~t o 

can c0nclude ~thst foripract- 
icsl cases im can~slnply Sub- 

nf 

However, the other values 
o f  , t h e  

~wing ~ correct ion, i~In :c omput- /'i~!:'i:ii:: 
log ~the ,depression curve ~for 
en~,ai ss :from eqa. 
(2181 luos :for 
~c, so ~that we ~cen after:%hls ~ 

mlnatl,m tion 
discharge q. 0f course the 
comput~,tion for,un ~ver~ge 

zodic 
t u r n  ,. Orl /:~ 

(202). b o ,  
d o s i m b l e  f o r  , s o m e  r o a s o n  i n  

of .the more con- : 
orcoln tion ~oqun tions. 
dams with core. But 

this ccso s~,l~ not be t n k o n  
upmore completely. 
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22. Example of plotting . thg"de] 
with core. 

Let us consider the following emsmple of an ear 
inner core (Fig, 27) We shall again use the adopted no~a 

~ r t h  ~do~ 

Hd = 10.0m 
b = 5.0m 
T =3.0m 

do 

The percolation coefficient 
the material of the dam body 

he = 0 , (no water in t j 
to 1.5 m : 
mi= 2.5 : 

00001 ~/.ec. tlmt of 

I 

At first we determine othe-aversge thickness of the core 

and :# tev = to + T = 2.25 m, end following the quantities 
f o r  t h e ~ v e r S g e  t h i c k n e s s  of the core  ( see  F i g .  ,:7 and a l s o  

the preceding Fig. 20 for the dam with rectangular core). 
<.f 

(220) -tev f= 1.3T5 1.37 ' 

we now find the coefficient ( ~ ) from (180): 
C~ ~'= k = I0.00 and hero,from equation (176) 

imaginary thickness which in the ofk@ho core ~v, ~ given : example corres- 
ponds to its average geometric61 thickness (= 2.25 m). 

(221) t V = O'tav = 10(2.25)- 22.5 

and the imaginary (virtual) width of thS'dam top from equation (179): 

,2, 
by = Jf ÷ to +~'= 25.25 m. 

Thl3~ th~ nT'nf'~IA Of the 

45 

the "basic" (given) dam with core 
the "equivalent" dam is k = O.OOC 
pute the depression curve as has b e e n  shown in cha~or II where also an 

exmmplo (paragraph 14)was given. For this purposo~fs i~ tho'glvon ceSo 
necessary to solve the system of equations glvon in (182'). • 

For the analytic solution, the same as in pamsgrsph 14, we have 
at first to find 

m = 3.0 = 1.20 
m I 2.5 i~ 

(222) by + Hd = 25.25 ÷ I0.0 = 20.1 m 
ml 2,. 5 
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After that we compute table 12 using differ," -+~''-I'-° ^e " T.~._ 
gard to this table we can say the~sama has ' 
14 in regard to ilable 8. We see'from table 
dam" 

a o = 1 , 5 6  :m 
we now find the ~alue of Sv from equation r (182,): 

Sv = bv+ml(Hd-eo) =~25.25 + 2,5[i0.0-I.56 
and h from equation (67): 

h =/ 2 a6Sv + So ~ =~ 2x 1.56 x 46.S5 + 1.56 z 
" 2,5 ~ m l  

(2~3) h = ?.76 m. 

-- j/ 
Furthermore from III of system (182'): 

S~ = ~_~ = 1.56 = 0.624 m = 62.4m 

k ml 2.5 
and from (73) : 

q = an k = 62,4 x 0.0001 = O.OC 

ml 
or from (III) : 

q~= 8640 _ a o " . k  = . 8 6 4 0  x O , O 0 6 2 4 ; = / 5 3 . 9 ~ , m ~ a s u r o d < i n  

m 

liters per day (24 hrs~ and l~r,,<imeter ~Of the lezlgth~'ofthe~dam3 

For the determined L~alues c 

the second part of thc depression cuz 
to the axes shown in Fig. 24 the foil _ 

(224) -hE 

From this equat ion I the 
Thus we find for M I' the abscissa Xv from~(185): 

and for the point M2 the abscissa 

of 

( i s e )  : 

i v = 23.87 m 

end for M I' we find that the ordinate ~ depression curvc ils: 

y= h, c = 7,65m and for ~ y = h c = 5.50 m. 

For the section of the curve between M I and Ml'we~take only one inter- 
mediate point (see table 13), end for this section x v = x, where x is 
the abscissa of the depression curve in the given da:¢ with coi~ (Fig. 
27). 
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TABLE 13 

(dlm~nslons in motors) 

I~v : . ~  I ~ 1 . 2 5  x x~ , : y2 : .  

.oo ! .oo 

.70 Ill ! .8~ ~ I : 59.36 
1.37 = I 1.71 58.53 

For the rem~Inin~ points of the dspression curve-.,e.select 

the ~b~ols~e (225) xv7(~ iV) . ' , ~ : ,  
i.e. x v~ 23.87 m 

for which of courso th.sse abscissae :hsvc to be :taken within tho limits. 

(226) 

or 

23.87 m~_x v ~._ S v 
23.87 m/_xv L46.35 m. 

The computations of the ordinates (y)for tl 

on what has boon said aboutthe "distortion of.tho ~calo" :a 
of paragraph 19, tho abscissa~ x (tablu 14] are for our,oxa 
talnod from tho abscissao Xv by roducing thc .lattor~by tho.~ 

tG , = iV- V ~.0.: 
Y 

(227) x = Xv - (tv-tav) 
or (in tho given ox~mplo): 
(228) x = ~j - 20.25 ( in motors) 

Tho d~presslon curve is shown on 
ly see the amount of hoed loss due to~ the , 
oxamplo equal to: 

re we can clear- 
[s:l.ln ~the given 

(229) ac = hc'-h c =. 2.15 m. 
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I 

(dimensions in :meters  ) 

For the graphic solution of the 
the conditions of the equivalent dam whl 
of the dam crest, ~the graphs No. 1.3 and t 
Para. 12) and~set uP expressivelyfor dams 
~an .give only orientatlng results. These 

For this example the use of t [.3 or better of 
table 3 has to be carried.out along:the following lines: ..... 

After finding (in the same w~ X as shown above)~ the quantities 

(230) tar , 
width of the dam 
183): 

(231) (bo)~ /(~/~l) bo : 30'75 m ~ ,  n) 
from table 3 

....... , F = .uJ ,J.uoo correspona.~ng to 3.0 
and m I discussed example. Furthermorewe obtain ~ ing 
the guidin~ table 8 (r)) 

(Footnote: ~bstitutin~ cf•course~the notations bo & s by (b6)_ & Sv) 
ao-- 0.299 x 9.0 - 0.038 x 3t ~- 1.52 m 
S .... h~ ~o.75 ! 2.5(9.o- 1.52 4~,46 m 

62.41 ( from formula 6o) table S) h -7.90 m 
and finally from 8o - I0 o ~ table 5): = ao = 1.52 . 0.61 m - 81 om 

q = 61 x .00001 - 0.0061 cm2/sec. 

(End of Chapter III) 
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C I £ A P ~  IV 

~23. Filtratlon ~hrough the upst~am face of the dam 

Aside frem~n inner core in the dam, as discussed in the 
third chapter, we find another means c ...... 
of an earth dam: the construction of 
face of a less pervious material than 
28). We shall designate this tlrpe of 
"dam with imporvlous~upstream face lay 
on the dam "protection layer.. 

SS 

m 

In discussing the percolation through ,such a,"~rotoction 
layer" we shall have in mind a pavement of a constant .average thick" 
ness" and we shall use the following~dosignations (see Fig. 28): 

H U - depth of water upstream frc~ dam 

,.~j- the thickness of the pavctn~.ent 

gard 
different from the value of m which, 
stream face if the imporvlous 
with some sort of pervious mat, 
sufficient ~o~covortho p~otoctionlayor~wit 
stone pavement then 

( 2 3 2 )  • m, =m 

hp - depth of tho~porcolatlon£1ow in the body of the dam, directly 
beyond the upstream faco protoction layer. 

Ap - head less in pavement 

k o - percolation coefficient oftho material oi" this layer 

m' (= cotanc. ~ ) - the slope coefficient oi the layer. In re- 
co the last quantity we can say y speakint~ be 

mftho up- 
covered 

is 

But thls conditlon will not enter our discusslc 
to deal with cases for which we cam noBlect the 

in the part above ~ho .protoctlonlayer- as cc~pared~to thcroslstancas 
of the layer itself• 

We shall discuss the pnrcolatlon through the ,wretection layer 
along the same general lines as the percolation through the core in 
,PI6. We subdlvldo the percolation flow into t~vo parts (sao FiE. 

29 ) • 

8~ 



0 

ol I 

The first (upper)zone. t 

~e the flow 
29 ) ihas ~the 
measured in 

.... to the 
slope of :the ,protection ,,layer, 
corresponding to wha%~,~had been 
said in,,~ D , about ~the ~flow 

element is 

/ 
/ 

- . o  l 

I 

__T__ 

i 

/ 
I 
I 
I 

I 
I 

I 

ql 

Since the active~head 
1 [ ayer ~i(the difference ~t 

O~ its e~ hi to!Z, ~whore Z 
isthe ,ubmorgonee~of 

,f ~tho flow ele- 
i of ~tho head 

of the flow olemnnt is: 

(2~} u = ~ .  J=koZ 

and tbc cO~ras~onding, olumont~r.~. , i • 

Percolation discharge: 

J • 

! 
J 

N 
\X 

the flow element, 

" 7  82 
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% 
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FIG, 29 

From Fig. 29 we obtain: 

(237) ~ s i ,  ~ / =  Z - ~ C 

and differentiating this expression: 

C23~) d ~ : , . ,  dz 
_~_ -Z # 

and 

ar~ introducingthis result 
discharge dql we obtain: 

~n (235) for the elementary 
t " : " 

(239) 

whence we obtain the percolation discharge 

I 

(240) ql =I 
) 

Zo 

ZdZ 

or 

C P~1} 
k o 

ql : -- " , 
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where the quanti~y zo can beeeen ~o be 

zo - 6 co, ¢ ~rom rag.  29. 

The s e c , p n d - ( l o w e r ) z o n e ,  

Here forthe percolation of the flow throughtheprotec~ion 
layer the gradient of%he flowolement 2'Is: 

(243) j _ a 

6 
the percolation velocity 

(244) U --- koJ  = :ko2.~ " 

8 

and tho ~orrespondlng olen~ntary~discharge 

(245) dq 2 = koa~ :d~ 

or in correspondence to (238] : 

(246) dq2~= koo ~ 
sin 

whence we obtain the discharge q2: 

(247) 

*% 

q2- I sin 
J 

The total flow discharge through the protection layer is~ frc~_ :(e41)~and 
1247) : 

~-°~P , ( ~ - _ ~ I '  :k07~ 2 

in which we substitute 

(249) % = ~ _ 
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so that instead of 1:248) we obtain: 

(251) 

Z~ 

/ 

of: 

q = 

where a~ain Z o is a known:.quan$1ty which is determined by (242) 

Zo = ~co~ ~' 

24. E~uatlona forthe:upper:~wed~e. 

Analo 
I, we shall by 
is located bet~ 
As the latter we shallassume 
the intersection of ~hs inner 

s -i~hroush 
. r~and ~the 

a I whe~ 

(252) h~-'~h =:a' I 

0 

C D I 
h 

-F - ~" --- 

I 

h h~ 

FIG. 30 
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In'the:eame~was-as:in/~D..4, we shall~s~.aln..regard:horizontal 
percolation, flowelements. The.~length~of suchalflow~elementiCi{see 
~ig. 30) ie:m'.~ and henee'the~hydraulic gradient, of i%: 

(ZSS) y = a' 
mt:~ 

and the velocity of'percOlation 

(254) U=~k • 2= ka, 

where k is the percolation:coefficient of:the~bodymaterial~of~the:dam 
as compared to k o which is%hepercolation:~coefficient of the material 
of the protection~layer. 

Frclu (254) t h e  corresponding e l e m s n t a r y d i s c h a r g e  ~is: 

(255) dq 2 = U d ' ~ : =  k o a ,  . d ~  mt~ " 

whence we obtaln the discharge q 2 which loaves<the second zone of:the 
protection layer as: o 

(2~) q2 m 

where the upper and lower limit :of the 

(257) 
~i -- H u -:(h ÷ Zo): 

so that 

~ .2 

): 

q 2 = i  k ' a '  Im ' ~ : , - I I Z o  

• m, ~- h,-Z o 

L e t  us  n o t i c e  : t h a t ; f o r  , t h i s  manner  o f  a n a l y s i s  ,of  t h e ' p e r c o l a -  
t i o n  f l o w  i n  t h e  b o u n d a r i e s  o f  t h e  " u p p e r W o d g e  H we  Zdo n o t  l n e l u d e ~ a  
certain loss of head which arises fr~nn the fact that flow elmn~nts~which 
percolate through ~tho first (upper) zone drop on-the sgrface -of thc 
percolation flow of the lower zohc and-smmswhat incrmasc its discharge 
on a short distance. Disregarding this loss of head we introduce a 



" i t 

&. 

certain reserve into~the calculation, since doing so:the resulting 
total discharge of percolationbecc~essomewhat greater, point 
M o where the depression curve leaves the downstream ~ace dam 
is somewhat raised [see Fig. 28). 

E q u a t i n g ( 2 5 0 )  and 247)  we o b t a l n . .  

(259) ks, in Hu Zo. = ,,(H~ -ap) 

m' Hu-ZO'h 

in which we can express a, by by(249) i and ~obtain 

or: 

(260) k(~ - h) 
in 

m t 

(261) 
6 ko 

and introducing the notation: • 

{262) k__ = O-- 
ko 

we obtain instead of (261): 

0 "  ~ . s t n . ~  ' ~ -  ~m . !  iSui~ , :Zo: : ,~ .h  • : 

which gives ~us a !hp which are the two~ 
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25. The ~ ~  

wo,14 
I 

! 

i i I , 
, I ,I 

Y ~M 

I 1 

;,I I 

After:havingdlscussed,~int~ 
percolation through the.upstream 
the "uppe 

pression the .division ver~ical"~W~on 
downto t ~eurve~eaves ~th 
face of t of a nonuniform ~g 
the horizontal sublayer llke ~in~ 5 for thehomogeneous~ear~h~d~m 
without coreer protectinglaFer. Thereforewe obtain the equatlon~of 
the depression curve like in (,IS): 

(284) 
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Instead o f  ' t h e ~ d i s ~ m c e : s w h i c !  . t u a t i o n  
t h e  d i s t a n c e  s '  w h i c h  . I s  t a k e n ; ~ i ~ . t h e  v e r t i c a l  
i n  t h e  g i v e n  c a s e  we u s e . : a s  ~..the/eDdi 
n o t W  a e .  i n  ~ 3 ,  

Usln~ the s.wnbols of :FAg. 
of the dam~and:a~detail , of i~ we obtaln 

(2~5) '~\ - ¢ 

( 2 s 6 )  ,,s ,=  : ~  • , :,i~ 
( 2 6 7 )  s ~=do c o ~  . , 

whence 

(26s) ~ = : s 6 "  - ~ si,~ 9 ~-~"~,'~o 

and according ¢o/(265) we have: 

(269) + r e ' d o  - :~'~s__ 'i 

Since we :have i for ~s obtained 
the expressi 

t he  downs t r e  

( 2 70 ) s ' = ~m I ao 

and since H d = ~ : . . - : ~ _  

(271) 

samo .~e an ir~ 

{S~) -which ~w, 
tho .same in 

(272) ~ , 
so:: ::J 

B y . m a k i n g : u s e  of t h e  o x p r o s s l o n  
i n t o  t h e  f o r m :  

~ w e i n t r o d u c e  

I 

, whor~ ~m! '~ls ~ h e  ~slopo o f ~  

(27s) 
. 2 2 

k 3 0"~ sln~' 
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We now c o l l e c t  thorpe, 
one sys tem and~obtat~ 

II 

(274) XI! q =.~h2._ i,(.ao,~÷~ ] 

k 2 '- ~ ' : ; S  ' 

i;.: ~ :. /~  . r ! .  ~ ~i, ~ ~/, ./ 'ii i ~ 

r'~ 
,/ 

IV + in 

Thls ~is 
of an earth dam wi 
Fig. 28. In this 

(275) . , h p ; , , h ; , a o ; ~ : s , ; ' : q  

+-- b ~"+ i 

~ , c o r o  

~, sGo 

s:  

and tho quantitios "~. 

(~78) 

aro known. 

74) "ca 
~hc I 
a c orrosponding/~valuo 
of "s,. ~" ~Aftor !this~ 
III 8Ild frc~ ;I :r;o ~:thon f i n d  ,,t 
" " o b t a i n 3 d  ,by~IV~and wo can f ~ a n ; a s s u m ~ v a l u o  :o f" .ao  TM d o ~ r m i n o  

tho c o r r o s p o n d i n ~  v a l u e s - o f  "h" /can ~thon: l n t r o d u c o  
i n t o  o q u a t i o n  I I  o~ :tho s y s t o m ,  n , . c o r r o c t l y  : . t h i s ~ l a t -  
~or oquatlon ~ill bc:satisflcd,by .t~ values "h" and-~;u-hleh wo :in%~ro- 
duco; this of coursc can be a~talned only~aftor sovcrsl trials. 

9O 



In p o i n t  out  t h a t  ~or  the  e a s e  where 
no watol  • i s  

h o = O  

t h e  f i r e t  two: 'eqtmtione of' ':%he eyntem r e ~ i n  u n e h ~ o d  w h i l e  the  las% 
t h e e  e~ .uat io~s  o b t a i n  the  'fo~n: 

_q= 
k ~.-im1' 

e, ~-. .al  (~% - % )  + 

~hvlrt~ai method- 

4 

- "26. ~,wlmag,lnsz7 method ~ o f  d l s c u s e i n 6  t h e p o r c o ! a t i o n  
~ e  ~ ' ~ o ~ i o n  ~:~- ,,~'. tao ,,u~r ~/e~e. .  ' " 

F o r  t h e  s a k e  o f  s t m p l i £ i o a t i o n o f  t h e  above d e r i v e d  method o f  
8naly818 .woahe . l l  bow t ~ a t  the  PemColat ioz  
area ,:the u ~ r  ~ d ~  

but i n  ' ~ h e , ~ a w c ~  zone-we  bav~ t o , t a k e  t h e  f l o w  e l e m e n t s  as.  8hown~ on 
eler~ents whlehr:ox%end ~ h e  surface Ol-- ~ 
.sic - - 

n t  tako  a n y  one~ d i m e n s i o n a l  ~: 

tho flo~ :~ 

O~ 

, " ( ~ )  " H -- 
~1Wl 
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¥, 

.! 

whore ~Q ~Is ~ho l~reolation~!disehargo ..mad w I is %ho ~oc~otrleal arna of 
thQ OZ~S i o e t i o n  %hrough ~tho ~flov~. +Yor ~ y ~ o t h o r  onc d imons ional  
p e x ~ o l a t i o n / f l o w  wo have : 

(~i) I-Is, = kA--~.~ 
2w2 

for the same dischargo Q. 

From this wo soo %hat ~the hoad 
%o oach other; i.o., tho two flows hill b 
loss of h~ad of tho~conditions: 

(2sa) 

or 

}{2 will bo. oqual '~ 
.n rc~,,~rd to ~tho 

. k 

~ _- klnl 

is fulfilled. 

