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Xba

LEVEES CONSTRUCTED OR PERVIOUS_ FOUNDATIONS

C.I. MANSUR

Engineer, Embankment and Foundation Bramnch, Soils Division, Waterways Experiment Station,
Mississippi River Cimmission, CE, Vicksburg, Miss.

W.R. PERRET
Physicist, Embankment and Foundation Branch, Soils Division, Waterways Experiment Station,

Mississippi River Commission, CE,

SYNOPSIS
Control
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or prevention of seepage igs required wherever dams, levees,

or other hydraulic structures esre underlain by perivious strata of sands
and gravels at or near the surface. One method of control is the installa-
tion of an impervious cutoff from the base of the structure down to a more
impervious stratum. However, in many cases the pervious strata are of such
depth that it is impracticable, or would be extremely expensive, to extend
the cutoff to an impervious stratum. This paper presents the results of a
study of partial cutoffs or cutoffs that do not fully penetrate the pervi-
ous strata. This study indicates that,in general, partial cutoffs are not
effective in reducing either underseepage or landside uplift pressures.

INTRODUCTION

A considerable portion of the levees in
the lower Mississippl River valley are founded
on a thin top stratum of relatively impervious
soils underlain by deep strata of pervious sands
and gravels. Where this condition exist, ex-
cessive seepage and sand boils usually occur
during high water. In 1945 an investigation of
partial cutoffs as a means for controlling un-
derseepage was initiated by the Mississippi
River Commission. In connection with this in-
vestigation, the Waterways Experiment Station
conducted a series of sand and electrical model
tests to study the effect of partial cutoffs
on underseepage flow and substratum pressures
landward of levees for various foundation con-
ditions, seepage entrances, and landside top
strata. This study also included the use of
graphical flow nets and mathematical formulas
for anylazing the effects of partial cutoffs
on underseepage for some of the foundation
conditions tested.

Three basic foundation conditions were
studied with different seepage entrances and
exist. These were: Case I, a homogeneous sand
foundation 150 £t deep; Case II, a two-layer
foundation consisting of a 50-ft stratum of
fine sand overlying a 100-ft stratum of medium
sand, the permeability ratio being 1 to 5; and
Case III, a stratified founde ion consisting
of five alternate strata of vcry fine and me-
dium sand, each 10 ft thick, underlain by a
100-ft stratum of medium sand, the permeabili-
ty ratio being approximately 1 to 10. Details
of the different conditions analyzed are dis-
cussed later and are given in table 1. In all
cases the partial cutoff was located at the
riverside toe of the levee, the base of the
levee was 250 ft wide, and the foundation ex-
tended 500 ft landward of the levee,

METHODS OF ANALYSIS AND DESCRIPTIOR OF MODELS

The methods of analyses used in the study
of partial cutoffs are described in the follow-
ing paragraphs together with the general char-
acteristics of the models used. The details of
the conditions studied, including the founda-
tion type, seepage entrance and exit conditions,
methods of analysis used, and reference to per-
tinent figures, are included in table 1.

Theoretical

athematical analysis of the effect of
partial cutoffs is geasible only for certain
simplified boundary conditions in a homoge-

neous foundation, The formulas, with the applic-
able boundary conditions, which were used to
compute the seepage flow and hydrostatic heads
at various points in the foundation for Case I
are presented in figure 1.

Graphical flow nets

Graphical flow nets were used in snalyzing
some of the simplified boundary conditions for
Cases I and II. These flow nets were drawn to
an original scale of 1 to 500. The flow nets
for the homogeneous foundation (Case I) were
constructed in the usual manner of drawing flow
lines and equipotential lines so that they
intersected at right angles and approximated
squares. The seepagze flow was computed from
the equation Q = & k h where §{ is the number
of flow channels divided by the number of eui-
potential drops from the seepage entrance to
the exit; k is the coefficient of permeability,
and h is the net head. The hydrostatic head at
any point was interpolated from the equipotent-
ial lines.

