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Abstract

Many dangerous effects arise from seepage through earth dams based on pervious
layer. Therefore, the dam embankment must be provided with seepage control
measures to avoid such effects. In the present work, different control methods were
used such as flat slopes, toe drainage systems, and a catch drain in the tail water. The
hydraulic performance of each control measure was evaluated using the analytical
solutions, previously developed, to estimate the seepage quantity (g), the height of
seepage surface (/s), and the coordinates of the free surface (A,). Study was con-
ducted on a physical model for a dam embankment having a top width () = 10.0
meter, height (H;) = 30.0 meter, and slope factor (m) = 1.5. The obtained results
were analyzed and presented in dimensionless charts. Results showed that, the used
control measures possess a great effect on the characteristics of seepage through
earth dams based on pervious foundations. A comparative study was conducted be-
tween the studied toe drainage systems to enable the designers the better choice for
design purposes.

Keywords

Earth Dam, Pervious Foundation, Pipe Drainage, Drainage Banquette, Inclined
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1. Introduction

Two basic problems grow out of seepage through earth dams. The first is concerned
with estimation of the amount of seepage discharge which is often a great economic
matter for storage dams. The second focuses on stability of dam embankment against
excessive gradients that may washout the soil particles along the seepage surface, on the

downstream slope of dam embankment, which may threaten its stability.

Earth dams may be constructed on impervious or pervious foundation, according to
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the nature of site geological formation. In both cases, the dam must be safeguard
against dangerous seepage effects through it. Different control measures were presented
by Sasi [1] to protect dams based on impervious foundation. As for earth dams based
on pervious foundation, the present paper focuses on analyzing the hydraulic perfor-
mance for some control measures, using analytical solutions presented in the previous
studies.

Central core or upstream impervious blanket is provided to reduce the quantity of
seepage and to lower the free surface position. However, toe drainage systems must be
used to safeguard the earth dam toe against failure where allow seepage to pass without
soil particles. Such toe drainage systems must be used whatever central core or up-
stream impervious blanket is provided.

In the present paper, toe drainage systems are considered as a control measures for
seepage through earth dams based on pervious foundation. Toe drainage systems may
cause a slight increase in the seepage quantity in some cases, but lower the free surface
to a great extent. The toe drainage systems, considered in the present work, are pipe
drainage, drainage banquette, inclined drainage, and catch drain in tail water.

The purpose of the present research is to analyze and evaluate the hydraulic perfor-
mance of the considered toe drainage systems using the analytical solutions previously
developed by Grishin [2], and Nedrigy [3] [4] [5]. The hydraulic performance of toe
drainage systems was evaluated considering the case of earth dam without control
measures which considered the reference case to be used as a base of comparison be-
tween toe drainage systems. The case of dry downstream condition was considered in
calculation where gives the maximum effective head (H), hence, H = A;. Results were
presented in a dimensionless form where the seepage discharge is expressed as (g/kaH),
and the height of seepage surface length is expressed as (/1/H).

In the following sections, the hydraulic performance of the considered toe drainage
systems is explained.

2. Homogeneous Embankment without Toe Drainage Systems

A purely homogeneous dam, which is composed of one kind of material only, is consi-
dered in the analyses. An analytical solution that solves the problem of the seepage
through an earth dam based on pervious base, as shown in Figure 1, was presented by
Grishin [2]. Results of this case were considered as a reference data to be used for com-
parison between the different toe drainage systems. The embankment slopes must be
relatively flat to avoid sloughing of the upstream face due to rapid drawdown of water
surface in the dam reservoir. On the other hand, the downstream face must be safe-
guard against sliding wherever the probable slip circle is existed.

U.S. Army Corps of Engineers [6] recommended an embankment slope factor (i)
ranges between 8.0 - 10.0 to avoid the above dangerous effects. Therefore, in the present
study, different values of slope factor () were tested, applying Grishin solution [2], to
declare the resulted effects on the characteristics of seepage through and beneath the
dam embankment, considering the depth of pervious layer (7) = 0.5 B, and the head-
water depth (/) =0.25 B, where Bis base width of embankment.
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Figure 1. Seepage through homogeneous earth dam and based on pervious foundation, Grishin solution.