Q 

¸ L  

I I  

#t 

Ylg. 32 
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Now~ . . . . . . .  we oan ,easily derive a formula for the ~"vlrtu;~l- thiok- 

In Fig.35. For this :;the ;leith of ~it~ nd ,the~iperco- 
fat ion ': coeffl 
part ,the ~len~ For second 

coe f~iclent is-- k 8~d the 
oross sectlonal~area dim (diagram A.,~I~. 33~. ~b-t1~,~.- +~,~.4~o. 
part ;by ian " e q u i v a l e n t " ~ s L r t ,  - i .e, .:by a. £10W' e lome-n t '~v i"n~ ' i~h ;  ' ; r o ; ; ~ ~  " 
sac tion:"d/!i~ : ~,, and t h e  : p e r c o l a t  i o n " C o e f f i c  l e n t  .= k ! (based :on itho ! t r a ~ s ,  
format ion:~ . , iven  ~in : (283 ) , -  we f i n d  t h e  : l e n g t h  ; o f  t h i s  _ s u b s t i t u t e d  : f low " 
e l e m e n t  ~V ( d i a g r e n "  B, :Yi~ . '  :53) form :~:tho ! r e l a t i o n :  

(z84) 

in whlch we:hove:from Fig. 32: 

8 i n  = 

and f r o m e q u a t i o n  (262) 

k - 

whence we o b t a i n  :~ifrom '." (284) .  

,0 

m i ! 

r* . . . . .  - -  

Fig. 33 
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I n  thls ~ex1~resslon we~can call . ' t he  ~ v a l u o  , ~ V  t h e - v l r ~ u ) a l  d l m c n s l o n "  
of the "virtual thickness" of the protoction foyer. 

Footnote:' 'We ca~iln~this:,co~uection!speak about thlcknes 

"equivalont protection layer" hes to be moasured In a horlzontal,di- 
roction t ,and not inJtho direction no rmal~tolts:slopo., ~ , , , 

The total length ~ of the obtainodi"oqulvalent" pcrcolatlon flow Olu- 
msnt is (soeil~g. 33B): 

and wo can call this tho "virtual lon~;th" of thc flow clem.,:nt ~:~ shown 
in Fig. 32. 

Now wo find the d i s c h n r g , ~  th: 
q2 i n  t h e  f o l l o w i n ~  m o z : n c r :  t h o . v o l o c i  
olemont 2 is: 

(F~.~. 3 2 )  
he  f l o w  

(288) U - ~r~--a 

whorc(a)is tho loss of hoad, caleulatod i 
pcrcolation fl i 
moots tho divi 

(289) e 

and tho discharge q2 will,be : 

~,. 2 

I k.a ¢290) % 

01 

f~ 

I -- 
I 

94 



r 

I ;  

w h o r ~  in ?the :::se~o ' , +~ap . . a~+  in+ @ ~, '"tho u~Dez' and :lo~or *:llmi t of :tho 
i n t o F . r a t i o n  : o a n  b o  ::fOUnd..~om ~(.25 ) . . . . ~ o  . l o n ~ t h  l ' ~ l i s :.accor~llnc to 

C 
. 

(sgi} 

and f ~ o m  (~90) +,~o thus~obtain: 

q 2 - -  k .a 

(293) • and,,abbroviatin£: . 1 ~  , , - :.: ~ ~ L = +~ ~ + ' ' + ~ " " 

' ;+r~l Ln ,SE~ v ,." +t " " ' 

;mY + " U - " ~  

,WSJ5 
; s t  ~: z o n o  ~ o  ~ h a v o  : t h o  ++:~+ I 

' , a n d  ~:,ahown~u 
~ u l o n  

aToldod .~¢~ 
have Intr~ 

a ¢  w h i c h  ~the~:]l~eo~ 
O n .  t]~l*,:¢ 

a si~e 

int~odu¢o a.::oe~ ,la 

/~i? ̧  : 

~a.ua¢ion ~ ( ~ 1 )  ~thuB ~ e h a ~ e 8  , in to  

~,qz~= ,, ~o  ,,, ( a2  _ ~ 2 )  

:'Z .~ s i n + ~ '  

g5 



r 

• k 

, @ 

which ..can be  :,~i tten: 

(29e) ql = . _.k _ (a2, Zo 2) 

. ~  sin ~," 
ko 

or due to (262) and (286) 

k (a2 _zo2) (297) ql= 2 G-'-'j 

Y 

and adding q2 (294):aM ql (297) we obtains,the totaldischarge q: 

(298) ~q = 
ITI~ ~V " ' 

~---V'+ P'U' : - / h  _ 

2) 

(299):where a.=I~ u -:h 

whence we obtain 

(300) ~=:Hu - h  .Zn~m--r- ( ~ .  ~hi~2 
k " :m----T-- ~:~v + ..... 

which :" ' " v .~ replaces • the ,two .firs t ~,, equatlons_ • of, the .s, s tern. ( ~?4 ) : and ellmln- 
ares the unknown . h~ o from ,the :computation, 

~olat lon/e, ~ : ~ 7 . .  The !sys~e.~ .of I .%uations for the ::d~u ,with 
. _ l l  ' . . - - -  i i  , l , I  

p r o ~ c t l o n  lay.e r i f  ~ h e ' " v l r t u a l  motho(l,, . i s  used.  

.,With the :alm~of simplifying its ~form we Introduc~ ~the nota- 
tion 

f 

(sol) ="~v into equatlon (30o). 
m~ 
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the Fig. we obtain: 

In ;;Fig • 
:.From 

;,,~ =, ,_ ~ V tan ;i~ ' ' - :~ V (~o2) , ,v - 

ml 

I 
i ,e. ~W is the ~length :of the ,~segment ~;of, a vertical ~line ~;botweon 'the 
boundaries of ~the ~ ' . e q u i v M . e n t "  p r o t e c t i o n  ~ l aye r .  

. i 

,FIG, ':'B4 

~We obtain Intro~uclng: (;301) : 

@ 

&, 

=@ 

• he ~;.~s'tam ~-.of ~ percolation <equation 
follow £ng: 
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Z . ¸ : ,  , - . 

(304) 

II 

q 

k 

q .h2 _ (ao ÷~h.o)2 

k 2s' 

_'i~h) 

• J 

III q 

k 

IV s' . - "  m I Hu -°'(ao *~ho 

In this system the~known quantities are ~iven in equstion 
(276) and the unknown are (seeFig. 28): - 

(305) h; y~can:be determined :in the 

same way as was §hewn in ~ 8 for the:homogeneous earth dam. 

At first we obtain a relation analogeous to~i(51) for %he 
quantity h: 

(306) h :~V,/12-x ao.x:A x:'.s'..m! :(aO~ho)2. . 

where 

(3o7) A= i +ln 

and introduclng: the value a~ s' from equation 
obtain: 

(308) h = D' where D' has the value 

(309) D': ÷ I~ :. :(a o ,+ ho) 
ml 

÷ (no ÷ ho)~-= D' 
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if we. also !introduce ~for the :sake ~:of abbreviation 

(310) - ~ +,(m',+,mi)do,.-:~ sin , 

Using (308)we~transfom:the::.~irat:equation of the system 
(304) into the form: 

q (Hu-D'):E ' (311) _ = _ _ 
k m' 

denoting by E' the following term: 

I 

(312) E' = in .~Y + !r'tU' " IHu : - I~D '~ :  I : Z 0 2 ;  : : ~: 
1 

$ . , + H U  r, - D ,  ~ ~,,1 
Y 

and substitutin,: into:'(211) instosd,of:i~ ~;its :valuo :accordlnt: to:(4g) 
wc find: 

or 

(313) sea (}~ -LD,) ;E' 

m I m' 

~4b 

(314) 
m' 
m- ao A= (:h- D,)E' 

in which A,~D,, and 
boon said.in FP8~i~ 
oquatlon (314)~..islso 

After do~orminlng a o, "~;o~i£1nd s 
knowing A and h from'(306). From equatio2 
slon of ~: 

(315) q ao-:A 
k m l  
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if we alsointroduce.~for ~the sake of .abbreviation 

4~ 

(310) ~ '= . ~  4- (m' + ml)d 0 - ~ i  sin 6 _ ~ 0  

:Using " (308) we ~transform the ';flrst~equation~of ; t h c :  system 
(304) into the.form: 

H u ~ .~ (311) q ( D') E' 
k m' 

denoting by E, tho following tots: 

":H u . . . .  "D' iZo 2 

and substitutin.: into "(Sll) instead-of ~ :Its'valuoaccordint, 
wc find: 

(313) aoA E' 

ml m, 

or 

(314) m-3-' a o A = (}~-i:O') E' 
ml 

in which A,:.D'., and E' aro ful 
been sald in 6m 8 in rogard tc 
equation (314) is solvod~.in r( 

from£what 

Aftor dotormininga o. from IV:of sys om,(304) 
knowing A and h from :[(306). From oqua.lo~:(49) ";;o knolvtho oxpros- 

sion of ~: . : 

(315) q ao -A 

k m l  
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whence 

(316) q= a°" A~"k .... 

ml 

for the case of the homogeneousearthdam. 

.aawas.also found 

If there~Is no water below the earth,~ (h o 
three equations~of (304) are~replaced by,the three equ 
and insteadof (304)~we now~havc ~he system: 

) 

I q l-lU - ~h 

k m' 

(317) 

II 

Ill q % 

k m I , 

r 

it is: 

(31s) 

This system of equations 'is solved as,:shown 

-@ 

(319) D, 

the value of E' is given by equation(312 
h 0 only that for the com~utati 
(319). In order ~to determine a o 
lowing equation: 

(s2o) m' a o = (Y -:D') E' 
ml 

c ¸ : 

• r 

as ,rot 
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:We ~have <also ~to ~I 
chan~In~ ~hlcknessi~,~he ,valt 
represents ;an 
mentioned ~in ~i 
b Y  .the forn~la 

in 'whic h ~f ~ h o  head- 

gard to ,% yet ~of 
c hanging layo r 
O' - O' :~s callod m' ~("seo Fig.'~5),. 

~Wo shall ,now d~scuss ~a numeric ...... 
that we havo the .~ivon dlmonsions ~of~an 
of varlablo thieknoss, and wo havo ;do~r 

of that l~yor accord Furthor ~,wo ,shall >assu~o/~th~t ~wo !have 
found ,tho an61o ,,of ~i. :of ;,~ho i~ino 0, ~-i~0, ~;In ~roforonco ~to .... 
tho horizontal ~(F±~. u , , r ~ ,~ i • ~! 

¢, 
(323) m' = cotan . 2is ,~known. 

tion layor" (~i-~o. 
givon ~4).;, ~o~d 

s 

uso Fig. 28 a n d  a 
nc cording to ~Ftg. 

~,ov i rrl 

o- i.~ m~; ~=i,,15.0m i i 

h o : 0 (.no ~wator- bclo,.~.,%ho,.dam) • 

rootnoto: s_oo :footnotos tg_t~bo oxamp~s ,for ~ I~ .n~~22)~. _~-- 
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R , 

- ~._,~O000g. : ~ s o c  

5,'," 
e ,  

;Whonco 

• .... " " . e,i 

1 12. 

% ..: 

~# L~ ' L 

/. " .~)i ̧  . 

• ~ . .... <~y,--.;15.0 :,x .2.'/ x~O gEK%3 

::f.:z=m ((~)21 :.=o :~fumthor~mo~o ~.f, ind 

m=l 

p u ~ o ~ o  :~m~m ~ ( z 9 3 )  ? , 

~?Q~=n -:oi" :l~Orclolation oquat±o 
. i 

!~' ~= .~-- ,:Zo = 15.0 -:2~,~.= 712,46 :m 

:03 <::~, 



+r , 

m " ' + . + I+ :": '+ + " " + + , : ~ " + ' P + + ' ~ " "  I+ ' ..... .' '1' + 

= i~.+ (m' .+:ml)/~+do+~-: ~sin ~ :'="14,-;02:m 

.furthermore. ~ d e t e r m i n e :  .-~.~ + : . + ; / / "  

+ 

."~, 14.0P+ ,~-~ : + ~ -: ..... . ++ .15.0 '= ~20.60 :m 
m I. :~--u-- :2;5 : 

, 

~y + ~' =4,86 + 12.46 = -17+32m 
° 

2~ = 2 x 4.S6= 9,72m ' :.. 

S e l e c t i n g  
%hls %able 

eqttal;ioI~s ~ . s . v , ~ u  u*a*u~ ~t~,~, l'. 

......... :Now 

,:of the system 

:S' = m I ( "" !ao) 

ystem ~of .i'.: +' 

uation.. 

÷14+02.-- 42o3,)m. 
'< j ,, [ 

Furthermoro wo , ~ho~v~lu, 

• +: 

h = II~,74:.,.~m 

'I~ fommula ~II'I-.of ~sys~em !(~i?) :we .now ..+find :~ 

(3 1 ) .  

...... - ,-- = ~i,47 m,=i4? era. 
k m 1 2.50 
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The discharge quantl% [7S)~: 

U' 

q =:,m~l k = 147 x 0.00009 = 0,0132 cm2/sec. 

or from (iii) 

8640 a,.,k = .8640 x O.OlS~. = 114.0 
% a l l y  = "'1 . . . .  . . . .  : ~ 

in llters per 24 hrs.~and per linear foot ofdam len~;th. 

The equation of the second part of the depression curvelhas 
the same form as equatio~ thehomogemeous earth dam (the co- 
ordinate axes as shown iz 

y2 = h2_ ~ x 

k 

For the valueswhich we havo found abovo 

(326) y2 = IS7,57 - 2.94 x 

Table 16 is ccmputod from :thls equation and allows to plot the ~opros- 
8 i o n  c l / l " v e ,  

| 
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CHAPTER V 

29. Percolatlon in a homo~eneogs:earthdmn~wlt h dralv~ 
syste m whs n h 9 =0. 

In modern hydraullcs the drainage of the downstream part of 
an earth dmn hasbeen adopted as a auccessf ~on~tic means to 
lower the dep~ssloncurve~within~ha dam, especially~true 

Footnote: See for-exam'ple 'Creager'and/ustin,, re- " . i 7 . : Hyd electricHandbook,, 
New York, g2 , ~. 2Eg). i 

for such dams which.are built on an impervious foundation, so that there 
can be no percolation of water from the dam body:into ~tha ground. 

lw 

6 

FIG. 36. 

We shall not discuss hero the construction details, but we c a n  point 
out that the drainase of earth d~ms can offectlvely be realized by one 
of the following% methods: 

(I) A loa~itudinal syst. 
can be used (see theschematl 
as the main longitudinal drai 
of a ditch and covered with a: 
channels to this dralnago lln 

~tcm 

(2) A rock fill or a fill of some other vsr? pervious material 
(with a filter F between the dam body and the bac,~i!l. If the di- 
mensions of this back fill are largo enouch it also can serve as a con- 
structive moans of stabilizing the dam structu1~ (FIE.. 37). 

Footnote: Let us no~o that the backfill may play the part of filter 
only if it has comparativcly small dimensions which would be ths case 
for dams of small heights. 
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I 
Hu 
] 

! 

F I G . .  37 
I 

(3) A ccatbination:of the two methods stated under (I) and.~(2). 

d 

i s  shown on Y i ~ .  36 a n d  3 7 .  We n o w  
s i o n  c u r v e  i n  a u n l f o r m  e a r t h  dam w i t h  i r a i n -  
age is eeh~matioally ~eprosen~od ,as. sho olnt D, 

_do 

I 

-F/G. ,G8 

F o r  t h i s  c o n d i t i o n  t h e  " l o w e r  w e d g e -  i s  ~ . . . . . . . .  i o  . , .  r o g e r s  t o  p o r t o -  
l e t  n n o n - e x i s t e n t ,  and we have  o n l y  two p a r t s  o f ' t h e  d e p r e s s i o n  
c u r v e :  M -  M 1 ( f o r  t h e  u p p e r  w e d g e ) a n d  N 1 - D ( f r o m  t h e  d i v t d l n 6  
s e c t i o n  W t o  t h e  s e c t i o n  Wd).  F o r  t h e  f i r s t  p a r t  , thc  e q u a t i o n  :(23) 
r e m a i n s  u n c h a n g e d  a s  61yon  i n  ~ 4 ;  b u t  f o r  t h e  s e c o n d  ~ a r t  h o w e v e r  
we have to substitute into equation (14,) (soc also Fig. 38): 
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,: 5. ̧ 
? 

I 

'Yo- ~0 

~O 

• s .  = Stir .... 

{s2v) q,=:kh2_ 
. ,~ : 2 S d r  

and thus o b t a i n :  

in which's d is :known. 

Thus ~for -%he " case which is "discussed .!,here :the :system ~.of 

II 

= , L in h 
k m , lid-.- 

~2 
~8 2Sar 

The symbols have the samemeaning as given in Chapter I (and 

seen in Fig. ~). The unknown are: 

{329) h:m:d q (or ~ I 

while t h e  quantities 

{33oi 

we have 

Hd ; 4 o ;  S d r ;  m a n d  k ~ a r e  k n o w n .  

~If we introduce ~th e expression for _q,f~.,equation :II and I 
k : 

~° (331} 
h 2 ~Hd : do - h 

- In 
2Sdr m I~ -h 

only one unknown. From it we find: 

i.e. an equation with 

IIO 
/ 



( ~ 2 )  h = 

end we , l o t  

m '(ea - ao -~-h) 
H d  - : h  

(em3) ~:= ~.~ar ( ~  _ :ao - . h ) i n  He 

whence  

(:~4) h =  

Now'~,we -can l e t  h - t ~  d l l ~ e r e n %  ":.values and c 8 ~  t h u s  :ccsnputs 
a F ~ a p h  ' on  ~Ftg .  iS9. ~ ~'If now l y e ,  draw 
a .JAne t h e  iSlhort'zonts:l i t b s .~ ln to r soo -  
t l o n  ~:o:f 
d e e l z ~ d  v e l u o  .~of ~h: :~- - -  . -  ~ m t h e  

~k 

:: :/i~ ~i:̧" i 

-now :we .~ @an :find :}~,-.emd ~q ~Z~ ~'equatlon :!~IZ.iof ~the system i(@28). 

d 

FIG. $9. 
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................ :' S."~ '::: ~~ '":~:~: : :~T .... ;~ 

t If he value hd :i(i:',e. %he depth o'f the percolation :Slow.at 
t h e  s e c t i o n  .is n o t : i ~ e n t i c a l  z e r o ,  as: t h i s  i s  shown on F i g . , ' 4 0 ,  
then  t h e  d e p r e s s i o n , c u r v e  c a n  b e c o n s t r u c t e d  ' i n  t he  T o l l o w i n g  manne r .  

hydraulic :calculation %he value h d :which is ~necessary ,:if the:computed 
q shall be carried out of the  dam. Knowingh d we obtain instead of 
the system (5281 the system: 

q ~%-do-,-h Hd 
.Ill 

_q =:h2 
, k 2 S d r  

which gives instead of (334): 

.p  

(33v) h 2 - hdr 2 =F 

where F again is expressed :b:~ '(333) :az 
we now have ~o :plot a/graph,::.of,-%ho~:function : 
f i n d  h we again:~draw the ~{45 °) i,~-lino,!OAi~!in 
section of the curve and this: line w£11:~bO t 

I n  order toobtai: 
can, after havin~ round-the 
q from I I  of:systom,(2~36) and.once.more make 
and h .  We can  p o i n t  ou t  .he ro  , t h a t - o f t e n  t h e  

and ins%oad o f  .?the 

a ~ t ~ t  

The intermediate ,points :of :the :doprussion curve between M I 
and D (Fig. ~8 and 40) can,be computed from equation (i0) and the 
values are found by 

k 
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in which we let x take different values and find thecorresponding 
values-of y .  VV 

~ il N,a 

fr 

X 

FfG. 

