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S o i l  Mechanics Note No. 5:  Flow Net Construct ion and Use 

Purpose and scope 

The flow n e t  i s  an exce l l en t  t o o l  f o r  evalua t ing  the  e f f e c t s  of seep- 
age when adequate knowledge of embankment and/or foundation condit ions 
i s  ava i l ab le .  This note contains guides f o r  the  cons t ruc t ion  and use 
of flow n e t s .  A number of i l l u s t r a t i o n s  a r e  included t o  show how 
f e a t u r e s  such a s  c u t o f f s ,  d ra ins ,  and impervious upstream blankets  
a f f e c t  seepage. 

Def in i t ions  

Def i n i t i o a s  a r e  mainly from ASTM Designation: ~ 6 5 3 - 6 7 .  When def i- 
n i t i o n s  include u n i t s  of measurement, t he  appl icable  u n i t s  a r e  indi -  
ca ted  by c a p i t a l  l e t t e r s  i n  parentheses,  a s  fol lows:  

F = force ,  such as  pound, gram 

L = length ,  such as  f o o t ,  cent imeter  

T = time, such a s  second, day 

D = dimensionless 

Pos i t ive  exponents designate mul t ip l e s  i n  t h e  numerator, whereas nega- 
t i v e  exponents designate mul t ip les  i n  the  denominator. 

A. Anisotropic mass - with r e s p e c t  t o  flow, a  mass having d i f f e r e n t  
flow p roper t i e s  i n  d i f f e r e n t  d i r e c t i o n s  a t  a  given poin t .  

B. Aquifer - a water-bearing formation t h a t  provides a  ground water 
r e s e r v o i r .  

1 
C .  Coeff ic ient  of permeabil i ty (pe rmeab i l i ty ) ,  k (LT- ) - t he  r a t e  

of discharge of water under laminar flow condit ions through a 
u n i t  c ross - sec t iona l  a rea  of a  porous medium under a  u n i t  hy- 
d r a u l i c  gradient  and standard temperature condit ions (usua l ly  
20° c ) .  

This Note prepared by Robert E. Nelson 

0 by Rey S. Decker, Head, S o i l  Mechanics 
and Donald M. Sundberg with comments 
Unit,  and Regional S o i l  Engineers. 



D. Curvi l inear  square - m y  f i g u r e  t h a t  has four  s i d e s  and the  same 
dimensions i n  the  two primary d i r e c t i o n s .  Also, any f i g u r e  t h a t  
can be sub-divided i n t o  th ree  squares and a remaining f i g u r e  
s i m i l a r  i n  shape t o  the  o r i g i n a l  i s  c a l l e d  a  square. 

E. Discharge ve loc i ty ,  v  (LT" ) - the r a t e  of discharge of water 
through a porous medium per  u n i t  of t o t a l  a rea  perpendicular  t o  
the  d i r e c t i o n  of flow. 

F. Equipotent ia l  l i n e  - the  l i n e  along which water w i l l  r i s e  t o  
the  same e leva t ion  i n  piezometric tubes.  

G .  Flow, channel - the  por t ion  of a  flow n e t  bounded by two ad- 
jacent  flow l i n e s .  The number of flow channels i n  a  flow n e t  
i s  denoted by N f .  

H.  Flow l i n e  - t he  pa th  t h a t  water fol lows i n  i t s  course of seep- 
age under l a a i n a r  flow condit ions.  

I. Flow n e t  - a graphica l  r ep resen ta t ion  of flow l i n e s  and equipo- 
t e n t i a l  l i n e s  used i n  the  s tudy of seepage phenomena. 

J .  Homogeneous mass - a mass t h a t  e x h i b i t s  e s s e n t i a l l y  the  same 
phys ica l  p r o p e r t i e s  a t  every poin t  throughout the  mass. 

K. Hydraulic g rad ien t ,  i ( D )  - the  l o s s  of hydraul ic  head per  u n i t  
d is tance  of flow, d h / d ~ .  

L. Hydrostat ic  pressure ,  uo (FL-2, - the pressure  i n  a  l i q u i d  under 
s t a t i c  condit ions;  the  product of the  u n i t  weight of the  l i q u i d  
and the  d i f f e rence  i n  e l eva t ion  between the  given po in t  and the  
f r e e  water e l eva t ion .  

Excess hydros ta t i c  pressure ,  u (FL-2, - the  pressure  
t h a t  e x i s t s  i n  pore water i n  excess of the  hydros ta t i c  
pressure.  

M .  I s o t r o p i c  mass - with  r e spec t  t o  flow, a  mass having the  saqe 
proper ty  of flow i n  a l l  d i r ec t ions .  

N .  Laminar flow - flow' i n  which the  head l o s s  i s  propor t ional  t o  
the  f i r s t  power of the  ve loc i ty .  

0. Phreat ic  l i n e  (seepage l i n e )  - the upper f r e e  water sur face  of 
the  zone of seepage. 

P. Piezometer - an instrument f o r  measuring pressure  head. 

Q. Piezometric sur face  - t he  sur face  a t  which water w i l l  s tand  i n  
a  s e r i e s  of piezometers. 



R. P o t e n t i a l  drop, Ah ( L )  - t h e  d i f f e rence  i n  pressure  head between 
two e q u i p o t e n t i a l  l i n e s .  The number of p o t e n t i a l  drops i n  a 
flow n e t  i s  denoted by Nd. 

S. Seepage ( p e r c o l a t i o n )  - the  movement of g r a v i t a t i o n a l  water through 
t h e  s o i l .  

T. Seepage fo rce ,  J (F )  - t h e  fo rce  t r ansmi t t ed  t o  t h e  s o i l  g r a i n s  
by seepage. 

U. Seepage ve loc i ty ,  vs (LT-I) - t he  r a t e  of discharge of seepage 
water through a porous medium pe r  u n i t  a r e a  of void space perpen- 
d i c u l a r  t o  the  d i r e c t i o n  of flow. 

V. Shape f a c t o r ,  $ ( D )  - a c h a r a c t e r i s t i c  of a flow n e t  which i s  
independent of t h e  permeabi l i ty  and t h e  t o t a l  head l o s s ;  t h e  
r a t i o  Nf/Nd. 

W .  Transformed flow n e t  - a flow n e t  whose boundaries have been 
p rope r ly  modified ( t ransformed) so  t h a t  a n e t  cons i s t ing  of curvi-  
l i n e a r  squares can be cons t ruc ted  t o  r e p r e s e n t  flow condi t ions  i n  
an an i so t rop ic  porous medium. 

X.  U p l i f t  - t he  upward water pressure  on a s t r u c t u r e  -- u n i t  symbol, 
u ( F L - ~ )  and t o t a l  symbol, U ( F ) .  

D 111. General 

The g raph ica l  cons t ruc t ion  of flow n e t s  i s  u s e f u l  i n  ( a )  developing a 
sense of how water movement t akes  p lace  i n  porous media, ( b )  determin- 
ing  t h e  e f f e c t s  of seepage on engineering works and n a t u r a l  s lopes ,  
and ( c )  eva lua t ing  t h e  e f f e c t s  of a l t e r n a t e  seepage c o n t r o l  measures. 
Reasonable e s t ima tes  of discharge q u a n t i t i e s  can be made from r a t h e r  
crude flow n e t s .  However, more r e f i n e d  n e t s  a r e  needed f o r  es t imat ing  
seepage p res su res  and g rad ien t s ,  a s  t hese  e s t ima tes  depend on the  
manner i n  which p res su res  a r e  d i s t r i b u t e d  and d i s s ipa ted .  

Although flow through s o i l  and rock m a t e r i a l s  i s  t h r e e  dimensional,  
most cases  can be represented  i n  two dimensions ( a  drawing l i m i t a t i o n )  
considering t h e  t h i r d  dimension t o  be a u n i t  of width perpendicular  t o  
t h e  d i r e c t i o n  of flow. Three-dimensional s t u d i e s  have been made wi th  
sand models o r  e l e c t r i c a l l y  conductive l i q u i d  models. For c e r t a i n  
three-dimensional cases  (not  covered h e r e i n ) ,  two-dimensional flow n e t s  
can be combined with a n a l y t i c a l  procedures f o r  ana lys i s  of seepage 
through abutments (as developed by A. Casagrande and R. Lo and given 
i n  R .  Lo ' s  Doctoral  Thesis "Steady Seepage wi th  Free Surface" - 
Harvard Un ive r s i ty  - 1969) . 



