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ABSTRACT

Experinental investigations have been carried out into
the efficiency of a blanket design in controlling under-
seepage. Al so, accurate nunerical nethod for the nmathenatica
anal ysis of the blanket designs for efficiency are proposed.

In the experinmental investigations, use was nmade of
a seepage tank nodel under steady flow regimes. The bl anket
design in each case Was constructed of clay. Five different
desi gn shapes are considered in the study. They are;
rectangul ar, triangular and trapezoi dal bl anket shapes.

QG hers are conposite bl anket shapes the first of which is

the stepped-rectangul ar and lastly the rectangul ar-

trapezoi dal bl anket. The proposed enpirical equations are
obt ai ned using Bessel's functions of the first and second
ki nds respectively. The final equations are sinple and
can be readily used for design cal cul ations.

The theoretical results are tested against the
experinmental data, with accurate and physically plausible
results. Both results show that the triangul ar bl anket

Is nore effective than the rest .blanket design shapes.
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CHAPTER 1

INTRODUCTION

1.1 The importance of a dam

One of the most important problems facing the world
today especially in the developing countries is the provision
of adequate supplies of fresh water for industry, for agri-
culture and indeed for the continuance of basic activities.
Inherent in this problem however is the incidence of waste,
one serious aspect of which is the loss of valuable water
carried regularly to the sea in floods. 1In all water projects,
the ultimate objective must surely be to conserve and control
all fresh water in order that what is so freely given by
nature should be used efficiently and effectively for the |
future wellbeing of mankind. It is against this background ﬁ
that scientists and engineers embarked on dam constructions
since the earliest times. Since then there has been a
marked increase 1in expenditures for projects involving dams.
This increase has led to an intensification of e;;erimental
research and a reexamination not only of details and methods
of construction but also of many of the theories of desi;n.

All of these have resulted in a substantial improvement -in
the art and science of dam building.

Dam building is however a challenge. Starting with
the construction of "The Saad-el-Kafara" dam near Cairo 4,800
years ago, building of a dam is still a challenge todaft |
It is fundamental for the engineer to realise that no m?tygr

'.

L]

how strong he may build a dam there will always remain some

risk - however small - that unforeseen forces may cause it
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to fail, He must recognizé.fhé”various undesirable events
that may occur, and assess the probability of their
simultaneous occurrence., To accept the possibility of some
'danger.under the worst combinations may be both acceptable
and economical but the design engineer must understand the
risk he takes. The failure of a dam is usually catastrophie,
hence the responsibility of the design engineer is great.
Historicallv, most dam failures are usually due Lo seecpage
piping and sliding. In the other cases, failures may result
from:overtnpping of existing spillways or Waterlevei control
facilities. {I : ﬁ.. .:__, ;_;; Lo .

oo O oo

1.2 Foundations and seepage . - E' e

The term 'foundation', as used herein, means all of

that part of the area under and adjacent to fﬁeldam which

in any way will affect or be affected by loading, scour,

or leakage. A good foundation_is of ample strength to
- withstand the weight of the éfrucfﬁféﬁﬁhd to prevent sliding.
..When made tight eﬁbﬁgh, it can prevent excessive leakage and

reduce uplift as much as possible. Seepage, which occurs within
fthe foundat ion and abﬁtméﬁts;'results in water loss by leakage,
juplift forces at the bottom of the dam, and possible creation

of instability in foundation (and abutment rocks or soils).

In some iﬁétances, it can lead to ihe development of destruc-
- tive high-velocity concentrated flows by piping and cavitation.

A limited amount of slow seepage through and below a dam is
':permissibie. but every effort must be made to control and

prevent concentrated seepage flows that will threaten the

life of the foundation or the dam above it. o



Unlike investigations for long undergruqnd tunnels,
investigations of proposed dam sites are concentrated within
relatively small areas. Because of the threat to human life
and property posed by failure of foundations:and subsequentlg
the dams, careful examinations of foundations conditions and
the geology of the reservoir site prior to design and
construction is necessary. In general, failures in flat,
nearly horizontal foundations of earth and rock-fill dams
are not the result of shearing dislocations owing to t%e
load of the dam, Instead, roundationsfgive wﬁy
because of inadequate treatment of seepage, either within
the dam (which is not touched upon in this thesis) or beneath
the dam. This seepage which occurs beneath the dam or within
the foundation is termed underseepage. This forms Lhelsubject
matter of the thesis. Underseepage could also occur as a
consequence of a construction of a dam on a foupdation
which slopes steeply upstream or downstream. Discussing the
importance of foundation in seepage control, Terzaghi (1929)

observed that

To pass judgment on the quality of a dam foundation

is one of the most difficult and responsible tasks.

It requires both careful consideration of the

geological conditions and the capacity for dvaluating

the hydraulic importance of the geological facts which

can only be obtained by a thorough traiqing in the

hydraulics of seepage.

In the design of earth dam built on pervious foundation,
there appears to be a trend toward the control of underséepage
by construction of an upstream blanket connected to the imper-
vious section of the dam. In dams where the control of under-
seepage is undertaken primarily to increase the stability of the

structure, rather than to reduce seepage lossks to a minimum,



this design offers several advantages over a central imﬁer—
vious section in the dam, and a cutoff through the foundation.
The advantages include: (1) It helps to provide enough
frictional resistance to prevent the dam from sliding down-
stream on its foundation under the reservoir pressure;
(2) By connecting it to the upstream face of| the dam possible
seepage at the base of the dam is reduced which results in
greatly reducing the uplift and (3) It permits cutoff to be
placed at some distance from the dam as in the case of
natural slope of many bedrocks, the combined result of which
is the prevention of underseepage flow, uplift forces and the
reduction of exit gradient. From the standpoint of structural
stability and water storage conservation, control of under-
seepage is of critical importance in an earth dam. The con-
struction of an upstream blanket connected to tﬂe impervious
section of the dam and a downstream blanket with drainage'
facilities is a common and technical practice. 1t offers a
better solution from a structural and economic viewpoint.
There have been many proposed solutions to the engineering
problems presented in the usSe of blankets. In each case,
blankets of uniform thickness were assumed in order to simplify
the mathematical prﬁblems involved.. Bennett ;(1946) for
example, attempted the use of a triangular blanket on the
upstiream side in that such an arrangement would offer greater
resistance and would be more efficient but could not support
the claim with adequate mathematical proof. By means of model
experiments and mathematical analysis, this thesis seeks to
inquire into the most efficient shape of the blanket that will

solve the problem of underseepage.



CHAPTER 2 - +

»' - LITERATURE REVIEX =~ “;\j.-

: -;Vf'
B I I

The orign of study of seepage phenomena in porous media

2.1 Introduction | L ’ “-“T__ R

goes back to Darcy (1856}, who carred out expefihents about
the flow of water in pipes filled with sand and established

the steady law of this movement. The professional literatur

on seepage embraces many.fields of interest. Since 1220,

mnny comprehensive bibliographies of seepage have appreared
which provide byief quatations.of literature world wide.

The rigorous mathematical theofy'of the theory oflthe flow

of ground waters undQF hydraulicfstructures was founded by '
Pavlosky (1922), It is also credited to him to héye conducted

the first investigations about |the abplication'of the method

| .
of inverses to the theory of unconfined flowsr Of great merit

is Pavlosky's application of the experimental method of the
! .II .; { .
electro % hydromechanical analogs (Egda), which at present are

widely used in scientific research. 4 - ;“{ 4 ' .

/ In 1949, Zjoukovsky applied a special mapping technigue

5 ] . . . ) !
to solve the problems of unconfined flow situated on ;ep

foundation. Kochina -~ Polubarinova (1952) correlated the

exit point of the free surface to the charactef!stlf

|
J
dimensions of the qection 1n unconfined shallow - ﬂoundation

flows. Dupuit and/Boussinesqg (1962) gave the hydraulic theory
of the flow of ground waters. Also, 1962, Forchheiner developed

the hydraulic Qheory'of wells. In 1980, Gill gave the theory

of blanket design for dams on pervious foundations,
. i I s R L
’ ! {.J- j, . Lo . .



Seepage; éctually, is a general term describbing the
movement of water through the ground or other porous media -
to thg ground surface or surface water bodies. The term is
weli.éSthblished in the engineering literature in canection
with groundwater movement, from and to surface water bodies,
particulgrly where associated with structures such as dams,
canals and levees. It can occur to lower lying lands from
normal waterlcourses, and/or the sea; from artificia) water
_:reservoirs, underneath various hydraulic structures and fr?m
leakages of artesian wells. This however should not be
confused with a spring, which is a concentrated discharge of
groundwater appearing at the ground surface as a current of
fiowing water. In the limiting case of dam engineering, one
can consider seepage through the dam (which we do not touch
upon) and the seepage through the foundation or beneath the
dam, called underseepage.

2.2 Mechanism of Underseepage

; In the total history of dam construction certainly many
hunareds have failed. There are no accurate records of most
of the failures and the extent of the damage that resulted
from torrential inundation of lower areas as a consequence

of their failures. Disasters owing to dam failure for which
careful documentation is available indicate a variety of
causes within the foundation, The Frazier Dam, Idahosa, failed
in 1935 due to seepage slide. The Lyman Dam Arizona, failed
in 1915 due to piping. The Hornell Dam, New York, failed scon
.after constrgction in 1912 due fb.séepﬁgé. Ampendix A contains
Middlebrook's comprehensive list of earth dam fgilures '

resulting from.seepage and/or piping, , fi

;



are less than those which tend to cause it, the soil particles
are washed and piping commences. The resisting forces depend
on the cohesion, the interlocking effect and the weight of

soil particles, as well as on the action of the downstream
filter if any. The erosion starts at the point where the
seepage water discharges, and works toward the reservoir.
Gradually the seepage channel or "pipe" enlarges until in the
final stage complete failure occurs. Terzaghi and Peck (1948a)
came up with the concept that piping tends to begin along the
contacts between rigid structures and their foundations.

The shortest path that a particle of water could take in
flowing under a structure was called the line of creep.
Terzaghi (1929) demonstrated by means of flow nets that minor
geological details can have a major influen?e on actual seepage
patterns in nonuniform foundations. He also restated the
physical causes of piping as follows:

The fundamental requirement is that the upward pull
exerted by the flowing water overcomes at some point

on the vottom of the tail®*ace the downward pull

exerted by the force of gravity. As soon as this

event occurs the dam is lost, no matter where it takes -
place.