That is again it is indepe~lent from the percolatJ 
the matorlaloutofwhlchtho~dam:Is~built;(sooa~ 
said in this connection in.Chapter I.)~ 

~50. ~ o n t i n u a t i o n .  

cuss the m 
c a B o  w h o r e  
pervious m 
othor vory 
can bo ec~ 
as for the 
of l e s s  po: 
hydrmt.li c . 
following ] 

% ~I n~ be regarded as a smalloarth dam ofunlformmatorial with a 
percolation coefficient k d. l~r it ~Io e~tn thus write the system of 
4 percolation equa~iolm as given under (&l') in Chapter I. We shall 
not write out those equations here in detail, but we can point out 
that for the "lower wedge" of the backfilJ ~o obtain: 
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q ao 

H 

.d 

in which m d 
generally 

I 
~FIG. 41 

:~ i i 

Is,theslope coefficient of 

CtJ c 

I I" 

I 

a and 

and letting 

(342) 

'~ m I 

L" 

kd 

we obtain from (340) 
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. i 

, (343) ~,= ao 
k ~ cT--md 

and 

(344) 

now we write accordinc, t o  e~uation (.i0) for the middle part of .~he iback- 
fill (see detail to Fig. 41) i.e. between:the sections w and We:• 

2k i "~h 12 a2 ., 

( 
(3~0) 

- ao2 ~ . 

from which ~ w e can Aind the depth h,. 

Usir~ the s3~bols:of Fig."41 we now wrlte:equa~ion I:oflthe 
system ~'(41,}and obtain: . .  ~ 

,~ ="ha~ .-.h, C347) ~dr 
:L, ~T" ' 

from whlch .we oral idirectly 
in this equation are known/~ 
fill). We nowalso obtain L~ 
sion curve, since it corros 

WO C~II nOW corrcct the ~ 
using in it the dist~nco Sdr as she 
Zho preceding computatlon. Dotonmi 
of ~ from~oquation II of system (33, 

• _~in make the 'cal- 
culation accordln.; :to formulas (Z40) . (34), 7 " obtainir~ the p o i n t s ~ V ~ ;  - 
M' and Mdr of the depression curve. Point M 1 is determined by moans of i 
the obtained value of h. If for this second computntlon the value ]~d r 
is substantially dlffcrcnt from the value ~Ir found by the first calcu- 
l:~tlon then a third computatlon is noccssary; for this of course v:o 
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star~ ~Ith the hdr valu e foundby the~second approximation. :We;have 
to solve this problem~by this method of approximation by s~eps. It 
is not difficult to ' ~  • ~ 

• do this ~since ~%he formulas ~('.,40)..<($47) are 
rather simple. The ~in~ermediate i point of the depresslon~curve can~be 
?asily found from equation (I0) after the mmin pointsi~; !M' ;!~Mdr,snd 
M I have been~determinod.. 

~D 31. percolationln a humogoneous:oarthdamwithldralna~o 
system w.ho.n ho~ ,0. " ' 

Ifthodepth of the tailwetor ho~O (SOOFig.'42)thoJdrain- 
ago of the dam rotaimg a certain significencclnsofar that itikoops the 
doprosslon curvu a~ somc distance froth the downstream face ( 
and thus csn~bo regarded as adv~,~tsgoous even in this case. 

I 

i/ I 

/-I i 

¢' L 

possibl~ dosig/~s of suoh a d~'s ,a!layorlos Tho!dlsch~r L l n a ~ ; o  ~ s a h o w n  dnLFi6j. 142. t @ 
part of the drain~;e can ~bo made as~ .~ipo~iOu:s:materialwhich 
is corn:octod with the slanting draiziage~ii~or, ii 0r~1.t can!1 b O;i~de ~of 

. separate parts:connoctlng tho~hOo )f ~,thc~d~ ,the ~dl~ i ( ~Ith ~inago layer. 
~ho ~abovo do.signl has to ~bo For a calculation of tho~deprossion~curvo ~ . . . .  

sll~:~htly changed, namely: the axi O, , -  o" s: -0 (Fig. 4~),has to be rotated 
around tho center point C so that acquires s vortical diroctlon. 
This is shown in Fi~. 43, 

If the drainage is sufficiently-pervious we :can neglect i~s 
hydraulic rosist~mce ~ud we can (see Fi~, 43) lot: 

(348) h~r - he 
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for tho systom of oquations 
tion oquatlons as follo~vs: 

~2 

q _~}~d -i~do "ih 

k m 

C~9} 

k 2Sdr 

This system is sc 
further discussion for tho 

,̧,in ,_ 

I , c/o 

9.. j 
Hd H..5 ~h 

o 

i:i 

H~ 
I 

roason it shouldbo:,nocessary ,to ~ 

Mi 
iI 

H~ 

FIG. 44 
il 

,! 
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t 

of the drainage system like shown in Fi~. 44 we ,have to add a few 
things to the above discussion. ,We slmll:for this pur~ese~call 

I o = the length of the outlet part of the,drainage i(see .Fig. ~44) 

Stir = loss :of head of outlet part of drainage 

w o = cross sectional area of ou~let (-takon, per, llnear foot of 
dam length) 

kdr= the percolation coefficient ~of-:the material which forms • 
the drainage .system 

The followin~ discussion pertains to ,both the cases:,'(1-)whore the 
drainage outlet is ~ forsmd 'by a ~ezvious material 
connecting the dam heel:with t] whore the drain- 
ago outlet is formed by separate drainage 'ditches filled with pervious 
material, and connectiz~ the also'heel with,the drains layer. 

In the outlet part ,of the drainageS,the Dorcolation velocity 

is 

I 

(350) = kdr" e d r  

if we neglect the 10ercolation~capacitics ~of,,the 
part of the dam at ,the rlgh~ side ~~from.wdr),,wo ~.c 

(351) q= ="k r " 

or 

Q <:~s ~ ~,~oa~r 
( 52) ..... - --- 

kdr io 

(35 ) introduci  o--< 
~r 

whore k as in all previous .discussions is the por~Olation coefflci~nt 
of the dam ma~orial. Thus (352) ch~D~gos into: 

ll8 



(354) q_:a~ Wo~r__.__ 

ng~h-~of 

t h u s  (~) b e c o m e s :  

.=i~'Woedr : .  

i t  t o . Z l o w e  :~ ~ ,.~ 

m 

I'ZI 

- / 
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The unknown q u a n t i t i e s  in ?this system are: 

h; q r,~); and the qu~titieo 

(3~:) 
H d '  do' Sdr; ~o, Wo, I v , k, m are known. 

(362) 

system (359)/,) we hay e:. 
I 

F~l -d o -: h ?:Hd h2 :-:hdr 2 wo(hdr -ho) 
" - in : .. _=., 

m Hd -h 2Sdr Iv 

We find fr~u :he first two numbers: 

and from the flrstand t~i~. 

( 3 6 4 )  ..... b a r  := 

where 

and 

(366) + iv :~a .... do - 

W-'~ ° '' I~ • 

curves for the': 
The intersectio: 

:I 
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the depression curve again are comPuted fr~,, equation (I0). 

hdr I 

I 

I 

, I 

/7 ¸ 
-+. 9-. 

I • 

' ~FfG. 45 

layer and draln~e'.'S2' Percolation in an eart]~dam wlth,the_ . core or protectlon 

If adralnage systcm~is buil~ in: at. 
we make use of the "virtualmethod ':!.whiCh ,~vas polntOd th c°ru wall' 
Ill and chan~e the problem to one °fi:a: uuifor~n'il("~qul 'valont.)°ut In chanter earth 

dam. For it we can;make ~thc:cc~putstlon of:~tho,.ddp!rosslon curve in 
the s~me manner as in ~ 29. Thus~it will n6tb0 dtifficuit t apply 
this .method also :for the given dora ~with;cerc, :~nd ~thorcforo ~w0:shall 
because of the clearness of the problc~m::not to into anY~;furthor~dls- 
cussion. - . • .... ,:,. ;. ~ ~ .............. :- .... 

For'the case :of--a dma, with,,:a, protcctior 
t~ 

k ~mt 

q_ h 2 

k 2Sdr 

i h vy 
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N 

b 

FIG, 46 

The symbols used are the sar]e z:o ~n sys' 
s' which is used In'(31,7) we now use s,s~ ............. 
between w n a/3d Wdr and Is a know 46). iThe unlrnowns 
h and q (or &)enter the ecuntio ~_m. be found in the 
sarae mannel ~hich,wao ui,ed "for tao s~mo q~.lan~itios in:~) 2,0. 

If we substitute,thovahm 
into the first equatlon of (3671 ~'JC o 

the second oqustlon 

(368) h 2 = H u -h 

2Sdr m' 

and introduc ir4~ 

[in 5~ ̧  ~u +, + ! -  ' ~u-h 

L , -  h ~. ~,,; :2 

(369) 

we have 

C 
Fo ='2Sdr (Hu=' - ~) t in 

L 

~i - h 
OV 

G-j • 

zo" )I 

(370) h = ~-~ 

T 

We now compute a graph of the function ~ by using different values 
of h, and draw a straizht (45 °) line 8A llko we did in ~D29, Fig. 39. 
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After having in this manner found the depth h we 'determine 
the value of ~ and ilq;!from the second equatlon of the system (367) i 
The computation of '~Che intermediate points of ~tho depressive curve 
was explained already in Chapter IV. 

If the depth hdr ofzths percolation flow in the section,w n 
cannot be assumed to be equal zeros(for example if viator is in the 
tall channel directly b~low the dam)then, in;the same way as ~this 
was shown in ~D29, ~7o use instead of tho second o~uation of the 
system [367) also for this~caso the equation: 

(371) q _ h2 --~:hdr2 ~", 

k 2Sdr 

But the first equation of the system remains unchanged. For the depth 
h we have instead of (370)the expression: 

(372) 

i 

whore F o a,,ualn is the 
plot s~ dla~r~m ~f the 
andv / Fo + hdr2 as th ae 
OA through the origin (llke in Fi ..... c~.~ ,~ 
and can now from oquatlon (371) c~ 

In concluslon of the discussion of earth dams 
syszcm we have to call attention to the follo'~:ing, fact: 
for small values of hdr (ace Fig. 38 and 46)the conditl 
changeability- of the flo~v ,when approaching the section 
roctly spoaklng net existing; much In the same way as :thin condition 
is not fulfilled in s~no similar cases of the hydraulics of surface 
flo~s when those approach the sec%ions of critical depCh (such a'case 
is for ox~aplo the ovorflo~: ~':hich is located at the-end of a canal 
soctlon of r;hich }ms a bottom slope which is loss than the critical 
slope). This situation does not infI~lonco tile points of the depres- 
sion curve ~:~hlch are further away from the section ;':n, bu~ duo,to it 
the computation of points of the do1~rossloli~:6~urvo in the neighborhood 
of the drain line ho.~] only the vmluo of ,%n approximating oriontatlon. 
But we ccm not nvoid this if ~:o tin/ to approach the givun problem 
hydraulically. ~io greater the depth hdr of the porcolaSton flo-.' at 
the section ::dr the more will the flo;¢ satisf~r the condltlorun,of "nlo~; - 
ly chang~ing flo~" in that region, and bet~er will be the x~sults ob- 
tained by a hydraulic computntion of the depression cu~wo. 

123 ! 



~D 33. ExamDles. 
ml_ 

Usln~ Fig. 38, we shall as the first ex~.iplo tske up :~he 
computation of the depression curve for aJlemo~eneous earth dam~wllth 
drainage. There is no water downstream flO~ll the dam. Ws ,b,~ll ,,,~ 
the same dlmemgions as ~were used in 
eal.th dam without drainage). Using 
the followingdimenslons given: 

l id = S.O m 

do= 1.5m 

II u = 6.5~ 

= 5.0 m 

m = 3.0; m I = 2.0 

percolation coefficient k = 0.00005 cm/soc. 

furthermore we assume: 

Sdr = 15.0 m. 

For ~tho locations of the drain line D shown in 
a sufficient perviousness of thc dralnago r~c assume that 
the percolation flow in the section Wd r ~is: 

and thol~fore wc shall make use, )orcolntlon equations 
givcn under [328). We have, a -~has boenTsho~.rn in ~D29 for thc function 
F {from 333)) the value: 

or 

F = ~2.15.0 /B.o 
[~.0 (8.0 - i.~$ - h);Inf ::-L-- / 

. # 

or 

4 (373) F = i0.0(6,5 - h) --~3.0 - 

or changin£, to ~ric~s logarithms: 

124 



(374) F = 23.0(6.5,- :h) Log I 8.0 

We now make a table of %he ~values of .%hls function for~different 
values of h (see table 17)~and .plot the .correspondlnLi!g.rauh as/~-,,= 
C (h) (see !Fig. ~7) 

Table 17 

Drawing a:straigh%i, llne at an inclination of 45 ° through the 
origin we find from its intersection with ~.the: curve that for our case ~'~ 

h = 4,15 m 

and.now we canuse~he second equation~of the system (328): 

_ h 2 4,152 ~' 

k- ~2Sdr = : ~ : =  0.575 m = 57~5:cm 

whence: 

q = 0.00005 • 5q.5 = 0.002875 cm,~/sQc. 

or 
J 

qdaily = 8640q = 8640 x 0.002875= 24.8 

whore qdaily is measured in liters per 24 hours ant,, per 1 linear meter 
of the lonc, th of ds,m. 
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9 .  

J 

For  the  compuSet ion  of the d e p r e s s i o n  cu rve  i n  the  ' i n t e r v a l  
be tween  the  p o i n t s  ~1 - D we use  e q u a t i o n  ~(559): 

y Z =  h2 , 2_~k x 

in which our present case has the constants: 

(s 5) y2 ~i?.22 - 1.15 x 

The values of table 18 are c~uputed fr~ this equation. 

Table 18 

No. of ~ The coordinates in inches 
~olnt. x y 

]i/ 

• "I ¸ - • • 

m I I 

For the second example we make use of ~ho Fig. 45, ~ we 
take the main dimensiona as given in the example of ~ 15: 

Hd = 5.0 m 

do=O.8m 

H u = 4.Z m 

~ = . 5  m 

b=4.om 

m = 2.5; m 1 - 1.5 



#. 

i ' 
} 

l..# 

o ~6 ~j~ 
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.... , ! ~  . . . . .  
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i 

,~ ~::~ 

:I 

.i . i. 

~i ,.. 

;I . . . .  ,, 



p, 

-~O.OO005 ~.c~/aee, 
',~ ~8 ~¢~ 

We shall !..take ~ t 
USe the ,system e 

sq 
is ~:.solved in-. the !~same:manner ~as ~the~slrstem ~ICSS6). 

and 

-: (333) :we know :~%he ~:expresslon ~tor the function -F: 

F = , 2  "x.~8;O (_ ~.~ 
'- ~"2A5 - (5;0.-- 0;8 - h) in 5.0, 

(3?6) o r  F : =  6.4 {4.2- h) In 

(377) 

I , 

F = 14,74 

i 

Furthermore we/have to plot a grauh for the fu 
using different values of the depth h, In table 19 the 
plotting Fig. 48 are tabulated, 

Table 19 

r 

_____L F ~ 7 

i ~.oo F ~ :  = ' ° "  ; ~ - i 1.52 : Depths h 

3,50 ], 4~ ] 2.70 meters 3.00 : ~:;b: ~ [ g*~t-¢en in 
2.50 7.54 2.79 
2.00 7.16 ~:.72 ] ] 

6.18 . : 2.54 1.50 

Drawing again a straight line trader 450 through *.he origin we obtain for this case: 

h = 2 . 7 5  m 

a n d  now we f i n d  f r o m  t h e  s e c o n d  e q u a t i o n  o f  s y s t e m  ( 3 4 9 ) :  
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a) 

whonae 

• ~ " =  h2 --h°~ 0.457 m = 43.7 cm. " 
It 2Sd~- = 

: o f '  

.¢5 :q ~ 0.00005 x:45.7 = 0.002284 cm /sot. 

qdally =18610 x 0~002284= 19.6 moasurcd in ~litors por 
day,and pot :llnssm moCmr :of length of dam. 

iThe o q u a t l o n : : o f  tho doprossion curve botweon tho points M I 
az¢lqD (soo !F1~,."48) is aceordlr~ t o  (~39): 

J~ 

:($78) , ~ = 7..56 - 0.914 x 

~ho valuos of ~ 
~abl~ 2(9 aro ¢o.nputed fro~ this last equation. 

Tablc 20 

NO, Of 

__i~oint 

13 
: 14 

J i 

Ooordinatos J'n:mctozs : 

, . 0  2 . 7 o - -  ,h 
¢ " " r ' , .  • ~ • 2.0 • ~,o9 , 

4,0 1 9 I. 7 
6.0 . . . .  ~1.44 
7.o , ~i,o6 

Sdr= 8.0 i i .50 = i~r 
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CHAPTER :VI 

~arr~,'~,es :with 'low . , ,  . . . .  

The ,theories and methods which wore d~scussed in the nre- 
ceding chapters can be ~apDlied not ~only for the desi,:n 'of ~ :~+~. ~-m 
but also for the desi{~n,of eel' , 
which are built in order to ke~ 
d~,-j - ~ 

dual_n,9 t h e  c o n s ~ r u c t l o n  p e z , ~ .  ~-no p a r ~  o~" t h l c  b a r r u , - c  w i ~ c h , , i s  
only 'II ttlo pc:~vlous, can b~vc - - 

°idal ~"o~'ilc I"' carth dams, and in that case " "  ~ . I:<o o~htr 
proasion curvc , c ~ . n  ~, '~ ,:~ culotod In the same ~Tay as has b~ ~ ~ .... ,,- cml- 

~cn sho.,n ~or ~th% ear~:~ doJ~s. Lh/t for 

I . . . . . . .  

I i I 

' I i 
- 4 ,  !o 

,5' ............ - ---/n,,'~.~. 
- -- ~ ~ o -->-, X 

f o r  F I G ,  49  . . . . . . . . .  - - ~ " ]  

barraros/which either thc uPatrua.~a or the dor,-n ~tr~- I 
the problem is somowha .... tical 
mands some supplements ussion., c n~do- 

I~. this paragraph .",'o :;hall take uo the barra: o ~,4-~, a v-rtical upstro&n, face "Larra;ko With lo.:or ~:- .~..:, . . '~" 
oc~,_ ) ,or t, ne case of ho~ O, i.Q. there is vmtor do~vnszrc~.~ from the barcago. 

In Fig. 40 no= thc :~hole profile of such a barraLo is shown 
but merely its little ~crvious part, ~,hich:of 
cant for the calculation oi" the dc r ~" course alone i~ 

., " ~. .uz ".,~ 0"~ tho barrage is deno£~-d by .~, ~nd its ~,idth ,At the borrow, ~ ..... ~,,_, . _ 
the other dimensions arc aonotod by th.~ .... , .... • ~-. ~uJxuu ..... ~.ll 

for the earth demos. A fe~; addltionrl quanti ~ioc ~;hich cn~or the cal- • ~ ~,Lu ~ymools ~Thic;l ";of uc~ed 

culation will bc oA-Plainod further below. 