The heterogeneous o r  s t r a t i f i e d  and lensed nature of s o i l  deposits  
and bedrock mater ia ls  generally makes it necessary t o  simplify the 
flow system f o r  analys is .  Often, layers  with s imi lar  permeability 
r a t e s  can be combined so t h a t  the t o t a l  number of layers  t o  con- 
s ide r  i s  minimized. Anisotropic o r  s t r a t i f i e d  l ayers  can be t rans-  
formed, a s  discussed i n  Section IV-D, t o  simplify the problem. It 
i s  emphasized t h a t  simplifying assumptions i n  seepage analys is  im- 
pose requirements f o r  judgment i n  se lec t ion  of design values as  i n  
other s o i l  engineering analyses. 

IV. Pr inciples  of flow nets  

A .  Assumptions 

1. Materials  a re  homogeneous and i so t rop ic .  (when mater ia ls  
are  anisotropic,  use transformation techniques t h a t  a re  
discussed i n  Section IV-D.) 

2. Materials  a re  sa tura ted ( a l l  voids a re  f i l l e d  with water) .  

3. Materials  and water are  incompressible (no volume change - 
steady s t a t e  f low).  

4. Darcy' s law, v = k i ,  applies.  

B. Mathematical representa t ion 

The assumption t h a t  flow across an element of mater ia l  does not 
change with time (steady s t a t e )  can be represented i n  d i f fe r -  
e n t i a l  form as :  

which i s  the equation of continuity with u, v, and w being com- 
ponents of discharge veloci ty .  Expressing these ve loc i ty  com- 

h 
ponents i n  the Dmcy form, v = k- and subs t i tu t ing  i n t o  L' 
Equation 1 r e s u l t s  i n  the  general  d i f f e r e n t i a l  equation: 

o r  i n  two dimensions: 



Equation 3 r ep resen t s  two s e t s  of curves t h a t  descr ibe  flow 
through m a t e r i a l s  -- one s e t  being e q u i p o t e n t i a l  l i n e s  and the  
o the r  s e t  being flow l i n e s .  

C .  The flow n e t  

P rope r t i e s  of t h e  flow n e t  and equat ions f o r  es t imat ing  discharge 
quan t i ty ,  seepage pressure ,  and discharge g rad ien t  a r e  presented 
i n  Figure 1. Figures  2 and 3 i l l u s t r a t e  flow d i r e c t i o n s  a t  
entrance boundaries,  e x i t  boundaries,  and across  boundaries between 
s o i l s  of d i f f e r e n t  pe rmeab i l i t i e s .  These f i g u r e s  a re  p a r t i c u l a r l y  
h e l p f u l  i n  sketching flow n e t s  because of t he  v a r i a t i o n s  given. 

D. Transformations 

1. Anisotropic ma te r i a l s  

Sec t ions  cons i s t ing  of  an i so t rop ic  m a t e r i a l s  must be t r ans -  
formed t o  equiva lent  i s o t r o p i c  sec t ions .  This i s  done by (1) 
decreasing dimensions i n  t h e  d i r e c t i o n  of maximum permeabil i ty ,  
kmax, leaving  dimensions i n  t h e  d i r e c t i o n  of minimum permea- 
b i l i t y ,  kmin, unchanged o r  ( 2 )  irlcreasirlg dimensions i n  the  
d i r e c t i o n  of minimum permeabil i ty ,  kmin, leaving  dimensions 
i n  t h e  d i r e c t i o n  o f  maximum permeabi l i ty ,  kmax, unchanged. 
Rat ios  a r e  a s  fol lows:  

a .  To decrease dimensions i n  t h e  d i r e c t i o n  of ka,, rnulti-  

p l y  them by &/kmax. This i s  i l l u s t r a t e d  i n  Figure 
403) 

b. To increase  dimensions i n  t h e  d i r e c t i o n  of hi,, mul t i -  

P ~ Y  them by Jkmax/kmin - 
The choice of t ransformation d i r e c t i o n  should be made so  t h a t  
t h e  s i z e  of t h e  transformed s e c t i o n  i s  l a r g e  enough t o  provide 
d e t a i l ,  y e t  s m a l l  enough so  a s  not  t o  be unwieldy. For ex- 
ample, t h e  s e c t i o n  i n  Figure 4 ( b )  w a s  drawn t o  twice t h e  s i z e  
shown. 

Permeabil i ty  of the  transformed sec t ion ,  which i s  i s o t r o p i c ,  
i s  

The r a t e  of d ischmge may be obta ined  d i r e c t l y  from the  flow 
n e t  f o r  t h e  transformed s e c t i o n  us ing  k '  i n s t e a d  of k i n  
Equation 4a. The flow n e t  must be t ransposed back t o  t r u e  
s c a l e  f o r  assessment of pressures  and g rad ien t s .  Figure 4 ( c )  
i l l u s t r a t e s  t h i s  process;  h o r i z o n t a l  dimensions i n  Figure 4 ( b )  
were m u l t i p l i e d  by \'kmax/kmin t o  ob ta in  t h e  a c t u a l  n e t .  
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/ 
Upper flow boundary(phreatic line) 

k Nf=  3.2 

Nd= 10. 
Equipotential lines 

- ~ o w e r  boundary '\Square 

( a  Nomenclature 

Flow and equipotential lines intersect at right angles and are chosen to form curvilinear squares. 

Flow quantity between al l  pairs of adjacent flow lines (in al l  flow channels) i s  the same. 

Energy loss between al l  pairs of equipotential l ines i s  the same. 

Velocity and hydraulic gradient are a function of the spacing between flow and equipotential lines. 

Lines within the net are smooth curves. 

Squares at a discharge face exposed to the atmosphere may be incomplete. 

Equipotential lines intersect the phreatic l ine at equal increments of elevation. 

( b ) Properties 

Nf Ite of discharge (q) = kh - = kh $ (Eq. 4a) 
d 

scharge grad'ient (id)= A h /  AL (Eq. 4b) 

J 7 w i d v  
epage pressure (ps)=-= = T w  id (Eq. 4c) 

A A 

where A h  = h/Nd 

AL = flow path length across square at discharge face (see 
adjacent sketch) 

V = unit volume 

A =unit cross sectional area 

Tw=uni t  weight of water 

$ 'shape factor 

( c  Equations 

Figure I .  Nomenclature, properties, and equations relating to flow nets. 



Flow lines /' 

( a l k 2 <  k l  --- Equipotential lines ( b )  K 2  > K I  

Figure 2. Deflections of flow lines a t  interfaces of 
soils having different permeabilities 

Conditions for point of entrance of seepage line 

r p J a l  *< 

( b )  ( C  ) 

Conditions for  point of discharge of seepage line 

For 8590 '  line of seepage tangent For 9 0 " s  e 5180° vert ical tangent 
to  discharge face i n  point of discharge 

Deflection of seepage line a t  boundary between soils of d i f fe rent  permeability 

k l < k 2  k l  < k 2  
- 

k l>k2  0 k l >  k 2  
\ I= 

\ 1-.&2&)'; II"- a 

8 8 9 8 e 

u=/B = e  a=B= o = 270"-&- e Discontinuity ,6= 270 ' -a-e  
(exceptional case) (usual case) 

( i )  ( j )  ( k )  ( 1 )  

Figure 3 .  Entrance, discharge and transfer conditions of seepage lines 

Adapted f rom T h e  Journal Of T h e  New England Water Works Association ,Vol. 51, No. 2 .  



Anisotropic foundation 
kh = 100 k, 

I 4 , c l m p e r v i o u s  boundary I 
( a  Normal cross section of dam 

22' - , 
e 

Horizontal transformation 
factor=- =VV~E~=O. I 

( b  Transformed section with llsquaredl' flow net 

Notes: I. Toe area must be enlarged 
to obtain value of A L .  