Any uncontrolled seepage erruptigé in the form of springs
in the natural ground downstream from the core of a dam is
potentially dangerous. The greater the quantity and velocity
of the discharging underseepage the greater the piping
potential. The danger is more so if the natural surface soils
are fine cohesionless sand and siltéﬂ 1t decrease as the
soil becomes coarser, because wel‘i-—g?‘ad‘ed :oarse soils tend
to form natural graded filters at the discharge points.

In addition to piping, underecepage somctimes reduces the

margin of safety of the downstream slope against shear slides,



Consequent upon occurrence of underseepage, three serious
difficulties capable of leading to total failure of the dam
face the engineer. They include:-

(i) Piping, which occurs when water picks up soil particles
and moves through unprotected exits, developing unseen
channels or pipes through the foundation.

(ii) Heave or slope failures (including sloughing) caused by
underseepage forces resulting in uplift pressures.
(iid) Excessive loss of water.
We will discuss these problems one after the other.
Piping
As water seeps through the compacted soil of the natural
soil of a foundation, the pressure head is dissipated in
overcoming the viscous drag forces which resist the flow through

the small soil pores.

\ /. " /)

Impervious

Firure+2.1: Locations within and underneath the dam
where piping could occur

Conversely, the seeping water generates errosive forces
which tend to pull the soil particles with it in its travel

through and under the dam. If the forces resisting erosion
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because high pressures develope in the foundation pore
water near the downstream toe.

Progressive sloughing (or raveling) is a type of damage
which is closely related to piping. It usually occurs on
older homogenous dams. The process begins when a small amount
of material at the downstream toe erodes and produces a
small slump or miniature slide. It leaves a relatively
steep face, which becomes saturated by seepage from the
reservoir. It then slumps again forming a slightly higher
and more unstable face. This raveling process can continue
until the remaining portion of the dam is too thin to with-
stand the water pressure and complete failure occurs suddenly
as the reservoir breaks through. Marsal and Pholenz (1972)
teld about the failure of the Laguna Dam in Mexico from under-
ground piping after 60 years of operation. They maintain that
the cause of this failure would have been difficult to
anticipate as one of the many unknown channels or "p#pes"
in the embankment foundation ... may shortcircuit the .
reservoir in a matter of hours and cause disaster. The dam -
was built of earth, rolled core.

Uplift Pressure

Nonuniformities in the deposition of soils and vertical
holes made by burrowing animals, rotted roots, unfilled drill
holes, abandoned water wells, and the like often permit !
seepage to concentrate and emerge in the form of boils or
heave at the landward toe of dams and other hydraulic struétu?eﬂt
Piping problems or failures causcd by heave can be expected .
to occur at the downstream side of a hydraulic structure when

the uplift pressures of seepage exceed the downward forces
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due to the submerged weight of the soil.

Dams are subjected to water pressure, not only on exposed
faces but also on their bases and within the masonry itself.
These internal pressures produce uplift. Uplift is the
upward pressure of water as it seeps or flows through the
dam or its foundations., It causes a reduction in the effective
weight of the structure above it, The conception generally
applied to hydrostatic uplift pressure may be explained by a
discussion of the hypothetical conditions illustrated in
Figure 2.2. This figure represents a dam with an upstream

water depth of h, and a tailwater depth of hz.

-

Figure.2.2: Principles of uplift pressures.
Consider the base as slightly raised from the foundation,
permitting flow from the upper to the lower pool. Assuming
that the width of crack is uniform, that the flow conforms
to the laws governing flow in pipes, and neglecting loss at
entrance, the pressure intensity will diminish uniformly from
w2hl at point A, the heel, to w2h2 at point B, the toe. At

the toe, it tends to rotate the dam upward about an axis,
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Intermediate intensities are represented by the line FD.
i

1f, without lowering the dam, the crack is closed at
point B, thus stopping the flow, the pressure becomes constant
and equal to w2h2, Wo being the soil unit weight under the dam.
If the closure is at point B, the pressure is uniform at
wzhl. lf.the obstruction at any of these points is partial,
the effects noted will be partially attained.

Actually, the dLm is not raised from its foundation but
water is forced ihrough the pores and cracks of the masonry
and the foundation materials. Water flowing through such
pores or cracks ;ollows a similar law of decreasing pressures.
However, the cracks or pores are not concentrated along a
single line, nor are they always uniformly distributed.
Consequently, the actual internal pressures may differ some-
‘what from those indicated in Figure 2.2.

The ﬁplift pressure in the foundation near the downstream
toe of the dam depends primarily on the configuration and
permeability of the various subsoil layers. It may be high
even if the quantity of seepage is not great. The highest
pore pressures develop in the upper elevations of the foundation
in the ciﬁcumstagce where there is a relatively impervious
horizontaf surfaFe layer which prevents the free discharge of
| free water, If this impervious surface layer is not sufficiently
thick, the seeping water usually breaks through a crack or
other hole., This may form a sand boil which is a deposition
of sand by the upward flow of seepage water around the springs.
On the other hand, 3[ it is thick, the underseepage may never

be seen at the surface even though dangerously high pressures

%11fﬁ:nmasured witth piezometers,
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The existence of these forces has been recognized for
~nearly a century now and has been the subject of much debate.
There is perhaps no other factor in the design of masonry
dams about which so little is known amd about which there are
so many differences of opinion {Justin et al} 1964).

Loss of Water

As the action of underseepage continues part of the water
in the reservoir is lost. The result is that the dam will no
longer be able to serve its intended purpose. It may lead
to waste in economy as the dam cannot meet the demand for
water supplies either for domestic purposes, agricultural
needs, electricity generation requirements, recreational or
navigational demands. Apart from loss of valuable water,
underseepage mav also cause the loss of suspended solids and
dissolved matter in that process. On the other hand, if the
water is riﬁh in minerals like sodium, seepage tends to
flocculate soil having high alumina with the result that the
permeability is reduced. Conversely, fresh water hi} defloccu-
late clay soils and render them more permeable. This situation

for instance led to *he failure of dams in Australia,

2.3 élow of Underseepage

:_ ! Underseepage may be defined as the flow of water through
soi? masses of the dam foundation owing to the action of
gravitational forces. Except under the most favourable
circumstances, precise quantitative estimation of the potential
flow of groundwater throuéh uncongolidated deposits beneath a

dam is very difficult. To obtain reasonable flow patterns
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of flow beneatd the dam, maté&ﬂjis must be carefully
investigated by drilling, pressure and pumping tests. Depending
on the configuration of the base of'the dam and the space
distribution of materials of different permeabilities beneath,
upstream, and downstream from the dam, flow patterns range

from simple to very complex.

In the usual situation both vertical and horizontal

anisotropism in néturallmaterials prevent consistent determina-
tion of the flow pattern beneath the dam. Fig.2.3 indicates
two kinds of undefseepage flow, Both are confined flow but
with totally different configurations of flow lines (or

streamlines) and equipotential lines (dashed). In Fig.2.3c,
the flow is bounded upstream by an equipotential surface at
the floor of the reservoir where the potential is equal to H,
the head exerted by the water in the reservior, and downstream

v
by a surface of zero head.

t
3 L 1 f
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¥ _ - "J,sﬁz ¥ . 7" ;
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Figure.2.3: Types of groundwater flow beneath

1 a dam.
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C: Confined flow above an impermeable layer.
D: Confined flow between parallel impermeable layers.:é'f
In Fip.2.3D, the flow is bounded above and below by_parallel'q 1

impermeable layers and the lines of equal head are perpendicular

to the confining surfaces and 'to the streamlines. Generally.f

since the seeping water is fIOW1ng under a gradlent toward

| .
the downstream toe, the pressure'ﬂead in the foundatlon below
the dam is always above thJ tailwater elevation. Therefore

if the surface of the grou$d downstreaq from the dam is
o |

relatively flat the pressure head measured in a p1ezometer

will nearly always be above the eleyatlon of the ground

: S AT
‘surface. ' . S I
' ; ' i i

An ana1y51s of k1 d of confiled flostuggésted by Fig.2.3C
| is made with the aid df Flg 2.4, and suggests the Flnds of
problems that are encountered in more complex situations. Rt
is assumed that an average permeability has been ascertaine%
by field measurements. Also, we assume that the ‘materials
beneath the dam are perfectly homogeneous in calculations

of the order of magnitude of seepage. . | f. ﬂm_./

. L, . .
! B ! ) T Vi

LI

Figura2.,4; Seepage beneath a dam,
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The bouhdary conditions in Fig.2.4 are of the simplest
kind. A dam with a flat base rests con a layer of permeable

material above an impermeable layer. 'A horizontal equipotential

- f

surface along the fleoor oflthe reservoir has a value of ¢=kh,
in which k is the average permeability of the permeable layer,
and h is the head in the reservoir. Down#tream from the dam
the head 1s equal to zero, and ¢=o. Flowlines (streamlines)
at the bgse of the dam (y=¢) and tangent to the impervious
layer (wn) have equations such that the total quantity of \

flow between them (Q) can be calculated from the relationshipi:

Q = (xh/@) cosh™! (X /D) ..l'f; 2.

in which Xn and b are the dimensions indicated in Fig.2.4.

W
X

Now, let X /b = u. Expanding cosh™’, a hyperbolic

W+

BT
ko

function, we obtain: = N T
Q = (kh/i)[log_2u-(1/4u®)-(15/288u°)-...] 2.2

In Fig.2.3D, the flow is "pipeline” flow in whiéh barcy's

!

equations in their simplest expression are applicable. L

Thus, according to Darcy's laws '-_' . 3; 

1 Q= kA(dh/dL) - ;,j'-$iy_ =: Lot 2.3
in which Q is the quantity of water {flowing through a c&oss-

) il . ' f
section of area A in a medium with a coefficient of permeability

k and a hydraulic gradient dh/dL, oo
For an aguifer of thickness b and width *_the:quantity
of water flowing through a cross-section of thé aqﬁifer is
Q = kbW(dh/dL) - o S o 2,4

Q is obtained in practice by drill hole measurements of b and W,
' co _ ! ' _ - B ' . o

F
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field or laboratory measurements of k, and measurements of
head in bore holes at points separated by a distance L.
Then,
‘ Q = k(bW)(hlﬂh2)!L 2.5
1f we designate T = kb as the coefficient of transmissibility,

then:

Q= TW(hl-hz)!L 2.6

2.4 Prevention-of Piping and Heave

To prevent piping, water-bearing erodible soils and
rocks must never be in direct contact with passageways larger
than some of the coarsest soil or rock particles. In nature
piping failures are often exhibited by sink holes that form

in arid and semiarid lands when fine sand, silt, loess, and
|

clay wash into subtarranean tubes or cracks. |
Water that percolates through earth dams and their

foundations can carry soil particles that"are free to migrate.