The flow nets for the two-layer foundation
(Case II) were constructed in a similar manner,
except that in the more pervious stratum the
flow lines and equipotentials formed rectang-
les with sides in the ratio 1 to 5 to allow for
the 1-to-5 ratio in the permeabilities between
the strata, The permeability used in computing
flow by means of the above equation was that
for the stratum in which the flow and equi-
potential lines formed squares.

Sand model -

Sand model tests were made for the homo-
geneous foundation (Case I) only. Because of
excellent correlation between the results of
this model and those obtained by mathematical
and flow-net analyses and with the electrical
model, sand model tests of the other foundation
types were not performed.

The sand model tests were performed in the
flume shown in figure 2. The model was approxim-
ately 19-1/3 ft long, 2 ft high, and 3-1/2 £t
wide. The levee was 8 in. high and 3-1/3 ft
wide at the base. A uniform, roundgrained send
was used for the pervious foundation. The scale
of the model was 1 to ?5. One side of the flume,
constructed of steel, was tapped at numerous
points for piezometers by means of which press-
ure within the foundation could be observed.
The other side of the flume was constructed of
plate glass which permitted the use of dye lines
for tracing flow patterns.
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FIG.

The cutoff at the riverside toe of the
levee was constructed of a 1/4-in. plastic plate,
the sides of which were grooved to permit slid-
ing along a plastic tube set in a vertical brass
plate flush with the inside walls of the flume.
The cutoff plate was installed with full pene-
tration of the pervious stratum prior to place-
ment of any sand. After the sand and levee were
placed, the cutoff was tested for watertight-
ness and then pulled up to the first cutoff pene-
tration to be tested. All the testa for differ-
ent seepage entrances and landside top strata
were performed before raising the cutoff to the
next penetration to be tested.

The relatively impervious landside top
strata in the sand model were simulated with a
1/8-in. plastic plate perforated with 0.025-in.
holes on different spacings. For top stratum

1

A these holes were spaced on 2-1/2- by 5-in.
centers; for top stratum B the holes were on
2-1/2- by 2-1/2-in. centers.

These top strata with no cutoff, resulted
in residual hydrostatic heads at the landside
toe of the levee of 49 per cent and 38 per cent
of the net head, respectively, when the entranc
was at the river 700 ft ftom the cutoff (Case
I-a). Then there was no river side top stratum
(Case I-b), the relatively impervious top stra-
ta A and B caused residual hydrostatic heads at
the landside toe of the levee of 68 per cent
and 63 per cent of the net head, respectively.

Electrical models

e s arity between Darcy's law for the
flow of fluids through porous media and Ohm's
law dor the flow of electricity through a pure
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resistance permits the use of electrical models
to study seepage problems. In the mathematical
expressions of these laws, the permeability in
Darcy's law corresponds to the reciprocal of
the resistivity of Ohm's law. Consequently,
permeability ratios are represented in an elec-
trical model by the inverse of the ratios of
resistivities.

Two types of elctrical models were used in
studying the three foundation conditions; the
first type was used for Cases I and II, the
second for Case III only.

The first model represented the homogeneous
foundation (Case I). It consisted of a plexi-
glass tank 50 in. long by 6 in. wide filled to
a depth of 5 in. with a copper sulfate solution.
The model scale was 1 to 300. The width of the
model represented the depth of the prototype
pervious foundation: the depth of the model had
no scale relation to the prototype. Electrical
current was run through the model between sheet
copper electrodes which extended down the sides
of the tank to the bottom and were shaped and
placed to represent the prescribed entrance and
exit conditions. Cutoffs of various depths were
simulated by thin pieces of plexiglass with the
width scaled to represent the prescribed depth
of cutoff. These were inserted into one side amd
the bottom of the tank so that no current could
leak around them. (See figure 3.)

