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FIG. 4.4 Flow net for homogeneous dam on impervious foundation (Example 3). 
(a) Known conditions. (b) Trial saturation line and flow net. (c) Final flow net. 

and shape. Next a family of  equipotential lines should be drown, making all 
intersections with flow lines right angles. Then draw one or more intermediate 
flow lines to establish a trial flow net as shown in Figure 4.4b. If all intersec- 
tions are right angles, the first trial net will be composed of rectangular figures. 
Some of the figures may happen to  be squares, but most will probably be 
elongated rectangles, as in this example. 

Usually it is possible by inspection alone to  note the kinds of correction 
that must be made and to  develop accurate flow nets with an indeterminate 
phreatic line (e.g., Fig. 4 . 4 ~ ) .  At this point it is well to  review a systematic 
checking method that takes the guesswork out of flow nets for unconfined 
seepage. This check is based on the rule: In any flow net the number of flow 
channels tnust remain the same throughout the net. This rule simply states that 
all the water entering a cross section must flow through the section and emerge 

at the low potential side. I t  appl 
sources feeding water into them o 

If a flow net has been iorrec~l  
squares, the rule given here is o h  
net in Figure 4.3e, which has rwo 
ate equipotential lines. To sati,f\ I 

lines must encompass the same nu 
figure that meets the requircmcnl 
usually a true square, for i t  :\ cr 
fitndatnental requirettlet~r , i i r_c  J )  s 
ure 4.3e each pair of equiporcn::d 
basic rule is met. A flou nr't rha: 
in Fig. 4.4b; another that do<< fsi 
Because the last two flon nc:. are 
possibIe to detect inaccura LILI.  - 39. 

done in two ways. 

1 .  By inspection note the figure 
shift lines in directions [hat a r m  
Figure 4.4b show initial adiux:mrr 
be necessary. If this procedurr. ;i i 
will become progressit.el!- mors a 
squares and has the satne r ~ l c r v k r  

you are not confident enough :0 r 
use the second method. 

2. Use an engineer's scale T L ~  rn 
a trial flow net and calcularr. :he 
equipotentials. A figure thar has 
flow channel; one that ha. a u:J 
channel, and so on. Thus in F:g;lrt 

of ef to  cd is 1 .O; hence one iu!l t 
fractional space below [hi.; -c;sart 
therefore, the number of tlo~r ;tu 
+ 0.3, or  1.3. This number i -  u n ~  

similar procedure of measuring 5g 
channels is carried out for thc t.d 
4.4b. If the numbers written d o w n  
of  balance and must be redraun 
trial flow net (Fig 4.4b) t h e c  nun 
adjustments indicated by the arrt 
raise the phreatic line aboi c the f r  
"squares" above a given point m 
too low above that point; i f  the fi 
above the point. 

To correct a trial flow ner thar 



- i JYCONFINED FLOb*, 5 .  :-: , ' :  135 

at the low potential side. It applies to all ,i.;::,>::, that have no st,<.: .... :,-v 
sources feeding water into them or drains remo\ 111s \\ .i:sr from them. 

If a flow net has been correctly constructed and i \  ~ ' l ~ ! ! ~ o r e d  entirely oj 
squares, the rule given here is observed automatically. ,411 i.\,ir;:ple is the flow 
net in Figure 4.3e, which has two intermediate flow lines anJ c::ii: intermedi- 
ate equipotential lines. To satisfy this rule each adjacent pair or' i.qi~:p~-)~c.ntial 
lines must encompass the same number of "square" figures, a squari. b c i ~ i g  a 
figure that meets the requirement described in Sec. 3.3. A "square" i, I I O I  

usually a true square, for it is enclosed in curved lines, but it satisfies rhe 
fundamental requiretnent if its average width equals its average length. In Fig- 
ure 4.3e each pair of equipotential lines encompasses three squares; hence the 
basic rule is met. A flow net that does not fulfill this rule is the trial flow net 
in Fig. 4.4b; another that does fulfill it is the finished flow net in Figure 4 . 4 ~ .  
Because the last two flow nets are somewhat similar in appearance, how is it 
possible to detect inaccuracies and make the necessary corrections? It can be 
done in two ways. 