For example in Fig.2.5, seepage forces at_the discharge faces

AB and BC tend to cause particles or erodible soil or soft rock

_Zone 1 - impervious

-

=Sl

Zone 2~Pervious

TNV TR 77NN 77K 7 77 KT TINNN7 77\ V77 SN 778K ‘//
Impervious
L

Figure ,2,5: Locations within an earth dam, where

internal piping must be prevented - faces
AB and BC
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.to move into zcone 2 if the seepage foréés are greaf enough
| and the pore spaces in zone 2 large enough.

]

' .

; | % ; . kl
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/}\
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Impervious

Figure2.6: Locations downstream of a homogeneous

: dam where heave may occur - face AB.

4 Aioﬁg[the unﬁroteéted discharge_face.AB in Fig.2.6, the so01il
may heave if the gradients are large enough.
~Every seepage discharge surface (both internal and
éxtefnal) that could be susceptible to piping or heave must
be covered with-filters that permit the water to escape
~freely but hold the so0il particles firmliy in place. Sound
rocks énd cemented so0ils are not susceptible to piping and
" - therefore do not require filters. Nevertheless, soft, weathered
sandstones and other erodible rocks and soils mﬁst Be protected.
Flow net studies have proved useful in determining where filters

must be provided.

The method described by Terzaghi and Peck (194200 for
determining the factor of safety against piping is illustrated

with reference to a row of sheet piles in sand (Figure 2.7)

Y e}
« o
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The pripciples developed here apply equally to the soil at the

 landward sides of weirs or dams on permeable earth foundations.

First, a flow net is drawn (Fig.2.7a) from which excess

hydrostatic pressure on a horizontal ﬁlane such as O-Xat a
I

depth D can be determined. For a head hl on the left side
of the sheet pile wall the uplift pressure (excess hydrostatic

l

pressurf) can be represented by the ordinates of curve C

- = = -
" -~ ED(appro- = T
: _ Ximate) 3 S
h : 1 . ,.-Ia. . . hl‘ -
. Sl
+—
e l i i
@'
' ¥ N id, ~ ¥
1
Elew el
- T T—
f _ h) Ywha

ﬂ/\V\/dﬂﬁhz%GYv\ﬁ?Vﬁ

|

Fl#ur 2.7 Use of flow net to determine factor of safety g
]
|

of row of sheet piles in sand with respect to
L

" piping. (After Tersaghl and Peck 194@

It . is shown that the upllfk pressure 1s.greatest Just to the
right of wall; hence the greatest danger exists near the_
wall. By tests with models Terzaphi found that'wﬁén the
upward, forces of seepage on ; portion of O-Xnear the wall
become'equal to the downward forces exerted by the submerged

8011 the surface of the sand rises (Fig.2.7a). This heave

oCCurs simu]tanedusly with an expansion of the volume of the

R
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saﬁd, whiéh causes its permeability to increase. Additional
Séepage causés the sand to boil, which accelerates thé flow

+ of water ﬂnd lgﬁds to complete failure., Terzaghi's model
. tests demonstrated that heave occurs within a 41stance'ofx

- about D/2 fromhthe ‘sheet piles. To calculate a fa&téf of:

,f safety against failure, forces are determined on the prism .
| efa0 (Fig.2.7b) which has a depth D and a width D/2. |

x | The average @XCess hydrostatic pressure on the base of

prism efad is. equal to Yy, h a? and the uplift force U is equal

uf_to Ywhan2. Eaplng failure occurs when U becomes equa} to
- the submerged'weight of the sand with its vol ume sz2 times
;3its unit submerged wejight y' or W' = 1/2Dgy'. AR
| The factor of safety with respect to piping can therefbre

be expressed asr
1' - _ a

ﬁ If it ishﬁon economical to drive the sheet piles deep enough
J to prevent heave, the factor of safety can be increased by
plac1ng a welghted filter over prism efaQ. If the weight

I
!
|
f[
N
5, -.1
] 50f this filter is W, the total downward force within a

'dlstance D/2 of the p11e wall is W+W! and the factor of

i,
' afety is 1ncreased to

: o e SRR {
! _ K ; S ‘.‘ |

Wﬁen a weighted filter is used, G is increased because
the total stress is increased, whereas the pore pressure
remains constant, Normally, the factor of safety should be
at least 1.3, to allow for the uncertainties in prediéting

piézometric heads at critical points, o

H . . T o
[ . . B I A
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" Criteriaz for Filter Design

If piping is to be prevented a£ £hé discharge surfaces
\shorn in Figures 2.5 and 2.6, the pbre spaces in the pervious
zone iR Fig.2.5 (zone 2) or filters placed at the seepage
exits must be too small for soil barticles to pass through.
If some of the larger soil particles can be held in place,
these particles in turn can keep the fiﬁer perticles from
moving. ;
%f ; : X ' . .;-}-
Bertram (1940) varifled that the following ecriteria

suggested by Terzaghl, were conservatlve.

[

_Dis(Of'filter)

N,_' - | : D85(°T SoITy < 4 or 5 . B 2.9

D5 (of filter)

>4 or5 - 2.10

' In Eqs. 2.9 and 2.10 the subscripts 15 and 85 refer to the

flperdentage finer by weight than grain size. Eguation 2.9

must %e satisfieq;to ensure that filters will be substantially

er(anerally at least 10 to 20 times) more permeable than the
!

.SOFIS they protect.

_ Wldespread experience has indicated that when the basic
‘fllter criterion expressed by Eq.2,9 is fulfilled in every
part of a graded filter, piping cannol occur under even :
extremely large hydraulic gradients. A graded fllter is that

which contains two or more layers of Qifferent materials, each

. successive layer being selected on the basis of Eq.2.9,
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2.5 Control of Underseepage

As in other engineering works, earth dams, levees and
their foundations can be protected from seepage by two
fundaméntal processes: (1) those that keep the water out or
reduce the seepage quantities and (2) those that use drainage
methods to control the water enteriné. Methods commonly used
under process (1) include:

Cutoff trenches

Grout curtains *

Sheet-pile walls and other thin cutoffs
Impermeable upstream blankets
Thin sloping membranes
Methods used under onrocess (9§ comprise:
Embankment zonning
Longitudinal drains and bLankets
|
Chzhney drains extending upward in embankments
Paytial penetrating toe drains
Relief wells.
With regard to control qQf underseepage,-cutoff{trenches,
grout curtains, sheet-pﬂle walls, upstream blankets and relief
wells may be employed1éﬁd so are treated here. Other methods |
are outside the scope of this thesis and will not be re‘iewgd.
i

Vertical cutoffs.’usuaﬂly made of compacted impervious

2.5.1 Cutoff trenches

earth trenches normally extend down to an intermediate soil
stratum of lower pvrme‘b?ii\; (Fig.2.8). They help to
reduce the undersecpage discharge by lengthening the passage

path. In doing so, it also reduces downstream pore water
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pressures, and the moment of uplift forces tending to 1lift
the dam has been reduced. The danger of piping and erosion
at the toe of the dam will be reduced or eliminated. More-

over, fhe longer paths along the stream lines below the

— S

Water table

1

TN 770 SSTIINNTIIN 77NN T TN (00NN TIENNN £ NN 77 \\N (7NN
Impervious rock

Figure 2.8 Seepage under partial vertical cutoff trench

cutoff causes a notable decrease in the exit velocities
downstream in the proximity of the dam and reduces total
seepage under the dam.

It is to be noted however that filters must be provided
to prevent piping of the soil at faces A-B-C. Theory and
mode 1 studiegzﬁerzaghi (1927) indicate that it is necessary
for a cutoff to penetrate a homogeneous pervious soil
foundation at least 95 per cent of the full depth before
there is an appreciable underseepage reduction, For this
reason, only a complete cutoff should be considered at a site
with a homogeneous foundation. 1In that case, the seepage

discharge is nearly zero and the water table falls below B,
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On the other hana, a vertical partial seepage barrier is
valuable at a site where the average permeability of the
foundation soil decreases with depth below the surface or
where there is a single continuous impervious layer into

which the cutoff can be connected. Where neither partial

nor fully penetrating cutoff is warranted, the designer should
specify a nominal minimum cutoff trench at a depth of 1.8 to
3.0m for inspection sake. Creager (1917) and Turnbull (1961)
presented a graph relating the percentage of depth penetrated

by a cutoff trench to the reduction in seepage, as shown below.

10 o 0
- 80 2°*f
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Percent of depth penetrated

Figure 2.9 Relationship between depth of cutoff
and seepage quantity. (After Creager
(1917) and Turnbull Q961)).

Trench cutoflfs offer a number o¥ advantages because
they provide full-scale exploration trenches that expose all
soil strata. They permit high quality backfilling 6$erations
to be carried out and treatment of exposed bedrock wpoﬁ

¢ L 2
necessary and the installation of filters and drainage

blankets to control seepage and prevent piping into coarse
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foundation strata. Also in the process, a large mass of
foundation soil is removed and replaced with stronger
material, which often helps to stabilize them. Moreover,
in zon?d dams, it helps to reduce the height of the seepage
lipne in the downstream half of the dam and thereby increase
the stability of the downstream slope. In addition, large

exit gradients a! the toe are curtailed (Sherard;, 1963).

2.5.2 Grout Curtains

Grout is a liquid, either of a uniform chemical substance
or an aqueous suspension of sélids that is injected into
rocks or unconsolidated materials through specially drilled
boreholes for tightening dam foundations and to reduce or
eliminate underseepage.; Grouting materials may be Portland
cement-based slurries, ?hemical grouting solutions or organic

|
resins, for example, epoxy resins (polymers).