The electrical circuit consisted of a
vpotential divider connected in parallel with
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TABLE 1
SUMMARY OF CONDITIORS INVESTIGATED ASD METECODS OF ANALYEES
Seepage Exit or Method of P
Case x) Pervious Strata Seepage Entrance Landside Top Btratum Analysis Beferences
I-a-1 150 £t medium sand, At river 700 ft 500-ft top stratum (4), Sand model 4, 6, 7
K = 500 x 10~% cn/sec | Tiverside of cutoff 49% H at (18) levee toe

(riverside top stra- with no cutoff
tum impervious)

I-a-2 do do 500-f% top stratum (B) Send model 4, 6, 7
36% K at (L3) levee toe '
with no cutoff

I-a-3 do do 500-£t to? stratum (C) Electrical 4,6
&k H at ) levee toe model
with no cutoff

I-a-4 do do 500-ft landward of (IS) Mathematical 4, 6
levee toe (lamiside top graphicel flow
stratum to this distance net, and sand
impervious) nodel

I-a-5 do do Ho lamlside top stratum Mathematical, 4, 6, 6

sand model
and electrical
. model
I-b-1 xa) do Horizontal surface 500-ft top stratum (4), Sand model 5, 6
riverside of levee &8% H at (1S) leves toe
(no riverside top with no cutoff
stratun,

I-b-2 xa) do do 500-ft top stratum (B), Sand model 5, 6, 9
63 N af F levee toe
with no cutorf

I-b-3 xa) do Ao 500-ft landward of (IS) Mathematical 5, 6
levee toe (landside top and sand
stratum to this distance model
impervious)

I-b-4 xa) 150 £t medium sand, Horizontel surface No landside top stratum lathmtie;i 5, 6, 10

4 graphical ow
= 500 x 107 em/sec riverside of levee
(po riverside top :::;1"“‘ send
stratum)
II-a-1 50 ft fine sand (k = At river 500 ft 500-ft top stratum (D), Electrical 11, 12
100 x 10 ca/ ) riverside of cut- 75% H at (LS) levee toe model
underlain by 138ctt off (riverside top with no cutoff
ledium sand (k = 500 stratum impervious
x 107 cn/sec)

II-a-2 do do 500—tt to strat\m (E), Electrical 11, 12, 13
50% H Ievee toe model
with no cutoﬂ

II-a-3 do do 500-ft top stratmm (F), Electrical 11, 12
29% H at (LS) levee toe model
with no cutoff

II-a~4 do do 500-ft landward of (LS) Graphical flow 11, 12
levee toe (lendside top net and elec-
etratur to this diestence trical model
impervious)

II-e-5 do do No landeide top stratum Electrical 11, 12, 14

model

II-b-1 xa), xb) do 500-ft horizontal 500-ft top stratum (G), Electrical 11, 12, 15

surface riverside 50% H at (LS) levee toe model
of levee (no river- with no cutoff
side top stratum)
II-b-2 xa), xb) do do Ho landside top stratum Graphical flow 11, 12, 16
net and elec-
trical model
IIl-a 10 £t very fine At tiver 500 tt Ho landside top stratum Electrical 1?7
sapd (k = 62 x riverside of cutoff model
107 em/sec) xe) (riverside top
etratum impervious
10 £t medium sand
(k = 500 x 107 cn/
sec)
10 ft very fins sand
10 ft medium sand
10 ft very fine samd
100 ft medium eand
III-b 10 £t very ﬁne sand 500 £t horizon- Ho landslde top stratum Electrical 17, 18
xa), )| (x =50 x 107 an/sec tal surface river model
xd) eide of levee (mo
10 ft medium sand rivarsi.de top stra=-
(k =500 x 107 tim) xe)
10 £t very fine sand
10 ft mediun sand
10 ft very fine dand
100 ft medium sand

x) The words "case” and"model”

are used interchangeably in this paper.

xc) Case was to si.mulute a condition similar to one sometimes created in nature when the riverside top
d dur: uction of the levee or dam. Entrance at river was closed for

stratum 1.

ar ng

these tests.

xb) With 8 50-ft cutoff all seepage had to pass through the upper fine sand before it could reach the
deeper coarser sand.

xe¢) Average horizontal permeability of upper 50 ft of strafified strata, k! =238 x 10'“ ca/eecy kv
9 x 107

) Average hguontll permeability of upper 50 ft of atratified strata, kﬂ =
8l x 10

an/860.