1. By inspection note the figures in a trial flow net that are not squares and 
shift lines in directions that appear reasonable; for example, the arrows in 
Figure 4.4b show initial adjustments that are judged from visual inspection to 
be necessary. If this procedure is correctly applied, subsequent trial flow nets 
will become progressively more accurate until the flow net is composed of 
squares and has the same number of flow channels throughout (Fig. 4 . 4 ~ ) .  I f  
you are not confident enough to improve flow nets by inspection alone, then 
use the second method. 

2. Use an engineer's scale to measure the widths and lengths of figures in 
a trial flow net and calculate the number of flow channels between pairs of 
equipotentials. A figure that has a width-to-length ratio of 1.0 contains 1.0 
flow channel; one that has a width-to-length ratio of 0.5 contains 0.5 flow 
channel, and so on. Thus in Figure 4.4b lines cd and ef are equal and the ratio 
of ef to cd is 1.0; hence one full flow channel is contained in this figure. the 
fractional space below this square has a width-to-length ratio of about 0.3; 
therefore, the number of flow channels between equipotentials 3 and 4 is 1.0 
+ 0.3, or 1.3. This number is written below the base of the dam as shown. A 
similar procedure of measuring figures and recording the total number of flow 
channels is carried out for the balance of the flow net, as indicated in Figure 
4.46. If the numbers written down are not all nearly equal, the flow net is out 
of balance and must be redrawn until these numbers are the same. In this 
trial flow net (Fig 4.4b) these numbers are not at all equal. The need for the 
adjustments indicated by the arrows is now apparent. This adjustment will 
raise the phreatic line above the trial position in Figure 4.4b. Generally, if the 
"squares" above a given point are elongated horizontally, the phreatic line is 
too low above that point; if the figures are elongated vertically, it is too high 
above the point. 

To correct a trial flow net that has an indeterminate phreatic line the line 
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should be raised if the first guess is too low or lowered if the first guess is too 
high. This correction automatically forces the equipotential lines to be moved 
in the correct direction. After the phreatic line is raised or lowered, a new 
family of equipotentials should be drawn and the new flow net, examined. If 
the figures are not all squares and the calculated number of flow channels is 
not the same throughout, the procedure should be repeated until a satisfactory 
flow net is obtained (Fig. 4 . 4 ~ ) .  With experience accurate flow nets can be 
developed with the help of visual inspection alone. If any doubt exists, the 
lengths and widths of the figures should be measured with an engineer's scale 
and the number of flow channels calculated at several places in the section, as 
described in the preceding paragraph. If this check is properly made, accuracy 
is guaranteed. As a flow net is improved and all figures become true squares, 
the phreatic line will be forced into its correct position. In developing this kind 
of flow net we are solving simultaneously for the flow net and the position of 
the phreatic line. 

When seepage emerges along a sloping surface, such as the downstream 
slope of a dam (Fig. 4.4c), some of the water flows down the slope and a 
portion of the flow net is thereby cut off. When counting the number of flow 
channels in the extremities of flow nets, cut-off portions should be included 
in the totals. Thus in Figure 4 . 4 ~  the finished flow net has 1.2 flow channels 
throughout, even though a portion of the right end of the flow net is cut off. 
If line CF in Figure 4 . 4 ~  were a boundary between zones of two different 
permeabilities k l  to k:, the shape of the flow net would depend on the ratio of 
k, to k, .  If the second zone is considerably more permeable than the first (k,/ 
kl = 1000 or more), the influence of the second zone on the flow net can 
usually be ignored. If the ratio k z / k ,  is in a moderate range, several hundred 
or less, the method described in Sec. 4.6 for composite sections should be used 
in developing the flow net. 

4.6 COMPOSITE SECTIONS WITH PHREATIC LINE UNKNOWN 

In this section a method of checking the accuracy of flow nets for composite 
sections with unknown phreatic lines is described and examples of shortcut 
methods are given. 