The seepage discharge per unit width through a homogeneous earth dam was calcu-

lated by Grishin solution [2] as follows:

q 1 |: 2 2 j|

— = (M + Ty ) —(h, + Ty +h 1

kd 2(L+)LH1) (hl des) ( 2 des 3) ( )
where A is the headwater depth, A, is the tail water depth, /4 is the vertical height of
seepage surface, kg is the coefficient of permeability of the dam material, 74, is the de-
sign depth of the pervious layer (7, equals the lowest value of 7 or 7, where T'is the
actual depth of the pervious layer, and 7, is the depth of the active zone of seepage,

K
where T, = LA ), and kis the coefficient of permeability of the pervious foundation
d
material.

Other notations are shown as follows:

L =L+AH, +m,(h, +h;) )

L=m, (H, —h)+b+m,(H, —(h,+h)) (3)
ml

S 2m +1 )

H=h+T (5)

where my is the upstream slope factor (112, = cota), m, is the downstream slope factor
(m, = cotp), where a and B are angles of the upstream and downstream slopes of the
dam, respectively, bis the top width of dam, and H;is the dam height.

The height of the seepage surface (/) was calculated as follows:

h
=+ |p?+045T, | LT 6
ho \/W des(kd mz] ©
where
¥=05 (Tdes+h2)_m2i+Tdes 1"‘%"‘0-41—(& (7)
K, m, L,

The locus of the free surface was determined from the equation:
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h = Jzki(L ~X) (Tgee + 1 + 1) =Ty, (8)

d

The free surface within the distance (/1 H1) , as shown in Figure 1, is fictitious, to
correct it, a line smoothly connecting with curve, constructed by using Equation (8), is

drawn.

3. Modified Homogeneous Embankment

A completely homogenous dam embankment, with flatter slopes, may reduce seepage
discharge, but at the same time increases volume of the dam material to a large extent.
Therefore, the dam embankment must be provided with toe drainage systems to reduce
construction costs of the dam. In this case, the dam is called a modified homogeneous
embankment. Toe drainage systems include pipe drainage, drainage banquette, inclined
drainage, and catch drain in tail water. The hydraulic performance of such control

measures is presented in the following sections.

3.1. Pipe Drainage

Pipe drainage is commonly installed along the downstream toe of earth dam as shown
in Figure 2. Considering dry downstream condition, Nedrigy [5] presented an analyti-
cal solution for seepage through an earth dam, with pipe drainage, based on pervious
foundation.
The seepage discharge per unit width through an earth dam, with a pipe drainage,
was calculated using Nedrigy solution [5] as follows:
a_W,_hT ©)
k, 2L L +04T
where L =L+AL,and AL= 0.4(hl +T) =AH,.
The locus of the free surface between the vertical sections (0-A) and (1-1) was deter-

mined from the equation:
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Figure 2. Seepage through earth dam with a pipe drainage and based on pervious layer, Nedrigy solution.
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hxz\/z_q[L—TE—xj+(T+h)2—T (10)

The height of free surface at the vertical section (1-1) (4) was determined from the

equation:

h:\/(hl+T)2—i—?(L1—TEj—T (11)

The locus of the free surface between the vertical section (1-1) and the pipe drainage

was determined from the equation:

G

where xis the distance measured from the origin of the coordinates (point o).

The exit gradient at the downstream toe ( I, ) was calculated as follows:

I, :;(Lj 0.01< X, < +o0 (13)
EGEACED

where x; is the distance at which the exit gradient is to be defined.

3.2. Drainage Banquette

Nedrigy [5] developed a solution to define the seepage discharge per unit width
through an earth dam, with a drainage banquette, as shown in Figure 3 as follows:

i:hlz_hZZ +T(hl_h2)

(14)
k, 2L+l L +04T

where L =L+AL, AL=0.4(hl+T)=/1H1, Izmi%,and m; is the banquette slope.
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Figure 3. Seepage through earth dam with a drainage banquette and based on pervious layer, Nedrigy solution.
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The locus of the free surface between the vertical sections (0-A) and (1-1) was deter-

mined from the equation:

_ 2, _T_ 2 _
hx—\/kd(L 5 xj+(T+h) T (15)

The locus of the free surface between the vertical section (1-1) and the banquette was

determined from the equation:

x—L+I

—=
—+1
2

(16)

where xis the distance measured from the origin of the coordinates (point o).
The height of the free surface at the vertical section (1-1) (&) was determined as fol-

lows:

h:\/(hl+T)z—i—?(L1—TEj—T (17)

The exit gradient at the downstream toe ( I, ) was calculated as follows:

l, Z;(ﬂj 0.01< X, < +o0 (18)
lenxi/(T‘l) 0.9T

where x;is the distance at which the exit gradient is to be defined.