2. id = A h / A  L=3.6/3.0=1.2 
(too high 1 

/lo% 
2 0 ° / o  

\ 1 ,30°/o * 

700'0 Percent of head &oO/. 5 0 O/O b o o ! O  
( c )  Normal cross section with flow net transposed to true scale 

Figure 4. Example of technique for developing flow 
net for anisotropic foundation 



2. S t r a t i f i e d  mater ia ls  

Most na tu ra l  mater ia ls  and many compacted s o i l s  a re  s t r a t i f i e d ,  
having l ayers  of d i f fe r ing  permeability. Transfornation of 
cross sect ions  representing s t r a t i f i e d  mater ia ls  i s  a two-step 
process requir ing t h a t  the permeability and the thickness of 
each l ayer  be considered. Simplifying assumptions a re  t h a t  
permeability and thickness of each layer  being considered are  
constants. 

a .  Change the s t r a t i f i e d  sect ion t o  an equivalent aniso- 
t rop ic  sect ion.  The following equations ad jus t  permea- 
b i l i t i e s  i n  d i rec t ions  p a r a l l e l  and perpendicular t o  
the bedding plane (see Figure 5 ( a )  and ( b ) ) .  

where d = t o t a l  thickness of the  s t r a t i f i e d  deposit  

d l ,  d2, . . . dn = thickness of the individual  
l ayers  

kl, k2,  ... kn = coef f ic ien t  of permeability 
of the individual  l ayers  

kmax = overa l l  coef f i c ien t  of permeability 
p a r a l l e l  t o  the bedding plane 

kmin = overa l l  coef f i c ien t  of permeability 
perpendicular t o  the  bedding plane 

b. Transform the anisotropic sect ion t o  an i so t rop ic  sect ion 
( see  Section I V - D - 1  and Figure 5 ( c ) ) .  

c. Construct the flow net  on the i so t rop ic  section.  

The r a t e  of discharge may be obtained from t h i s  flow ne t ,  but 
it cannot be used t o  evaluate discharge gradient  f o r  the 
s t r a t i f i e d  mater ia ls .  

V.  S i t e  information required 

The following information i s  needed t o  evaluate s i t e  conditions and 
s e t  up the "model" f o r  flow ne t  analys is :  

A. Topographic maps of the s i t e  area. 



Base width (8) = 5 0 '  

- 
k 2 = l .  f p d  <U - 

II 
u 

k 3 =  100. fpd  I 

k q =  I. f p d  

\impervious boundary 
1 

(a) Stratif ied section 

Permeability values for the 12-ft. thick equivalent anisotropic section 

1 1 
From Eq. 6: k m a x = z  [ (10x4 )+ (1  x 2 ) t ( l O O x 4 ) t ( l  x 2 )  ; - x  444r37. fpd I I 2  

12 - 12 - - 2.7 fpd From Eq. 7: krnin ' , , 4-44 

~ l m p e r v i o u s  boundary 
I 

(b) Equivalent anisotropic section 

Y s e  width (B) = 13.q 

Horizontal transformat ion 
factor for (c) = 

I/kmin / kmax = /\/m = 0.27 

B=50 x 0.27 = 13.5' 
rl?& line 

~ l m p e r v i o u s  boundary 

(c) Isotropic section (transformed) 
0 5 10 - 

Scale (feet) 

Figure 5. Transformation of a strat  i f  i e d  section 



Deta i led  geologic maps and sec t ions  of t h e  s i t e  including r e s e r -  
v o i r s ,  channels, and any f e a t u r e s  t h a t  may be a f f e c t e d  such a s  
a reas  downstream and adjacent  va l l eys .  

Deta i led  logs  and desc r ip t ions  of a l l  m a t e r i a l s .  Items such a s  
gradat ion ,  s o i l  s t r u c t u r e ,  s t r a t i f i c a t i o n ,  con t inu i ty  of s t r a t a ,  
a r t e s i a n  pressure ,  and moisture content  a r e  important.  

Location, depth, gradient ,  and a r e a l  e x t e n t  of water t a b l e s  a s  
may a f f e c t  the  proposed p ro jec t .  

Direc t ion  of ground water flow. 

Pressure g rad ien t  i n  and from confined l aye r s .  

Permeabil i ty of a l l  ma te r i a l s .  

Surface water l e v e l s  wi th  t h e  s t r u c t u r e  i n  operat ion.  

Geometry of the  s t r u c t u r e .  

V I .  Flow n e t  cons t ruc t ion  

Most of t h i s  sec t ion  i s  devoted t o  flow n e t  sketching.  This method 
takes  l e s s  time than methods u t i l i z i n g  models and i s  s u f f i c i e n t l y  
accura te .  Sketching ma te r i a l s  a r e  ava i l ab le  i n  a l l  Service design 
o f f i c e s .  Spec ia l  equipment requi red  f o r  model cons t ruc t ion  i s  not .  

A. Sketching 

The suggestions t h a t  follow a r e  p a r t i c u l a r l y  h e l p f u l  t o  the  
beginner.  They a r e  quoted i n  p a r t  from "Seepage Through Dams" 
by A. Casagrande, Journal  of the  New England Water Works Associ- 
a t i o n ,  June 1937, r e p r i n t e d  i n  "Contr ibut ions t o  S o i l  Mechanics 
1925-1940", Boston Socie ty  of C i v i l  Engineers, 1940. 

"Use every opportunity t o  s tudy the  appearance of wel l  con- 
s t r u c t e d  flow n e t s .  When the p i c t u r e  i s  s u f f i c i e n t l y  ab- 
sorbed i n  your mind, t r y  t o  draw the  sane flow ne t  without 
looking a t  the  ava i l ab le  so lu t ion ;  r epea t  t h i s  u n t i l  you 
a r e  able  t o  ske tch  t h i s  flow n e t  i n  a s a t i s f a c t o r y  manner." 

"Four o r  f i v e  f low.channels  a r e  usua l ly  s u f f i c i e n t  f o r  the  
f i r s t  a t tempts;  the  use of too  many flow channels may d is -  
t r a c t  a t t e n t i o n  from the  e s s e n t i a l  f e a t u r e s . "  

"Always watch the  appearance of the  e n t i r e  flow n e t .  Do no t  
t r y  t o  a d j u s t  d e t a i l s  before  the  e n t i r e  flow ne t  i s  approxi- 
mately co r rec t .  " 



"Frequent ly t h e r e  a r e  po r t ions  of a flow rlet i n  which t h e  
flow l i n e s  should be approximately s t r a i g h t  and p a r a l l e l  
l i n e s .  The flow channels a r e  then  about  of equal  width, 
and the  squares  a r e  t h e r e f o r e  uniform i n  s i z e .  By s t a r t -  
i n g  t o  p l o t  t he  flow n e t  i n  such an a rea ,  assuming it t o  
c o n s i s t  of s t r a i g h t  l i n e s ,  one can f a c i l i t a t e  t he  s o l u t i o n . "  

"The flow net i n  confined a reas ,  l i m i t e d  by p a r a l l e l  bounda- 
r i e s ,  i s  f r e q u e n t l y  s y m e t r i c a l ,  c o n s i s t i n g  of curves of 
e l l i p t i c a l  shape. " 

"The beginner u s u a l l y  makes the  mistake of drawing too  
sharp  t r a n s i t i o n s  between s t r a i g h t  and curved sec t ions  of 
flow l i n e s  o r  e q u i p o t e n t i a l  l i n e s .  Keep i n  mind t h a t  a l l  
t r a n s i t i o n s  a r e  smooth and e l l i p t i c a l  o r  pa rabo l i c  i n  
shape. The s i z e  of the  squares  i n  each channel w i l l  change 
gradual ly ."  

" I n  genera l ,  t h e  f i r s t  assumption of f low channels w i l l  no t  
r e s u l t  i n  a  f low n e t  c o n s i s t i n g  throughout of  squares .  The 
drop i n  head between neighboring e q u i p o t e n t i a l  l i n e s  corre-  
sponding t o  t he  a r b i t r a r y  number of flow channels,  w i l l  
u s u a l l y  n o t  be an i n t e g e r  o f  t h e  t o t a l  drop i n  head. Thus, 
where t h e  flow n e t  i s  ended, a  row of r e c t a n g l e s  w i l l  r e -  
main. For u sua l  purposes,  t h i s  has  no disadvantages,  and 
the  l a s t  row i s  taken  i n t o  cons ide ra t ion  i n  computations 
by e s t ima t ing  t h e  r a t i o  of t h e  s i d e s  of t he  rec tangles . ' '  

The p a r t i a l  drop should be  l o c a t e d  i n  an a r e a  where squares  
a r e  nea r ly  uniform i n  s i z e .  This  makes it e a s i e r  t o  e s t i -  
mate t h e  f r a c t i o n a l  va lue  of t h e  p a r t i a l  drop. The r a t i o  of 
t h e  l e n g t h  t o  t h e  wid th  o f  t h e s e  r e c t a n g l e s  should be t h e  
same throughout t h e  p a r t i a l  drop. 