RIP RAP

A

GROUT
CURTAIN

. v A W W . S

Figuru,.2)10 Foundation treatment with grout

curtain in an earth dam.
In dam founqatjoﬁf three kinds of grouting programmes
arc identificd. (i) comparatively shallow systematic "blanket"

or "consolidation” grouting over critical portions of
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foundations, (ii) "curtain" grouting from a gallery or
concrete "grout cap'" along a specified location to produce
deep impermeable barrier to subsurface groundwater seepage,
and (iii) "off-pattern”, special purpose grouting to improve
strength and to overcome problems created by groundwater
circulation in zones identified by geotechnical studies.
Grouting is not entirely foolproof because cement grout
cannot be foreed into pores smaller than about 1.0mm and it
is not always possible to seal all important joints. Though
chemical grouts can be very effective in sealing small rock
joints, they cannot always be depended on to control seepage
through soils, because they do not always penetrate soils or
fine sands sufficiently even with a fluidity approaching
that of water. Grout curtains may substantially reduce
seepage quantities, but their effect on hydrostatic pressures
is oftgn disabpointingly poor ( Casagrande} 1961).
2.5.3 Sheet Pile Walls

Interlocking steel sheet piling has been used extensively
for constructing thin cutoffs through deep alluvial materials
as seepage barrler. Because it is expensive and due to
possible considerable leakage through the interlocks between
the individual piling, it is chosen much less frequently
today. However, in some circumstances, where the alternative
cutoff methods are expensive or time-consuming, it can provide
the best underseepage barrier(Lane et al, 1961). The leakage
(and pressure head loss) of water flowing through a steel

sheet pile wall depends primarily on the average width of

the openings in the interlocking connections.
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foundations, (ii) "curtain'" grouting from a gallery or
concrete "grout cap" along a specified location to produce
deep impermcable barrier to subsurface groundwater seepage,
and (iii) "off-pattern", special purpose grouting to improve
strength and to overcome problems created by groundwater
circulation in zones identified by geotechnical studies.
Grouting is not entirely foolproof because cement grout
cannot be foreed into pores smaller than about 1.0mm and it
is not always possible to seal all important joints. Though
chemical grouts can be very effective in sealing small rock
Joints, they cannot always be depended on to control seepage
through soils, because they do not always penetrate soils or
fine sands sufficiently even with a fluidity approaching
that of water. Grout curtzins may substantially reduce
seepage quantities, but their effect on hydrostatic pressures

is often disappointingly poor ( Casagrandg} 1961).
2.5.3 Sheet Pile Walls

Interlocking steel sheet piling has been used extensively
for constructing thin cutoffs through deep alluvial materials
as seepage barrier. Because it is expensive and due to
possible considerable leakage through the interlocks between
the individual piling, it is chosen much less frequently
today. However, in some circumstances, where the alternative
cutoff methods are expensive or time-consuming, it can provide
the best underscepage barrier(Lano et al, 1961). The leakage
(and pressure head loss) of water flowing through a steel
sheet pile wall depends primarily on the average width of

the openings in the interlocking connections,
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A% régafdé ef}iciéncy of thé sheét pilé, Casagfande
(1961) demonstrates that a sheet membrane which has 1,58mm
slits spaced every 1.52m with an open—space.rafio 6f 0.1%
would have a theoretical cutoff efficiency of 29%. A major
disadvantage of steei sheet piling is the constant possibility
that the wall may be damaged byzqobbles or boulders during
the dr}ving. Often, with no inﬁication of trouble at the
surfacé, the interlocks tear open or the piling curls. There
arg also no reliable guides to fhe réiationship between the
coarseness or density of a soil and the type of steel sheet

piling to be used in it,
| B In conclusion, seepage reéistﬁnce offered by a sheet.
ﬁilé wall may be considerable under a low dam where the path
of seepage is no more thén several hundred metres. The
sheét pile wall aiso:is mbre effective in a homogeneous than

in a stratified foundation.

2.5.4 Horizontal Upstreaﬁ'Blanket

'.;i'Frequedtly, relatively impervioﬁs.cdmpacfed earth
blankets are placed upstream of dams to lengthen the seepage
path agd thereby reduce the exit gradient and the quantity °
of’underseépage discharge. It also permits cutoff to be
pl#ced at some distance from the dam, if such a location were
feisible or economical - ag may often be the case because
of the natural slope of the bedrock. If the blanket is very
impervious compared to the qatural foundation, the reduction
in th% seepage quantities and pressures at the downstream
toéfis directly related to the lengih and thickness of the

blanket.
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Good practice for a blanket which is relied upon
to control the underseepage requires that it be constructed
of impervious soil like that of impervious core of the dam.
1t also has to completely cover the permeable strata exposed
to water pressure. At some dams, nominal blankets have been
constructed by dumping impervious soil (sometimes waste
stripping or other material) in a random manner and compacting
by the travel of the hauling equipment. At other sites, a
natural surface blanket of impervious material already
exists, and it is necessary only to fill the holes or gaps to
make a continuous seal. In such cases, at least the upper
surface of the natural blankét should be scarified, brought

to a good water content, and compacted.

o Upstream
l blanket =

A=t -

o foundation

NN \\ N/

Figure. 2.11 Upstream blanket (connected to the
impervious section of the dam).

The necessary thickness, t and length, L depend on the
permeability of the blanketing material, the stratification
and thicknesé of the pervious foundation, and the reservior
depth, h. Thickness varying from 0.6 to 6m are most frequently

used. It has to be stated that even when moderately wide
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blankets are used, the line of %eepage rises to substantial
heights, lowering the stability of the downstream zone.
Upstream blanket has proved to be highly beneficial at

Vermalion Dam in California (Terzaghi et al, 194Y).

2.5.5 Relief Wells

The idea of application of relief wells to control
underseepage originated from tée U.S. Army Corps of Engineers
in the late 1930s. Becausel they are relatively inexpensive
and enormously effective inlcontrolling seepage pressures,
they are used frequently noﬁadays. The primary disadvantages
of relief wells are: (i) they require inspection and main-
tenance and they may have to be replaced during the life-time
of the dam, (ii) they decrease the average seepage path and

increase the quantity of underseepage.

e
Relief wells
l/(or trench)
\ | ¥

_I e I-' —- E

Ll Sy N \ANV/ANY/ZANV/ANV/Z4\
Figure .2.12 Relief Wells rock

In the immediate vicinity of each well, the pressure
I
head in the scepage water is fedUced to a value nearly equal
to the elevation of the top of the well (hydrostatic pressure).

The wells should be spaced close enough so that the water



pressure between them is pot excessive. Practically, they
are commonly spacedjbetween 15 fo 30m on centres( Middlebrooks
fet a], 1947). Relief wells have one advantage that.intermediate
'wélls can be added laper to keep the pressure beloﬁ'any.
desi}ed value. L o
They should normaily extend through the full depth of
~the pervious foundati&h; This is especially important for
erratically bedded soil foundations, where the seepage flow
pattern cannot be reliably estimated in advance. According
tc»hhrnbull et al, 1961), the effectiveness of wells which
I.penetrate less than 50% of the thickness of the layer is
greatly reduced. A relief well ocught to have an interior
perforated pipe (well screen) with a minimum inside diameter
of 15cm, or larger if heavy flows are anticipated. Such
screens must be resistant to corrosion_and to deterioration
caused by bacteria. Gravel-filled holes are much less = !
effective than open pipes(yiddlebrooks et al} 1947).

-

Seepage water from the wells is usually discharged on
the ground surface at the toe of the dam through a horizontal
overflow pipe. It is then collected in a lined drhinage
ditch. 1In general,_relief wells frequently offer the most
economical poaitiﬁé éﬁntrol over underseepage(Turnbullet al,

|

1861a). However, in some cases, deep slurry trenches or

other thin cuteffs may offer the moat practical economical

solution Cedergfen_(lQWT). o o

2.5.6 Concrete Wails’

Vertical concrete walls of various types have been '
installed under a few major earth dams as foundation seepage

barriers. When founded on rock over their whole length,
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concrete walls are perfectly satisfactory and provide almost
complete imperviousness.

One of the last major dams in the United States at which
a cutoff of this type was used is the USBR's Tieton Dam
completed in 1925. There, a 1.5m wide concrete wall was
carried down more than 40m., Difficulty with dewatering and
shoring during construction discouraged further use of similar
designs. |

Concrete cutoff walls are still common in England. The
excavation is made in the form of a sheeted and braced
trench usually of constant width (about 2m). The trench is
backfilled with unreinforced concrete, and the water which
enters the excavation through the walls and bottom is pumped
from sumps. On several English dams these walls have been
put down from 45 to 60m(Cedergren, 1977).

A new form of concrete cutoff wall which shows promise
in special cases (where its brittleness would not result in
cracking and where a deeper bamrier is not needed), is a
continuous row of overlapping concrete piers installed with
special drilling rigs or other equipment. The method is
adapted to the use of machinery, and a continuous barrier can
be built relatively economically. A number of different
systems for constructing the wall without dewatering the ground
have been devised. The most common ones are the Intrusion-
Prepakt Company method in the U.S. and the "Feder" process
of the construction firm ICOS in Milan, Italy. In the
Inrrusion~-Prepakt method, the piers are made by mixing

Portland cement with the natural foundation soil, or by



32

pumping a sand-cement grout into the hole from the bottom
up as the drill is removed. In the Veder process, the
holes are held open with a bentonite mud slurry, and the
concrete is placed with a tremie from the bottom of the
hole.

2.6 Summary

Generally combinations of methods are used. Two or
more methods for the control of seepage are employed in most
large dams, particular}y when they are built on deep aluvial
formations or badly jointed rock foundations.

Piping must be prevented by means of filters designed
to standards and specifications. Filters can provide
permanent Eecurity against damaging actions of seepage and
groundwate*, when certain fundamental requirements are
strictly enforced. ﬁo prevent the movement of erodible
soils and rocks into or through fiiters, the porgs Spacés
between the filter particles should be small enough to hold
some of the larger particles of the protected materials in
place Taylor (1948).

-An important safeguard to the safety of a dam or
reservoir is a good observation and monitoring programme.
Periodic reading of piezometers, setg}em?nt:monuments,
horizontal movement stakes, and seepd&e duantity measure-
ments are required. In addition, varioui types of seepage
tracers ;hould be used to locate areas causing increase in
see%agp. i(Peter et aly 1970) describe the use of one-hole
or two-hole methods to observe seepage flow by radionuclid

methods. (Birman et al, 1971) describe the use of thermal

monitoring to detect leakage and changes in leakage.
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Thermister probes calibrated to 0.1°C were read periodically.
(Senturk et al  1970) say that the monitoring of an
instrumented dam revealed a sudden 300% increase in seepage.
Samples.of seepage quantities should also be tested for
suspended solids and dissolved matter because large amounts
of matter lost by leaching may cause the formation of
channels or cavities, which if uncorrected can lead to

piping failures. A1l references quoted in article 2.6 are to

be found in reference number four.
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cmprEn s

THEORY OF BLANKET DESIGN =~ . '-}?\

. . fl . I o, g . ] . . I,

3.1 Basic assumptions . L S - :ﬂu
The amount of water seeping under an earth dam, together

with the distribution of the wa.er pressure can be estimatéd
by using the theory of flow through porous media. The
reliability and accuracy of.the results however depend on the
degree to which the seepapge condit#ons ih the dam rese@ble_

those postulated by the theory. L ';“ L.;_

R A
In the development of basic congepts the design

engineer should keep in mind the theory'sllimiting basic and

simplified assumptions.