Example 4 Zoned Earth Dam. Figure 4.5 illustrates a basic procedure for 
drawing composite flow nets for sections with unknown phreatic lines. The 
transfer conditions at boundaries between soils of different permeability mate- 
rials were described in Sec. 3.3. When water flows across a boundary into a 
soil of different permeability, the figures in the second soil must elongate or 
shorten to make the length-to-width ratios of the figures satisfy Eq. 3.11: 
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Although the flow net has been drawn for a composite section, the ratio 
of kz/kl probably does not equal the k2/kl ratio originally assumed for 
the section. 

3. Calculate the actual ratio of k2/kl for the trial flow net just constructed. 
To make this important check proceed as follows: 

(a) Count the number of full flow channels between any two adjacent equi- 
potential lines in zone 1 and call this number n~ . , .  In the trial flow net 
in Figure 4.5a ~ J I  = 4.0. 

(6) Count the number of full flow channels between any two adjacent equi- 
potential lines in zone 2 and call this number n,f-2. In Figure 4.5a n i -~  
is equal to the width-to-length ratio of the figures in zone 2, d/c  and 
equal to 0.5. 

(c) The actual value of k2/kl for the trial flow net in Figure 4.5a can now 
be determined from the equation 

(4 If the calculated k2/k, ratio is too high, the saturation line in zone 2 is 
too low and must be raised. If the calculated k2/k, ratio is too low, the 
saturation line in zone 2 is too high and must be lowered. Raise or 
lower the general level of the saturation line in zone 2 as indicated and 
construct another trial flow net. 

(e) Repeat steps (a) through (d) until a flow net of the desired accuracy is 
obtained. (Usually a few trials will be sufficient.) 

By applying Eq. 4.1 to the first trial flow net in this example (Fig. 4.5a) k2/ 
k~ = 4.0/0.5 = 8.0. Because the ratio of kz/k, for this example was assumed 
to be 5, the k2/kl ratio of the trial flow net is too high; hence the general level 
of the saturation line in zone 2 is too low and must be raised. For the second 
trial flow net (Fig. 4.56) n ~ -  I = 3.5 and nf-2 = 0.7. The calculated ratio of 
k2/kl = 3.5/0.7 = 5.0, the value originally assumed. 

Equation 4.1 may be derived by recalling that the quantity of seepage in 
zones 1 and 2 (Fig 4.5) must be equal. Using Eq. 3.18, 
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(solid lines) with length-to-width ratios of 5. The dashed lines in zone 2 divide 
the elongated rectangles into squares. For this flow net nf-!  = 3.5, ni-2 = 0.7, 
and nd = 8 .  The seepage quantity q can be computed by using k l  or k2. Using 
k l ,  q = klh(nf- , Ind)  = klh(3.5/8) = 0.44klh. Using k2, q = k2h(nf-dnd) = 
k2h(0.7/8) = 0.088k2h, but k2 = 5k,, and q = 0.088(5kl)h = 0.44k1h. 

The line system in Figure 4.6a is typical of that frequently used for this type 
of flow net. The dashed lines may be omitted unless they are needed in stability 
studies or  to  bring out detail. 

Sometimes all intermediate lines in one o r  more zones may be omitted, as 
in zone 2, Figure 4.6b, In this flow net, as in Fig. 4.6a the head h is divided 
into eight parts equal t o  Ah and the number of equipotential drops nd = 8.  In 
zone 1 the number of flow channels n f _ ]  = 3.5; in zone 2 the number of flow 
channels n f 2  = 0.7 ( as in Fig. 4.6a). Seepage quantities determined by using 
k l  and k2 are identical to those made from the flow net in Figure 4.6a. 