When a l l  flow pa ths  a r e  r e l a t i v e l y  s h o r t ,  it may be e a s i e r  
t o  begin ske tch ing  wi th  an i n t e g e r  number of e q u i p o t e n t i a l  
drops. The r e s u l t i n g  f low n e t  w i l l  u s u a l l y  con ta in  a  
p a r t i a l  flow channel which should be l o c a t e d  near  t he  
cen te r  of a l l  flow channels,  i . e .  away from flow boundaries .  

"A discharge f a c e  i n  con tac t  wi th  a i r  i s  n e i t h e r  a flow 
l i n e  nor an e q u i p o t e n t i a l  l i n e .  Therefore,  t h e  squares  
along such a  boundary a r e  incomplete.  However, such a 
boundary must f u l f i l l  t h e  same condi t ion  a s  t he  l i n e  of 
seepage regard ing  equal  drops i n  head between t h e  p o i n t s  
where the  e q u i p o t e n t i a l  l i n e s  i n t e r s e c t . "  

I n  add i t i on :  

1. Use a good grade of un l ined  paper.  



2. Draw boundaries i n  ink  or  overlay and sketch on a good 
grade of t r a c i n g  paper. 

3. S e l e c t  a s c a l e  small enough t o  permit viewing the  e n t i r e  n e t  
a t  a glance. 

4. Use a s o f t  p e n c i l  and a good, s o f t  e r a s e r .  

5 .  Rotate the  drawing during sketching f o r  perspect ive .  

Figure 6 conta ins  guides f o r  l i n e  d i r e c t i o n s  and i n t e r s e c t i o n  lo-  
ca t ions  t h a t  he lp  propor t ion  the  flow n e t .  They apply t o  l i n e s  a t  
ex t r emi t i e s  of the  n e t  and near boundary changes. These guides 
were presented i n  the  course "Seepage and Ground Water Flow" by 
A. Casagrande, Harvard Graduate School of Engineering. 

Although the  flow n e t  developed i n  Figure 7 i s  unique f o r  a t h i n  
cutof f  wa l l  taken t o  the midpoint of a pervious s tratum, the  s t e p s  
i l l u s t r a t e d  a re  h e l p f u l  f o r  o ther  cases  where flow i s  l i m i t e d  t o  
foundation ma te r i a l .  Often flow w i l l  be symmetrical about a v e r t i -  
c a l  plane,  and sketching can be l i m i t e d  t o  h a l f  of the  ne t .  Begin 
by s e l e c t i n g  the  number of flow channels ( t h r e e  i n  t h i s  case)  and 
t i c k  mark them on the  v e r t i c a l  e q u i p o t e n t i a l  l i n e  beneath the  cut-  
o f f  a s  i n  Figure 7 ( a ) .  Es tab l i sh  l i n e  d i r e c t i o n s  near  the  cutof f  
bottom wi th  the  2: 1 guide from Figure 6 ( f )  and then sketch  the  
e q u i p o t e n t i a l  l i n e s  a s  i n  Figure 7 ( c ) .  Adjust l i n e s  a s  necessary 
t o  "square" t h e  n e t  with 90-degree i n t e r s e c t i o n s .  

Figure 8 i l l u s t r a t e s  how t o  develop a flow n e t  beginning wi th  an 
i n t e g e r  number of e q u i p o t e n t i a l  drops. Divide the  n e t  head i n t o  
equal  v e r t i c a l  increments (Ah) a s  i n  Figure 8 ( a ) .  Sketch i n  a 
ph rea t i c  l i n e  and the  e q u i p o t e n t i a l  l i n e s  a s  i n  Figure 8 ( b ) .  The 
e q u i p o t e n t i a l  l i n e s  should i n t e r s e c t  t h e  phrea t i c  l i n e  a t  90 
degrees a t  po in t s  where the  head increments i n t e r s e c t  the  phrea t i c  
l i n e .  Sketch i n  the  flow l i n e s  t o  i n t e r s e c t  the  e q u i p o t e n t i a l  
l i n e s  a t  90 degrees, "squaring" the  n e t  a s  i n  Figure 8 ( c ) .  Usual- 
l y  seve ra l  t r i a l  l oca t ions  f o r  the  p h r e a t i c  l i n e  a re  requi red  t o  
ob ta in  a "square" n e t .  The i n t e r s e c t i o n  of the  upstream flow l i n e  
and the  upstream e q u i p o t e n t i a l  l i n e  should l i e  approximately on 
the  b i s e c t o r  of the  upstream slope angle i n  accordance with the  
guide i n  Figure 6 ( c ) .  Flow e n t e r s  the  embankment perpendicular  t o  
t h e  upstream slope and e x i t s  v e r t i c a l l y  i n t o  t h e  drainage sec t ion .  
Note t h a t ,  when the  equ ipo ten t i a l  drops a r e  a r b i t r a r i l y  se l ec ted  
a s  a whole number ( s i x  i n  t h i s  c a s e ) ,  a f r a c t i o n a l  number of flow 
channels appears i n  the  f i n a l  n e t .  

B. E l e c t r i c  analog models 

Darcy's law f o r  flow of water through a porous medium i s  s i m i l a r  
t o  Ohm's law f o r  flow of e l e c t r i c  cu r ren t  through a uniform con- 
duc t o r .  



(a). For foundations, furthermost upstream and down - 
stream flow lines and equipotential l ines should 
intersect at or near the center of the pervious 
foundat ion. 

(b). The flow l ine and equipotential l ine nearest an 
angle should intersect on the bisector of the 
angle. 

(d). 2: l  length ratios to establish shape of the 
"square" in  a pervious foundation at the toe of 
an impervious f i l l .  

(e). 2:1 length ratios used with angle bisectors to 
shape flow around an imbedded 90-degree angle. 

(f). 2:l length ratios to establish flow directions 
beneath a thin cutoff wall taken to the midpoint 
of the pervious stratum. 

(g). Subdivide to check odd-shaped "squares'\ Re- 
sul t i ng smaller odd-shaped "squares '~hou ld  
have the general shape of the one subdivided. 

Figure 6 .  Guides for flow net  construction. 
'rom: course t i t l e d  " ~ e e ~ a g e  a n d  Ground W a t e r   low" presented by A. C a s a g r a n d e  a t  H a r v a r d  U n i v e r s i t y  
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Figure 7. Sketching -flow limited to foundation. 
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Impervious boundary/ ( a  

Figure 8. Sketching-flow limited to embankment 



Darcy's law Ohm ' s law -- 

where q = r a t e  of water flow where I = r a t e  of cu r ren t  flow 

k = permeabi l i ty  coef- 
f  i c i e n t  

k' = conduct iv i ty  c o e f f i c i e n t  
( r e c i p r o c a l  of r e s i s t a n c e )  

h = head drop V = vol tage  drop 

A = a r e a  of flow A '  = a r e a  of flow 

L = l eng th  of flow pa th  L' = l eng th  of flow path 

E l e c t r i c a l  conductive models can be used t o  s tudy s teady-s ta te  flow 
problems because of t h i s  s i m i l a r i t y .  S o l i d  and l i q u i d  conductive 
media a r e  used f o r  models. Thus f a r ,  work done i n  the  Service has 
been l i m i t e d  t o  s o l i d  medium using (1) a conductive paper o r  ( 2 )  
graphite-bentonite-water  mixtures spray-painted on r i g i d  i n s u l a t i n g  
ma te r i a l .  Res is tor  g r i d  networks have been used successfu l ly  by 
o ther  organiza t ions .  

Conductive paper i s  somewhat l i m i t e d  i n  usage because it i s  i so-  
t r o p i c ,  o r  nea r ly  so.  Re la t ive ly  simple an i so t rop ic  systems may 
be handled by transformation a s  discussed i n  Sect ion  IV-D. 

A spray-painted model i s  used when the  flow system has l a y e r s  d i f -  
f e r i n g  i n  permeabi l i ty .  Conductivi ty of the  medium depends on the  
number of coats  appl ied  and t h e  quan t i ty  of g raph i t e  i n  the  mixture. 

Figure 9 shows how e l e c t r i c a l  p o t e n t i a l s  a r e  appl ied .  It i s  con- 
venient  t o  express  vol tages  a s  a percentage of t h e  t o t a l  vol tage  
drop across  the  model. Direc t  cu r ren t  i s  genera l ly  used with 
s o l i d  conductive media. 