cn/8ec,

231 ¢ 107%

cn/aec) ky =

xe) Case was to simulate stratified conditions frequently found in the upper part of alluvial deposits,
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TARLE 2
SUMMARY (7 TEST DATA -- MODKL I
£t Hoad® Bsed in Per Cant of Net Head
(;':n_l‘) Seepage Flow per 100 ft of Lavee per Lot B e T

Cuto puge Fact ks § tical Flov Net Sand Model Eleot. Model Head at L.S. Toe of Laves of Leves
Por“ hb-. m‘:ha .ﬁwc :na Electrical = = Theo-~ ov  San ect. Flov Sand Eleot.
Teot Cent  trance Bxit retical _Net Modsl __ Model gm % gm $ g § gm _§  retloal Ret Model Model Net Model  Model
I-a-1 [¢] R A - .- .0716 N e 5,7 100  --- ——— -—- - L9 - - --- -—-
25 --- -- .063 B ---  h7 83 oo --- -—- -- -- .- -- ---
50 . -- .076 mem eme mee eme -~ 5.6 100 --- ——- - -- 7 --- -- —- -
95 -~ 065 —. mmm eme een e k9 86 - --- -- 46 --- -- --- ---
%8 --- e 06l e en eee aee I o T T 't R -- - -
T-a-2 0 R B a-- - a0 --- cem eee eee eee 1.5 100 --- --- .- -- 38 --- - --- -
25 --- -- 099 e - Th 99 . --- --- -- 38 --- -- --- ---
50 --- - 0% - e e e e T2 B ee- --- .- - e-- -- -—- ---
% --- ¢ I - 5.9 T8 e - - -- 35 --- -- --- ---
98 - -- .068 e eme eee een -——- 51 68 - -- - -- - - --- --
- c --- -- - .087 S X ] 100 - -- - b - .- -
T-e3 52 ? .- - -~ ofe ees me eme ces eee e== 6] 9% .- - -- Uh - - -
-] cue - - ATl eee eee e cee eee  em- 53 81 - - - 36 - - -
I-a-b 0 R T™ .103 .103 .104 - 7.7 100 7.7 100 7.8 100 -e. --- 33 35 3 - - - -
25 AR e --- --- 7.1 g‘? ;I g . emm eee .- ;}; ;); -- --- .- - -
0 099 .09 --- - 7. . me. s eee e - - -- --- ---
™ @ .o --- --- 69 B9 6.9 89 a-c - ol - 31 o - - -- .- -
90 063 .- - --- 6.2 Bl -e-  eee cee mme oo .- 28 .- -- - - —-- —--
% o8 - .08 .- 5.8 T5 -cx ces 62 19 ee-  --- % - 21 - - e ---
9% on - oTh --- 5.3 69 --= e 856 T2 a-- --- 24 -- 2h a—- - - .
- -- 8