Upstream
blankeq\

FHNNNSZENNN ENSNEEPNN NN NN NN NN 1NV

| - R
Figure /3.1 Principlle of ypstream blanket. - |
R

In 2 typical blanket design'the feollowing assumptions are -
generally made: (a) blanket is provided only on the upstredi

|
side, (b) the uplift presshre_én the downstream side is !

|
1

P
assumed 10 be zero. Other assumptions equally important

upon which the model expe{iqent would be based include the
. U e

following:- o f

(i) The pervious foundation is horizontal and the thickness

of the pervious material above it 1s constant.
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{(ii) The blanket and foundation materials are homogeneous
j' and ‘isotropic so that their coefficients of

; : I
I3 .

'k; permeabilities are constant.
(iii)-There is only horizontal seepage flow beneath the dam.
rf(iv) The seepage flow is horizontal in the pervious foundation
| material.
(v) 1In the blanket, seepage is vertically downwards.“j;.

For practical reasons, cutoffs under the base of the dam

should be provided to control exit gradients and seepage.

Also, the above assumptions should be regarded as highly
restrictive and may not hold at any locations. However, the
theory contained herein provides an invaluable guide to the
blanket designer. We shall consider five different blanket
shapes which include:

(i) rectangular, (ii) triangular and (iii) trapezoidal shaped
blankets. Twoc composite shaped blankets to be experimented

with are stepped-rectangular and rectangular-trapezoidal.

3.2 Rectangular bianket _ : * ; .
| With reference to Fig.3.2 below, let kb<<kf’ where.kg and

kf are the coefficients of permeability of the blanket and

foundation materiéls respectively, All other dimension§ are

45 shown.

C

A
A x | e
3 R o

TN \\/77\}/1/\\\47/\‘%/; ANSY/ZANNYZ AN/ W X
o L ' o

11—
_17' 7
*

o =

—

Fig.3.2 Schematic of a rectangular blanket on a dam on

pervious foundation and distribution of uplift pressure.

2 . A
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In general form, Darcy's law may be written as

dh
¥ - k - 3.1

‘dy the law of conservation of mass and for infinitesimally
‘'small element, dh/dx tends to the second derivative
of h.

Hence q = - kf T(dzhxidxz) 3.2

q = seepage discharge per unit width of dam.

Through the blanket, the seepage discharge is given by

Hence the equation of continuity of seepage flow is written

as ;
- kT (a%h_/dx?) = k_(h-h_)/t, 0<x<L 3.4
f X b X . 1 =
Also 2 2 .
- ka (d hx!dx ) =0 - L1<x<L2 3.5
The necessary boundary conditions are:- *
(i) At X =0, hx = h
(ii) At X = Ll,hx is same as in Eq.(3.4) and Eq.(3.5).
(iii) At X = Ll' (dhx!dx) obtained from Eq.(3.4f'equals to

that obtained from equation 3.5

(iv) At X = Lz' hx =0
Thus the solution of eguations 3.4 and 3;5 is

. -1
(hx/h) l-sinh(bX){b(L2-L1) osh(bL1)+sinh(bLﬂ)} 3.6

v '

where

g }
b = (k, /k Tt)
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and

- -1
(hx/h) - b(Lz-X){b(Lz—Ll) + tanh (bLl)} 3.7

Eq.(3.6) is valid for values of X between zero and L1

while Eq.(3.7) holds for values of X between L, and L

1 2°
When b«* 0, the blanket behaves as if it were

completely impervious. Thus sinh(bX)-+bX, cosh(bL1)+l

and tanh(bLl)+bLl, so that Eqs.(3.6) and (3.7) become

h
X

h
b

h(1l - XILI)

h(1l - XILz)
which combine generally to
hx = h(1-X/L) 3.8

Eq.(3.8) shows that the distribution of wuplift pressure is

linear as depicted in Figure 3.1.

Seepage characteristics

Between points A and B (Fig.3.1), the seepage
discharge incréaées uniformly from A to B. It remains constant
between B and C beneath the dam in the absence of any
infiltration., Therefore the maximum seepage occurs under the

dam., Differentiating Eq. (3.7) with respect to X,

. -1
(dhx!dIJ = bh{b(Lz-Ll) + tanh (bLl)} 3.9

From Darcy's law,
Qx = -ka(dhxde) 3.10

Substituting for (dhx/dX) in Eq.(3.10) we obtain the maximum
seepage discharge beneath the dam

-1
Qm = kfth{b(Lz—Ll) + tanh (bLl)} 3.11
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The seepag% beneath the dam when there is no blanket is
given by

Qo = (kth)!Ld 3.12

where L, = L,-L

d 2 1

Dividing Eq.(3.11) by Eq.(3.12) gives

= -1
(qm/Qo) = de{de + tanh(bLl)} 3.13

Opgimal design

Suppose for a quantity of the blanket material we wish
to optidize its performance., We shall determine the length
and thickness of the blanket that will give the minimum
seepage discharge and the uplift force therefrom.

Denoting the volume of blanket material per unit width
by ¥, we have

¥ = ‘LL] 3.14

Also, suppose

- i .
b (kbLllkf¥T) w/tl 3.15-
where b is an abbreviated notation.
- i
¥ (kb/kaV)

Tp minimize the seepage discharge, the discharge ratio
(leQo) in Eq.(3.13) is to be minimized.
Eq.(3.13) can be rewritten as

1-5)}“'1

(Q,/Q,) = deJtl{de/tl + tanh (YL, 3.16

Differentinte Eq.(3.16) with respect to Ll and set zero, we

]
have

sinh(2¢L11'5) . 3(2¢L11‘5) 3.17
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solve to get
2/3

L1 = 1,263y 3.18
of or L = 1.263(¥/a)!/3 3.19 Py
where
a = (kb/ka) ‘
Substituting for L, in Eq.(3.19), we have
L
¥ - 1.2e3wa)l/3
such that .
t = 0.792 w(H!/3 3.20
which can be simplified to give
t = 0.792(a¥2)1/3 3.21
|
Substituting Eq.(3.18)linto Eq.(3.16) one gets
!
Ll = 1.596 Ld(Qonm - 1) 3.22
Note that Eq.(3.22) can be written in the form '
(Q,/Qy) = 1.596 Ly(L, + 1.596 L)™! 3.23

The uplift force per unit width of the dam is given by

L,

F = Y’L2(hxdx) 3.24

Integrating Eq.(3.24) gives

F = 0.5 thbg{de . tanhtwLi's)}-l 3.25
The reduced uplift force FR is given by

F, = (2F/yL =L w/L, (L., VL, + tanh(le's)}‘1 3.26

R d’ “d¥"™1 ‘*a 1 1 :



To minimize F, it is sufficient'té ﬁiﬂiﬁize.Fﬁ ﬁhiéﬁ ié in
fact equal to (QmKQO). s0 that the same criterion is
obtained as for minimizing the underseepage Gill (1980).
CEqs.(3.19) and (3.20) cin thus be used for the optimal _;?;

design of rectangular blankets. = 7 L R )

3.3 Triangular blanket
Fof the analysis of a triangular blanket consider
Figure 3.3 given below. - L ' }' B R

| t | o !

A

RN AN AN S S NSNS
— Ll ' . ! H : | [
L A

< : 5 1

Figure 3.3 Schematic of a triangular blanket.

X . 'r. ?:,.‘E . : !I S o
Eq.(3.4) is modified to read [ ' | P !"
bt ! B 'rl N E | | ' '
2 2, _ , oy : L
- k T(d"h, /AX7) = ky(h-h )/(SX) ?<x<L1 S }3.27
where | . o g I ;_.£  ' . 1

. . : : ) r . ot ) EER
3 = slope of the blanket o0 :

Eq.(3.5) is valid as it is, Solution to Eq.(3.5) is directly

obtained as _ f
hx = AX + B L1<x<L2 {

#

In EQ.(3.27) let y = heh_ S

; , %‘
o kb/ka S t*'iﬁ..
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80 thaf"_ : j‘ ; i ' f' o '.f_'*
o (d7y/dXT) = ay/SX o ]\ R - 3.29
2 2 1 A%2 = R .
. (d%2/aX°) + 2(dz/dX) - Z(a/SX + 1/4X*)=0 | . 3.30.
Let § = /X in Equation 3.30. oo 5
Hence, o \\ _ e
2. .2 20 e ) S i
07(da"2/d0%) + 0dz/do~2(1 + 4a0”/8)=0 -;, e 3.31
, : M A

Eq.(2.31) is the standard form of Bessel s equation w1th the

" following solution putting y|= Z X -f ﬁ;;f{. -}
i ! : A L .
o ER
y/ /X = (h—hx)//x = 1{2{m1/S)§}+DY {2(ax;8)‘} oo, 8.82
where = 'é' , | -i

|{ L .
- J4¢ ) and Y, ( )lare the modifled Bessel's functlons of the
first and second Flnd and of the first order respectively.

gy Sk
Using the flrst boundary andltlon namely i:{ I

; _ 'hx = h or vy = 0 at X=0, it is séen that D mu&t
be equal to zero in Eg.(3.32) because /X;Yl( ) goes ta

inffﬁity as X tends to zero., Eq.(3.32) feduces to
o AT j

]

y = h-h_ = VX CJl{z(dXKS)iilz L 0 3,33

. : o _ ST
With'the.geand bouﬁdary conditio; i.ei at X = Ll’!hx is
same as in?ﬁUations 3.4 and 3.5. ":_ng-

S ALl + B = h-/L1 CJ1{2(QL1/S) } - 3.34
Using the third_boundary_condition,i.é. at X =

1"
g r
(dhx/dX) offtained from Eq.(3.4) equals to that obtained from
eq.(3.3), Eg.(3;33}fis differentiated with respect to X to
j '-I k‘ ! : . 0 ) I,
| Loa N L -
(eh /a0y =—cwr$)s_Gzeaximty - a.ss

J. j'

give
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Rearranging equation 3.4% gives
v o b, | S
Q, = k;hTJ {2(ax/8)"} o +./EIJ1(T) -1 s
Jo¢t) d " (ars)iy .
o{1) i
When X = Ll’ Qx = Qm that is the maximum seepage discharge
 beneath the dam. Substituting v for 2CaL1)‘S)i we obtain
P FE oo I
.. ._-.'l_ o J d 4 i J : .'r -!l!l.
| ' ott) afS)*To0ay L : L L .
Finall ' S AR
nally, _ : SN , R }
Q. = kchT [L, + f?lfiiii R " 1349
S TV LN €S R AR