A third system of lines for this flow net shown in Figure 4 . 6 ~  was obtained 
by dividing the total head h into 40 parts, each one-fifth as large as Ah in 
Figures 4.6a and 4.66. The flow net in Figure 4 . 6 ~  has been constructed with 
squares in zone 2 and shortened rectangles in zone 1. Because k2 = 5k1, the 
figures in zone 1 must foreshorten to  lengths equal to one-fifth of their widths. 
This relationship can be verified readily by Eq. 3.11. With the flow net drawn 
as shown in Figure 4.6c, n f - ~  = 3.5 and n,,-l = 3.5(5) = 17.5, for it is deter- 
mined by the number of squares between equipotentials. The number of  equi- 
potential drops nd = 40. Computing the seepage quantity in zone 1,  using k ~ ,  
q = k ~ h ( n , - _ ~ / n ~ )  = klh(17.5/40) = 0.44k1h, which was obtained from the 
flow net drawn in Fig. 4.6a. Computing the seepage quantity in zone 2, using 
k2,  4 = k2h(nf_z/nd)  = k2h(3.5/40) = 0.088k2h, which was also obtained for 
the flow net drawn in Figure 4 . 6 ~ .  Recalling that k2 = 5kl ,  q = 0.088(5kl)h 
= 0.44klh, as obtained before. 

By inspection of the three forms o f  the flow net in Figure 4.6 we see that 
the flow patterns and hydraulic gradients are identical in all three. This should 
be true because this is but one flow net. 

If a flow net is being constructed for a section in which k 2 / k l ,  is large, it 
may not be practical to subdivide the elongated rectangles in the manner de- 
scribed above. In such cases (Sec. 3.3) the measurement of the lengths and 
widths of flow-net figures with an engineer's scale can establish the accuracy 
of basic shapes. 

Example 5 Earth Dam on I,ow Permeability Foundation. Figure 4.7 shows 
a n  earth dam (or levee) o n  a foundation that is relatively low in permeability 
in relation to the embankment. In this problem it is assumed that the perme- 
ability of the foundation k, is one-tenth of the permeability of the embank- 
ment k,. When seepage occurs through two dissimilar but more or less parallel 
zones, as in Figure 4.7, flow through the more permeable zonc dominates the 
combined seepage pattern. Time can often be savcd by constructing a flow net 
for the more permeable part, the dam in this case, assuming temporarily that 
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drops in this flow net is 7 and the shape factor is 1.32/7 or 0.19. Through the A good starting procedure i. :o 
embankment alone (Fig. 4 . 7 ~ )  the shape factor would be approximately 0.9/ temporarily that the ernbankm; 
7, or 0.13; hence the relatively deep foundation increases the water losses only 4 . 8 4  is for  a confined .flo\% c ,  

about 50%. phreatic line) is known. Thi. : : : i  
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of different permeabilities. Thus, if a foundation has lower permeability than are then adjusted until a ::ou 
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flow is through the embankment, the position of the equipotential lines in the \ ided into the correct n u r k  e 
embankment is influenced only slightly by the flow through the foundation. :he number of equiporenr:a; 2 : ~  

:n Figure 4.4a, horizontal h e x  i 

Example 6 Earth Dam on a Highly Permeable Foundation. Figure 4.8 illus- :he dam and each equipo~i.r.::z: 
trates the same physical cross section used in Figure 4.7, but here the founda- :hreatic line. (See also F!--  ! 6 

tion is 10 times more permeable than the embankment. In this example the In developing flon nc.1. G ;  : j 
general shape of the net is controlled more by the foundation than by the dam.  o s i t i o n  of the phreatic I:nc 
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A good starting procedure is to draw a flow net for the foundation, assuming 
temporarily that the embankment is completely impervious. Such a net (Fig. 
4.8a) is for a confined flow systetn in which the upper saturation line (the 
phreatic line) is known. This trial net is the type illustrated in Figure 4.3. After 
this trial net has been drawn (Fig. 4.8a) the equipotential lines are extended 
up into the embankment (Fig. 4.8b). The lines in both dam and foundation 
are then adjusted until a flow net (Fig. 4 . 8 ~ )  compatible with the assumed 
differences between the permeabilities of the two soil units is obtained. Before 
extending the flow net into the embankment, the total head h should be di- 
vided into the correct number of parts (eight in this example) to conform to 
the number of equipotential drops in the trial flow net in the foundation. As 
In Figure 4.4a, horizontal head lines are drawn across the downstream part of 
the dam and each equipotential line must intersect the correct head line at the 
phreatic line. (See also Figs. 3.6 and 4.4c.) 