I- 0 R ] 1.8 - 160 148 11,0 100 --- --- 1.7 100 1.2 100 0 - [\ [} 7

v 25 b1 - 1% 146 10.9 99 --- -—- NA& 9 10.9 97 0 -- 0 " -- 6 8
50 139 - <156 139 106 9% - o 1 98 10.M 9 [} . [} ) - 6 7
™ 125 .- 2136 12h 9 8 --- - 201 & 9.3 83 0 - 0 0 - 5 7
90 109 - -—- 107 8.2 Th e cew e oo B0 72 0 -- 0 0 -- - 7
bed +100 - .2 100 7.5 68 --cc - 90 TT T.5 67 0 - ] 0 - |3 7
98 090 - 097 o8l 6.7 61 -e- - 7.3 6 6.3 56 [ - 0 0 - 3 5
-b-1 [} -1 A - .- 125 mee eme mee oo - 9.3 100 --- —-- - -- 69 - - - -
I- 9B - -- 062 mee eee e -ee —- b6 49 - --- --- -- 69 --- -- - -
98 --- - .OTh B —- 55 59 --- --- —.- -- 52 .- -- --- ---
-b-2 0 B B .e- S 71 cee eee mee ae- ee- 10.9 100 --- .- - - 63 .- . .- .-
¥ 25 .- - .128 . e mee aee - 9.6 - a-- - - 66 --- - ——- -
%0 .- -~ a3 cec  een cme cee e 10.2  Oh  -e- == - -- 60 - -- —-- e
b --- - .08 S ee 63 60 --- .- - -- 54 --- -- --- ---
98 . .087 cee e mme e - 63 60 --- -- 173 - -
I-b-3 (<] x .} 184 -- -—- --- 13.7 100 - aee === cen eee ae- 61 - - -—- - - -
25 175 -- -—- --- 13.1 96 e een see el -e- .- 58 -- -- --- -- - ——-
50 . - --- - 12,0 B8 e oo mes e --- -- Sk -- -- --- - --- ---
75 FTx) -- - --- 10.6 T mem  mem wme eem ee --- iy -- -- --- -- --- ---
90 121 - --- --- 9.1 66 oo aen eem ce -e- a- 3 -- -- - -- - .-
B 110 - --- B.2 60 ee- o0 mem een oe- --- 37 -- - - - - —--
% 097 .- 104 .. 73 53 see eem T8 en e --- 33 -- 32 --- - .- -
I-b-4 1} 4 . ¢ .3 hOh L361 - 29.3 100 30 100 27.0 100 ~-- ae- (<] (<] 1} --- 17 1h -
25 .3;2) .355 --- 26.1 89 27 a8 25.9 9% --- --- 0 1 --- 17 13 -
50 2300 .30  --- --- 24 T 2 Th o eee e -ee 0 0 -- --- 13 - --
75 .239 227 .286 --- 17.8 61 17 56 21.% 79  --- --- 0 0 - 9 10 -
90 .187 -- .- —.- W0 4B - oin eem el eee - [} -- - - - --- .
95 .160 - AT - 12.0 41 --- --- 13.2 49 - [} -- [ --- - 7 ---
98 132 -~ 151 - 9.9 P -—- --- 1N.3 k2 - .- [} - -} .- - —— .-

# GSeepege flows are based an & goefficient of permsability (k) = 500 x 1074 cn/sec.

Notes:

R - Seepage entrance at river 700 ft riverward of cutoff. Riverside top stratum lmpervious.

H - Borizontal seepage entrance riverside of levee. No riverside top stratum.
A - Landaide top etratum A. Head at landside levee toe with no cutoff 49% K.
B - Landaide top stratua B. Heed at landside levee toe with no cutoff 36§ H.
C - Landside top stratum C. Head st landside leves toe with no cutoff LiY H.

TE - Seepage exit SO0 ft landward of leves toe. Landaids top stratum imporvious to this point.

¥ - ¥o landside top stratum. Sand extendsd to surface.
18 - Landeide of levee.
RS - Riverside of levee.

the model across the low-voltage output of a
transformer and a null-indicator circuit connect
ed between the variable contact on the potent-
ial divider and the model probe. Alternating
current was used to preclude polarization at
the electrodes. The probe, consisting of a
copper wire embedded in a lucite rod, was car-
ried on one leg of a pantograph. The stylus of
the pantograph was positioned on another leg
to give a scale reduction of one-half from the
model to the map. The null-indicator, which
was an electron-ray indicator tube, a "Magic-
eye" tube, was mounted together with its bias
control on the pantograph arm beside the probe.
The two-strata foundation (Case II) was
simulated by altering the cross section of the
model so that the depths of the solution differ—
ed in the portions representing the different
strata. The depth ratio of 1 to 5 in the model
corresponded to a permeability ratio of 1 to

5 -in nature,

The entrance and exit conditions were
varied for both (Case I and II)models described
above. Solid sheet copper electrodes were used
for all entrance conditions and for exit elec-
trodes where no landside top stratum was ot be
simulated. A relatively impervious landside
top stratum was simulated by a number of wire
electrodes uniformly spaced along the landside
of the model and extending to the full depth
of the electrolyte. Each wire electrode was
connected through a resistor to the output side
of the potential divider. All resistors were of
the same magnitude so that the multiple electro-
des in parallel represented the same condition
as a uniform, low permeability blanket. Proper
choice of resistors permitted adjustment of the
model to represent any desired residual head
at the landside toe of the levee. In Case I-a
this simulated landside top stratum resulted
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TAELE 3