Dividing Qm by QD we have

' . . . . ]

; - ) . S . ko I

| _ KghT Tidicy -1 - -;1;_,
}

—_— [L + ] I
Q (. hT) /L d _ L
o £ d {(a/8) JO(T) - o
Ly | i .
which is rearranged to give a 5
; - .. . . B R _. . n . . . ] )
: - /EIJI(T) -1 . IR _
; Q./Q = L.{L, + ] AR L 3.4
T A T e e SRR 4
A : I o(1) 4 o e o
_ _ _ _ '
Assuming that exactly half of the materidl used in the
-:_fregular blanket is used in the trainguiﬁr blanket, we have
¥ = 0.5SL§ © T 3.8
As defined earlier, - I Y AR ‘ﬁ  
o ‘ " - :
EIE Y1 VZPLENEE N S R S WY

lj; ‘Eliminating S from equations(3.46) and $‘F?}€4¥p§','

, VoA
T2¥ . . I -

3 .oy T

o

L
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where
JO( ) = modified Bessel's function of the first kind

and of the zeroth order. Eq.(3.35) is now substituted into

the third boundary condition to give

A =- C(u!S)iJ°{2(aLl!S)i} 3.36
Finally the fourth boundary condition i.,e. at X = Lg»
hx = 0, gives
AL2 +B=o0 3.37

Simultaneous equations (3.34), (3.36) and (3.37) are easily

solved to give

Vi, J
_ 171(1) -1
A =-h [Ld + ?;?E;r;- ] 3.38
o(t)
YL.J
B = hLy[L, + — 1(v) -1 3.59
(9!8) Jo(t)
. -1 ' vL J
C = h(a/S)™% [Lydy () 4 211CT),-1 g
(a/8S)

where

= 2(uL1/S)!

~
I

Seepage characteristics and optimal design

Substituting for C in equation 3.35
-

1
- |

VL. J
_ \ 3 3 -1 1V1(1),~1

Qx - kIT(P!S) Jo{2(quS) th(a/S) [LdJO(T)+ ) 1 3.41

| (a/S)
which rearranges to give
VL.J '
~ } 11(1), -1
Q, = kthJ0{2(uX!S) }[LdJO(T) + ] 3.42

(a/S)



Rearranglng equation 3.4% gives

QX

T (Lg +

o{(T1)

When X = Ll’ Qx = Qm that is the maximum seepage discharge =

beneath the dam. Substituting 1 for 2(aL1/S)é we obtain

Qﬁ - kth Jo(r)[L ;'/LiJitfﬁ ]—1
d d % C
h : 0(1)\ (a/8) JO(T)
' o
'Finally, v
L,J,, .
171(1) -1
Q = k,hT [L, + ]
mo Ot d (a/S)EJO(T)
_Dividing Qm by QO we have
Qp _ kePT L+ LT 1y -1
Q (R.hT)/L d
o) | f d (qu) JO(T)
which is rearranged to give o
N | R/ BN
lQ /. =L L, + —10Y -1
w o d™d - arsyis
poi o o(1)

] ;I . ) . . J .
Assuming that exactly half of the material used in the

3, o
kthJo{2(quS) } -~/E1J1<T)

{(a/8) JO
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' 3.43 .

. 3.45-

regular blanket ié'used in the traingular blankéf} we have

¥ = O.SSLf

L)

As defined earlier,

s 3
:i{? T = 2(&L1fS)

Eliminating S from equations(3.46) and (3.47) gives } o
ot .



so that

Ly, = (12¥/2q0)173

Therefore

/L, = [(12¥/20)173}

Simplify.ng the above equation gives

/Ly = 3 amn1/8

3.50

Substituting for /Ll in Eq.(3.47) and rearranging gives

(a/8)} = 0.5(2a/%)176,2/3

3.51

Using Eqs. (3.50) and (3.51) the terms /Ll and (aIS)i in

Eq.(3.45) can be expressed in terms of 1t and ¥.

The resulting equation is 1
2c*8c2ar®)733, )
Q/Qp = Lg [Lg* 5} ]
o(1)

Minimizing Qm}Qo gives the following results

4/37 = Jo(1) N 0%

. glti) JD(T)

Solution of Eq.(3.53) is obtained as
T =2.617 = 2<aL1zs>i

Substituting for S and simplifying yields

Ly = 1.507 (¥/0)1/3

Comparing equations (3.19) and (3.55) on¢ gels

CLh; s ™ 1.193(L1)R

1°T

where (LIJT = length of the triangular blanket

3.53

3.54

3.55

44



"+ the constants A and B which will, however, be dif

daﬂ

other shapeé of blanket, Eq.(3.28) holds good; except for

45

N

1°R

(L,), = length of the rectangular blanket for the same
value of ¥/a. L P

Thus for optimal design of a triangular blanket, provide

a length which is roughly 19% greater than the correspond-
|

ing leng'h of an optimal rectangular blanket, Gill (1980).

|
It can be shown that

s =08t L g
\ i BT o

._Using Eﬁ.(3.54) in Eq.(3f45) ylelds

\ .

. _ . _1 ..
‘;1 '| Qm{Qo = .1.683 Ld(Ll + 1.683Ld) . _ 3.58

for which seepage rate can be calculated. Expressing

Eq.(3.58) in the form

S L, = 1.683L4(Q /Q_~1) L 3.59

R
- ‘Il'

the flength of the blanket can be obtained for a specified

reduction of seepage rate. Comparing Eq.(3.59) with Eg.(3.22)

‘it is apparent that ]

e (Lydp = 1035 3.60

for the same value of (Q_/Q ). | e

oo

Uplift force

The uplift fofcé per unit width of dam is given by
|
Eq.(3.24)., The linearly variable pressure head under the

is given by Eq.(3.28) for a trlangular blanket. For all
a . ;

ferent
' ( 'I . 1 . .
for different shapes., - /. |

] HE .ok

Using Eq.(3.28) for h  and evaluating the integral

in kEq.(3.24) results in

~ 2 2 R SN

!
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Eliminating B from equation (3.61) using equation. (3.37 gives

2

F=-0.5 7A(L2-LI) 3.62
Observe too that
(;e;‘l = - kaA 3.63

which is obtained by substituting dhxfdx = A from Eq.(3.28)

into Eq.(3.10). Dividing Eq.(3.63) by Eq.(3.12) yields

Qm!Qo = = A(Ly-L,)/h 3.64
Eliminating A from ‘equations (3.6%) and (3.64) results in

Q, Yh(Lz-Ll)
F = 6—- _2————— 3065
O

It should be noted that yh(L,-L,)/2 is the uplift force

2 1
per unit length under the dam in the absence of any blanket.

Denoting this force by Fo’ Eq.(3.65) can be written as

Qm!Qo = F/FD 3.66

showing that the percentage reduction  in seepage due to
the provision of a blanket is the same as the percentage

reduction in the uplift force, Gill,(1980).

3.4 Trapezoidal blanket

The general sclutions in equations (5.28) and (*.3Z) hold
for the trapezoidal blanket only that the constants A, B,
C and D are to be determined for slightly different
boundary conditions. The last three boundary conditions
remain unchanged, while the first now becomes

X = Lo’ hx‘= h Figure 3.4.
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Figure 3.4 Schematic of a trapezoidal bl anket .. S o
Introducing this boundary condition in equation (3.32) gives
' cd {2(aL'JS)l}' P T o
D = - T rEroTET L 3T
. . ll o o’ 1.; . 1l|1 : .
- | .II Vi .
The use of the second boundary condition yields '
L S N N B
ALI + 3 = h—/LIECJl{2(aL1/S) }+DY1{2(uL1(S) H _.3.68
For the third boundary condition, differentiate equation' (3.32)
f - . | . . . t
with respect to X to get L BT o o e
(an 7d0) =-(a/®Fred (2eax/$ )« by 2ot 0 .69
Tbefphird boundary cdnditioﬁ now gives | " ": '1{ L
_.’l’ ..: : |! ' . I . ' .
: A= - (aﬁs Ylosg tecan, syt + by {2¢aL /sHByr | 3.70
g R O 1 : 0 1 o '

The fourth boundary condition still yieldsequation (3.37).

‘Solution of equations (3.37), (3.6k), (3.69) and (3.:0) gives

for various constants . o
A= - n [L. + L Ur¥itegy = Y 1cne)) 1
- d I } 3.71
: y'(ais) [JO(T)Y1(10)+J1(10)Y0(1)]
. i |
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“Ll{Jltr)Yltto)“ Yientiapnt
B = bhLy[Ly + ] 3.72
!& o (afS) {JO(T) 1(t, )" I(TO)YO(T)} } '
. '{';.EI_" ST '
SR AL ,‘
C = h(a/S)_i[Jo(T)+ _lilgl]”l o, o
* b 1( ) S ' 3.73
’ ) - o . :; . N
R | : “ LﬁxT) TIPS L TS LA
; i B Ly * 1o
%13 Py T @MY e Yo
e L : 8] .’O .
| ]11\ : s h E ' o : ;
co v . : . Do : 'j
T = zcuLlfS)i and 7o = 2(aly/S) S

c&nstant D can be found u81ng Eq. (3. ?3) in Eq (3 67).

age Characterlstlcs and optimal design

Cop
] where
P
P
ﬁ'f The
)
i’  Seep
L

i I
l- irap
E :

The seepage rate given by Eq.{(3.9) holds true for the

ezoidal blanket. The maximum seepage rate is given by

.[ % . . o
! : g Ly {J ﬁ)Yl(TO) - YJ(T)JI{TO)} _1
L .Q,/9, = Lyl I 3.74
PR ’ . (a/S) {JO(T)YI(TO)+J1(TO)YO(T)} R
'| The term inside_the bracket is maximized in order to
o - o S -2 T
minimize Q). [/ ®
‘Hence we maximize (* ; . 1 '
o «Y1¥1G) T it ) -
: i o o 3,75
| T 77 Y ;3.
) o 1) 1(10) l(To) o(T1) ;
I | | '
i ] H } I.' N
to minimize QmIQO _;
i : '1-_
Rewrite the expression (3.75) to get--— ;o

cor
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K
i

| .
-
1

3

Iy 1y 9o¢r)

Jl(r) 1(T0)Y0(1)+Y1(T)J1(T0)} B
) i 3.76
oty {Jo('r)Yl('ro) * T Yern? | _

. . b . ;
The modified Bessel function of the first and second kinds

of the zero and first orders are positive; sincde T and <t

have only positive magnitudes. lor the expression (3.75)
to be maximized, the term following the minus sign in
expression (3.76) should be zero. This 1ead$ to th
condition: ' ! S !_. - |
1t ) =0 3.77
o : .
T1¢ty Yoty =™ Yoy Yicny L 3.78
A B ' -
The condition expressed in Eq.(3.78) cannot satisfy ',
for positive values of 1, and so is Pisregarded Eg.(3. ?7)
reduces the trapezoidal blanket to a tr1angular one -
S
which leads to the conclusion phat of all the trapezoidal

blankets, the triangular blanket is most effective in

reducing the seepage quantity, 6111 (1980)

3.5 Stepped- reetangular blanket | ﬁ: '.‘Jj

I

=]
¥

{7
"T‘Lx_,{

TTTNN7 ;ﬁ N //\h YA m\\\ r/f\\\ff/\\v// N\V/7a\\v/7 ol

Ly .,

Fig.3;5 SChCmdth of a stepped- rectanpular blanket.