Equipotent ia l  l i n e s  a r e  usua l ly  developed from t h e  model, a s  i n  
Figure 9, and flow l i n e s  a r e  sketched. It i s  poss ib le  t o  develop 
flow l i n e s  wi th  the  same equipment by changing the  c i r c u i t r y .  

C .  Sand models 

A s t r i k i n g  i l l u s t r a t i o n  of flow l i n e  development i n  a dam can be 
produced by the  use of sand models. Such models can be b u i l t  t o  
r ep resen t  any prototype,  although they  a r e  usua l ly  l i m i t e d  t o  
homogeneous embankments o r  zoned embanlanents cons i s t ing  of two 
mate r i a l s  - -  one i n  the  core and the  o the r  i n  t h e  upstream and 
the  downstream s h e l l s .  



o +  

Voltage divider 

Figure 9. Model potentials in an embankment .( Steady seepage condition) 



Figures 10 and 11 i l l u s t r a t e  an homogeneous and a zoned model dam 
respec t ive ly  a s  constructed a t  the  S o i l  Mechanics Unit .  The 
s teady seepage condit ion i s  depicted i n  each case. Af ter  the  em- 
bankment has sa tu ra t ed ,  dye c r y s t a l s  (potassium permanganate) were 
placed a t  random i n t e r v a l s  on the  upstream slopes.  The r e s u l t i n g  
l i n e s  ind ica te  the flow paths  of water a s  it moves through the  
embankment. 

Flow paths  ind ica ted  by the  dye can be copied onto a sketch.  By 
adjustment of flow paths  and add i t ion  of equ ipo ten t i a l  l i n e s ,  t he  
model d a t a  can be used t o  develop flow n e t s .  

Like e l e c t r i c  models, sand models only g ive  t h e  flow p a t t e r n  f o r  
one condit ion,  except t h a t  i n  sand models d ra ins  a t  t he  embank- 
ment-foundation i n t e r f a c e  may be i n s t a l l e d  a t  s eve ra l  l oca t ions  
and manipulated a s  des i red .  These d ra ins  may be closed,  a s  i n  
Figure 1 0 ( a ) ,  so t h a t  t h e  flow l i n e s  egress  on the  downstream 
slope; o r  they  may be opened. I n  Figure 10(b ) ,  t he  dra in ,  l oca ted  
a t  c = 0.3b, i s  open and shows how flow l i n e s  i n  an i s o t r o p i c  em- 
bankment converge on the  d ra in .  ( b  = hor izon ta l  p ro jec t ion  of 
downstream slope;  c = hor izon ta l  d is tance  from downstream c r e s t  
of embankment t o  upstream edge of dra in .  ) 

Six  flow paths  a re  i l l u s t r a t e d  i n  the  zoned embankment i n  
Figure 11. I n  Figure l l ( a ) ,  the  t a i l w a t e r  i s  a t  t he  ground sur- 
f ace .  Flow l i n e s  a re  f u l l y  developed i n  the  upstream s h e l l  and 
core; t h e  downstream s h e l l  i s  dry except a t  the  extreme bottom. 
( ~ o t e :  The dark l i n e  higher  up i n  the  downstream s h e l l  i s  a 
r e s i d u a l  water mark from a previous demonstration. ) The t a i l -  
water has been r a i s e d  i n  Figure l l ( b )  t o  about one- th i rd  the  dam 
height  t o  i l l u s t r a t e  the  change i n  flow l i n e s  with a change i n  
head p o t e n t i a l .  

Sand models take considerable time t o  bu i ld .  It i s  d i f f i c u l t  t o  
obta in  i so t ropy  i n  the  c ross  sec t ion  and, when zoned, a r e a l i s t i c  
v a r i a t i o n  of the  permeabil i ty r a t i o  of the  core and the  s h e l l  ma- 
t e r i a l s .  Furthermore, it i s  d i f f i c u l t  t o  ob ta in  the  top  flow 
l i n e  when the  r e s e r v o i r  i s  f u l l  due t o  c a p i l l a r y  r i s e  of the  dyed 
water and r e s u l t i n g  blob i n  the  upper p a r t  of the  embankment. 

This type of model i s  e s p e c i a l l y  u s e f u l  f o r  t r a i n i n g  purposes, a s  
it produces a graphic p i c t u r e  of seepage. 

D. Instrumentat ion 

The techniques presented i n  the  th ree  preceding sec t ions  (A, B, 
and C )  e i t h e r  r ep resen t  t h e o r e t i c a l  flow n e t s  o r  n e t s  developed 
f o r  s p e c i f i c  s i t u a t i o n s  p r i o r  t o  design. 



( a )  Drains closed ( b  Upstream drain ( a t  c = 0 .3b)  open 

Figure 10. Homogeneous sand model with headwater near 
top of embankment- impervious foundation. 

( a  ) No tail water 
I I ( b )  Tail water q to -3 height up backslope 

Figure I I .  Zoned sand model with headwater near 
top of embankment-impervious foundation. 



Piezometers can be i n s t a l l ed  i n  ea r th  and rock masses t o  de te r -  
mine ac tua l  flow conditions. Flow ne t s  drawn from piezometric 
data  a r e  helpful  i n  analyzing problems concerning subsurface flow. 
For t h i s  purpose, pressures must be monitored a t  several  l eve l s  a t  
a  su f f i c i en t  number of observation points t o  e f fec t ive ly  define 
subsurface flow conditions. 

VII. Use of t h e  flow net  

From an accurately constructed flow net, t h e  r a t e  a t  which water i s  
see  ing through a porous medium (within t h e  boundaries of t he  flow 
ne t  7 can be determined; t he  seepage gradient  can be computed; and 
t h e  magnitude and direct ion of seepage forces o r  seepage pressure a t  
any point may be determined. 

A. Rate of seepage discharge 

After  construction of t he  flow net  i s  complete, t h e  number of 
flow channels ( N ~ )  and t he  number of equipotential  drops (ITd) 
a r e  counted. P a r t i a l  flow channels o r  p a r t i a l  drops a r e  con- 
sidered (e.g. Nf may equal 3.2). The shape f ac to r  ($) is 
calculated from the  r a t i o  of t he  number of flow channels t o  
t he  number of equipotential  drops ( N ~ / N ~ ) .  Then, r a t e  of 
discharge i s  computed according t o  Equation 4a, Figure 1. 

B. Seepage gradients 

I f  one square ( see  Figure l a )  within t he  flow ne t  i s  considered, 
t he  l o s s  of head due t o  flow through t h e  square i s  equal t o  t h e  
change i n  head from one equipotential  l i n e  t o  t h e  nex6 (Ah). The 
gradient at  any point  is t h e  l o s s  i n  head between equipotential  
l i n e s  (Ah) divided by t h e  dis tance between equipotential  l i n e s  
(AL) measured along t h e  flow path. The path i s  considered t o  
be midway between flow l i n e s .  The seepage gradient  changes 
throughout t he  flow net  because squares vary i n  s ize .  The l a r g e s t  
gradient  occurs along t h e  shor tes t  flow path. The point  of con- 
cern is usually where t he  gradient is t he  l a rge s t  along t h e  d i s -  
charge face. Gmerally, t h i s  occurs at  t he  downstream t o e  of a 
dam or  a t  t h e  point  where t h e  shor tes t  flow path  discharges. 
The discharge gradient ( i d )  i s  calculated from Equation 4b, Fig- 
ure 1. 

C. Seepage forces and pressures 

The seepage force  ( J )  ac t ing  on any square i n  t he  flow net  i s  
t h e  product of t h e  gradient  across t he  square, t he  uni t  weight 
of water, and t he  volume of t h e  square. When t h e  volume i s  unity, 
t h i s  fo rce  is numerically equal t o  t h e  di f ference i n  head between 
t h e  upstream s ide  and t he  downstream s ide  ( ~ h )  times t he  uni t  
weight of water. The seepage force i s  exerted on t h e  porous 
medium by t h e  water moving through it and a c t s  i n  t h e  d i rec t ion  
of flow p a r a l l e l  t o  t he  flow l i n e s  a t  t h e  point  i n  question. 





The seepage pressure (ps ) act ing on any square i s  equal t o  t he  
seepage force divided by t he  a rea  of t h e  square normal t o  t he  
d i rec t ion  of flow. Seepage pressure i s  calculated from Equation 
4c, Figure 1. 