SUMMARY OF TEST DATA -- MODELS II ARD III

Seepage® Hoad 1n Per Cent of Net Head
Flow per 100 Ft of Heoad at 50-Ft
Seepage Shape Factor® Levee per Ft of Head Head at Depth L.S. Toe
Electrical __ L.S. Toe of Levee
Cutoff En- Flow Electrical** Flow Ret Models* Flow Electricel Flov ectric
Teat Feet  trance Exit Net Model am % _gm % Net Model Ret Model
II-a-1 0 R D - .185 —— aeo 2.8 100 --- 75 --- ---
25 .- .184 —_—— em- 2.8 99 --- 75 - -
50 --- .183 - --- 2.7 99  --- 75 ---
100 --- 176 ——— eee 2.6 B --- Th .
140 —-- .169 m—— eee 2.5 91 --- 68 ——-
II-a-2 1} R E --- .362 ——— ee- 5.4 100  --- 50 --- -—--
25 --- .360 e eee 54 99 -ee 49 —-- -e-
50 --- 2346 N 5.2 9%  --- 49 --- ---
100 ——- .320 ema mee 1.8 89 --- L9 ——- -
140 --- .262 m—— eee 3.9 172 --- 47 --- ---
II-a-3 [¢) R F —-- 504 ——— aen 7.6 100  -a- 29 —-- .-
25 - .500 e—. ean 7.5 99 - 29 -—— -
50 - 496 ——— eee 7.4 98  a-- 29 .- ---
100 --- 455 --- -—- 6.8 90 --- 28 --- ---
140 ——- .382 [ 5.7 7%  --- 24 —-- ---
II-a-k 0 R TB Lko JLho 6.6 100 6.6 100 ko 41 .-- ---
25 ko 4ho 6.6 100 6.6 100 L0 '3 ---
50 430 436 6.4 98 6.5 99 39 ' ---
100 413 422 6.2 9% 6.3 9% 37 39 ---
140 --- .358 —e- -e= 54 81 aa- 2 --- .-
II-a-5 [+ R N - 600 mee ae- 9.0 100  --- s} - 19
25 --- .59 - m-- 8.9 99 --- o --- 19
50 - .591 see eee 8.9 98 -e- 0 --- 19
100 —-- .567 —— ee- 8.5 [ 5} - 18
140 —-- 456 [T 6.8 7% --- 5} - 17
II-b-1 0 B G - .569 [ 8.5 100  --- 50 —-- -
25 - .568 e eee 8.5 100 --- L9 - ---
50 - .538 ——— e 8.1 95 --- 49 - ---
100 -— .82 ——— - 7.2 85 .- L8 --- ---
140 .- .376 —— e 5.6 66 --- 40 - ---
II-b-2 [¢] H N 972 .982 1.5 100 14,7 100 o] o] 27 25
25 L6 929 1.2 97 13.9 95 0 0 26 2k
50 921 896 13.3 95 13.b 91 0 0 25 23
100 .875 835 13.1 90 12.5 85 [+] 0 22 22
140 ——- .559 cem eee 8.4 57 5} s} —-- 20
I1I-a 5} R N --- - == . 9.5 100  --- 0 .- 22
B 25 - ——- [T 9.5 9 - 0 - 22
50 —-- — [P 9.4 98 ... 5} .- 22
100 -—- - - - 8.5 89 --- 0 -—-- 20
140 --- - —.m aee 7.0 Th .- 0 --- 17
I11-b [¢] H N --- --- e —e= 15,3 100 --- 5} .- 33
25 - 14.7 [ J— 0 - 30
50 .- 4.0 9  --- 0 —-- 27
100 --- 1.6 76 --- 0 - 23
140 .- [ .. oo 8.0 52  --- 2} --- 16

* Seepage flows are based on coefficients of permeabilities shovn in table 1.