In developing flow nets of the type illustrated in Figures 4.7 and 4.8, the 
position of the phreatic line must be adjusted simultaneously with the refine- 
ment of the flow net. This type of flow net is the most difficult to construct. 
At the start of the construction, time taken to appraise the broad nature of 
the flow pattern can save much effort. Frequently shortcuts of the kind illus- 
trated in Figures 4.7 and 4.8 help to obtain correct solutions with minimum 
lrork. Initial approximations of the type made in these two examples should 
never be permitted to overshadow the basic rules governing flow nets. 

4.7 EXAMPLES O F  COMPLEX FLOW NETS 

\\'hen the principles illustrated in the preceding examples are carefully fol- 
lowed, interesting and useful flow nets can be developed for a wide variety of 
Lross sections. Two examples of fairly complex flow nets are given here in 
F~gures 4.9 and 4.10. When large differences in permeabilities exist in various 
[ones as in Figure 4.9 considerable detail may be needed in one material but 
dnly a few lines may be needed in another when the basic checks are carried 
~lut properly. The flow net in Figure 4.9 is for an earth dam and foundation 
~ lsumed to have horizontal permeabilities nine times vertical; hence the flow 
-1tt is constructed on a transforrned section (Fig. 4.9b) in which the horizontal 
~~mens ions  have been reduced by the square root of the ratio of vertical-to- 
iorizontal permeabilities, or = 1/3 (see sec. 3.3). the flow net is then 
-:drawn on the natural section, as in Figure 4.9a. 

Figure 4.10 gives two flow nets (constructed on transformed sections for kh 
= 25 k,) in a study of seepage beneath a dam built in a natural saddle separat- 
:ig a reservoir on the left from a lower valley on the right. Beneath a relatively 

.11n layer of low permeability soil is a stratum of highly permeable sand and 
gravel to a depth of about 50 ft. Beneath the pervious sand and gravel layer 

a 50- to 60- ft thick silty formation, which in turn 1s underlain by fairly 
xrmeable gravelly materials. Far to  the right is a fa~rlq steep slope (about 1 
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o n  1) down to  a river. O n  the transformed section this slope appears much 
steeper than it really is because horizontal dimensions have been shrunk to 
1/5 of  natural (for the assumption that kh = 25k,  horizontal dimensions are 
multiplied by -\lkr,/k, = J1/25 = 1/5). 

Preexisting piezometric levels had been observed at  two or more depths ar 
a number of locations at  this site. These observations indicated the existence o f  
downward hydraulic gradients, as smaller heads were measured in the bottom 
gravels than in the upper gravels at a given piezometer. Seepage evidently was 
escaping freely from the lower gravels where they emerged on the river bank 
at  the right. Springs emerging from the silty formation relatively high abate 
the river evidently were being fed by infiltering rainwater in the general area 
being studied. Without such a supplemental source of water, the line of seep- 
age could not have emerged at  such high levels unless the soil cross section 
were very different from that shown. 

The flow net in Figure 4.10a, which is for preexisting conditions, was con- 
structed so that the equipotential lines were consistent with the observed piezo- 
meter readings. Flow nets constructed for a variety of design options indicated 
that the safest procedure would be to  excavate a cutoff trench through the 
upper permeable gravels, into the silt layer, and tie the cutoff backfill into the 
impervious core of the dam, as shown by the flow net in Figure 4.10b, which 
indicates very safe conditions at the downstream toe of the dam. Details such 
as locations of filters are not shown in this drawing. This example is presented 
here as it illustrates the way flow nets should be adapted to  the conditions 
existing at proposed sites for dams or  other water-impounding structures. 

In the construction of complex flow nets, such as the ones illustrated here, 
the most important single check is that provided by Eq. 3.11, namely that 
figures be elongated or shortened in proportion to  the relative permeabilities 
of the various zones in a cross section. Many other extremely useful solutions 
to  everyday problems can be obtained with some of the simplest kinds of flow 
net; hence one need not develop skill with the more complex types to  be able 
t o  make good use of the flow net. 
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