Pt
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Using the continuity equation of seepage flow, we

can write
k. T(d%h_/dx?) = k,(h-h_)/t ki 3.79
- K x b LR | o<y .
- k,T(d%h 7dX%) = k (h-h )/t L, <x<L 3.80
f . pih-h )ity 1$%<ky .
- k.T(d%h /dax%) = o L. cx <l 3.81
f X 3 4 :
Denote

- I - 3
b, = (ky /ket T) and b, = (kbfkftzT) .
The boundary conditions for the rectangular shape hold

good with due modifications in the thickness which result

into the follewing equations.

[T J—

) =l
(hxfh) 1-sanh(b1x>{b1(L4-L3)cosh(blLl)+sinh(blL1J} 3.82

) ' : ) -1
(nxch = l—sxnh(bzx){b2(L4-L3)cosh(b2L2)+sinh(b2L2)} 3.83
= -1
(hxfh) - (b1+b2)(L4—X){(b1+b2)(L4-L3)*tanh(b1L1)+tanh(b2L2)}.

3.84

Eq.(3.82) is valid for values of X between zero and L1

while Eq.(3.83) holds for values between Ll and Lz. Eq.(3.84)

is valid for values of X between L, «nd L,.

Seepage Characteristics i

4 Datrcy's law applies such that at any location, the

secepage discharge is given by

"
! &
v

-
9\ Qx =~ ka(dhxldX) 3.85

The maximum seepage occurs under the dam for which
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= -3
(dhx/dX)-~(b1+b2)h{(bl+b2)(L4-L3)*tanh(b1Ll)+tanh(b2L2)}
3.86

Thus the maximum discharge of seepage flow is given by

= - — -l
Qu=kg(bj*by )hT{(b,+b,) (L, Lg)+tanh(b;L,)+tanh(b,L,)} 3.87

Without any blanket, the seepage under the dam would be

Qo : (kth)!Ld 3.88

Dividing equation 3.87 by equation 3.88

= -1
Qm/QO-(bl+b2)Ld{(b1+b2)Ld+tanh(blLl)+tanh(b2L2)] 3.89

Optimal design

Optimizing the length and thickness of the section of

the blanket, the length L and thickness t are related by

sinh(2yLl*%) = 3(2¢Li'5) 3.90

solution of which is

Ly = 1.263y~2/3
o L, = 1.263(%,/a)/3
where
vl = tlL1 and a=(ko!ka)
Therefore )
L, = 1.263 {tllex = & 3.91

b

From Eq.(3.91) ty is obtained as

ty = 0.792(avf)"3 3.92

By similar reasoning
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t2L2 x Kk T ;
L, = 1.263( i ] 0 3.93
P
. ) . . ) _ I}. . LA .|\
and SR T o
’ ' | S . I o Ty
« oty = 0. 792(av2)”3 IR 3.94
S . : S - ' 1 ?yi
Hence the reduction in seepage can be obtained as L
| . e
. v I:' . \, 1
meQo = 1.596Ld(L1+1.596Ld) ‘+ }.59§Ld(qu1.§96Fd) _B.SSE-
. | i . . .,‘! . - . e
| R ’M e _ _
. -1 s -1 _
o= 1.596Ld{(L1+1.596Ld) + (L2 + I.S?GLQ) } 3.9€.
| | .
3.6 Trapezoidal-rectangular bianket Rt J t -
v

The shape combin€s a rectangular sectiOn connected to

the impervious section of the dam w1th a trapezoldal
i |

section tapering gently upstream, Figure 3.1. .
: 3 .'f : i' St
'y - b
=] t j .
pob
R
»
o 7 \\\/z}(\\\ f//\\\ HINNS \\\//.« \\/x/\\\ /f/\\\///\\\ AN\Y /4
. e ] o
S P ‘] 3 E L
. ;_’ . _. L f ' :! ‘ L
R Ly L J

SR . ] '
Fig.3.6 Schematic of trapeﬁol§a1—rqctangular blanket
SR CHE .

Equations(3.67) to (3.73) are valid for the trapezoidal
S : . e

section. ol f;
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T=2(GL115)! and 1O=2(0L0!S)§ as before. 1In part, the
maximum seepage is given by

/LI{JI(T)Y1(1°)-Y1(1)J1(10)}

& -1
(Q,/Q,)p * LylLy + 171 3,97

)
(a/8) {JO(T)Y1(1°)+J1(10)Y0(1)}

The second part, the rectangular section is treated as for
the rectangular blanket, where all the equations developed
in Article 3.2 hold good.

Hence the expression for partial maximum seepage

discharge is written down as

- -1
and
Q, = (kehT)/Ly 3.99
where
Ld - L4—L3 such that
= -1
(Qm/QO)R = de{de + tanh(bLz)} 3.100

Adding Eq.(3.97) to Eq.(3.100) gives the total reduction
in seepage over the entire blanket.

“L1{31(1)Y1(10>‘Y1(1>J1(10)}

& -1
Qm/QO-Ld [Ld + ]

(a/S)HJ_,_ .Y

+J Y }
o(1) 1(10) 1(10) o(1)

+ bLy{bL, + tanh(bLz)}_l 3.101

It should be noted that in the optimal case, the first

term on the right hand side of equation (3.101) reduces to



triangular blanket while the second part gives
= ""l
(meQo)R 1.5961.d (L2 + 1.596Ld)

The uplift force is obtained from equation (3.65).

3.102

54
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CHAPTER 4

EXPERIMENTATION

4.1 Permeability coefficients

The soil used in the experiments consisted of two types;
a clay soil and sand. The sand whose particle size ranged
from 0.2 to 1.5mm formed the foundation material. Prior to
permeability determination and placement in the tank, it
was sieved to determine the size of the grains and later
washed to achieve cleanliness. The blanket material was
composed of clay with traces of silt,

The coefficients of the permeability of the two types
of soil were determined. Permeability as used herein is a
measure of the ease with which water flows through soils
and rocks. It is of great importance to the water resources
engineer when dealing with seepage under dams, land drainage
or groundwater lowering. The coefficient of permeability
which has been des&éﬁated by various investigators as
Darcy's coefficient, seepage coefficient, effective permea-
bility and hydraulic conductivity is defined as discharge
Ivelocity through unit area under unit hydraulic gradient.
It is a term in Darcy's law for laminar flow in porous
media,

4.1.1 Determination of the permeability of the foundation
material

The foundation material used in the experiments con-
sisted of a mixture of medium and coarse sand whose
particle size ranged from 0.2 to 1.5mm. Being a cohesion-

less soil, its coefficient of permeability was determined
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using a constant-head permeameter (Plate 1)

L8

Plate I Constant-head permeameter and the sand
specimen

Water under a constant head of pressure was allowed to

percolate through a sample contained in a cylinder of

cross-sectional area A (Fig.4.1).

]

When the sample had saturated, the quantity of water q,
passing through the sample in time t, was collected in a
measuring cylinder. Manometers tapped into the side of the
sample cylinder gave the loss of head H, over a length L in

Figure 4.13the hydraulic gradient i = H . A filter was

L
L
incorporated above and below the sample to prevent it from
washing. From Darcy's law:

V = ki 1.1
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4

Constant head
tank

Overflow outlet‘_“?—‘——} r inlet

(I
H
§ i
1 2 3 4
g————flass tube
FEu LS manometers
.
. : ‘!*-_—‘-JJ
| ‘l,
- h\-k.::3==="-

Sand sample

///// ' j&——— Measuring
' cylinder
/ =5

Fig.4.1 Schematic of constant-head permeameter
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The discharge per unit time is given by

\
Aki x t 4.2

a

Ak-}%t 4.3

L[]

or q

Rearranging, we have

q,1

k = T where . = q/t 4.4

Using Eq.(4.4), 10 different values o; k were determined.
On the average, k was found to be 0.075cm/S. The results

are given in Table 5.2. \

4.1.2 Determination of the permeability of the blanket
material

The blanket material comprised mainly of clay with
traces of silt. As the clay is fine-grained, a variable-
head permeameter was employed to d?termine its coefficient
I of permeability. Using
the constant-head
permeameter, water would
only flow through the
fine-grained soil at a

much slower rate, so much

that a measurable amount
of water would not be
obtained even after a

long time.

'"late 11:The variable-
head permeameter contain-

ing the clay sample.
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i 1 a falling-head perm%ameter4
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, [
'Lig.4.2: Determination of the permeability of clay using -
. I

The sample of /length L contained in a 100mm diameter cutting

!

ring were enclpsed in a bath containing water. The sample
|

Fi_ﬁas saﬁhrated from both top and bottom.

was a perforated disk td allow flow of water into: the

At the bottom

| | 1
gample from bottom, Al?o, a wire gauze was incorporated

on top of the disk fo %revent the washing of the sample,

L)

‘From top, saturation/was by means of a branched tube, one ;.-

‘arm delivering to the sample and the other to the stand-

pipe of cross-sectional area a. At steady condition of flow,

the stop cock on the standpipe was opened to allow flow of '

water from the pipe through the sample.

" the head to drop from Hl to H2 was taken.

The time t taken for



Let h be the height at some time, t. Consider a small
interval, dt, and the corresponding change in the level
during this time as -dh, (negative as it is a drop in
elevation). ’

The quantity of flow through the sample in time dt is
-dhxa and is given by the symbol dQ.

Now dQ = Akidt 4.5

where A is the cross-sectional area of the sample and i the

hydraulic gradient (=h/1). Substituting for dQ we obtain\
h

-adh = Ak I dt 4.6,
which rearranges to
dt =- &5, dh 4.1
Integrating,
H _
t ._al .21 _

The solution of Eq.(4.8) is

H
t = %% 1oge(Hl) 4.9
2
0. .
= al L . )
or k = At logetuz) | 1.10

Expressed in log to base 10, we have | §

al Hl
k = 2.3 3+ 10g10(ﬁ;) 14.11

Using Eq.(4.11), 10 different values of k were determined.