*#%  Computed from equipotential lines.

Notes:

Landeide top stratum D.
Landeide top stratum E.
Landaide top etratum F.
Landaide top stratum G.

EEEHONNUHH

Landaide of leves.
Riverside of levee.

in a residual head at the landside toe of the
levee. In Case I-a this simulated landside top
stratum resulted in a residual head at the
landside toe of the 44 per cent of the net head
with no cutoff. For the two-strata model, Casw
II-a with an entrance 500 ft from the levee,
the three relatively impervious top strata
simulated (D, E, F) resulted in residual heads
of the landside toe of the levee of 75, 50, and
25 per cent of the net head with no cutoff.
With no riverside top stratum (Case II-b) a re-
latively impervious landside top stratum (G)
with a residual head at the landside levee toe
of 50 per cent of the net head with no cutoff
was simulated.

A dry electrical model was used to study
the stratified foundation (Case III). In this
model, an aqueous colloidal suspension of
graphite was sprayed on tempered masonite board.
The different strata (five alternate 10-ft

Seepage entrance at river 500 ft riverward of cutoff.
Horizontal seepage entrance riverside of levee.

Shape factor based on upper stratum of fine sand, & = 100 x 10-4 cm/esec,

Rivereide top stratum impervious.
No riverside top etratum.

Head at landaide levee toe with no cutoff 75% H.

Head at landaide leves tos with mo cutoff 50% H.

Head at landside levee toe with no cutoff 294 H.

Head at landajide levee toe with no cutoff 50% H.

No landside top stratum. Sand extendsd to surface.

Seepage exit 500 ft landward of levee toe. Landaide top stratum impervious to this point.

strata of very fine and medium sand overlying

a 100-ft stratum of medium sand) were achieved
by masking the areas for the higher resistivity
(less pervious) portions of the model during

the nnitial spraying operations and removing

the mask for the final coatings. The prescribed
permeability ratio of the very fine sand to the
medium sand was 1 to 10; the resistivity ratios
obtained were 8 to 1 for Case III-a and 9.6 to

1 for Case III-b. The permeab&lity assumed for
the medium sand was 500 x 10~ cm/sec. The model
scale for these two cases was 1 to 240. Entrance
and exit connections to the model were made
through brass strips cemented at the appropriate
part of the models and connected elctrically to
the graphite coating by a thin line of silver
lacquer., Cutoffs were simulated by a saw cut
through the model at the riverside toe of the
levee extending to the proper depth. These
graphite models were operated with direct cur-
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rent after it was found that an apparent dis-
tortion of the equipotentials in the high resis-
tivity strata resulted when alternating current
was used.,

The seepage flows in the electrical mo-
dels were computed from the equipotential
lines using a portion of the potential pattern
where the equipotential lines were vertical
and uniformly spaced (i.e., the effective cross-
section area of flow was essentially constant).
The flow was computed from the formula,

Q =k AT?- A, where bh = head drop between equi-

potential lines, L = distance between equipoten-
tial lines, and A = crosssectional area of
seepage flow. The shape factor was computed

from the formula, = EQB' Seepage flows can

also be derived from measurement of the model
resistance, R, and resistivity, P s since the
shape factor equals P .

R
SUMMARY OF TEST RESDLTS

A summary of the test results 1s given in
tables 2 and 3. The effects of partial cutoffs
on seepage flow and landside pressures, togeth-
er with some of the equipotential and flow
lines developed from the graphical flow nets,
sand models, and electrical models, are shown
on figures 4 throgh 18, All information regard-
ing seepage entrance and foundation conditions,
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landside top strata and cutoff penetration,
pertinent ot the data, is presented on each
figure. A 1list of these figures is given in
table 4., Space limitations do not permit a
complete and detailed discussion of all the
information shown on the included figures.