I 

Since for the barrsgo as s]loz;n if: Flk- . 49 (par,~,), ~'" the 

"upper ::ed::o- is uissln~, ::e obtain the nocossa.~,, s.'.:sto:q of pcreol~tion 
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( 

? 

e q u a t i o n s  .as a special c a s e + o f  .%he systcun (4.1) In~whlch we ihave ~o 
aesumei~(aceordlr~ to FiB. 49): 

Footno~: The vertical upstream face of the barre,~e is for :this pur- 
pose" ,regardod  as~bo in6;  p e r v i o u s  so ~-" .... = . . . .  
if %hls~,ups~ream/faee is so constru 
V ~ ~ 

h '~1:~ ~ 

Now wo havo ~a sys%~n ~,of throo ,oquctions ~slnco ~tho ',~firs~ :equa%lon :~ of 
!('41) 'dlsal~oars baee~tso no ~"~Ppor~wodgo,, is Involvo~ i '~ 

~ n :$ho ~problc~. 

k 2s: ~, 

I 

(seo) n 

3 

l I I  ~ .= j 

L 

%his • sys~om ,; aro :" 

• go~ral li~os:i~olatod o u t  :i:, 
~ 8 ~  ~ ~ % '~r C ~ O  " t ~  S O l U t I ~  L ~ ' ~ '  b~ st~Pli~lod c o r r o s p o n d t ~  t o  t h e  
@hazwnter ~of <%ho pz~blom -,in ~hand. ~At ~Irs~'wo ~ro~n~Ito oquatlon :,(380) 
us1~: 

~ : ~ )  yo~= ~ ~ h o 



% ,. 

Xn t h e  , l a s t  : e q u a t i o n . o f  , t h e  s y s t o m  ~wo ,oan f u ~ % h m ~ , ~  ~ -  
place from ( i~15,  49): 

( ~ )  io = ml "Yo 

where i o is given on the Fig.,l and we ::soe :that 

(:m4) s = B- 1 o = B '~-:mllto 

(38B) n 

Hcnco the systom (~0)changes into t.he systm.:: 

q Hu 2 - yo 2 

k Z(B - i b) ,: 

k- ml i L yo- ho 3 

III io-- ml .Yo 

in which tho unknown .quantities are: 

Yo; l o ; ~  (or q) 

r I 

Letting 

(MT~ Ao = ! "~ in Yo 
• ¥o -' ho 

~ ~ e ~ . . 
we ob%aln fran equation IY of tho sy.~tOm (,.~5), 

k .... ml 

aml introd,~ci~g this into I wo obtain: 
@ 
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II 

f :~o)  ~ ( y  , - l ~  ) itt~2~ , , -y0  2 
--. m., 2 ( f i , - i O }  

, <  

whence we have using, eauation If! (in suboti'tutin& Io): 

~J 

"Ao(Yo - ,_.~__~1 = :2 '~"< (39Ol , _ - ~ t ~  " Y_a.. " 
mi 2(B - mlYo) 

whence: 

( : ~ i )  m( ~ . 2  Yo =ho ~ i Hu -.yo ) 
WQ(~ - ,  ~£yo) " "  

If we now let: 

( ~ g 2 )  _ .,,.,..~. = 2 ,  

w e  f i n a l l y  h a . , . ,  ..,..,.,.,,,,, : l  ,-'~,'-! ~ 

;', 7~ 

(3e3) Yo = Y 
,! 

We can now by Introducin{ different 
function Y. BZdrawln G a str,aiCh t 
horizontal %hrOugh/the ori~ nd :the d 
intersection of~this s.traig ~nd-the curvoJfor, Y. 

(394) 

Y. 
Yo= (Yo)wantod 

/ 

/ I ;i 

,~ 5 ° ! 

o.p<__yo ........ -, 
Wa r~'f e d : nk. ,5o 
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• • f , .  Fromoquatlon YII of the sSotem (58o) me now ten determine 
~he value of 1 e and fu~hezmo~ fr~n~equation ,I, q~(or q)~. If we 
now want to oc~npute the intermedia%e points of th~ dopressJon Curve 
for the coordinate axes ~as given in FiG. ~49 we cando ~hisby using 
the squationof the non uniform~motion alon~; the Lhorlzontal ground 
layer: 

(~05) 

whence 

in which the abscissae ~ have to ~be :within the lI:~1~;s 

C~oT) a > ~ >  o 

(308) 

or 

~C~,/. ¸ ~: ~. 

~D 35. Barrage with "lower wed"e" ~for 'ho-0 i 

, . 

The case i~h ~i~TD'~i'lh~ch .iheon,discussed in the prccoding,para- :~ 

@ 

q.~. ~o 



Wt 

Hb 

0 

f 

T/ 'G,  .~51 

Or I f  wo rom~nbor o q u a t i o n 8  (~8~)  - ~  
Yo = ao ~,o ~obta ln :  

I 

- ~ { ~ )  

I 

i I 

!I 
P 8 

~ d  ~not lco  ~ha% f o r  ~ h t s  :case  

(4o0) 

m 

t ~ s i ~  m o t h . s  o~ . . . : l~pr~tma%ion,  r : ~  ~O~ 
v a l u o  f o r  I n t o  ,-,Clue%ion i II  

{4oI) 

and e q u a t t n ~  ( 4 0 1 )  ~ r ~ t h ~ I  .wo o b t a i n :  

(ao~) Y o . _ -  Yo 2 
~-:~(~-"~'o) 
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~honco ~o obtain: 

(403) mlYo2 -2By o ,÷mlHu 2 --.0 

and solvln6:for.y ° - o  : o b t a i n :  

( 404 ) Yo 

Since In this oxprosslon 

(405) --~= T 

whoroT :is thoi'hol~ht of :tho :',trlan~lo shov, n in ~i~. :.52 it :is Obviou.q 
that 31ways 

(4o6t 

and thcroforo .tho correct 'solution ~Yo moot: 

(4o7) : 

k 

L \ 

b 

B 
~FIG. 52 



01" 

( 4oe ) yo Hu 

We see :that~Inthls!exp~ession 

(4o9) m %  =-Bo 

where B o is the'horizontal:proJectlon of ~,::~t,part'of.::.the downstream 
face which is below the elevation of the :head-water ~level (seo~Fic.::51). 
Thus we obtain from ! (408): 

(4io) 

in which 

) H u  ~ 

( 4 n )  po.,= ~__, 
Bo~ 

0 

@o is a kno~. 
ra,~e and for 

~bar- 

Lo .us add that.~or a f 
tion of the depression curve :for 
case h o =O) we can :introduce the 

"lo~o r ~d 

(4m) ~o" 

t h a t  wo c m l , p l o t  a_diat~ram-for  tho  q u a n ~ i t y ~  o !in dopondonc,~ of 
pc. The ~o ~7 o :~' C~)!~ plo~od o~ S~-ph No. S, 

.Enowir~.~o we find~ o from.~ho ~raph and:dotol~:linc 5,o!from 
oqua%ion (410) rrri%in£-this oquatlon (by usi~.q (412))in ~!:o:fo~i 

{413} Yo = ~oHu • 
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+ + : : / j / ,  ~ + /  : 

Furthez~ore : we ~, have from ,~ equatlon .+I II l+of ~ { 400): 

w h e n c e  

(41o} 
k m l  +m 1 

(41e} +q :+I~ 

i , e .  u s i n g  g r a p h  N o .  5 , w e <  e ~ n : d e t e r m i n e  ~ t h e  ~ . q u a n t i t i e s :  

(+1~) ~ 0  ; ~ 0  ; ~£ r ( 0 r ~ ~ ) h i n "  any-,~desirable + o r d e r  , 
, : k  ' + ' + 

. o  



•7o L 

0.90 

0 "80 

0 70 

0.60 

0.5o L__ 

0.4 _~ 
0.,¢/-o , 

0 .  ; ~  ' 

o. 30 ~ 

0.._~5 

0.2.0 
0 18 
o .  16 

OJtO 
~:09 

" '~.oS 

,G r a p.17 N,o,'5 , 

L 

: " > i ~ .  ~ ?! . ,~,  i 

0.0-~ 
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~D 

~6. ,~._Barrage~,wlth ~upper Eedge: . 

For such barrages (Fig. ~53) we have a system of percolation 
equations which is aspe¢ ~ 0, Since forsuch 
a barrage the "lower ~ed~ ~ fly of~ syst~:~ (41) 
drops out. and since in ~ ........ 
drops out; s = b where b 
53). The other symbols used in Fig. 53 will ~y 
further explanation. 

We also have to, notice that for .the present case the quanti- 
ty a o in equation II of the system,~(41) ,v~uishes 

(418) a o =0 

since while there .is no "lower wedge',~theloss,of head in this wedge 
also does notexlst, hc downstream 
(vertical) face of the ~ If the do,~n- ~ 
s~ream face ~hould be impervious one could not talk about, a porcola- 
tion through ~t.ho body ,of the barrage, at ~all~ ~qf ~on the ~othor hand 
the downstrce~, face ~ 
pervious only ~o a 
for in ealculati~ 
these details and i y 
equation {418), 

" do 
D 

H 
h i 

~O 

I ~ ~ - -  ~ . ~  r I 

FIG. 53 
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(41) 
Ifwe noT; substftute Hd bY HB in equation ,I of the system 

we,ob%aln for ,the givencase a..system,of.~two equations: 

' ~ .  '. 

I 

(419) 

: n  h2 

k 2b 

e _.HB- do -.h In :I~B 

in ~hlch theunku~own~ quantities, are: 

(4P/)) h ~'8nd 

C 

/ / 

This sys%em :of equatlons-i~s.~'sol~ed .like 
(~se) :and ~. (349) -..hleh ~e ob~&~nea, in,: C~pter:V, 
notation "~/ 

(~21) 

.. have ia.alogous .i~o ~(~3e) .an express 

4 

i t  i ~ a a  ~ ~ys'~m 

(423) 
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for which instead of 

(424) h.' =V/r'F- 

in which F a~ain Is expressed by (421) i~ the further procedure 
does not have to be dlscuseedLa~aln, 

O, 

/ V ~ ,  ~ ) 

0 J ~X 

I 

FIG. ) 5 4  : ! 

The.'c ! c h  
rage is used il 
it some more. ....... m W to 
54) , i.e..we place the)divisi0nYW, throu~h-'the~interso 
upstream face and the headw 
line of reasoning which was 
substitute into :cquations (4 

Foot note: .s~e also furthcr:below~ 40. 

(425) 
I,% = .R u .+~ 

and with this wc obtains:the system: 

S 

(425) 

k 2b o 
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// 

't 

We"see that into the second, of the two eouations not!,:b, b~ t,bo ~is In- 
troduced, i.e. the width off, the ber~a~e at:the'~elev~tion of:the head 
mater level. FI~ Fi~;.,,S4~we see tha,~.this~has to be .~o for a di i, 
sion section plsced in :the way U' ~is~placed, 

Frown (4~6) weseo that: 

If we let: 

we..chaago (42'7) into: 

(4s ) 

Ol ~ 

(430} 

. ) 

j: " 

L 

~g 

o 

wheztoe 

 i(4ss) 
L ~ 
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,@ 

i n  :which 

/ /  

(434) 

the limi~ 

(435) 

's~" 

{ , ' i "  ; , ,  

77 

k " . 

since ~ =:h__~ cannot :be .<gmsater :~.t~ha~. 

responding ,limits bet',:een'~whlch the Ikmc 
that: 1 4 

// 

/f 

(438) / ~lim. ':[ 

for which we obtain 

(~37!. o . . . . . .  

lend: t o  a 
up~tr~ and 

liz 

P: =O 

The, curve of varia 
on graph No. 6 ~ r ~" _o va.lations of 

j 

' 0 wu c ~  ,, -. 

shown 
!~O.. 

value given barra/;o ~i th u~'.po~' wed,:~o; n0',,iaor. ~uso Lthis 

value as an o1~inato and then as an absclssao~and r~ad ~t~L,corrospo;~Lu 
in~3 va!uos of~ . After this,..~c obtain fr~".1 ~ (428), : 

(439) h = ? . H u 
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~:,f;  . A :  

(426) and:the ~porcclation~.~dlschar~e ~q. : I f  .nocessary:we :cannow ~olot ~ .... .: _ d -_ 

the dep~ssion cuTvo ~also ~£rom ~tho squaZion: 

(:440) 

as ~ has been ~proviously;discussed. soveral 

x varyii~,botv;eon :.tho ;~limi:ts: 

.this .the a 

: (441) l ~0 

• ,;.: 

For the first (upp 
drawing has to ': be 

Chap to r. I, 

,4 

[\ 

/ 

14S ' 
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~D 37-. Barrages .!:ca~.loosed of several ,different u~ateria]Js. 

The barraz~os which we have.dlscussed above my also be com- 
posed of am~mber of~difforent materials. ~ Such cases .... 
soon ' aem,  ..man"be transfo~Nned :into cases for lwhlch:~th~ 
structu~ :~:is :uniform, if.we ~uso ~%he same -vlrtual method" ~whlch was 
discussod:in(Chap%orI~l. Lot us ce~sidor 'several different cases.. 

• ( 

!(442) ~iki < :k2 : 

and fat us t~form ..the-~problcm ~into ons for which we 'have .a uniform 
mtorlal ~hich-~has th~ .porcolation::coofficicn% of k 2. With %hls , a i m  
Inmlnd'wo:~fim~ at firs¢ ',.(corresponding'; to whst::has boon said in. 
Chap~r'lll !( i~ 18 and 19)) the coefficient: . " 

(443} 

~Oi . 

':0 

¸ !, 

! 

V'-~ 

.~I-~ 

FIG.55 
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- ~ ;: ~ i ŗ  

since ~thislcoefTlclont Is necessary in o:~er to determine ~seve:~l 
~"virtual dimensions, of the barra~. . " , " 

The given profile (Flg. 55, ~I) ~has ~he main dimenslons: 
(444) b; bl;~b2; B; m I, and the "virtual-dlmensions Wllich;ars 

denoted'by ~h~ ~u~script'v ~ill~bs : 

(445) 

• (447) ~ ~b v ='CT-~; ~bl + b2 ,~!i, 
• / 

. : :  

We cal~ fr.~ these :last valt,.~s d0~ign Che/profilc of the ,cqulvalon~" 
barrage, for which of couzso the slope m i remains unchanged (sac Fig. 
55, "'~ IAJ • 

)For the ~ow dotermlnc the i~ 
hydraulic ~ and porc 
above. All ~thoso ~ 
plied for ~tlio 'original .profile for ~which we did not have ~a uniform ~ 
material ~ as has,,boon shown in considor 
~that-for ," . r e  ~ l n  ,the 
original 1 ~th~t :In the ',cquivalcn~" i 
profile. ~;0 shall therefore Cake u~ this qu~tlon re. the do.;.gn c~ 
shown :in FiG. 55. 

cul~o i3 ' 

For che equivalent barrage the ocuatlon for the depression 

2 : 2 q  

a n d ,  h o n c c  in the dlvJ ~ 
i /, 

of the ,actual : barrage are obvlou~ly connoc Cod by t he ,following ,rela- 
tions: 
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V ~ I) for the branch ~ - MI_2, I. e, for x : i: 

(450) x V =dr" ~,-x 

~ ' , ~o .A . 2) fox" the branch '-*- MI_2 . M o, ;~.,,e r r x ~-- DII: 

(451] x v ~ ( T "  

If we now introduce!(450)and (451) inZo !(448) the equati0n of the de- 
pression curve of the given barrage has ths following fo.nn: 

i) for the branch M ~ MI-2 • !~ 

(452) y2 : 
k2 

2) for the branch MI_2L: M0: 

(453) 

The 

A 

The 
hand 

(Yo, io, q) as has t 
that if the dsnressi 

slml 
oquE 
s c a ]  

(S) Lst ,us now take tho .caso: of 
is composod of throo dlfforent n,atorials (s 
flclonzs of porcolation of kl~; k2; k 3 z~spcctively. 

which 
coof- 

Sinco such a case 
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has already been discussed ~in ~.18 Sn~thegeneral~dlscus~.ion'of the ~ 
"virtual method" we shall ,in tl~Is paragraph only give the dlr,mnslons 
of the "equivalcnt" barrage:ualng the ~assum. 
|rig, tha~ 

(454) 

(455) 

Cr-- 2 - k 2  

O r - 3  -- 
- i ~ [ "  

The "virtual" dimensions which obtain are 

(456) (bl) v = . b  t 

(457) (b2)v= 0"~ 2 .~b 2 

(458) ~Ib3)v ~-- ~ 5 " b3 

.(459) r'v - bl" 

u 

H LI 

I I 

, 'L 

8 
FIG. 56 
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~ : :~ 

We thus come ,to :the -equivalent" ~z 
form~ material with 'a , wld th ~:at ~the ba~:e., i~Of:.,:.P~ 
barrage we ,Re• te rmine the quantity~ ~, from the 
we o b t a i n . . .  ~ 

.. 2 h 2 o, 

~ . . . .  * -~' :water :and. the. ~tail ,water wher~ ~H u and ~h o are .he ,depths~of ~tho head 
rospoC,tivoly. If :h o = 0 ~wo h a v o :  

• 2By 

We. find .~tb~ 'percolation discharge ~fr~n (460) :or i(461.) :know-, 
Ing th~ '~ercolation~'cooZfi¢iont !kl ~. .We ~%hon~plot the-doprossi on-.'curve 
in the ~,oquivalont" ~'barrcgo .:for ' the c oordinatc -axis OXv ~and : OY fr°m ~" 
%~e. equation: 

]~mn ~thls ~wo can:oas~ly transfor~tO tho!~de 
profile ~ by ~using/.tho ~ ..method of ~tho ~dis tot 
show th~ :;Shape ',of :this depression .~ curve, on ,~Yig. ~56., ~,wi~thout going ~;into 
f r o .  d o ~  ~;of-~tho, c c m p u t a t i o n ,  

again :is .:ea~pos~~of ~%hroo .:different .ma~ '7.i ) ::i' 
.~ porcolation.:a~fflcionts of :tho.!%hre 
respectively. :amd ~wo :~Turthermoro :assume 

,k 1 ~ k 

iii I~ ~. - 
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H I 

t6 HUl -- " ---..-----'--m 

HG, 57 . - . 

follo, lng virtual dlmensions of the barra6e ! (see,~FiC. :5 )., 

| 

,.0 

(464) ~;i b v : = ( b2),v ÷ !( b3 Iv '- "Cr': sb2 +' C~ zb3 

(4e8) ~'Bv = b y  ',÷' mHB 

valent" ':bazu%~6e ! (re 
tt we ~, can OhtaintSthe ,percolat 
shown in~36. ~Tho transfer 
is ~ado 1in '.~the ~same m~nner.a~ .... 

~the .equi- 
and ~for 
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We now 'turn ~to iba~'Tmges with ~dralna~e~system,:and :shsill ~take 
up ~wo dlfferen~ cases: 

(i) 
in Fig. :68. If 
earth dam as given in Fig. 38:~(Cha] 

r~ 

percolation there is no difference 

use what has been~said ;about ~ho : construction :of tho ~depression ,'.curve 
In ~29..Without any~change,also for '~the prcrscnt,probl~m, i,The no. 
tatlons ,used on Fig. 58 r'hav, 
The hoigh~ of ~he b 

,,, arrage/,i~ he precodlng 
paragraphs, done ted ! by :H B . .... ~i! 

(2) ~Wo~now shall tako~up~the-casc~of aL:barrago with lower 

:I 

.... ,r i : 
I 

~FIG. ~159 
....... X 

wedge and dral 
wedge has,no m 
leered in the 
wedge. Duo ~o 

@ 

equation: 

(466 } q_ HU2 
k" 2Sdr 

We as.sumo, as~s ~ho~m in zlg.'~ 59 thaZ :the dol~tn" of the percolation 
flow above ~tho drain pipe (In the soctlon Wdr ] is zero: 

1.51 



| 

: = 

and obtain o 
~0 ?~ directly ,from .i(466) and "knov~ing k ~ 

If hdr ~0 r:O flnd from !the same:equation 

(468) /i-- Hu 2 -:~hdr2 

k ' ' ,2Sdr 

2~ , : : 

in which hdr may or may 'not bc..known ~boforehand. 

The first case 
an%olc if water is below 't) 
neglect . . . .  the hydrauZic res! 
CLISO : 

.... O. ox- 

c&n 

_his 

(469) :hdr = he 

(no special Fig. ~givon.) 