3.3. Inclined Drainage

Nedrigy [5] presented an analytical solution for the seepage through an earth dam, with
an inclined drainage, as shown in Figure 4.
Considering the existence of tail water, the seepage discharge per unit width through

the earth dam section was calculated, using Nedrigy solution [5], from the equations:

h b
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Figure 4. Seepage through earth dam with an inclined drainage and based on pervious layer, Nedrigy solution.
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q (h1+T)2 —(h,+T +h3)2

a_ , (19)
Ky 2(L, —myhy)
and
a__ N 1+ Lt + h,T (20)
ky 05+m, oy hy+hy ) hy(0.5+m,)+m,h, +04T
where L =L+AL, ocm:Lz ,and AL=0.4(h +T)=4H,.
2(0.5+m,)
The locus of the free surface was determined as follows:
h, = i—q(L—mzhs—x)+(h3+h2+T)2—T (21)
d
where xis the distance measured from the origin of the coordinates (point o).
The exit gradient at the downstream toe ( I, ) was calculated as follows:
| ! h, (22)

¢ Jem /0D (0.5+m,)h, +m;h, +0.4T
where x;is the distance at which the exit gradient is to be defined.

3.4. Catch Drain in Tail Water

Grishin [2] obtained a solution to define the seepage through an earth dam with a catch
drain in tail water as shown in Figure 5.
The seepage discharge per unit width through the earth dam section was calculated,

by Grishin solution [2], as follows:

_ h h,
q =Kk, Z(Lc+/1hl)+ka/1h1+Lc’ (23)

and

2

|
: h
|
|

pervious foundation

Figure 5. Seepage through earth dam with a catch drain in tail water and based on pervious layer, Grishin solu-

tion.
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t—f[%lTL—(Tz—hzz)ﬂhlJH]fL
L= (24)
kf[zmnz—h;]mf

d

where L. is the distance at which the free surface intersects the dam base, and A is the
vertical distance between water level in the catch drain and end of the pervious layer as
shown in Figure 5.

The locus of the free surface from the vertical section (0-A) and point (C) was deter-

mined from the equation:

q K i K;
hy=,2—(L—x)+|—T | ——T (25)
kd kd kd

The locus of the free surface from point (C) and the catch drain was determined

from the equation:

hX:\/TZ—(TZ—hZZ)E:IE T (26)

where xis the distance measured from the origin of the coordinates (point o).

4. Analysis and Discussion

In the present section, the above mentioned analytical equations are applied to deter-
mine the seepage characteristics for each of the considered toe drainage systems.

In the calculation procedure, both the coefficient of permeability for the dam em-
bankment (k;) and the foundation (%) are considered the same, ie. (k; = k7). In addi-
tion, the case of dry downstream condition was accounted for (/2 = 0.0) to give the

maximum effective head (H).

4.1. Homogeneous Earth Dam Embankment

4.1.1. Effect of Slope Factor (m)
Applying Equations (1), and (6) on the considered model, using different values of the
slope factor (m), the values of seepage parameters (relative seepage discharge (g/ KuH),
and relative height of seepage surface (/1:/ H)) were graphically presented in Figure 6. It
can be noticed that, increasing the slope factor (mm) from 1.5 to 4.0 results in a rapid de-
crease in values of (g/K.H), beyond which small effect exists. Thus, the reduction per-
centage in values of (¢/ K H) due to increasing value of (m) from 1.5 to 4.0 is about
50.0%, while the resulted reduction due to increasing value of (m) from 1.5 to 8.0 is
about 70.0%. This insures that, value of slope factor (i) higher than 4.0 is considered
useless taking into consideration the huge increase in volume of the dam material for
value of slope factor (/m) higher than 4.0.