Homogeneous foundation -- Case I

ase 1-a, e results o e various meth-
ods of analyses show that partial cutoffs into
a homogeneous pervious foundation have very
little effect on seepage flows or landside
pressures, regardless of the landside top stra-
ta (see figures 4 and 6). For the same seepage
entrance, the more impervious the landslde top
stratum, the less effective was a cutoff. This
is because a landside top stratum increases the
resistance to flow, and the more initial resis-
tance to flow the less effect a partial cutoff
has. A cutoff of 50 per cent reduced the see-
page and landside pressure by only 1 to 5 per
cent for the landside conditions tested.

Case I-b. The shorter the path of see-
page Tlow, e more effective is a partial
cutoff. Therefore, partial cutoffs were slight-
1y more effective in reducing seepage and land-
side pressures where the seepage entrance was
at the levee toe rather than 700 ft distant as
in Case I-a (see figures S5 and 6). However,
even for this extreme entrance condition, a
partial cutoff of 25 per cent (38 ft) reduced
the seepage and landside pressures only about
1 to 10 per cent. Flow lines obtained with dye
in the sand model for the case of no top stra-
tum on either side of the levee are shown on
figure 10.

Two-layered foundation —-- Case II

ase -a. ln S case e deeper, more
pervious sand simulated in the electrical model
was overlain by a 50-ft stratum of finer sand,
five times less pervious. As for the homogen-
eous foundation, partial cutoffs had practic-
ally no effect on seepage flows or landside
pressures, regardless of the landside top
strata (see figure 11).

Case II-b. When the cutoff reached a depth
of 50 Et 1n this case, all water entering the
deep, more pervious sand, had to pass through
the upper finer sand (see figure 15). As might
be expected, partial cutoffs were slightly
more effective in reducing seepage and land-
side pressures for this case than in Case
II-a, but again the amoung of reduction was
small for any moderate cutoff pemetration re-
gardless of the landside top stratum (see fig-
ures 11 and 12).

Stratified foundation -- Cage III
Case III-a. In this case, the deeper
more pervious sand was overlain by alternate
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strata of very fine and medium sand, the finer
sand being 8 to 10 times less pervious than
the coarser sand. Where the seepage water
entered at a point 500 £t from the levee, a
partial cutoff completely penetrating the
stratified sands reduced the seepage flow 2
per cent and the head at a depth of 50 ft at
the landside toe of the levee zero per cent
(see figure 17).

Case III-b. As in Case II-b with a 50-ft
cutoff, all water entering the deep, more per-
vious sand had to pass through the upper strat-
ified layers of sand (see figure 18). Because
of the entrance condition and the fact that
there was no landside blanket to create resis-
tance to flow, partial cutoffs should be more
effective in reducing underseepage and land-
side pressure for this case than any of the
other cases tested. However, a 50-ft cutoff,
extending through the upper stratified sands,
reduced the seepage flow by only 8 per cent
and the head at the landside levee toe at a
50-ft depth by 18 per cent (see figure 17 for
other penetrations).

Correlation of methods of analysis

e correiation of results as obtained
from the different methods of analysis in best
shown on the various plates and in tables 2
and 3. In view of the numerous variables which
enter into sand and electrical seepage models
the correlation of the results obtained from
mathematical analyses, graphical flow nets,
sand models, and electrical models was good.
In most cases there was not more than 5 to 10
per cent deviation in the results.

CONCLUSIONS .

The results of the model studies and
other analyses presented in this paper indicate
the following conclusions:

a) Partial cutoffs with penetrations less than
98 per cent had relatively little effect on
reducing underseepage or landside pressures for
the range of conditions tested. Cutoffs with
penetrations less tham 25 per cent had prac-
tically no effect.
b) The longer the path of seepage flow the less
effective were partial cutoffs. Correspond-
ingly, the more impervious the landside top
stratum the less effective were partial cutoffs.
c) Very good correlation was obtained between
the results obtained from theoretical ana-
lysis, graphical flow nets, sand models, and
electrical models., :
d) By similarity, it may be reasoned that not
only must cutoffs completely penetrate the
pervious strata, but there must also be no
openings in the cutoff in order for it to be
materially effective in reducing seepage flows
and landside pressure.
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