V I I I .  Selected references 
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M. &ample problems 

A. &ample 1. Seepage l o s s  and discharge gradient .  

B. Ekaraple 2. Discharge t o  a drain. 

C. &ample 3. Effect  of anisotropy on t h e  phreat ic  l i n e .  

D. Example 4. Concrete drop spillway--base u p l i f t  and discharge 
gradient. 



S c a l e  ( F e e t )  

k= IQ.  f p d  
1 k =  10. fpd .  

For the above s torage dam, e s t ~ m a t e  the  water loss  per foot  length of dam and the 
discharge gradient at  the base of the cutof f .  Since k of embankment shells and foundation 

is much more than that of the core and cutoff, construct the flow net only for the core and cutoff, 

N f 
q = k h -  

4 
= 0.01 x 5 0  x - = 0 . 2 8  c fd .  / f t .  l eng th  o f  dam 

d 7.2 5 

. A h  =-= - -  
I d  L 

6.9 - 2 . 8  ( base of cu to f f  
2 .5  

E x a m p l e  I. S e e p a g e  l o s s  and d i s c h a r g e  g r a d i e n t .  



kw 0 
0 10 20 30 40 

Note: Since the permeability of the foundation i s  much more than that of the embankment, construct the flow net 
for the foundation only. Scale (feet) 

Estimate the discharge to the foundation drain. 

After subdivision, Nf = 12 and Nd = 44. 

I L 
q= kh 100 x 40 x - = 1090 cfd/ft .  of dam (total discharge per ft.) 

d 44 

About 9.5 flow channels contact the drain. 

9.5 
Discharge to the drain = - x 1090 = 860 cfd/ft. of dam length 

12 

Example 2 .  Discharge t o  a drain 



Note: Flow net is for isotropic 
case (kh = k v )  

/" 
Phreatic line for kh = kv 

Partial flow channel Phreatic line for kh= 16kV (transposed 
back from Example 3 (b) below) 

n 

( a )  True section 

Note: Horizontal transformation factor= 

( b  ) Transformed section (kh = 16kv) 

Example 3 .  Effect of anisotropy of embankment on the phreatic line 



H e a d  W a t e r  P r e s s u r e  g r a d i e n t  a l o n g  upper f low  b o u n d a r y  v 
G r o u n d  S u r f  

T a i l  W a t e r  

v 
G r o u n d  S u r f a c e \  

7 / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /  / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / I  

9 I I I I , \- P a r t i a l  equipotent ia l  drop (0.8) 

h  12 .8 Scale ( f e e t  
N, = 13.8; A h =  --- - 0 .93 '  

N d  13. 8 

Discharge g r a d i e n t  a t  toewal l  and  transverse sill: 

A h  0 . 9 3  
id = - = 0 . 2 2  

A  L 4 .2  

E x a m p l e  4. Concrete  drop spi l lway - b a s e  . u p l i f t  a n d  d i s c h a r g e  g r a d i e n t .  



X. Appendix - flow n e t  examples 

A. General 

This sec t ion  conta ins  a number of flow n e t s  i n  which equipo- 
t e n t i a l  l i n e s  were developed mainly by e l e c t r i c  analog and flow 
l i n e s  by sketching. These n e t s  provide information on how flow 
q u a n t i t i e s ,  pressures ,  and g rad ien t s  vary wi th  changes i n  perme- 
a b i l i t y  r a t i o s  and var ious  n a t u r a l  f e a t u r e s  and design f e a t u r e s  
such a s  e a r t h  cu to f f s ,  d ra ins ,  and upstream blankets .  These 
flow n e t s  can only be used t o  solve a c t u a l  problems when con- 
d i t i o n s  and l i m i t a t i o n s  a t  t h e  a c t u a l  s t r u c t u r e  a re  the  same a s  
i n  t h e  examples. 

The f i g u r e s  i n  t h i s  appendix, p lus  t h e i r  condi t ions  and l i m i t a -  
t i o n s ,  a re  l i s t e d  below f o r  ease  of re ference .  

Figure A-1 .  

Figure A-2. 

Figure A- 3. 

Figure A-4.  

Figure A-5. 

Figure A-6. 

Figure A-7.  

Figure A-8. 

Figure A-9. 

Figure A-10. 

Figure A - 1 1 .  

Figure A-12. 

Foundation only. No cu to f f ,  d r a i n  o r  upstream 
blanket .  (kh/kv) = 1, 25 and 100. 

Foundation only. Cutoff t r ench  with lo - ,  20-, 
and 30-foot depths. (kh/kv) = 1. 

Foundation only. Cutoff t rench with lo - ,  20-, 
and 30-foot depths. (kh/kv) = 25. 

Foundation only. Cutoff t r ench  wi th  lo - ,  20-, 
and 30-foot depths. (kh/kv) = 100. 

Foundation only. Trench d r a i n  wi th  10-foot depth 
a t  c = 0.8b. (kh/kv) = 1, 25 and 100. 

Foundation only. Trench d r a i n  with 10-foot  depth 
a t  c = 0.6b. (kh/kv) = 1, 25 and 100. 

Foundation only. Trench d r a i n  with 10-foot  depth 
a t  c = 0.4b. (kh/kv) = 1, 25 and 100. 

Foundation only. Trench d ra ins  wi th  1.5-,  5- 
and 10-foot  depths a t  c = 0.6b. (kh/kv) = 1. 

Foundation only. Trench d ra ins  with 1.5- ,  5- 
and 10-foot  depths a t  c = 0.6b. (kh/kv) = 25. 

Foundation only. Blanket d r a i n  from c = 0.5b t o  
downstream toe.  (kh/kv) = 1, 25 and 100. 

Foundation only. Upstream blanket  with 130-foot 
length  from toe .  (kh/kv) = 1, 25 and 100. 

Foundation only. No cu to f f ,  d r a i n  o r  upstream 
blanket .  Wate r - f i l l ed  plunge bas in  wi th  10-foot  
depth. (&/kv) = 1, 25 and 100. 



Figure A-13. Embankment only.  No core o r  d ra in .  Steady seepage, 
5% drawdown, and f u l l  drawdown condi t ions .  
(kh/kv) = 1. 

Figure A - 1 4 .  Plan view of seepage through per iphery  of  r e s e r v o i r  
and l e f t  abutment of d a ~ .  

Figure A-15 .  Embankment and two-layered foundat ion wi th  high and 
low water t a b l e s .  No cu to f f  o r  d ra in .  Steady seep- 
age condi t ion .  D i f f e ren t  permeabi l i ty  va lues .  

Figure A-16.  Embankment and two-layered foundat ion wi th  high and 
low water t a b l e s .  Cutoff through upper l a y e r .  
Steady seepage condi t ion .  D i f f e ren t  permeabi l i ty  
va lues .  

B. Figures A - 1  through A-12 

The e q u i p o t e n t i a l  drops i n  these  flow n e t s  were s e l e c t e d  m b i -  
t r a r i l y ,  and t h e  e q u i p o t e n t i a l  l i n e s  were developed by e l e c t r i c  
analog. Had these  n e t s  been developed e n t i r e l y  by sketching,  a 
whole number of flow channels would have been chosen a t  the  s t a r t .  
This procedure would have given p a r t i a l  e q u i p o t e n t i a l  drops. 

These examples d e p i c t  embankments r e s t i n g  on 40-foot t h i c k  perme- 
ab le  foundat ions t h a t  a r e  under la in  wi th  impervious ma te r i a l .  The 
embankment, upstream blanket  (where a p p l i c a b l e ) ,  and cutof f  t r ench  
b a c k f i l l  a r e  assumed t o  be impervious, and they  a r e  no t  considered 
i n  t h e  flow n e t s .  The base of t h e  embankment ( B )  i n  each case i s  
220 f e e t  long, and t h e  l eng th  of t he  upstream blanket  (where 
app l i cab le )  i s  130 f e e t .  

I n  most cases  foundat ion permeabi l i ty  r a t i o s  (kh/kv) a r e  1, 25 and 
100 where s u b s c r i p t s  h and v denote h o r i z o n t a l  and v e r t i c a l  d i -  
r e c t i o n s  r e spec t ive ly .  The number of flow channels ( ~ f ) ,  number of 
e q u i p o t e n t i a l  drops ( N d ) ,  shape f a c t o r s  ( N ~ / N ~ ) ,  and s h o r t e s t  flow 
path  (AL) i n  which r e s i d u a l  excess head (Ah) must be d i s s i p a t e d  a r e  
shown f o r  comparative purposes. The AL values  a r e  gene ra l ly  the  
flow d i s t ance  from the  las t  e q u i p o t e n t i a l  l i n e  shown t o  t h e  down- 
stream toe .  However, i n  a few cases  they  a r e  t h e  flow d i s t ance  t o  
the  bottom of t h e  plunge bas in  o r  a po in t  downstream from the  toe .  