It can be noticed that, increasing the value of slope factor (mm) from 1.5 to 8.0 results
in a small decrease in values of (/;/H).

Increasing the value of dam slope factor (mm) from 1.5 to 4.0 resulted in an increase of

the dam material volume by about 140.0%, while it reaches about 360.0% for increasing
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the value of (mm) from 1.5 to 8.0. This means that, homogeneous dam with flat slopes,
however, reduces seepage quantities, the volume of dam materials is increased to a large
extent. Such a conclusion was confirmed by USBR [7], where the maximum value of
the slope factor (m) was determined equal to 4.0.

Using Equation (8), the coordinates of the free surface for homogeneous earth dam
based on pervious foundation were determined, as given in Figure 7, for m = n, = 1.5,
(7/B) = 0.5, and (H/B) = 0.25.

4.1.2. Effect of Pervious Layer Depth (T)

The effect of the pervious layer depth (7), on the seepage parameters ((g/ KuH), (h:/ H)),
was analyzed using different relative values of (775), as presented in Figure 8. It is clear
that, increasing the relative depth of the pervious foundation (77B) from 0.10 to 0.50,
results in a rapid increase in values of (¢/K;H) beyond which, these values gradually
increase. The percentage of increase in (g/K.H) due to increasing value of (77B) from

0.7
0.6
. 0.5
z
5 04 |
< (c
iy ¥2s)
£ 0.3 /)
%T 0.2
01 | T TTeme=e-e o ______
0.0
1 2 3 4 5 6 7 8 9 10
m

Figure 6. Variation of seepage parameters ((g/KsH), (/:/ H)) with the slope factor (m) for homo-
geneous earth dam for (7/B) = 0.5, and (H/B) = 0.25.

(h/H)

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

pervious foundation

Figure 7. Free surface through homogeneous earth dam based on pervious foundation for nn =
m = 1.5, (7/B) = 0.5, and (H/B) = 0.25.
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Figure 8. Variation of seepage parameters ((g/KaH), (h:/ H)) with relative depth of the pervious
foundation (77 B) for homogeneous earth dam for n1m = m» = 1.5, and (H/ B) = 0.25.

0.10 to 0.50 is about 110.0%, while the resulted increase is about 245.0% for value of
(77 B) ranges from 0.10 to 5.0. Increasing the relative depth of the pervious foundation
(77 B) results in a slight increase in values of (/s/H).

4.2. Modified Homogeneous Embankment

As mentioned above, the modified homogeneous embankment is that provided with
toe drainage systems. The hydraulic performance of the different toe drainage systems

was analyzed as given in the following sections.

4.2.1. Pipe Drainage System
Applying Equations (9), and (11) on the considered model, the effect of the pipe drai-
nage location (X,) on the seepage parameters ((g/K.H), (A/ H)), was studied according
to different values of the relative pipe location (X,/B) = 0.025, 0.10, 0.15, 0.20, 0.25, and
0.30. Using Equations (10), and (12), the coordinates of the free surface for the consi-
dered earth dam model were determined, as shown in Figure 9, for my = m, = 1.5,
(77B) = 0.5, and (H/B) = 0.25. The relative pipe location (X,/B) = 0.025 presents the
minimum location of the pipe drainage at which the free surface just touches the
downstream slope of embankment. Considering different values of (X,/B), the corres-
ponding values of the relative seepage discharge (g/K:H), and the relative height of free
surface at section (1-1) (A/H) for my = m, = 1.5, (T/B) = 0.5, and (H/B) = 0.25 were
graphically presented in Figure 10. The percentage of increase in value of (¢/K.H),
compared to the reference value for homogeneous embankment, (g/K.H) = 0.614, ranges
from about 7.0% for value of (X,/B) = 0.10 to about 35.0% for value (X,/B) = 0.30.

It is seen that, values of (g/ KzH), and (A/H) increase with increasing the relative pipe
drainage location (X,/B).
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Figure 9. Free surface through modified earth dam with pipe drainage for different values of the
relative location (X,/B) for mn = m = 1.5, (77 B) = 0.5, and (H/ B) = 0.25.
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Figure 10. Variation of (¢/KuH), and (A/H) with relative location of the pipe drainage (X,/B) for
m = nn = 1.5, (7/B) = 0.5, and (H/B) = 0.25.