In this h o iis the depth of the ~tail ~vatc~-, direct!v: do~~nstrcz~ f1"om %he 
barra[~e. From equation (4,5~'):~ 
q and q_. -~ 

Th 
we want ~to c 
or the other 
the Droblom 
analogous ca 
solu ti on -;i~ 
no upper wed 
the discussi 
hdr we :then , 

~0 L: ~- y~m (see Fis. 59)is ~l 
the present case" !las thc form: 

can no:~ diroctly obtain thc value .o:f 

• and dr~in- 
I :;:hich for 

(470) y2 = Hu2_~ x 
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~;In ,,which :,~ .can be ~given ::different 

.e a , =  

values~wi~thln the:,,limi'ts: 

'<~ ~$9,. :,;i~ks "to :The ;~ercolation :of -.water ,through ~ear, th<dams 
__under theieondi~tion : of a 5.o~ered': head ~water ~;levei. 

!.we: :-shal'l ~clos,  
whole dlscussiOn,of our  th, 

/ -  

,:~.tnote: .:Thoifollowing~chapters,!~V/I ~and ~II can  ~y  t h e i r ~ g e n o r a l  
: m a ~ , i ~ b e  ; ~ g a l x l e d  :as ~ a - : c o n c l u s i o n  isinee :no ~ u r t h o ~  ~hew :cases ~ of ~pe~ 

. .]~t~9,n(o~ w a ~ o r  '~h~oufih ~oarth:dams ;arc  , :d i scussed  :':.in ~ h ~ n .  1 -~ 
The ( q u a a t i e n  ~.Whlch ~wi~ l  ~bo" ~d l scusaod  i b o l o ~  i s  .~,tho ~percola't i 'on ~of ~wa~er'  
',through ~(ea~h~~ams,:.whcn 'the ~head w a t e r  :does  :~no~ have  ii~,ts ~ t u l l  , ,devth .  " 

m~n ! Chnp~or i~I l i t  ,:has ~been ~ c -  , 
,::tlo= ~(W)~bO,~Teen ~tho~,Uppor wedgo ,, a~ am 

~:~o ~bo ~ e ~ c u l a C o d .  ~ t r ~  :the:: ,co~dt~iO~ 
:._.a~ : , ~  ::i~ ,:~!Xo ::~ a d d i ! ~ i o n n l  he ight<{  

¸ , ¸ I ¸  

,FIG.  6 0  

0 
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from the 
Stream :iz 

~ t i o n  W 

o •,notice ~hat ~:~he ),point :where :the !head ~wa~er 
~e ;upstream face is ~ more !or less ,~far :removed 

~tho ,gi~ 
soction:w~th/"a:~cortai 
corner of ~tho (dam ~to~ 
:head 
of ' : , t :  

, :the i llne :W is ::~rcmoved down- 
us remember What has ~been !sai~ 
~cation of ~he~di, vision J see- : 
re:curve. Wenotice that)for 

h o ;  ~ dlv.islon 
~upstrsam 

L0h 
O 

C~ 

k ̧ 

tWo,can ~add to :~t'his :that ,:a full-dopth~:of ::tl~o !head 
watar, ~'~n the:case lhan an 
dam : : i s  dol~andod, ~thc  i h o l g h '  
for ,tho":ordln6ry design. : L  

a locationl;of the divislon)line like :in !FiC. 60 i(:'~i) and 'not like ~in ~ 
Fig' 5 (W) -f ~ho depression curve sha!l~bc computed. 

i We :shall noT; set up tnc system of percolation ¢ 

a homog6nous :earth dcm under the conditions of lowered:he 
• level H iIFi~; • ". 60),.., . . . '  I~ is obvious ~that,. . e q u a t i o n .  IYI of tlzc system (4!) 
romalns iAnchangod ~Ecualion II is chango~ ~(uslng the notations of 
Fig' ;60) into: . . 

P 

• ~ : ~ . . . . .  

,(473) q -)H2~" ~(ao +),hO!~ =:ill2::' :,YO~ 

" :  %2~i " : 2 ~ H  " 

Equation t V, which is ob rained :from purolYigoom0trical relations ;i~:~ ~ 
for the given case: : :~ 

 (4v4) 

' i' i: ̧ :̧  :¸'I_ 

H 
I ' 

! 

FIG. 61 
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Q 

:J 

In which b H is %he width of the,dam at the~elevation-ef the :head 
water level :at depth H; i b H is known and equal,:to: 

(475) ' b H --:b .@ (m/@ml) d 

using the :note.tions ~o:" ;,Fig,.~ :60. 

~It ~emaln.~ co ~set up ,:equation I for the 3 
shall do this ~in.a,,~.o ~,iewnat more dotai'led manner tl 
For this ,purpc, so ~wo uonslder an 'arbltra~/~flow -element, (see Fig. 61) 
wlthin the re6 s~mo,:llne of 
reasonir~g as :~ 

flow elo~mont ~for " " - is oxuressed 

z -- . . . . .  .-... 

Footno .',~: It ;is ~noccssary to ~go ;.baek;!g6 ,~D ;4 !and,:,remomber "the, doriva- 
u..O.Tl given :thole. .,;. ~ , 

Footnote: 

The :length of tbc separate ::flow,element, {Fi<. '61) 'is/equal 
t o -  

The :notations ,.:a, h which are :shown.~in ~Fig. 61 can 
also be undors~ood:;froL~ ~ sald in .Cha, pte r I. ...... - 

f t' .... , .- 

(476) z ~cotan ~ =.mz • 

The cerr~sponaing~hydraL~ic gradient,is: 

(477) .,j=,aa_ 
~mZ 

.. '. 

and hence ~%ho:~eloelty~:of,:pereolatio 

(47e) 

(479) 

The,elementary porcolatlon dlschar6e Tot thiz: is: 

dq = Ud~,, = k_a dz 
F~Z 
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and the total(dlscharge: 

'H 

(480) -q = k--'-Sadz = 
. ,/ ~m~z 

i. 

whe nce 

:.(~l .~(i (4sl) : . . . . .  

k -m 

El 

or nin';e 

(482) a = 'H:~- h 

(483) 

k 

-40. , ~ o n .  1,~% 

.'AS 
percolation ~e 

:I 
k m' "---'--£: " : ~H .- 

= - 2sil 

a 

IV ~ = ~. ~÷m 1 

the four~ 

is: ' 
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/ 

cor~e~pon~ 

I 

r• ••••L• • 

in which we have. :,~o ~ a , b e , ~  ~ho.~ .~ao ~ia the ~helgh~ 
t h e  depx~sslon curve :~leavos ~tho : d m m s t r o m n  ~fa~o":<abo 

i ¸ ~ ,  

'L° " • ,. 

~leh 

~ n  o g u a ~ i o n  

~.dueod t%o 

: ) 

. • 

F f G .  62 

E L 

15"I 



',.if, 

~ Jm 

..,., : . 

m V! " .... 

and .tho .upset 
tho -vortical.:, 
of ~the depth H. ' .  : ...... .~: 

-I %,Is "obvious. that' 

ho~" O) -%ho~'foLlowin~:,systom 

i . . . .  j_ 

,x! 
/ .k, / ¸ 

II 

(485) 

Ill 

. 2 

3 

2~ 

" IV - S x ! =  bx'~+ [ • 

and ,for ho = 

~n 
k 12s x 

IIl ,q._ ao 
k m 

.Sx ='bx + m I :(H x ;.,ao) 
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:i ̧ ~i 

E 1 

1 

| 

wl 

(4se) 

'i,:~ne ~Intex-med~ 
Q a ~ "  

: ~ i ; i ~ ; i . ~ : , i ~ i ~  ~ ~ .  !i!:.i.~i~ . . . . . . . .  ~ ......... . 

; _ ~ i ' :  ¸;¸ ~ 
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41. Method~ of ~,rol~resen~xng ,~ne ,,,ceprQs.~on ,curvo ,:a~ 
straight ~line. • 

~In th~s~'chapter ::we shall dis( dot 
the depression curve whlch~,woro reeom~ondod ~byother<iauthors. 
soe~ns Justified toanalyze those methods on the~basis ~ 
theory of the wholequos'tlon~whlch ~was~dovelop ed in ,,th 
tors. Lot us at i'first Ltako up a method ~which u~p to a: 
boenlwidelyusod~in~Amorica as well'as~in/S.$.S.R, and is ~i~ 

rmlnln ' 
! I , t  

is ~in ~f~ct~ovon ,, 

This  mthod ,rlcan 
handbooks for.~ the :cons ~vcr ~into 
the Russlon hydraulic llt~raturo and practieo wlthout~nny chan~es. ,. 
The method is :basod~on/tho :~i;followin~, condltionL-or ,,rathor hypothesis: 
In a~ homogeneous ~. e~ foundation ;tho ~'"llne of 

saturation," i.e° ~,~ ,n f 
tho inclination ' of ;he 

D 

Footnote: This ~Is~exaetly~ 
in tho-well-kno.'vn,!~handhook: 
book, 
dopros 

| 

this ~ handbook i( about :this 

,, , ~ , ,, , ,, 

In the >~uorfcan i ( and ihonco also 
"llno • oi~ saturation" usod !for~ 

according toT~a ' highorcor: Icsscr dggroo: of !imper~ou~noss:!Of i tho i dsm 

material. ~~"t , " 

Hence ~for a glvon ~dam profile tho "llneof, saturation" can 

have dlfferont :l~o~itlons • (Soo ~Fig. ' 64). 
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~/FIG. 6 4  

(1) : iPos i t i on :M-K ' , ~ f o r + w h i c h  t h e  d o w n s ~ r e s m + : f a c e  ~!ts i l i n t e r s e c  t e d  
a t  : t h e  :mpOint~K ' • 

(2) ~Pos i ' t ion~M'K,  + f o r  which~+the d a r e , f o u n d a t i o n  ~is  ~ ln te l - sec ted+~a t  
the~.,po+~nt ~,K, - . 

• :~ {3) ~£n:~intexmediate ~ p~sltion:iM-Ko ~ (spec lal ~ ease) .~for .which ~the 
• l i n e •  o f  ; s a ~ a t i o n  "~ g o e s  t h r o u g h  t h e  i+point ~Xo • +~In o t h e r  ;words ,  ~/for 
o n e  : a n d  :+th6 i ~ m  ~;/dl~m p r o f i l e  a l l  t h r e e  : ; m C h a r a o t o ~ s t i o  + ipoe i~ ions  ;of  
t h e  ~ -+ l ine  +,Ofr~':+uttl~'at i on -~  a r e  p o s s  t b l e ,  + m~d • o n l y  'lthO .+ n a t u r o  :Of t h e  
m a t e r i a l  +of ~++the+:~dmn;dotorminos w h i c h  o1' t h e  t h ~  e a s e s  ! w i l l  ++exist 
i n  ~ t h e  ~glv~n/~a:~+st~ucture • T h e  i p o s t t i o n ~ M - E  ~mls ~ r e ~ a r d o d  ~;:aa +.~he;"most 
4esi1~able;~.:peSi~tion./+!0f ;-:,the ,llne. o~ :; saturation" .+and seems ',to be nOCOS- 

Ly 

- ¢  

:+S  

i lo 

L" 

• mWl~ht~" ~tho ~ i ~ i ~ p T o f i l o  z~ a~d d o e s  n o t  ++ i n t o r ~ o c  t ~ t h o  d o w n s t r e a m :  f a c e .  
~mS~+~ : ~ l d  ~to~ithon~.~ o l - i i g i n a l  ~dem p r o f i l o  t h e  ~ a r t s  w h i c h  ~are ~shown i n  
Fig.~65, a s l t h o + S h ~ o d  a ~ a s .  

~f~or~+,havln~ p o i n t e d  o u t  t h e  c h a r a a t o r i s t i c  f e a t u r e s  o f  t h e  
"toothed OT ~tho:;s%~ght llno~depx~sslon curve" wO ~hnll dlscUS~ ,, 
~x~al cQnp~Tison++be~wson thlo method and the theory developed in this 
book. Wo shall :l~It:our dlscusslon ~o hamogone~la earth dams, olnco 
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• ~++.~+~+.++,.  ~: y • , . . + + / + + + y ,  , • , + , . . +  

+ - + .  ~ < .  , 

_/....++ 

+., 

m ! 

! 

A~ 

the -mathod  o f  the  " s t r a i g h t  ! l i n e  d e p r e s s i o n  :curve- :  was . s u g g e s t e d  ~us t  
for that tFpeof.earth dsm. 

+ 

'Footnote :  !On t h e  a t t e m p t s  o f  us- ln~ thi 's  'me'thod+for dams' w£~th a I c o r e  
.wall we .shall. say,a few words in ...~. ,.4.3,,. + 

'The !hyd.raullc ~method of analyzlng .the •percolation flow In 
earth dams, ,which:was devaloped~by~us, leads ,'to' %he ifollowinE,con' 

B 

I 
/-/u, 

FIG. 65 

Lot us..soo now howtboporcol~tion+coofficlont ~ . . . .  

Usi.v~ th~ n o t a t i o n  

( ~ )  C r = ; ~  we f i n d  t h a t  

( ~ o )  q = k .% 
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not be determined at all, since it is ~n 
depth of the percolation flow one can write the ,~ener~l equation for 
the discharge q = w.V (the de according to this 
method chance from in the thepoint K or to 
some finite value in the pointK', see Fig. 64). 

Thus the fundamental conclusions mhlch we drew from our hy- 
draulic method of solving the percolation problem in earth damn are 
contradictlng the •basic conditions of the "method of straight line 
depression curve." 

42. Discussion of the "straight l i n e  d~prossion method," 

of vlow of the logic of the hydraulic reasoninG. 

(i] We see fr~Fig. 64 and 65%hat the cross:~L~ 
to the ~orcolatlon flow decrease (in the dovmstroam 
hence the volocitlos V must increase. But tho~Incroaso of voiocitiou 
demands also an increase of the hydraullo gradients aion~ the flo,~ ~ 
~hilo accordin6 to the Given method wo have a straight depression 
line whlchfrom %he hydraulic point of view should result., in a con- 
stant velocity of percolation V along the ~;holo percolation flo~;. 
Thus we can find a hydraulic inco~iatoncy alroadyln the ~bcslc as- 
sumption of a strai@ht deprossionline. ~:this it becomes clear 
that the deprosslon line ("line of sat~uration ") in a homogeneous earth 
dam c a n n o t  be straight, 

(2) Astlll more crq In %he 
foliouin~ ,IdOa" of ~ho I t 
position of the doprossi, i 
~:ardod as the most advan necossarTifo 
of the dGm--tho position Fol" this .it 
fled ~to susk oneself" the-, ;he po~colatlon~flow has 
roached the point K, what happens to it afterwards? The flo~': caru..ot 
be "sv.allowod" in this polnt K, since there is no t 
point a~d the foundatlon of the dam eis supposed tc but 
the flow can also not move onward, slncc accol~dln6 to the sssumptlon 
of the dlscussod method the straight llno ~.-K represents the uholc 
flov; (FIG. 64)~ But this llno "ends" for sc~no my:~torious reason in 
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the polnt K and beyomd the polnt~K ~- 
gins (the main characteristic of th ~o 
through" the downstream faCe,of the dam anddoes~noteven"approach " 
it). Thus the question asked,above is net answer within 
the boundaries glven~by the method of the straigh slon 
curve, ~ 

In reality the percolation flow will not behave quite as 
politely as the authors of this method want it: After havlngrcached 
the point K the flow has zo move on In the only posslblc dlroctlon-- 
the directlon towards the tail water, with an outlet on the downstream 

!. The poeitlon of the depression line M-k is simply impossible-- 
that is the only answer to the question asked above. 

(3) In the discussion of the last polnt we had~ass~ed that the 
depth of the water directly below the d~ we: Let us 
now take the case when ho~ 0 (Fi~. 66). ~ of the 
dam is colnparativoly impervious the "llno of saturation is steep, 

FIG. 66 

according to the adopted method. ............................ I,I,K '~hich • 
is shown fc~r h o = 0 on Fig. 66. But if we no~ assume that for the same 
dam ~i.e also for the sa~o:matcrlal of . . . . . . .  
risen for some reason to a depth h0>0, 
draw this "straight line of satura~ior 
llnc will be less steep than the li~e 
the dam is made has not been changed. Doir~ ~his~wo find 
duo $0 the rlso of the ~ailwator to a depth he the percolation propor- 
ties of the dam material have for s~ae unkno~tn reason become decidedly 
;VOr~10. 

Of course there do not exist such reasons, and the above 
said ~aln only reveals the logic inconsistencies of the here discus- 
sed method. 
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These inconsistencies also,cannot be ,. eliminated for,~a dif- 
ferent manner of,drawing ~the s~raightdepresslon llne for the,~caso " 
of ho ~ /0: If we. draw the illneM.p ~(see,iFig. 86) ~for,the .u~per 
and middle  p a r t  of ~tho p r o f i l e  r.ln,accor~8~lco wi th  :,tho~!percolation 
p r o p o r t l o s  ~of the. m a t o r i a l ,  and ~from p on !~ho :hor tzon~al  ~.stratgh~ 
~llno P-K e ,~ which is ;on ~ho, olovetion~ of ~tho tail ,wator.".lovol ~tho 
question arlsos: Haw,~Is It ~possiblo ~that -~ho, porcolatlon ~flow ~can 
move to the, rl~ht.from polnt':P ~,;slnce,,tho hyd~ullc ~e~dlont thoro ~Is 
_zo~w@., It is obvious ~!;.that lu~h ~;a~movcmont ~Is ;not possl~ 

pl~eo P-K' ',may ! have. sow ~: elope) ",the 'llne ';of saturation has ,i~s !.b~oak 
a ~ t h o  p o i n t  p , : f o r  ,whlch~in, a~homogonoous ,earth:;dem~no oxp lan~t ion  

tovo r o an" be ~ : l ~ n .  .Finnlly-~If wo could, havo ~a ~stralght ~saturntion 

stxwem elde. If those two saturntlon llnes:would~havc:a,:somowh~ iloes 
s t o o p ~ l o p o  ~thoy ~L~h~ tn torSec~ .~t a potn~,C. Buti~it io 'obvious ~:that 

,pointed out d i s e r o p a n c l o s .  

. : r  ̧

d 

m 

, IP  

• | ~ . - ~  . 

I ~ G .  : 6"/ 

I ~ n c o  :. w u  ~:-soo -~ t', 

mthod  ~,of , t ~  , "e l0ml~ht . , l lno  o f  ,. s~ tu~t ioh~.y  

of the ~,tmpo M-K ~(,soo ~Fig. , 6 4  ~ a n d  es} ~ az 
,ear th  dom,-wlt]~:alt.~s.,:;d~trus~o ~ e t o m .  
m o r o ~  s h o w n  ~r,t~'-~ln ~ : : ~ h  'an o o ~ h .  don tho 
~ ~ I ~  ~I~0:'~ ra~* F~ , th is  r.o t hon ,ob t a tn~ tho fo l lowl ,W~ re, thor  
compact, fomm~lationz A c c o ~ i ~  ,to the mpthod dtacusood herc honer, of 
of ~tbO ~hroe, ,,,elma~O~a3~stlc~ .. , positions of th'o ,do.grom'o'r.. 11'nos s'ho~:n.. .In 
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o 

The above given 1-emarks ~to the method of the ~-straight line 
of saturation" are rather simple ~ and ~lementary, but ~ ~he discussed 
method can not even stand such sllght criticism, and,we ihave to say 
that in point K (Fig. 64) not only %he "individual saturation"-comes 
to an end ," but also the last ramalns of ~logic of the authors and 

supporters of this method. 