Values of discharge g rad ien t  ( i d )  i n  terms of n e t  head ( h )  and r a t e  
of discharge ( q )  per  f o o t  of dam l eng th  i n  terms of kh o r  k ' h  a r e  
given i n  each f i g u r e .  Equations 4a and 4b from Figure 1, Sect ion  
IV, were used t o  develop i d  and q express ions .  Discharge g rad ien t  
(id) = ah/& b u t  Ah = h/Nd; the re fo re ,  i d  = ~ / ( N ~ A L ) .  The d i s -  
charge g rad ien t s  given on the  f i g u r e s  a r e  those  which g ive  t h e  
h ighes t  va lues  from t h e  l a s t  e q u i p o t e n t i a l  l i n e s  shown i n  t h e  
f i g u r e s .  



I n  applying these  n e t s  t o  a c t u a l  s i t u a t i o n s ,  head ( h )  and em- 
bankment s lopes  may be va r i ed  so  long a s  o the r  l i m i t a t i o n s  such 
a s  embankment base length ,  depth of pervious foundation, and 
permeabil i ty r a t i o s  a re  equivalent .  

C.  Figures A-13 through A-16 

Flow n e t s  i n  these  f i g u r e s  a r e  e n t i r e l y  d i f f e r e n t  from the  pre- 
vious f igu res .  Many of these  n e t s  were developed by e l e c t r i c  
analog f o r  a c t u a l  s t r u c t u r e  s i t e s  by spray pa in t ing  a r i g i d  
insu la t ing  m a t e r i a l  with a g raph i t e  mixture t o  achieve va r i -  
a t i o n s  i n  conductivi ty.  

They provide an opportunity t o  observe seepage p a t t e r n s  and head 
r e l a t i o n s h i p s  a s  water moves through embankment only and through 
embankment-foundation s i t u a t i o n s .  Previous n e t s  showed water 
percola t ing  through foundations only.  The e f f e c t s  of high and 
low water t a b l e s  on a s teady seepage condit ion a re  depicted.  
One f i g u r e  s imulates  t h e  movement of water through a pervious 
l a y e r  i n  the  abutment of a dam and the  periphery of the  r e s e r -  
v o i r  -- t he  l aye r  being loca ted  a t  some d i s t ance  below the  
r e s e r v o i r  water surface.  

It i s  un l ike ly  t h a t  many of these  n e t s  can be appl ied  d i r e c t l y  
t o  the  ana lys i s  of planned o r  e x i s t i n g  s t r u c t u r e s .  However, 
t he  examples shown do provide i n s i g h t  i n t o  hydraul ic  flow 
c h a r a c t e r i s t i c s  and pressure  d i s t r i b u t i o n  p a t t e r n  i n  e a r t h  
masses. 



Upstream toe- 

Ground surface- Impervious boundary- kg of net V 
1 I I ,  

- 
0 
t 

- 
0 10 20 
Scale (feet) 

Figure A-I. Foundation only. No cutoff, drain, or upstream blanket. 
(kh  / kv)=l ,  25,and 100 

AL-3.' at 

A ~ = 4 . ' a t  
Impervious boundary\ of net D.S. toe 

1 % 80% 75% 70% 65% 60%55% 50% 45% 400/. 35% 30% 25Y0 20% 15% 10% 5% D. S. toe 
Impervious boundary- (a) k =kv i d = 0 . 0 1 7 h ;  qzO.16 k h  

/ 
/ 

/ 

\ 

\ 
50% 40% 

Impervious b0undary2(b)kh = 25kv  id = 0 . 0 2 5  h ; q = 0.48 k 'h  



1 Nf / N ~ = o . I ~  

A ~=3 . '  at 

5% 90% 85% 80% 7570 70% 65% 607'055% 5 0  5% 40% 35% 30% 25% 2 0  D. S. toe 

impervious boundaryf id=O.O1?h; q = O . I 5 k h  

(a) 10- foo t  depth.  (0 .25  d )  

Impervious b o u n d a r y 1  i d =  0.017 h ;  q=0.135kh 

(b )  2 0  - f o o t  depth. ( 0 . 5 0  d )  

I I I I I I i I 1  I I I ~ I I I  I I I I I I I I  I I D.S. toe 
925% 95% 90% 80% 70% 60% 40% 30% 20% 10% 5% 2.5% 

Impervious boundary 50% id = 0.013 h ; q =  0.10 k h  - 
( c )  3 0 - f o o t  depth. (0.75 d )  0 10 2 0  

Figure A-2. Foundation only. Cutoff trench with lo-, 20-, and 30 - foot  depths. Scale (feet) 

( k h  / k,)=l 



~ ~ = 4 . ' a t  

(a) l 0 -  foot depth.  (0.25 d )  Nf=3.47 
Nd= 10. 

Nf /1\14=0.347 

A L= 5.' at 
Impervious boundary D. S. toe 

70% 60% 50% 40% 30% 
Impervious boundary id = 0.020 h ; q = 0.347 k'h Nf=5.25 

(b) 20 - foo t  depth.  (0 .50  d)  

/ / / / i i I 1 \ \ \ 
85% 80% 75% 70% 6 5  60% 55% 50% 45% 40% 35% 30% 25% 20% 15% 

Impervious boundary id = 0.017 h ; q = 0.262 k'h 

( c )  30- foo t  depth.  (0 .75  d )  
- 
0 10 20 

Figure A-3. Foundation only. Cutoff trench with lo-, 20-, and 30 - foo t  depths. Scale (feet) 



\ A L = ~ . '  at 
,r,,in, t e  hn, ,..A"V,,. ,/% of net - n s t n ~  

Upstream toe, I 
Ground surface- Impel vlvuJ vvul luul , K L v -. -. .-- 

>' 
10% 

Impervious boundaryf id = 0.033 h ; q = 0.57 k' h Nf=4.2 

(a) 10 - foo t  depth .  (0 .25  d l  

AL=IO.' at 
Ground surface\ Impervious boundary3 D.S. toe 

90% 1 
/ 

80% 
, . 

/60% 50% \40% 
Impervious boundary9 id =O.OlOh; q =  0 .42k1h  Nf13.0 

(b) 20- foo t  depth.  (0 .50  d l  

Upstream toe % of net ~ ~ 1 3 5 . '  at 
Ground surface- mpervious boundary\ D. S. toe 

10% 

, 4 0 %  /' I \ \3 oO/o 
60% 1 50% 40% 

Impervious boundary id = 0.0029h; q= 0 .30 k '  h 
0 - 10 20 

(c) 3 0 - f o o t  depth. (0.75 d )  

Figure A-4. Foundation only. Cutoff trench with lo-,  20- ,and 3 0 - f o o t  depths. 
( k h  / k v ) = ~ ~ ~  

Scale (feet) 



N f = 5 . 4 2  
N ~ = I o .  

Nf Nd'0.542 

5 of base of embankment ~ 1 = 2 5 . ' a b o u t  4 0 '  
D.S. from toe 

of base of embankment 41 

lmpervious boundary- 7 h  v 

- 
0 10 20 Figure 8-5 .  Foundation only. Trench drain with 10-foot depth at  c = 0 . 8  b ~,,.(t.,+) 

(kh  / kv)=l ,25,and 100 

-- 

N f ' 3 . 6 0  
N @ 2 ~ .  

Nf / N ~ = o .  180 

A ~=33.' at  
D. S. toe 

95% 9 0 %  8 0 %  70% 60%/50% 40% 3 0 %  20% 10% 5% 
Impervious boundary 

( a  )kh=kv id = 0.0015 h ;  q =  0.18 k h 



W 

of base of & 

Ground surface- mpervious boundary- r' embankment 
4' 
7 , r  

1 
v 

Nf=3.8 
Nd=20. 