4.2.2. Drainage Banquette System

Applying Equations (14), and (17) on the considered earth dam model, the effect of the
drainage banquette length (X3) on the seepage parameters was studied using different
values of (X,/B) = 0.03, 0.05, 0.10, 0.20, 0.25, 0.30, and 0.35 for ny = m, = 1.5, (7/B) =
0.5, and (H/B) = 0.25. Using Equations (15), and (16), the coordinates of the free sur-

face for the considered model were determined, as shown in Figure 11, for my = m, =
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1.5, (77B) = 0.5, and (H/B) = 0.25. The value of (X;/B) = 0.03, presents the minimum
length of the banquette at which the free surface just touches the downstream slope of
embankment. Considering different values of (X4/B), the corresponding values of the
relative seepage discharge (g/KuH), and the relative height of free surface at section
(1-1) (4/ H) were graphically presented in Figure 12.

It is seen that, values of (¢/KyH), and (A/H)increase with increasing the banquette
length (X,/B). The percentage of increase in value of (g/KiH), compared to the refer-
ence value for homogeneous embankment, (g/KzH) = 0.614, ranges from about 1.0%
for value of (X,/B) = 0.05 to about 45.0% for value of (X,/B) = 0.35.

4.2.3. Inclined Drainage System
Applying Equations (19), and (20) on the considered model, the relative seepage discharge

1.4
12
i\ 8
=) 0.6 x
N~ . S U™ /)
\\\\-§~';"-~.b.8)*0.0
0.4 IS I™
é{‘) \\\\\Ci;.,_
02 } RN
. .J’J\ \ \ \\j\\a o
[ IRy S fSSypr SRR TRUpRar R - Wil S, L____;____J_.__lJ_LfQ_L'.._ ——
-05 -04 03 02 -01 00 01 0.2 0.3 04 05 06 07
(X/B) . .
pervious foundation

Figure 11. Free surface through modified earth dam with drainage banquette for different values
of the relative banquette length (Xi/B) for mm = n» = 1.5, (7/B) = 0.5, and (H/ B) = 0.25.

1.0

09
08
0.7

06 | R

(a/k4H) , (WH)

o5 _ae===T"T

e —-——

04 PR S T T T ST S T M T T S TN S T ST S T S T T S S NN S S T S S S T T

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
(X,/B)

Figure 12. Variation of (¢/ KaH), and (4/ H) with the relative banquette length (Xi/B) for mm = m» =
1.5, (77B) = 0.5, and (H/B) = 0.25.
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(g/ K4H) and the relative height of the seepage surface (/4/H) were calculated for m, =
ny = 1.5, (71B) = 0.5, and (H/B) = 0.25. The resulted value of (g/ K;H) = 0.573, and the
value of (/A;/H) = 0.296. These values were compared to the reference values for homo-
geneous embankment, (g/K;H) = 0.614, and (/A/H) = 0.136. It is obvious that, value of
(g/ K4H) decreased by about 7.0% while value of (A:/H) increased by about 120.0%.

Applying Equation (21), the coordinates of the free surface for the considered mod-
ified earth dam with inclined drainage were determined, as shown later, for 3 = nm, =
1.5, (77B) = 0.5, and (H/B) = 0.25.

4.2.4. Catch Drain System in Tail Water

Applying Equations (23), and (24) on the considered model, the effect of the catch
drain location (X;) on the seepage discharge (g), was studied according to different
values of the relative location of the catch drain (X/B) = 0.0, 0.025, 0.05, and 0.0575 for
my = m, = 1.5, (7] B) = 0.5, and (H/B) = 0.25. The resulted values of the relative seepage
discharge (g/ KzH), and the relative distance at which the free surface intersects the dam
base (L/B) are shown in Figure 13. It is seen that, value of the relative seepage dis-
charge (g/ K;H) decreases with increasing the catch drain location (XJ/B), while value of
(L4 B) increases. The values of (g/ K H) for different values of (X./B) were compared to
the reference value for homogeneous embankment, (g/K;H) = 0.614. It is obvious that,
for value of (X/B) = 0.0, value of (g/K;H) increased by about 55.0%.