In concluding the present paragranh it is interesting to 
" ~ (A~lo- notice that not only In:'~the 

American) hydraulic literatu t s~ount 
of criticism of the method of the .straight line of ,~saturstion" from 
a generally hydraulic point of view; some serious handbooks of most 
recent date simply avoid mcntioning this method. We shall shortly 
d~oll upon two of them. Of course there is no necessity of discus- 
sing those handbooks and publlcations whlch accept the method dis' 

cussed here without any reservations. 

At firstlot us mcntlon the wcl! known oncyclo~ 
Parker (Parker: "The Control of Wator~" 2nd cdftion ~Lozdc 
In the chapter on damz he discusses (ChaDtor VII (Section A), p. 328) 
the profilc of one of the dams (depth of water 46';~m = 
s~ream face and m = 2 for downstrcamfaco), and does not .. ) 
the slope of the depression line ~ i= 1/6 which was used as ~thc basis 
for the design, butsays that it would be better eiZher to mutually 
interchange the slopes of the upper and lower face and make m= 2 and 
m I = 4 or to make b , Parker points 
out the depression un much lower ~I 

than ~he point Ks ( 
sect the bate line 
that in this case appa1~ntly oven 
a direct influence of the '~nethod 

In 
ly mention, ( 
the chapter 
calcula$ion 
and does not 
But Siving a h 
dam~ on an i= 
the dam is t 
downstream f t 
K o (sos Fig. G4). The author adds that "such a den is most probcbly 
destroyed," and ass remedy against thls hc recommends the construc- 
tion of a concrete core in the dam body, and nlso men,ions the effect 
of a co~refully planned arid constructed dl~inagc system, 

166 " 



We shall not dwell upon the two latter preventlve means 

4 

gard t o  t h e  safety of the h~nogeneous damofthe ~iven design. We 
believe that the short mentioning of the statements of this author 
illustrate the unclassified points which will arise in this qucstion 
if we do not approach it from at least a hydraulic point ofviow. 

43. The practical application of-the "method of :the s t r a i g h t  
s a ~ t r a t i c m  l i n e .  - 

The basic practical application of " t h e  straight saturation 
line method- is clearly sccm frmu Fig. 68, and from what has boon sald 
about that in ~, 41 ~. There i t  was sho.-n how the snfct~j of thc dam 
struct o in  ro  -a to pcrColE, t ion canbo examined wi th  the holp l ot 
this method, The use , o f  a b a c k f i l l  B and the onlar~cnt of t h e  l . 
downstroam slope (iongthonlng of the profilo-in~do~mstroam d l z ~ c t l o n )  
soe Fig. 65 is ~ant, as is kno~ for a:idam profile ,in 
which the saturation line stays. ~i "::~ .... ~ot in- 
torsoc~ the dovrnstroam face .... ~ o ab- 
solutely necessary in o r d e r  to 
But in the procodin~ paragraph 
possibility of the lo~ation Of 
straight l i n e  M-E i n  IPlg. 64 an 
rocommomclod p r a c t i c a l  m 
profile { backfillod and 
have the desired results. 

d~L~ .̧ 

o ~thc 
...... hat the 

of the 
possibly 

l~arthermore such a real 
moans that the question about the 

of a given trapezoidal profile is distinctly asked and answered. 
think It necessary to glvc a smuew~at ~ro detailed discussion of 
this fallacious idea. 

We 

If ~;e take a trapczoido.l profile of an e~rth dam (see Fig. 
68) we see that if the depression llno M-E "lies within the profilo- 
(usin~ the torminolo67 of the discussed m~thod) 

J 
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. j. , . " . 

I 

..... '~L,O 
FIG. 68 

or, if,we use the :notations of Fig.~68 

(490) L "<"~ 

where 

(491) :L='~bo + mlHu " ' " 

_ _  _ _  _ ~ 

and 

k 

(492) 

where :i is ',the :slope ,of .the ii~ 
determined as ,%he ~ratio-of tho 

: w l  ~) 

(493) ~--- < % ÷~1% 
i 

from w h i c h  

easo :Is 

(494) 

am 

i ml 

t h a t  means ~he d e p t h  o f  the  w a t e r  u p s t r e a m  f r o m  t h e  dam has t o  be 

168 



smallerthan 

(495) b° 

'.,,. 

in order %0 satisfy the -:"durabillty :condltion" ': (4go),. 

Footnoto: I% :should ;bementloned ::%ha% :in ~re~rd ~%o a:neces~:~ry~(or ' 
a% least dosirab~ no Indica%icn~.wha%- 

soever are given _ . . , .-.. 

(496) :~ "b 0 
~( l imi t i~}  

: 

Fran',thls :;dep%h,wo can also find the ~corrospondi~ .limi%inE" 

holght of tho dam:'Hd % . : 
,. (limi i~)' 

(49?) lid( 

For the illustra%ion 

amples ( tablo ,,21) foz 

m ~=:ml = ;:2;u~ 
b = 5,0~m; 

d o = 1.0 ,and..2:O"m; 
i= i/3; i/4; and,i/~ 

f o r  w h i c h  (see :F ig.  68) : 

, i:i/ 

r :, , l~ 'u~rioal 

! 

b o = b ÷ {m ÷ ml). d o " b ÷ 5{I 0 
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,::. Table :. 21 

As we! see fro~" the ~.table ~even. 
so for small) of the "depresslon:stralgh 
of the dam become very~ small f~ 
can by no means reco~nend these 
the method of the straight line depression..for:,,,practica- 
We want to emphasize that they .az~ just 'as =' 

itself and the.same is true,for the:~.vory.lid, ihoig~it 
of the d&m ~ith,a trapozoidal .profile.- 

If we ~:think of: an application ~iof '. the ~:discussod mothod~i,to : 
e a r t h  dams "~" 
method  t he  
From the i n  
face we dra 
the depress 
t he  coro)  ; 
• ~hlch has  b 
terlal of tl 
lower p a r t  

(E, K', Ko) which have been shown:~i~ ,__ 

Thi s  m t h o d ,  w h i c h  ! i s  s ~ t i m e s  used  ~ lc~ l  d e s l ~ n -  
i n ~ ,  b u t  i s  n o t  d i r u c t l y  m e n t i o n e d  In  i s e r i o u s  

d o o s  - n o t  c o n -  
t a i n  any a d d i t i o n a l  inconslstencies besides ~thono w h i c h  :~have ~,a!roady 
b e e n  m e n t i o n e d  i n  t h e  a b o v e  d i s c u s s i o n  o f  t h e  a p p l i c a t i o n  o f  t h e  
" s t r a i g h t  d e p r e s s i o n  l i n e  m e t h o d -  f o r ! h ~ n o ~ e n e o u s  e a r t h  dams.  We can  
o n l y  p o i n t  o u t  t h a t  t h e  l o s s  o f  head  w i t h i n  th6~ c o r c  can  o f  c o u r s e  
never be calculatcd by enydoflnlto ~-and-woll os~abllshcd method as a 
cortaln porccnta~o of the whole head within the dam. If therefore -In 
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some ~hydraullc handbooks, we~flnd.:that a ~:co~ 
clay-cement has a heed "loss ~of~l? .per 
cludes a two fold misteke. In"~.the ~ft: 
per.%s .which wasTormed by the-S~ninis' 
velopment in ~NewYork'detormlned ~%he loss ~In 
Now Croton to i.be .~17 per :/cent of ~%h~ d e p t h  :~Iz 
, ,, ~ , ; ' , • "~ ~,, ., _ 
Footnote: "S~r;:..~.or. e~--~le.:.~-sell.'. _ .~ -. .. s booK. "Ea~thiDemS"~X~17, ~l~e~6~.i ': . 

of"ro~k fill" ~:and not ' . r o l l e d  clay" or""~la~ 
is obvious that ',,%hobhead ~loss.in..the-.co~/i~ =k- 

r 

have boon discu 
application :,of ,' 
mako a hydraull 
any given condl 
tlon is quito>e 

~.The a ................... 
the reador P- 
pllcablo :.fc 
of  tho sang 
The Impossi - ~ -~ 
hoed loss in .the ':coro..~of ~.~ ~,ic ~dls- 
cussed mothod for these ~cas, !iwhloh 
it has for %ho ~ ha~oGonQous, earth ~d~n ~ 
tony be, ono still ~ can ~cons%ruct i%ho ~"s 

only 
is gi 
oxamp 
actor 
body 
slon 
tho d 
tho d 
propo 

o 

(slopo i). But 'this doos no% :yot and 
If no .~artlfioinl ,dralno~.o is preson%, 
belo~ tho damis~h 0 = 0 such 8 dam has 
neighbor hood of tho~polnt N (tho •disc }:; 
but for that ~ case tha :,freight. d~3presslon ~:llno is .not. drnwn ~to ~.thls 
point but elther:hl~hor or lo~or~ depondin~ on %ho mntorlal~of ~tlm 
dam. 
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!~IG. 69 ~ ;~ 

In connoc~lon wi~h the last question we 
wc c~n by no moans ~groe ~Ith Prof. N, Y. A~niQon 

Foornote: ,eco - i io=. I g z 8 .  

"In successfully werkin~ hydraulic structures one can assume ~hat 
the saturation line ha~ ~ slope r.hich~Is: steeper than t] 
straight line MN." But in factl , i f  wolhnvo to %aik nb~ 
saturation llno" t~on i~ can only 
than the line M-N, since for a sto 
rain a line of the type I~-E (irl~. 
impossibility. 

hydraull c stoic 
changes "method 
discussed in th 
based on the v~o 

(498) B = c'Hu 
• i ¸ 

whore c is the kno,~ ccef~iciont cf Bligh. 

The fact ~-Ion~ thr.t Bllgh developed this method for the move- 
mont of undergrom~d waters under pressure ~d bo!ow ~h)~Irr.ulic:struc- 
turos, o~ud not for the mevomsnt ~ithout pressure in tl~ body of o_u 
earth dam is not sufficient ~o discrnnd the above mentioned method: 
The latter could have bmon regarded as bolag correct if the method of 
Bllgh itself ~.culd be corred$. But o~ror~y in 192£ ue have~arofully 
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A 

d i s c u s s e d  B l i g h ' s  m e t h o d  and  have~: s h o w n  . . i t s  f u n d a m e n t a l  i n c o x  
and stm~narized our opinion in the following wens:' 

Footnote : N. N. Pawlowsky "The :Theory of.::~ 
Waters Under Hydraulic Structures-.~,?~di,tio: 
ation Institute 1922, p. 741. 

"The hypothesis in regard to the 
used as the basis for the m~thod 
this hypothesis 'the theory of the:pathof 
the contour line,) is in ~its naturb ~ m n t i r e  
not ox'Dlainablo, materrmsticallv,~imposs i 
inconsistent; but the two cenzral ideas 
method (the line of:thc distribu' 
the hydraulic structure, and the 
lcngth of tholr underground cent( 
wcll as experimentally disproved., ~-~ 

~or 
~nown 
88 

After what has bc 
completely fallacious also 
it is noccssar-j to say any, ' ,  

do not .~thlnk 

In conncction wit %o~hod 
we h~ve howcvor to clarify a mlsundors~andln6, und- 
in~ of thi.~ question r~ay arise for the reader because in~hls book ~ 
"Hydraul~Dams" N. J. ~.uislmow(2) refers ~ho reader toone of oar 
articlesL~) 

~-~noto (2): "I~vdrau!ic Dams,' 2nd oditlon, :Roprlnt ~S, 1931, pag6 .... " 
114. 

Footnote (3): "On the Dotc~,~ination of the thickness of the Charmol 
Bed; No. VI, of the }~llotln of the Sciontifiq Molooration Institute, 
Ig23. 
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for the purpose of acquainting the reader withBligh,s method of determin- 
ing the thickness of the ichannel. ~He does~thls in.such unclear terms, 
that the reader may conclude that the author of ~this<book is a supporter 
of Bllgh's method. Therefo point out here that 
In fact our dlscussion of~t mmed~paparls~in no 
sense connected eoxs,~of:>tho path~of 
percolation") no ion of the thickness 
of the tumblin~ serve as a~moans 
to gotacquainto thlcknossof ~tho 
tumblin~basln s hlsto~icalnor 
from any~other point of view. 

That ~this Is true will be easily<soon if we remember what was 
said in ~ the respective article. By the way already in the first paragraph 
is said: "Lot us assume, that throughout the whole further discussion we 
shall regard the pressure* distribution under the tumbling basln as already 
being determined by som c since tho~below given rolstions canlbo 
anplied for any existing, . the prosstuo distribution"~ for oxamulo also 
for the stlaizht iino iaw (zero co~roctl~,--~v; 
more rough assumption of a Constant pressure unf 
(tail race), equal t Ln, or, at last 
the more complicated -r. oct--law at 
which wc arrived in 

Footnote: We have in,mind: "The theory of the movement of underground 
water under h[draulic sZructuros--1922. 

If in concludins we return to ltho method of the "st~,i~t 
V" :~ saturation line', ~ lla ~ ~o polnt out that wo think its critical dis- 

criticism so tha1 It is not 
its rcal value. Of course i 

;ical cnK~inoor to Judge 
represented a certain 

This "experimental construction,, 

Footnote ~(2] : See for example N.I, Anlsimow "Dams, First Part.- 2nd 
edition- 1928 - pp. 19, 20, 21~" 

is in this field as we~l as in other flolds of construction so expensive 
and involves as a rule a great loss of material, money and tlm~. 
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Therefore we have 15 years agoi~f ound,~'it necessary toacq ualnt~the 
eers wlth zcellent !book 

Russian hydraulic engin ich at that 
of the American e n g i n e e r  l ~ s s e l  
time among other thins also the~di scussod method islpresented. 

~ S e e - : m Y  translation of :the book ',Bassoll, ~-~. rth DsSms" 

I91V :, ~ .... 

But as we have:tried:to point out!this moth Od~has n~ %o: 

So far as it is still .~x~tain°d~In~°ur :own 
have to,say that tho ,,practical:engincors'l 
rain the imposslblo, that the on~inoor-roa~= ~o "~T.,'-Ljo 
attempt %o obtain aTsaturation !line which stays within ~n dam bc~yF 

when no drainage is provided for. 

45. Th_.~e~influcnco of the width of the dam crest on the 

porcolationflow. 

The engineer who designs an earth dam ofton wants%Oi~OW 
what influoncc a:ch~nSo of width of the dam cros~ ~'sloPes~ 
of thoup -raPid do~wnstroam~ facos mlght~havo on:thc )por- 
colationflow in the earth dam. After we havc closed;our:discussion 
of the -strai&htsaturation lime" method we theroforo think%hatlt 
will bo worth while tc raulic disc ussi°ni°f~s~° ~poln~s 
of this method, and wa wo:canin the :courso~°f~ith°s° 

arrive at~acmm practical results. 

The locationof the dischargo point~o~ .... -re 
~" 'irst :chapto~ 

Mo (see for oxamplo Fi, 
has boon shown by~tho ~hich~sh~ ....... - 
the relation~iven in !):~ ~~ • 

for which thc meanings ymbol~aro ox~ 
From oquation (g6) .~o (bo): 

bo = b + (m +ml) do 

so that 

a o = - 

. E 

-! 
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From t h i s  we can express t h e  :~Influence of dnereaslng t h e  
width of the crest beyond :b. On the quantity a o bydlfferontiatln~ 
(499) with respect to b: 

( 500 ) de° ~ 
db 

i.e. with increasing crest width the "dlseharge poln~" %is ~lowe:md 
(and vice vers~), but their influence of an ~inc 
groat (for practical case o thls c . . . . . . .  - . . . . . . . . .  

the numerical values of b or ~II. 

Thus the increase of the crest width of %he Ldem~can not 
be rocc~nnended as a practical means of lowering ~tho downstream part 

of the depression curve. 

Footnote: As is obvious from the discussion this ~rcsult pertains <to 
earth dams without cores and without an upstream protcctlon layer 
(clay puddle). If we have a core as a protection ~layor and :Its~wldth 
is inc~oasod then: the head loss of the percolation~flow~wh~ich~is 
caused by these part~ o f  the dam • cam materially lowol- %he Jdovras t r~am 
part of the depression c~ curve 
in its downstream part cc ms of 
Ohaptors ~ I I I  a n d  :IV, ~. 

be wider but, only a do~,mstr~am backfills(sou Fig. o 
according to the systems of oquation~. (41) and 41") _ f 
the dam of course the quanti~y b' enters th~ cquatior, of 
the fact whether ~tho nholo dam is made zidor, or only 
used ~hlch :has ~hc stone slope Of its lo;~'or pa2t . as the d~troam 
f a c e  o f  tho dam { m l ) .  ~ ' ~ - - + - -  ~D' - ;  " 

m . . . .  

/ 

FIG. 71 
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F o r  t h e  l n f l u e n c e  ,' o f  : the  c r e s t  w i d t h  o f  the  :dam o n  ~he p e r c o -  
l a t i o n  discharge ( q ) . ,  we ~ind from equation 8 ° ~(~able 5, hapter ~I] 
similar t o  (~00) : 

d 
(50Z) --- 

db ml 

for lth~ case Of hO;~= O. For :~he case ho~ 0 we find from equation 

i0 ° ( table ~:4. ) 

: (~a)  
db ,~ k /  :~ ,\=: ~/ m:.: 

in  whiOh according, t o  equation (~.~) 

80 

an~ :hence  . f o r  : t h i s  ~,caee: 

J al 

• ".Fl'1~n~the a, elatlon8" which we :.obtalned ~In (501) -we *:Bee that 
: f o r  h o = ,~0 ' the  : ~ n o r e a s o :  of  ~tho rC~Bt""wtd'~h ~ O~ the., dam : ao rves . - . a s  , c o u l d  

fltmnoe 
is still ~j 
so ,  s i n c e  a a c o r d i n g  :to ,i{50I) ~:.tho ~ c o o f £ t C t e n t  , / ~  ~!i, 
t ~ f o ~ - o  a :~mpoa~ ~what w a s / . s a i d  abou t  . the -.prac: 
Ing the den .:'.a~mst . ;for ~l~wol~Ing t h e  ~"dischs~go . .point"  ~ also : f o r  d i m i n -  
i s h i n g  the  d i s @ h a x ~  ,,quan~t~y. 