0 
e 

----- Nf / N ~ = o .  19 
I 

AL=4'2' at 
i D. S. toe 

95% 90% 80% 70% 60% 50% 40% 30% 20% 10% 5% 
Impervious boundary k k  

( a )  h= v id= 0.0011h; q = 0 . 1 9 k h  

A L=26.' at 
Ground surface\ mpervious boundary\ D. S. toe 

/ I 
/ / 

/ 
/ 
I 
50% 

lmperv~ous boundaryf 
(b)kh=25kv 

id = 0.0039 h ; q = 0.575 k' h 

Ground s 
upsrream roe t- y UI uuae UI 

u r f a c e x  \ A m ~ e r v i o u s  b o u n d a r v ~  embankment 
A L= 14.' about 70 '  

7 , r  \ ~7 D. S .  from toe 

/60% 140% \30% 
lmpervious boundaryf 

( c ) k h = ~ ~ ~ k v  
id = 0.0072 h ; q = 0.825 k' h 

Figure A-6 .  Foundation only. Trench drain with 10-foot depth at c =O.6 b 
( h / kv  )=I , Z 5  ,and 100 

- 
0 10 20  
Scale (feet) 



A ~=29.'  at 
Ground surfacel 

10% 
lmpervious boundar yf 

( b)kh=25kv 
ld = 0.0035 h; q = 0.60 k'h 

of base of 4 
Ground surface\ rvious boundary\ embankment 7 

I, rq I '7 

Nf =9.3 
Nd'10. 

Nf Ndz0.93 

lmpervious b o u n d a r y 1  

Impervious boundaryf id= 0.0053 h; q ~ 0 . 9 3  k'h 
( C ) kh =lookv - 

0 10 20 
Figure A- 7. Foundation only. Trench drain with 10-foot depth at  c =0.4 b Scale (feet) 

( kh  I k v ) = 1  ,25,and 100 

I 
I -0 * 

95% 90% 80% 70% 60% 5 40% 30% 20% 10% 5% 
lmpervious boundary 

(a)kh=kv ld= 0.00079h; qz0 .205  kh 

i 

---------- 

Nf=4.1 
Nd=20. 

Nf /Nd=0.205 

~ ~ = 6 3 . '  at 
D. S. toe 



Impervious boundary-' id = 0.0019 h ; q =  0.178 kh  

Ground surface\ Impervious boundary- I embankment V 0\ 

(a) 1.5-foot droin depth 

A 

0 
d- 

v 

Nf=3.56 
Nd=20. 

Nf / N ~ = o .  178 

I \ ~ ~ = 2 7 . ' a t  
D.S. toe 

Impervious b o u n d a r y 1  id = 0.0016 h; q = 0.182 k h 

95% 9 0 %  80% 70% 6 0 %  J 50% 40% 30% 20°/0 10% 5% 

Impervious boundary\ V 

(b) 5 - foot droin depth 

I 

of base of 
Ground surface-,, rvious b o u n d a r y 1  r" embankment V 

Nf=3.80 

\ Nd'20. 
Nf / N ~ = o .  19 

~ ~ = 4 7 . '  at 
D.S. toe 

95% 90% 80% 70% 6 0 %  50% 40% 30% 20% 10% 5% 
Impervious boundary id=O.OO1lh; q=0 .19kh  - 

(c) 10-foot drain depth o 10 2 0  

Figure A-8. Foundation only. Trench drains with 1.5-foot, Scale (feet) 

5-foot and 10-foot depths a t  c=0 .6  b (kh /kv )  = I. 

Nf=3.64 
Nd=20. 

Nf lNd=0.182 

I ~ ~ = 3 2 . '  a t  
D. S. toe 

95% 90% 80% 70% 60% / 50% 40% 30% 20% 10% 5% 



ervious boundary -,, 

Impervious b o u n d a r y 3  id = 0 . 0  I I h ; q = 0 . 5 0  k'h 
(a) 1.5-foot drain depth 

(b) 5-foot drain depth 
N f = 5 . 7 5  
N~ ' Io .  

Nf I N d s 0 . 5 7 5  

(c) 10-foot drain depth - 
0 10 20 

Figure A-9. Foundation only. Trench drains with 1.5-foot, Scale (feet) 

5-foot and 10-foot depths a t  c=0 .6  b (kh /kv )=25 .  



-- 
(33 

of base of 
Ground surface- mpervious b o u n d a r y 1  r-" embankment 

A 
v 

Nfz3.76 
Ndr20. 

0 
e Nf /Nd=0.188 

A L=49.' at 
I D. S. toe 

95% 90% 80% 70% 60% 1 5 0 %  40% 30% 20% 10% 5% 
lmpervious boundary' 

( a  h = k v  
Nf=5.45 
N~= Io .  

Nf  /Nd=0.545 

AL=13.' at 
Ground s u r f a c e 1  D. S. toe 

Impervious b o u n d a r y 3  id = 0.0077 h ; q = 0.545 k 'h  
( b 1 ~ h = 2 5 ~ ,  

Nf=7.6 
Nd'lO. 

Nf Nd=0.76 

AL=6.' at 
lmpervlous boundary\ embankment D. S. toe 

Impervious boundary3 id = 0.017 h; q ~ 0 . 7 6  k'h 
( C  ) k h = ~ ~ ~ k v  - 

Figure A-10. Foundation only. Blanket drain from c=0.5 b to downstream toe. o 10 20 
Scale (feet) 

(kh / kv )=  1, 25 and 100 



AL=2.5' at 
D. S. toe 

and embankment 

Nf /Nd-0.35 

A l=5 . '  at  
D.S. toe 

Ground surfa Impervious blank of base of embankment 
lmpervious bounda 

(70% /k0% 150% \40% -- 1 3 0 %  
lmpervious boundary3 

( c ) k h = ~ ~ ~ k v  id = 0.029 h ; q = 0.55 k'h Nf== 
Nd=lO. 

Figure A -  I I .  Foundation only. Upstream blanket with omo Nf / ~ d = o . 5 5  
k k 130-foot length f rom toe.( h/ v)= 1 , 25 ,  and 100 Scale (feet) AL=3.5' at Lr, 

'0 

- - 
D. S. toe 

- 



Upstream toe\ &% of base of 

t- L -. - - - -  - - - -  C 

Ground surface- Impervious b o u n d a r y 1  0 

embankment AL=6. '  in bottom 
- r  L - _ . -  

1 Nf /Nd=0.15 

~ = 5 . 5 ' a t  
D.S. toe 

- 
o 
t 

1 

170% /60% 140% \30% \20% 
Impervious boundaryf 

( b 1 ~ h = 2 5 ~ v  
id = 0.017 h; q=0.52 k'h 

95% 90% 80% 70% 60% 50% 40% 30% 20% 10% 5% 
lmpervious boundary 

(a )kh=kv id = 0.0091 h; q ~ 0 . 1 5  k h 

I 

A ~ = 2 . 5 '  in bottom 5 of base of embankment 

/60% /50% \40% \30% 
Impervious b o u n d a r y 2  id = 0 .040 h ; q = 0.72 k'h 

Figure A-12.  Foundation only. No cutoff , drain or upstream blanket. 
0 10 20 
Scale (feet) - 

Water-filled plunge basin with 10-foot depth. ( kh / kv)=  1 , 2 5 ,  and 100. 



~ l m p e r v i o u s  boundary ! - 
( a  Steady seepage condition ( kh= k,) 

( b )  50 percent drawdown condition ( kh= k, ) 

( c  ) 100 percent drawdown condition ( kh=kv 1 

Figure A - 13. Embankment only. No core or drain. Steady seepage, 
50% drawdown,and full drawdown conditions ( kh/k,) = I. 

- 
0 10 20 
Scale ( feet)  

c 



Assumed boundary,, 
I 1 

,-Assumed 
boundary 

Cl=khh d=(5x35) (9) (5). 2.280 c ld  

Figure A-14. Plan view of seepage through periphery of 
N d 

reservoir and left abutment of dam. - 
0 850 1700 
Scale (feet) 



((1.1 Steody seepage condition ( h i g h  ground woter leve l )  

Note :  Equipotentiol l ines  only 

(b.) S t e o d y  seepage condltlon ( low ground woter leve l  

- 
0 15 30 

Scale (Feet) 

Figure  A - 15 .  E m b a n k m e n t  a n d  tw6-loyered foundation with hi! 

ond l o w  w o t e r  t a b l e s .  N o  cutoff  or  dra in ,  s t e a d y  seepa! 

condit ions,  d i f fe rent  permeabil i ty va lues .  
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(0.) Steady seepage condition ( high ground water level)  

Note: Equipotential l ines only 

(b.)  Steady seepage condition ( low ground woter level 

Figure A - 16. Embankmen t  and  two-lay&ed foundation w i t h  h igh 

and low wo te r  t a b l e s .  C u t o f f  through upper layer. S teady  

seepage cond i t ion .  D i f fe rent  permeabi l i ty values. 