Applying Equations (25) and (26), the coordinates of the free surface for the consi-
dered modified earth dam with catch drain in tail water were determined, as shown in
Figure 14, for my = m, = 1.5, (77B) = 0.5, and (H/B) = 0.25. The value of (X/B) = 0.0,
presents the minimum location of the catch drain at which (Z/B) = 0.5736, and
(g/K4H) = 0.937. The value of (X/B) = 0.0575, presents the maximum location of the
catch drain at which the free surface passes through the toe point, (Z/B) = 0.6235, and
(¢/KsH) = 0.871. It is obvious that, for (X/B) = 0.0575, value of (¢/KzH) increased by

1.0
-------- (q/k;H
T e .
@ L
J o8 f
T
¥ o7 f
E
(L/B)
06 |
05
000 001 002 003 004 005 006
(X/B)

Figure 13. Variation of (¢/K«H) and (L B) with relative location of the catch drain (X+/B) for m =
m = 1.5, (7/B) = 0.5, and (H/ B) = 0.25.
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about 45.0%.

4.3. Comparison between Homogeneous and Modified Homogeneous
Earth Dam Embankments

4.3.1. Seepage Discharge
The hydraulic performance of the toe drainage systems was analyzed. A comparison
between the considered systems was conducted to indicate the effectiveness of each
system on the seepage parameters.

The free surfaces through homogeneous and modified earth dams are shown in Fig-
ure 15 for m = m, = 1.5, (7/B) = 0.5, and (H/B) = 0.25. It is seen that, the free surfaces
for the toe drainage systems are nearly close to each other and slightly lie above the free

surface for the homogeneous dam.

T
x
<
(X/B) catch drain
| S . ] — I_Zl— —
-06 -05 -04 0.1 0.2 0.3 0.4 0.5 C0.6 H 0.9

(X/B)
pervious foundation

Figure 14. Free surface through modified earth dam with catch drain in tail water for different
values of the relative location (X/ B) for nn = n» = 1.5, (77 B) = 0.5, and (H/ B) = 0.25.

1.4
1.2
< Q ],
= . 1ne, .
= 0.6 :{ o, dri]l]age
04 F OIHOgen LY
Coug da L=
m
0.2 )
e o b _I___l___l_-ee.-_—L_—J—_—J—_—J—_—J—_—d. =
05 -04 03 -02 01 00 0.1 0.2 0.3 0.4 05 0.6 0.7
(X/B) . .
pervious foundation

Figure 15. Free surfaces through homogeneous and modified earth dams for nmn = m» = 1.5,
(7/B) = 0.5, and (H/B) = 0.25.
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The variation of (g/K;H) with relative depth of the pervious foundation (77B) for
homogeneous and modified earth dams are illustrated in Table 1 and Figure 16 for m; =
ny = 1.5, and (H/B) = 0.25. It is clear that, the relative seepage discharge (g/KyH) li-
nearly increases with increasing the relative depth of pervious foundation (77B) for the
homogeneous as well as for the modified embankments. It is noticed that, value of
(g/ K4H) for pipe, banquette, and inclined drainage are nearly close to each other, but
for catch drain, it is greatly higher. It is also found that value of (g/ K:H) for both pipe

drainage and drainage banquette are nearly the same.

4.3.2. Exit Gradient

Exit gradient () for seepage through embankment and foundation at or near the

Table 1. Values of (g/ KaH) corresponding to relative depth of the pervious foundation (77B) for
homogeneous and modified earth dams for nm = n = 1.5, and (H/B) = 0.25.

Modified homogeneous embankment

Homogeneous embankment Pipe drainage = Drainage banquette  Inclined Catch drain
(reference case) (X,/B=0.025) (Xs/ B=0.03) drainage (X./B=0.0)
(/B (g/KqH)
0.40 0.574 0.549 0.550 0.516 0.780
0.50 0.614 0.605 0.607 0.573 0.937
0.60 0.627 0.653 0.657 0.622 1.093
0.75 0.647 0.713 0.719 0.686 1.327
1.00 0.678 0.791 0.801 0.771 1.717
— —Catch drain = Homogeneous dam Pipe drainage
= = -Banquette drainage =~ -+eee- Inclined drainage
1.8
_-
16 | -
—~
_ -
14 F . -
I\ &{A\“/
e~
—~ 1.2 _ -~
I
< -
-~
S 10 F -
~ /
-
08 = ———
Homogeneous dam
0.4 0.5 0.6 0.7 0.8 0.9 1.0
(T/B)