The sesno :is . ~ u o  a l s o  : f o r  t h e  c a s e  ~ho ~ O. i~We c a n  r e w r i t e  
e q u a t i o n  (504) i n  .tb~ f o l l o w i ~  way: 

C. 51 = - ÷ 
dl~ m I ao + he ao 
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t n w h i o h  aooozdinstO;.(2): 

Yo = ao~+~ho 

and hence:  

° io 

in which of course 

C 

¢~',') yo > i j 
~o 

I 

J ~aoJ . vo 
the brackets of equatlon i(506) end compute a table of the~i| =-~-:~ v~ues 

(see table 22)~, wc see that %he numorlcal values of 

(508) 1 LYe 1 

are for practlcal ~,vsluos: ~°f Yo and ao ~re :not ~greater '%han I;0 ,to 1.5. 
~horoforo the numor£c~l v~luos of the derivative (506) 

spoct '%o b ~ill :bo,~uf ,the same 
coofflciont ~ligibl 



0 

'Tablo ~22 

ele~on%s • o f  ~the : ~ o r ~  o la~%im 

~ o r  ~,~. d i s c u s s i o n  
s%ream faco .~lo~o. cooff.iclc 
lation flow .we again :start 

ao,= :oC~ - 

and :by dlvldin-c ,%hrou~h,vli~h I~: 

(509) -o: I.o ,°--.) ~I 
178 
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If we want~to.obtaina general solution of ~the~questionTt 
is sufficient (I)~to :take: 

@ ( 5 z o )  ~ ~do = , , - ~ .  I 

b (sii) _-- : ~,~. 3 
nu 

Footnote: The -numerical '.value ~ of the :~ second ~term ~of,the. right ~member 
of (509) is small as ~cumpared ~toO¢ 

and if we introduce ~the .notation 

(sz2) _ aO 

Hu 

and call it the"reference elevation, of tho~dischargo:pointof~the 
percolation flow :it isaccording!to (509): 

(5i3) I = CC 

~Limlting our dlscusslon to 
compute a graph from equation J(513) of 

Footnote: ~For ~(~ho ~o) ~ho ~!ab eve ;shovm 'rciations wfl~l <on ~ ,the ~,~hole 

the slope co 
this we use 
the o(L 
Fig. 72 .~ 

(I) For a:glvnn slope of ~.thc "~et" :(upstroa_n fuce)~facc of ~tho 
d~m the dovlnstrc~.~ patter the depression.curve ~i~ or incrc~s- 
Ing.slopo coeffielonts.of~t~o "dry"face (do:~nz~r, 

(2) For a given slope of the "dr-j"Taco of ~tho:dam~Zho dovmstron-n 
part of the doprossionlino is io~;erud for incrousing slope couffici- 
onts of the "~:et" face. This second conclusion is more clearly illus- 
trated in Fic. 73 in nhich Z is plotted as a funcZion of (m) for 
different values of (ml). 
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@ 

~,to :bri If ~wo 1'want . n~ ou~":;the 
the d o p r o s s £ o n  c u r v o  ~(.downsl;z'O~i~par~ ' 
ficionts -of ,tho ~"dry" dam~ ~aooo ~,wo~,Wo can;el 
=z = z.5 ~o ~o-zoo ~or ,oon~/ao'sri'~ 

wo can ,now cc~rputo '~ho .re 

Wo can compute a :simi'~ 

oxpress~tho in%onslty~c 
presslon~'curvo for inc~ 
faoo. 

J 

Tablo23 

: for ;~ lncrol  

:~  

.0 i~100.0 i i  

3.0 ~ !.~o.o ; 

! ~i~: ̧  ~ 

A s ; w o  s o o  ~:L~A'cm~ble 123 : the ! tzmroa~o o f  o ~  ~ 
~ho d o w n s ~ r o s m  : f a e o  x ~ s u l ~ s  i-in ia , r a t h o r  , s u b ~ 1 ~ t l a l  ~ r o . l a ~ i v o  . e l o ~ t l o n  
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o f  t] 
stee~ 
the  
d e p ~  

t h o  ~___~_ . . . . . . . . . . .  

tho stability of the 81yon dam matQrl~ In ~the downs~l~ 
by tho doslro to .lowor" the dopression~eurvo. 

ns that ,~less 
~loca~lon of: 
alse ~tho 

In rogard ,to tho ~In~luonco of ~i,(m) ',a~d(ml} on i~tho i~zcolstlon 
dischar~ wo can mako use of ~tho r~latlon whi:eh: wo ~ob~alncd :tn:',equa- 
tlon Ill of the systom of equations~(41'): 

-= ak 

u s i n g  tho  n o t s t t o n  t n t r o d u c o a  ~ln (512) ,woii:havo: • 

(sl4) 

~o t 

~'0%' 

of  o 
tho 
~ v o  
e / f o  

~hz-ows s o m o  llEht on tho  ~quost ton~ of. cl~m~ b u i l  , 
If tho dosi~r~ used ,tho ~moChod ~of ~ ~he ~"s~rni~ ~uo h 
dams demand ;a vory :oonsldorablo w i d t h ' ~ t  ~thoir~b~o, and  ! invo lve  ~ 
gro~t amount'-~of- ~-ork (oJ~d. mntorlcl)~, '~ Wo ~hnvo ~ seon the~ ,. a c o o l ~ l n 6  i to 
thin m~thod tho slopo of ,tho ,strclgh¢ s~turc%ion lino",sh~id bo n- 
bout.12 + ,.I0 for s~dy mntoriels, ~:~o th i I lk  %hnt "~.hnt uo h~vu 
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said about this method, and,what we Imve showndn ourdiscusslon of 
the percolation preblemsin earth dams, enables us ,to consider the 
question ofbuildil~-sand dams-with smaller base widths. ~At least, 
we think, that itLShOuldbe enough tostimulatea serlous"interest of 
the practical er~inoerln~tho design~iof 

Yn the near~1~ture it would Be very desirable to use~several 
sar~ dams of the -shortened ~ "  (narrower base), and these woul d 

chanical action of~thepercola.tionflow on-the ground throu~h,which~i~ 
flows are not sufficiently investigatodoithorth0o1~tlcally~orexpori- 
mentally. The practical importance~ef this lack of kno~lmd~o~howover 
is substsmtlally m~nimlzed if a dralnage system is provided for In the 
design of the earth dams land In this case sand dams)~ A drainage 
system is an oxccllent~means toavoid or at least substantially reduce 
the damaging effect of the percolationflowon~he downstream part of 

the dam. 

Because of this fact the futuromodol experiments should by 
all means Invcstlgato~th 
ditlons of the commonly 
for the dam of sand material of 
this one should also,have inmi 
t o c t l o n  ( 
duce the 
s1/ch a roq 
sons of~ahe water supply. 

Imt us conclude the ~I present parac,~ph wlth a discusslon of 
the relations betwe6n ~he slopc coef~ielent" of the do~tream face 
of the h~oge~ous earth dam and the curve 
at the poln~ of~%he vertical section 
whole profile,of the dam nnd Fig. 76 

,>o> 
Fram ~ijquation (V) we have: 

(516) a-z-= k-y 

aX~ the value of the ordinate at the poln~ ~ is 

(517) y = yo= as @ he 

whence the derivative will have the value: 



(51s) 

"I g 
, P .  

0 

~.~  - -  . . . .  q 

dx o :k(ao @., ho) 

--C~ I 

/~0 

--->. 
do 

FIG. 76 

The tangent P-T :to the depression curve 
acute angle 5 with the abscissa axis 

(51o) ~an ~" -- - ~-(xaY .__ 
0 

Remembering the relatloz 
(49) and (48)we see that: 

;he point M o forms an 
Fi6:. 76). For this 

Ln paragraph:8 . 

whence we obtain for the case ~hat h o = O: 

and 

(52i) 

(522) 

(523) 

-- ' ~:~" alld honco tan : ml 

co.an ~ = ml = co.an ~" 
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That means for h : O:the contour line of ,the downstream 
tangent to the depression curve at the point Mo(the -discharge 

point"). 

this is not true, and slnco But for ho ~ 0 (see FIg ' 76) 
ao + ho = Yo we can 'write (520) In the form: ~ 

( 524 ) - ~o 
tan ~ - mlYo I 

whence 

(525) 
ml-Yo 

and henco 

(562) 
ao 

/ 

In Fig. 77 tho rclatlon 

values of Y o, and from the curvo wc soo that for 
ao 

(527) I~ 
i ! 

dlfforen~ 

~iscussed case 

That mea~ whon h> 0 tho deprossion curve ls, In its~d 
Fig. 76). loss stoop than the downstream faco of tho dam (se~ 

I 

r 

f, j/' 

~par, t, 
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and the :.me ~D 4V. The methOd ofi.Lorenz thOd~' :O~: ' :~ 

As the first, if n o , c . - v e r y " c o m p l o t e ,  atV.emp~ i<o  

percolation ,.problem I ;hc :well 
considerations we ea~ 

~e 
p 

the 

'lows on ' a ~'horlzon- 

4 

out of thodlsousslon. 

m 

| 

:o. 
Hydrmnochanik" 
in section "I" 
in soctlon 
rosis~anc~L 
obtain Zr~ ilO) : 

~ios " o f  ' : tho ~u~r i:and. l o w e r  :woo.6o :. ,,u. .... 

k 

de~rosslon curvo ,can bo ~lott~ rr~n :no .~,i -- A~r that the 

~ion: 

for tho coordlrAate axos as sho%m in FIK. ,.. 
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t a b l o  2 5 ,  i n  w h l c h  w e  s h o ~  ~ho~ s u b s t a n t i a l  ~tho i~ r~ 
p e r  a n d  l o w e r  wedge  :~ls ~ln~ ~ making.~ u p  ~ ~thO ~ t o t a l  ho~ 

c o r d i n g  t o  o u r ,  o w n ! m e t h o d  r i n  :~'~ ~1 4 .  T h e  : t o t a l  :head: ~ los s~ . i s  
- h o , t h e  l o s s  i n  t h o  ! l ip  p a r  wod - h ( s o o  :iYtg. 5) i n  ~ t h o  

m i d d l e  p a r t = . h  - Yo,  a n d  i n  t h e  l o w e r  wodgo y o - h o  = a o .  

T~blo  ~25 

Lorenz does not draw anypractlcal or theoretical ~conclu- 

it is the most important for practical problems. . can .... say 
that the given mmthod of discussion, since It does not include but 
the middle part of the dam (shadod portion on Fig. 78) and that o n l y  
unsatisfactory, can hardly be ~egarded a;~a first stop towards a more 
or less satisfactory solution of the problom ~. In tho abovo nmmed 
book, Lorenz dovotes only very little space and attention to this 
problem. 

2 ° • In his short article which was published in 
Schaffernak Invostlgatos the part of n dsm profile which is 
a shaded area in Fig. 79. /:~ 

as 

We see that Schaffernek neglects the hydraulic roslstancos In the up- 
]>or wod6e. For the lower 1~odgo (according to our terminology) the 

190 

Footnote: "Allgomorle Bauzolt~,-' 1917 ', Heft IV. When I ,~orkcd out 
my method of sOlvlng~ the percolation problem this work, which ~sas 
publlshod in 1917 in the form of a nagazine article (in Vlenma) was 
unknown to me. As we shall see further on, the solution of Schaffor- 
nek is only a very special case cf the problem ~h~ich ls in tills book 
presented in a much more c~pr~honsivo and ~onoral manner. 



. . . . . .  to our~'di< Jcussl°n in  / ~  5. 
discussion of SchaffernaP. is analogou,, to the homogeneous earth dam. 
Schaffernak has llmi~ed his discussion 

Fr~n the above Civen table 25we also ~sec, that It i :~~~-er- 
roneous to neglect, the upper wedge,of the dam. We see that. .... tho~lhOad .... ~ ~ 

losses in the uppwe wedge ~constitmte a subst~ 
head loss,of tho porcolat~ ~-oar1__ _ 

~10CtOd by sc~rcrn~. ~.~o o . . . . . . . . . . . . . .  
~llv vcx'j unlo,~ical. The author does ~no~ ~ivo any explanations in 
rn~ard to t is uostlon, but we can novcr the loss notice a tonac,~ ~ 

h q ' .- ~-.,÷~ ~ the d~m profile 1..:ais 
to "avoid" this quostlon. Thus ~'~nc s~'' ........ 
artlclc shows an upstream face with a slope of about 3:4; bu~ in the 

oxpcrimonss the models had a vortical upstream f a c e t "  

lrlG. 79 

Thus the method of Schaffe~: ~is useful only for~;this ~last 

t h e  a b o v e  D l o n ~ l u n ' ~  = ~  ~ , ;  . . . . . . . . . . . .  
one case of a drainage sY ~t°m (in the form of a do,.~stroo/n backf£11 
of pcrvlous material). For the main body~of the dam he uses Lo ronz's 
method of analysis, and ~for the b~ckfill his own~metho d. But asFc c- 
i~lly for the case of a dralna~.,e systcm intho dam the losses i~ ~Ntno 
ower wedco are vo~" ~mall or ovcn zero, and for,this case it would 

io important to Consldor the influence of the uppcr wedge, but 

Schaffernak does no~ do this. 

From ~thO ~prcviou~ ~Pag~s it boccmes ovidoJ1t ~that tho work~ of 

Schaffmrnak covers only~ a v o r y  speeisl,~;"caso .of tho much, more gonoral 
discussion of tho dlfforont, main, c harac toris~ics ' of porcolatlon '~ln 
earth dams, which have boo:~ presented in this book. 

~'lgl 

i 



~D 48. The method of Schoklltsch and~Sc~idt. 

published only recentl~ ~ we do not ~ find ~In !them anythln~ ~that i ~ will ~ be 
essentially important for the ~further development of the question ~ of 
percolation in earth dams. We shall~ see ?this !in the short raview of 
those methods which is given~ below. 

I ° . Analizing ;the 9orcolation throug~ barraEos, Schoklisch 
determines the""disohar6o i ordinato"~ of ,the depz-~ssion •curve on :th0, ~ 
basis of the postulate of the m~ximura percolation discharge, disre- 
garding the upper wedge. ;Thus we have osscntially the same scheme,as < '!~ 
used by Schaffernak. The difference between the ~two ~methods ~of ap- 
proach consists m~rmly in a different way z 
in the lower wedge. We shall thoro~ 
tic feature of Schoklitsch's;mcthod- ~ho maximum 
percolation discharge. 

The formula which Schoklitsch gives for the.. ordinate :(y0) at 
the discharge polnt,of the depression:curve is (usin.~ our . own notatlon~) : 

yo = b__o _ 2 _ 

m I ' 

. . . . .  | " w j '  . . . . . . . . . .  • . . . . . . . . . .  

! 

M e  
7- 

, F I G .  80 

In this formula II u = depth of the headwater 

m ! = the slope coofflciont of ~he downstrQam face 

b e --the .w~dth_of the profile at the olovatlon of 
the upstream headwater level. ~ 

Accordlru~ to ,what v, as said in ,~P47 (2 O) i, thls forzmlla can notbo cor- 
rect for dams and barracos wlth an upper wedge, and theroforo~wo s.bnll 
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j ~ 

;i 

refer it only ~o the case of a vertical ups treamiface ~(see ~Fig, :~),:. 

(531) bo : To ~/~ and 
m I ~ 

.... alld 
ml ,}q l 

, ~ ~i 

hence formula (530 can bo changed lfitO: 
i.,l 

=B (53s) Yo ~y 

I 

thatrmoalls we~ obtain the formula which we.derived ~In/~ 35 (4G7)~for 
a barrage with lower w~dgo for the case :.he =:0. 

For .the discussion o f  :the applleability.:of-thol of' 
maximum percolation discharge we use formula I and ~IIl~of "the equation " 
system (400) of ~ 35: 

- y J  

Ip 

(o3s) ~ O  = rely o 

whence: 

(53e) X=Hu 2 -Yo 2 

F o r  t h e  d o t o r m i m a t i o n ; . o f  t he  , q u a n t i t y  • ( :Yo) 'we ~ l~P lY  ~ h o ~ p o s , ~ i l a t o  , o f  " 
the maximum discharge quantity (doing this wo notlco the rather close ~ 
analogy to the known,postulate of Bolangor who ~prosonte ~It Inhis dis- ;!i 
c u s s l o n  of  t h e - b r o a d  : c r e s t ed  "ovoz~'lo~:). j" 

zg~ i 
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As we see from (5~6) the;l~erco~ 
function of the variable (¥o), and ;thore~ 

~.(B - " = D , o )  ~ 

and taking the dorivative of f{Yo),with ~rospootto-,(YO),, ~a~l equating 
it to z~ro we obtain: 

,,~z(yo) = ~ml(H~ 2 ' ,2 = ~ _,. ~, _ '-~Yo ) "=2Yo(B IYo) = 0 

dYo 2(B - mlYo) z 

whence: 

(539) mlH~ 2 _- 2By 0 - mlYo 2 

same as (533). In this way ~ho postulato~of Cho ~ n m  dlschargo 
quantity for h -0 loads to the same result which ~:o obtaln ill wo~do- 
rive the hydraulic resistances r~ithln the boundaries of the ]~owor wedge 
(for a vortical upstream face). : ~ 

Thus we see ~that for this ~ces( 
equation system i(400) can be replaced b) 
But the above ~eloped llne of ~rea~onin~ . r o ~ l n s  
also for ho~ 0, and ~o see thet also for this ceus 
maximum discharge is equivalent only to itho same equation I]~ of ~itho 
system (400). For a discussion of the hydruulic reslstanco0 In ;the 
lot.or wedge for the case of ho~ 0 ho.~ovor, ~e 0~-u~Ivod--in ~ ~,to 
c different oquatlon,  n~ly oqUction II of the sys~. (~SQ). 

In this .~,ay tho law of , ~  d i s C ~ ~ r n i s h e i s  tho ~scme 
solutions for the cases of ~ho~ 0 ~'hO ---- O. Thin,an noti be accopted 
as bolng corroct slnco tho prozsuroOf ,:%~-r~itor bQ~ tho d~m (ho~ 0) 
obviously affects the elements of ,~ percolation f l c  .through tho ~.body 
of tho dam: It will "press" upon ~.~ doprossion cu~ and~rcauco tho 
porcolation dlschar~.c. 

In vie:; of those facts ~ co~ s;~. ~,,~5 the Ic~ of m~xlmum 
dlschnr~o has on13 ~ a very limited ni~nlfi~n~rfor the di~Jcusolon of 
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percolation t.hrou/.,h earth d~. .wl,ilo ~thls law was polnted out by Us 
us one of the methods of ,o.lvi~ the nroblon oC "~ercolation .in ho:.~o- 
gen~ous earth da2~s at the e~d of 1927 (in our:wo_~k in the Scientific- 
Moliorlzation Institu'~o), i~ was loft out c~..~.+i~t;ily in the final 
draf~ of the ~:orl: sinc~ it ~as zx~;n:~lud as not b eir.c ~of sufflciont 
one:el im~o~t ~ ' . , . . . .  . . . .  . - once -or the solution oi the problsm at hand. 

~o. The nature of Schmldt,s book (1) on °arth dam~s is almost 
exclusively uxp: urim,antal. 

Footnote: Sq~iud: "Die Wasscrbowo&nn~. ~.Im D~kd~'o2,, ~;ion, 1928. - 

The theoretical (hydraulic] cilscussion ~mof :the dopr~ssi0n 
curve is Given very little space in the since Schmicd bases 
it on the schomatical dz'awin~:,sho~n in In ~ho s:,mo way as 
Lorenz does, thz author bases his const~.~ctlon of the doprussion curve 
on the equation of nonunifo~ movement of undor.rlrour~d watu:~s on a hori- 
zontal im~crvlou~ layer, ' " :, . out he 'refers :the inltlal depth !I u to ~ho 
vortical s,Bction 0A (FiA'. 81) which also ii~ used a:i thc ordinate axis 
of the coordinate system. Therefore the oquutlon dorivod by Schmi.~d 
has (usin;~, our own notations) .thc fens: 

(54o) C 

x = ½ - 

° 

It is obvious that this fomm~la does not :tel'or to the rcal 
dam prof.!is, but to a fictitious profilc which iS boundud ~ by ~hc two 
vorzical sections 0A a~ I~N o s, n t~:os place be- 
tween the limits 0A ~'J ^, oN~ as tl~ adod urea on Fig. 
Ol. But the author doo~ not ms] this situation, und 
only whcn he dczcrlb~s his labor,story sx~orimonts he reckon in .onu place 
the rather hazy remark that,-only that part of thc 'do.nrcsslon curve, 
which llnez within the body of the dam, should be regarded 'az being 
real" (the author regards the curvoM,[jo as such a "real" p~rt; s,~o 
Fig. 81). 

But the part I~-~ o is ml,~o noL ~al, it i~ flctJ~tious, a:~ 
tho.v:holo schcuno oi' th~ attthor, Wc shull see ~:hv, The ,,:~d~e, , OAf,' 
i s  In .roa!ity o f  c o u r s e  n o t  f i l l e d  ~Jith soil and'b~, Introduci"r~,,.~'/.~u-'ch 
a n  adaltion,:l r'.'sistancu .'~c natuz~llv Incrcas, the dro- r~ ...... , ~ , , , . ~  

u± ~ a o  eoDrosslon curve in ~ho upntr~i~. ,~rt of thu : : d ~ , ~ n ,  docr.nuso%h~ ~' 
percolation dischar:(o quantity. A:5 a consoquunco of this :,Iso the 
"discharge point', .r~ o iz lo:~orod. It it~ clear theft such a procedure 
cannot be ~u~tifiud even by ;the wiJh to "introducu :~o sufuty m/zl.gln" 
into our calct~,lutloxls, slnco ::o do no~ obtoin an-.- ":;afoty zurplu~;,, by 
usln6~, it. Furthor~morc in the scheme of Sclm~i,'~d thc point b~ (see Fi~{. 
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81) is located lower than the point A, i.e. loner than the. headwater 
level, which is impossible; at ~the point M the ~ depression curve is not 

normal to the u~stream face; finally ~he influence of the ~l~wor w~d~o 
on the depression curve is theoretically not accounted focal. (1) 

Footnote: On pa~zo 12C of his worh Sc~nied ~;ivcs tho discussion:of 
Schaffcrne~k of the conditions in the :lower wed./ 
does this onl~in connection with a rctmark ~.Pmt 
do-:,-nstroam face on the dlschar~,o noint M o does not contradict the 
laborator~ eL'pc im.nt.~ (,.ll.h %ore ~md~ ~ ~u.~ai.d.) 

Schmiod does not discuss the case he>- 0 at all. 

~nis discussion ..haracto,~u.s the Insu.~icicnc~ and artifi- 
cially of thc thool~tical schcmo of Sc.h~iod, and ~c thin]', a further ~ 
discussion of his fo_~mulas for the d~:prussion curve unnccesshry and 

the year 1909-19/.0, but for diff0runt r~asons they :;ore :;orkcd out and 
f~ 

published only in the year 1928. The. ~, o.~z~,~.rim~nt:~ ~.zr(- mnd(~ in u wooden 
flume and mainly with sand n:od,~is of n hcli ht of only~ :c%%. ~2~ small < : ~  

part of the cxpcri.~e.ntc ?;as oat'tied out .;~ ~h cla~ and mixed mntori|~ls. 
UnfortunatoljT the author does not ~iv,~ us nhoto~ra;hs ;of the OXp~Orl- 
mcntu, nor drawings of t]]u flun~ ura! i b:: d otdils--;;ith th,; oxeoptlon 
of a diagr~-~ for t)m co, c~utntion of th. prcs;;ur~.s, whic}i ",:or~: i~:azul.~d 
in 3 to 4 DoinZz alon~ the base of ~ , ~.", dam model F~,ch cx;:~ri~mnt 
had a duratiou of ~,/4 of an ~/our on th,'~ zvcraho; thu tots!" ramlbor of 
o.~-porimonts iz I00. 

%,, 

A~n =It" sue the tochnic~l [Lnd material .-/cans %thich Schmlcd had 
at his disposal ",;oru very. limited, but the ox~orlm~nt:; tho~z~elvos :;ore 
carried out nith 6"roar accuracy, cr.rcfu!no;:s and -_ttOntion. The 
author says that the =harmonic play" ~>~ the piozc~cter ~adlm~s %;hlch 
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he observed gave hi:,~ ;the-seine i:.',~ression of beau;y as if he,were 
li s tenln~, ~o s r.~sicrl i',orfo~.nance. 

We, are the last rio "tu~.' do~n such ~an :imprcsslen, but: we 
have to ;,~mntion, theft for ~ho ,.':lyon casc ~wo discovered scm:o dis- 
.~onancos in this %'rasic,,, a~ one of" thum'.iis, ,that ~the i piczomutcrs 
in Sc~iod's uxporim6nts ~ ....... ~ . . . . . . .  ~ - 'oson tho~ground 
(bottmu), and therefore giv~n;~thc, '~ outllno 
of the depression curvc, ~ ~,, ~= ~', £o.,. o~ the ~ssu~ 
alon~, the fou'ulation of the;dam. Thcsa; :onnoctlon 
with the a~,mllnass of modcl scale [the h _ --~'8'<C~,) do 
not allow us to cerise.re the theoretlcal~dorlvations:of ;:'tl~o :~u~thor with 
the laborato_~y experiments.which .he carridd Ou.t',.,'a~1~.~,~hlmCh.~iniii'othzr . 

respects aro very inst.ructlvo. 

We c,an add that .th,~ methods Of Sclioklltsch and Sc~cd~do 
not consider th~ canes of oarth'daras wlth integral core ~all~or:pro- 
toctlon layer (-clay puddlc)" or:draina6'o =qyst~m. Wi%~.{ this l':i~:con- 
cludo our dIscu,~sion of the mcthod,~, of solving ~tho ;percolatiOn prob- 
lem in earth dams :Thich havu b~an'pr~.so~,t~d by other ~u%hors~nnd go 
over to the concludin.~ ch~ptcr.of the 'proscut xvork. 

# 
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CHAPTER VIII 

prossio~% curves. 

Under our genorai supervision R. N. Davldomkow carrlod 

buil~. The experiments wore tattled out with dam models of a height 
of about 0.50 m. As a material for ~ho~modols ~wo used rather flno 
sand, the mean grain sizs bolng about 0.4 mm and their effective di- 
ameter boln~ about 0.2,5 ~n. Inmost of the exporlmonts the part~bo- 
low the dam was dry (he =0), but several exporlmsnts wore made also 
for the ease of he> O. Aside frown those we also carried out experi- 
ments with earth dams ,~ith drainage systems. The drainage ~8s pro, 
vldod for by a backfill of gravel in the do~,-ns~ream part of ~ho dsm 

model. 

We shall in this place not go~'into a detailed doscriptlon of 

the above mentioned experiments 

Footnote: See for those in R. ]~. Davidonkov:: ',Expcrlmcn~s on-the 
percolation through earth death.' 

but shall compare sovora! theomoticallv ccmxputod end oxporlmon~ally ': ~ (~ q~ 
observed depression curves. • In Fi[~. 82 ";:o sho~: 4 cross-sectional pro- 
files of earth d[Lm m~Iols, ~,i~h.an upstream face a~m = 2 and a do,:n- 
stream face ate, varying fr( - ~  ' "  o 
dam faces as well as the im~i: 

~ 01% of the head~.;ator, are ,dono ~cd 
in cm. The depression curvcu ~- k ................... 
otical method -chlch :~e recommended above, and are sho.-n us dotted 
lines; the experimental curves are sho~rn as solid llnes. 

On profile I of Fi£;. 82 the experimental and theoretical :: 
depression curves coincide so closely, that it was no% possible to ~ 
,~." ~ them separately, and th,zr~foro on this profile only one come'on 

depression curve is sho~n. In the profiles II to'IV ~he-~lo~or part 
of the theoretical curves is street, hat hi~her than the ox!:arimontal 
curve. The middle and upper part of the theoretical curve is oit~her 
higher or ].o~Ter, but also hero the theoretical and experimental<curves 
are extremely close to6ethor. Wc have to point out 'that it ~m.s ~not 
possible ~o increase the depth of the he~d:yztor beyond the omount :~hich 
is shown on the dra.".inds, because if ~o did the do:mztrucm face .~..~ 
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the corresponding dam. structures of~natural size, and full,head- 
water depth. Therefore the theoretlcal deprosslon curves were 
computed from the syulem of porc~latlon equations given in (484,). '; 

On the whole we can notice that the shape of the theoretical 
depression curves, which have been computed from the. method ~doveloped 
in this book Js (as we can see from Fig.!82) very close to th0 shape " 
of the depression curves wl~ich have been determined by dlrOct labora- 
to~'5' measurements. 

The discharge point of the depression curve (Me) which we 
obtain from the theoretical c_~mputatlon is sllg_htly higher than the L} 
erocrimcntally determined poin~ (scc Fig. 82), thus tl~c theoretical 
computation provides for a small safo%'nargin.~ But this fact has no 
substantial signific~nco in regard to the shspo of tl~o theoretical 
depression curves as a whole, as no can easily see from Fi,z.,~ 82.. The 
question of the ox,act location of the discharge, point ~,~ for the case 
of he> 0 ~','as no% fully ans'~;ered by the model oxporlments, but this 
f~ct is not essentially i~aportant for jud[~ing the va!uo of the roche- 
mended hydraulic method of comnutln~_, the dopresslon curve: ~for such 
cases the thooroZical and oxporimontal~cuzwus also show s sufficient '~ 
similari%y of shape, as Is~i'shown for one experiment on Fig'~ 8~. 

Footnote: A mo]'o exact answer to :the ~uostion about the "disehn~m 
2oint" can only be 6iron hy~a h.~rom~a'ohanical an~lysls, 

The experiments uore made mainly in o~lor zo compare the 
theoretical depression curves :Tit ......... ~oc, and 

they do no up on o values 
of the tho~ ;ion di tu[~l perco- 
lation dischur~o qu~nOity. This.:is m2.inl v duo to an incomplete 

kno~;lod~,, of the percolation coefficicn[t of the mutorlal of which the 
d~:~ models were made, and because no s~eial dDvico w-~ .... ; ~ ....... 

~o face the d~m mode±., from the air enclosed .horoln. Presence of air 
in the d~n moiol c..~'~ .... --̂ .~ the oorcoi~,tion, di~ch~rzo of the oxporim,~nts 
~o decr&az¢~ nubstantiuilv. Thu:~ the thoor,J~icnl di:~char~e quantities 
for our uxporimonts :_'re ~iso grea~or than the experimentally measured 
porcolntlen disch:'_rgo::, which does -,~ -.-~ ~, io~.s ~ indic-~zo that the recede- 
mended method of cr.lculating the pereolntion dischzrce throu6h the dca~ ~ 
body is sufficiently male. Bec~.uso of the just stLtod rezsons w.o shal~ 
not reproduce the ntu~cric~.! wllu,'~s of :the .porco!ntion discharg,~ quanti- 
ties :z th;y hcvc be-.:! me~tsured in the model tests. 

Footnote: These d~t~. ~[ro ~ivon in the cbovo ~onlioncd ro~7ort on the 
oxoorimonts b,r D L'. Dz-'vidonko:?. 
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50. Continuation. . : ~ , . : .  

" Its~of 
a d:~  

~n thalwomkLdone in:the:~E 
models ms: 

that aside from thoiworki~done In:,the:~ 

Sci e n t i f i o -Mole oat Ion ms ti6~ute such. 

out in t h e  Hydroenglnceri~Laborstoz~r" ' ~ 

no ti tuto umber ' our ~ suporvislon : fin ":tk 
oxporimcnts ,in : order to invosti 
Swi',-sh HN~Iroolectric plant, Wo 
monts • l:woro :ma 

of 1:20, 
underground water. 
0.40 m, and thol hol 
plate class,:so the 
percolation visible 
the model. 

" i do shall _ 
the right (bank)1,3vcc of %ho 

Footnote: 

Izhask. 

| 

m&h 

~on 

The na~ur 
levee ! ~  

coofficic 
dim,~nsion 

draina~xo 
of a di~:~ 

~o oxperlmonts wore made :under the dircetion [of ~So~. " 

s h o ' : n  ty 
on the r:! 
:: c,)ccial 
Pho togra~ . 
t~,inc i hou_ _ 
:ion of the up 
hou~-s cmd ,b5 minutc:~, pho 
color lines hc.d roached ,~t] 
the u,)9or d( 

,D • %" 

zczEon of  tL.o 
~ho:' t h u  n i c t u r c  of th(; ! .  
2nt dc~n profile (and :.', so~!uT:hnt :lar'&,or scale of the photo) and S very 
fen:, tlmo aCt~:r the colo1'In~ mutorla! had boon introduced 'ilnto the 

face for un,, first time. The tim~',!as 15 days. rc~:ion of the upstrt;az.l ~"" 

202 



/ 

:k  

i i :!"~!,i£ ¸ _. 

/, ' \" 

T 

"k 

k ,  

r i ! i  
% ,  - 

~V~U 

t ° 
0 

O 

k ~ I ~  ~ : . . . . . . . . . .  ~ ~ '~"  ~ 0  



~: ~.~.~ 
~.  

.~.~ ,~. .  

/ 

f 
y -  

!I i ̧  i ~ 
i 

8 

,,4-., 

I 

_ T J :  



.J~ 

/ 

.7, ~ ~ Q  

. r 

r J,-~ 

~ii:,: ~̧  ~ ,~ 

. r 

0 

: .;Z 

~0~ 



. . . . .  ~,, 

The pe] 
whlle ¢ 
days. 
flow IS 
The up! 
solid 
photo ! 
depres.. 
( see F: 
theore" 
percol~ 
from p] 
above " 
etical c c~rputations 
accordin~ to the eq 

Footnote: Alsowhelikthe~de zurve is 
~rom oquatlonsystcm (3-8) differs 
that which is shown on ~i~. 84. 

The thooro 
dotted line, the o 

of the coordin~ 

l~om 
drainage syster 

closely ",~ith ~I .... = ......... 
the whole a little higher and thus p~ 

For the orperimcnts[on dam 3 o 
made by R. N, Davic :orcti 
shoT;n on Fig. 85. is of 
m~tcrs. Again the thcorctical curvc~ 
the cxpez~imontal curves arc~sho~=n as 
I the theorctical~cul~vo • is computed f 
for profiles II and II from system 
ports our theoretical analysis.~ • ,;, 

We can add that by the oxporimo'nts vrhich ~.crc carried out~In 
,% -,, 4- thc Hydraulic Laboratory of the Scicntific-Moloo~a~ion Institute also 

sho~;s the question of the comparatively small influence of tho~crost 
width of the dam on the depression curve is clarlfiod. The experi- 
ments correspond in this rospcct ccm~letely to our theoretical results 
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II 

Yootnote: For ~ithe ex!~el-lmsn~al dat~ 
R. N. ~Davi~ankow. 

We now conclude 

I 
dra~:m dlroc 
quostion of 
~;e think t~ 
rant conclu 
sions in-a 
c hap ters ~ of 
graph, otc. 
• ~he respcc~ 

¥ 

the most ~Importe 
a ccmxparison of 

51, 
discussion ~of ~porcolation through oarth i:d~ms. 

~thc p~ tho oarth dam is tr 
~ogothor form an Into[:1 ........... " 
porcolation flo:7 takos 
system is formed by t!u 
yod~o. For~esrth<dams 
system ;is corrospondi~ 
a6o and scm%o casos of ~h 

" 2 °, Tho basic elements of the percolation flow~L1n~oarth,~d~uns 
are dotor,~incd by the systo~ of four percolatlon equations glen in 
(41) and 41') corrospondlr~ to;h o > 0 and h o = 0 rospoctlvoly i(seo 
Fig. 5), if wo regard thequcstlon from a hydraulic point of view. 
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From these equatlons we ~can determine the maln poi~ "on 
curve and the percolatlon~di~ termed~ 

the middle part and the lower wedge. 

tion~ 
If we 
whic~ 
the ~ 
knowl 
from 
of so 
Of ea 
this 
~ro f 
earth 
of th 

from 

~0 

Y 

charge 
FurtheD 
simillt 

] 

in the head and tedl channe 

5 ° .  In. ,$he d o s l ~  o f  h~nogonoous  e a r t h  
o f - t h e  crost , .widCh.:(b)  can n o t  be roccennend-"  

f lower  the  , d i s c h a r g o  ., par%- o f  
colation d l s e h a ~ . e  in'the dam :o 
l y  p o s s i b l e  l i m i t s : t h o  i n f l u o n  
o f  t h e  p e r c o l a t i o n  Slow i s  n e g l i c l b l e .  The ~ l r ~ l u o n c o  of  
and m of t h e  d~troam and upstream faces of ,the dam on 
m~nts of .the po~olatlon flow is 'the follo~;in~; the do~mstrcam part of 
the depression curve is lifted when the coofficlon% m I is increased and 
lowered when the coefflclont m is incrcased (~o 461. The numorlcal 
values of those conditions can be calculated from the solutions cf the 
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systems (41) and (41') (s 
increase of the slope co~ 
the upstream and downstr( 
charge through the dam body ( 

6 ° . For earth 
method furnishes a perce 
some slightsimplificatl 
(150). The method of so 
The determination of the 
dams with core walls is 
tualmethod" which~iis~re 
of percolation througha 
of percolation through a 
and 19). The shape ~ 
with core wall does~ 
latlon coefficientLi 
clent of the other p 

d ta 
of 

CK-= k__ . 

ko 

7 ° . For an ea 
(clay ~uddlo etc.) we ob 
(274) '" In orde 
percolation fie 
27) which is sc 
with inner core 
coefficient (k c 
of the dam have 
what has been s 
point out that 
pure the losses 
stream) protecl 

8 ° . Thedevelc 
percolation through dams 
ser V. There wc show the 
in~ to several different 
ho~ O, for the homog, onc _ . 

A~ 
means to lo~er the dovmstroam part,of the depresslon curve and make 
it possible to carry out a hydraulic!nalculatlon of the elements of 
the percolation flow in dam profiles with drainage. 
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I 

The i ideas 

(cofferdmms) 
of hydraulic 
equations,f~ 
upstremnwed 
to speolal e 
fleatlen, ofll: 
barrages " ~ i  
~edge" (andj 

different ~b 

36. 

iI~.~i. I n , r e g a r d  ~'to,~tho 
curve s: in . e!~ith i dams, whic h ~ have 
say  the fol~lo~in~: ~The~ v~ell ~i kno' 
line" r.hic~', ~zis often used in pra 
hydraulic cion,.eptlon of ~ he p 
( nd  o )li:  or, any  pra t o l 
the other, mdthods sho~.- • ~.t.~:en~t • a 
lation prob lem, and ~.e havc,~ disc' 

)orcolation 

~rsgard .~! 
ozoidicai~ 
~..ith inno~ 

~t 

o d "  of  ana 
t ioast:ib 
i:and : dam 

ncc d ~ain 
ation fie 

Duo ":to thigLit is os~ocially deSi 
the sand d~ns..~:ith "rcduc°d:J profi 
expcrimcntai rcs6arc 

i 

12 ° . In 
experimcntZl results 

s oY: cons 

ludcd 

a u  

in ¢ 

r 

m ~ 

model. The I expcrimc 
Hydraulic iaboratori _ 
the Hydi'aul% c ~:~Laboz i tutc do 
not yet cover all c t i is thore- 
fcre very desirable that the pr6~ of experimental investigation 
should be c'ontJ!nuod ,and expanded. ~iIn ~D 50~e point out "ahich of the 
questions seomcto deserve to be given preference in the fut-ure experi- 
mental studios. 

~... j% 
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U ' .I ¸ ; i  : 

clude~ all 
we, can-add ~: that %,thel!'mthod 
w h i  ch,.i is p:~osed/~i~ i~ :.thls " 
~es 'i and- ahal~S Of )~earth " 
,tFl~e •" ,But ~"thls ,~id:' ne¢ 
~ntai Investi~atl.on'dn ~ h 

~lled !if 

tlLTO. 

We hope that~ our •work i,fur 
plAna tlon of L tho ~ pro~lam of ,,percola 
ant typos-J.and ospoci'~ly of~tho,~;pr 
curvo--whlch is of such great im~r 
toward to this wo can"~'only:hopo, tiha 
 ov01o o  this,  ork',iima , r nd./e  i 
fori'oxporlmental :': (mode~) c ons trucit i 
in order t. "--,~one:o~ I th¢ 

~': blem~i'io£ t h o  i,eart structul~S ro 

m:appllcation in '~th~ 
it ions ",';l~f c h i are -s bs 

the ,,me s t, cliff i cul" 'ob lores 

ii 

~f, di'ff, 

ncccssary 
C 

L 
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