Figure 16. Variation of (g/K«H) with relative depth of the pervious foundation (77 B) for homo-
geneous and modified earth dams for mm = n» = 1.5, (7/B) = 0.5, and (H/B) = 0.25.
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downstream toe was analyzed. If the exit gradient is greater than the critical gradient
(1), the piping phenomenon may exist which can lead to undermining and loss of the
dam. Harr, M. E. [8] [9] recommended a ranges for the factor of safety for exit gradient
(FO.S=(I/1)) tobe 4 - 5.

Using Equations (13), (18), and (22), the relative exit gradient (/:(B/H)) was esti-
mated and graphically presented, as shown in Figure 17, for toe drainage systems; pipe
drainage, drainage banquette, and inclined drainage. Values of the relative exit gradient
(Z+(B/H)), for pipe drainage, were calculated corresponding to the relative distance
(Xi/ B) for relative location of the pipe drainage (X,/B) = 0.025, nn = m, = 1.5, (7/B) =
0.5, and (H/B) = 0.25. For drainage banquette, values of (/-(B/H)) were estimated for
relative length of the drainage banquette (X;/B) = 0.03. It is clear that, values of (Z-(B/ H))
decrease with increasing values of (Xi/B). It is obvious that, values of (Z-(B/H)) for both
pipe drainage and drainage banquette systems are nearly the same. As for inclined

drainage system, values of (Z:(B/H)) are slightly less, especially for low values of (X/B).

5. Conclusions

The present study focuses on evaluation of the hydraulic performance of the different
control measures used to protect earth dams, based on pervious foundation, against
seepage. Various control measures were tested such as; flat slopes, toe drainage systems,
and a catch drain in tail water. The hydraulic performance of each control measure was
evaluated; using the analytical solutions previously developed, to determine the relative
seepage discharge (g/K.H), the relative height of seepage surface (A:/H), the relative
coordinates of the free surface through earth dams (A4 H), and the exit gradient (Z.) at
the downstream toe. The evaluation was conducted by comparing values of the seepage
parameters obtained by the control measures with those obtained from the reference

case (homogeneous dam without any control measures).

1.0

0.8

0.6

0.4

le . (B/H)

0.2

0.0

00 01 02 03 04 05 06 07 08 09 10
(Xi/B)

Figure 17. Variation of relative exit gradient (/-(B/H)) with relative distance (Xi/ B) for modified
earth dam with pipe drainage ((X,/B) = 0.025), drainage banquette ((Xs/B) = 0.03), and inclined
drainage for mm = n» = 1.5, (7/B) = 0.5, and (H/B) = 0.25.
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As a result of the above analysis, the conclusions of the present study are arranged as
follows:

1) Increasing the relative depth of the pervious foundation (77B), for the homoge-
neous earth dam, from 0.10 to 0.50 results in a rapid increase in values of (g/K:H)
beyond which, gradually increase exists. Increasing the relative depth of the pervious
foundation (77 B) results in a slight increase in values of (A:/ H).

2) A flat slope for the homogeneous embankment is not desired control measure
where it increases cost of the dam construction to a large extent.

3) For the homogeneous earth dam based on pervious foundation, the slope factor
(im) higher than 4.0 is considered useless.

4) Values of the relative seepage discharge through earth dam based on pervious
foundation (¢/K;H) increase with increasing the relative location of pipe drainage
(X,/B) and the relative length of drainage banquette (X)/B). Values of (¢/K;H) using
pipe drainage, drainage banquette, and inclined drainage are nearly the same but for
catch drain, value of (g/ KsH)is greatly higher.

5) Values of the relative exit gradient (/-(B/H)) decrease with increasing values of the
relative distance (Xi/B). Values of (I-(B/H)) for both pipe drainage and drainage ban-
quette systems are nearly the same. As for inclined drainage system, values of (Z-(B/ H))
are slightly less, especially for low values of (X/ B).
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