The average of such values gave kb = 9.55 x 10"4 cm/S.

To ensure that steady conditions of flow had been

established, three readings “1’ u2 and H3 were taken such
v Yy
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that the time for the head to fall from H1 to H2 was the

same as from H2 to H3. Since in the permeability equation,

k, a, A and 1 are constant, and t had also been made the

\. ' ! .Iflr I:I . ' ;
or = ' _ ST A 4.13
Therefore, H, = /ﬁIH3 . RN . 4.14

\ S | ; :
0 ] v ..,¢y L b
Eq.(4, 14) was used to ensure steady conditions of flow '

before taking readings in a run of the experiment. :

o o i
: - . iy o 3 .
S SRR S
4.2 The seepage tank model X 5--} IR
(. ' M
The mode1 consisted of four major parts - the seepage

tank, the foundation whiich was made of'sand, the blanket
which was made of clay and then the dam section.. T%e model
was a physical system, normally of Smallerlsize,fwhloh could
reproduce the phy31oa1 phenomenon in;such a way that the

measurements made in the model: could be used by'the
. : :. I'J j g ! . Co
applicatﬁon of appropriate scaiing_factors to predict -, =~ &

acourateiy the phenomena to be expected in thefprototype.

The model was seotlonal in that some features Pf a dam

structure could not be - incorporated. quever, this would
permit the use of a large scale than would qtherw1sc be

I'possib&e anh minimise construction d1fi1cu1ty. The model
was operated at a steady flow condition and recirculating
)

system*was &ﬁed s0 that the model was fully self-contained.
p

, . E . . Vo . L ; L
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4.2.1 The seepage tank

The walls of the seepage tank were made of 6mm thick
glass perspex sheets., It was constructed with all sides
vertical, open on top and base impervious. The tank had a
total length of 100cm, a depth of 80cm and was 50cm wide.
It was fitted with flow devices to regulate and maintain
water levels and for discharging the seepage water to the
sink and for measurement (Plate 111). To prevent warping
due to water pressure from the reservoir, the vertical walls
were connected on top at two places by means of strips of
perSpex‘sheet. Plate III shows the photograph of the tank
containing the sand and Fig.4.3 shows the practical
dimensions of the tank and the height of the foundation

in the model.

Plate 111 The seepage tank model containing the sand,



4.2.2 The goil mater s
jal was carefully pack

rom the 1

tank and t

{ was COVGI’G

plastic perapex she

a on toP W

et 1O preve

on .

he foundati

ed into the

mpervious

ith a
nt wash-
ar the'inlet.

a wire

in additions prio
gaunze was placed evenly on top of the sand
washing of the top gurface of the toundation. A1SO,
petween a distance of 10cm and 60cm from the upstroam end
toward the downstream end, the cover was perIorated %sing a
3mm drill to admit flow onto the {oundation. '
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The blaﬁket material was.geﬁtly paékéd onto the founda-
tion to a height of 10cm at th? impervious section of the
dam. Depending on the shape 6% the blanket, the thickhess
remaiheg constant or thinned out for a 'length of 5ﬂcm
toward the upstream end, (Figur?s 4.4 to 4.8). Each time,
the qiay wag compacted in laye;é of 2cm using a straight
edged pieceipf wood. Also the uniformity of the thickness

was tested b#lmeans of a spirit level. To prevent any flow

‘between the blankef and the walls of the tank, little

" amount of clay whs deposited on top of the blanket round

"the contact p01nt of the blanket and the walls.

- : | .

V-

4.2 3 The Dam Bodyl S N i ?' | ;

\HThe walls of the dam were made of a 3mm thick 1mpervious
j

plastic perspex sheet to prevent flow of water through the

dam. The dam Fad its edges firmly glued to the tank, using

. a mixture of perspex chips dissolved in'chﬂoroform to

"prevent any leakage throughfthe dam which ﬁould reduce the

~seepage discharge quantity.! The dam base was 40cm wide

I [l i

“and 12¢m on top. Thl% study does not consider the presence

s

of tailwater, both in the;experlmentsiand analyses Kut -
{

where it exists, the downstream blankéts should be made much

stronger in order to withdstand the uhbalanced uplift forces.

»
Morese, in practice, drainage .i® uéually provided to relieve

the uplift pressure. For agqthetlﬁ representation, lhe dam bhody

st filled with Sawdust (plates IV to VIII).

._r. . : ; o |+

3

& ; . R : . ' ) '_..‘.‘...,_:M.. ———

— ! . . : ’ R T —-



Plate 1V: The rectangular blanket.
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Practical dimensions of the

Fig.d4.4:

rectangular



Plate IV: The rectangular blanket.
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Fig.4.4: Practical dimensions of the rectangular

blanket.

10em

1

75em

=

65



Plate VI:
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The trapezoidal blanket.
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Fig.4.6:

Schematic of the trapezoidal

practical

dimensions.

blanket with the
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Plate V: The triangular blanket.

.
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i
Fig.4.5: Cruaﬁ_svction of the triangular blanket with the

applicable dimensions.
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Plate VII: The stepped-rectangular blanket.

Fjﬂgm
-

75cm

s

Fig.4.7: The numerical dimensions of the stepped-

rectangular blanket.



Plate VII1: The rectangular-trapezoidal blanket.

\
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3 10cm 40cm I o
1 h_—_ 'hf :I‘ ?—oi
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r
L L)
r
r
Ll r o
i 38em '
i 75cm
-

Fig.4.8: The practical dimensions of the rectangular-
trapezoidal blanket.

4.3 Measurement of seepage discharge

At the upstream end was the inlet hole made of a 6mm
perspex tube connected to a hose pipe through which water
was supplied to the system. The inlet hole was drilled 3mm

L]
upward from the foundation and discharged water, initially
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at a slow rate, onto the perforated cover resting on the
foundation., At 10cm from the upstream end toward the down-
stream side, a 10cm high partition wall was placed. This
served ‘to prevent the jet of incoming water from hitting
and washing the blanket. For the same purpose the blanket
top was covered with a perforated 3mm perspex sheet, The
water rose gently up the partition wall and fell over onto
the blanket surface. It then moved gradually toward the
dam with corresponding increase in the reservoir height
until it reached the constant head of 37cm above the
foundation.

The water seeped vertically through the blanket and
horizontally through the foundation. The discharge emerged
through a piece of perspex tube (10mm diameter) drilled at
the middle end of the impervious base. The free end of the
tube was fitted to a hose pibe which conveyed the under-
seepage discharge to the sink, where the respective
measurements were undertaken, To prevent washing of the
finer particles through this hole, a sponge was used to
cover it before packing in the sand. '

For a given shape pf blanket, and when the steady
condition of f102.had been achieved, the discharge for a
period of time t'Was?measured by means of a graduated
cylinder and a stopwltch (Plate IX). The amount of volume-
tric wunder seepage discharge divided by t gave the under-
seepage discharge per unit time, Q. For each blanket shape,

10 such readings were taken and averaged. The average Q
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Plate IX: Measurement of the underseepage discharge.

divided by 40 gave the mean maximum underseepage discharge
per unit time per unit width of dam, Qm.

Prior to the introduction of any blanket, the maximum
underseepage discharge per unit time per unit width, QO
was established. This quantity formed the means of assessing
the performance of a given shape of_ the blanket.

A tracer solution or dye made of potassium permanganate
was used to determine whether or not there was a flow between
1hu‘b1ankvt and the tank wall or a concentrated flow through
the blanket due to cracks or presence of voids. Whenever
the result indicated positive, more of the clay was used
to block the hole and more time was allowed for steady-
state condition of flow to resume before taking readings.

The results of the experiments are given in Tables 5.5 through

5.9,
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4.4 Precautions

To achieve the desired goals of the thesis, the following
precautionary measures were taken right from the collection
of the soil materials to the measurement of the underseepage.

In the first instance, all inorganic impurities were
hand-picked and the sand sieved to prevent too many fines
and undersired grain sizes. The sand was then washed for
purpose of fair cleanliness. It was then carefully packed
into the seepage tank and evenly compacted to ensure homo-
geneity and isotropism in the foundation. The clay which
was relatively undisturbed was divided into five portions
so that one portion was used for only one blanket and then
descarded. Thé merit of this measure was that the
permeability o% the soil would be retained likewise the
natural moisture content as the portions yet to be used were
wrapped in cellophane bags. . ' ’

B Readings were commenced only after total steady
condition of flow had been established and the clay had
become fully saturated. This usually took one week, which
would ensure equal flow across the entire top surface of

the blanket. During the measurements of seepage discharges,
for any one run of the experiment, the tjme lags were kept

at barest minimum to avoid inconsistent ;Eadings due to

possible fluctuations in the reservoir head.|
; |

4.5 Experimental difficulties

]
Dué tvo w compressibility of dry sand in large volume

and the fragfle nature of the tank, the sand could not be
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i _ - . LRI e e

subjected to high compaction as it wﬁs in the permeameter.
The size and continuity of the pore spaces or joints through
which the water flowed in the permeameter and the tank
could not be kept the same as a result of the jnevitable
lower compaction in the seepage tank model. Also, the
compaction of clay in the model could not be the same as in
the permeameter, causing a variation in the predetermined
value of the permeability. Moreover, the effects of the
prevailing temperature and viscosity of water éould introduce
variations in the permeabilities.. ;' I
In summary, the laboratory measurement of permeﬁﬁility
has on¢ disadvantage that the test sample was small and
probably not representative of average conditions in the
agquifer. There is also a possible difficulty iﬂ.obtaining
undisturbed samples which represent the true condition in
the aquifer. However, the standard permeameter used has a
diameter greater than 40 times the mean particle diameter,

" which helped to avoid wall effect. To avoid difficulties

posed by air bubbles, the water was decarated, and the

medium was saturazted before test. The net result of the - i

above variations lies in the belief that we have accurate. ;
L
measurements in our grasp, and can confidently expcet to f;f

achieve nearness to the true values.

— e,

e r—————
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D - CHAPTER ' 5

ANALYSES OF RESULTS

In carrying out the experiments, five different shapes

" of the blanket were used. These are the rectangular shape,
" the triangular shape, the trapezoidal shape, the stepped- v

rectangular shape and a composite shape made of rectangular ;

and trapezoidal sections. The parameter measured during the

- tests was the underseepage discharge since the head of the

reservoir remained constant throughout. As has beep mentioned
the permeability coefficients of the soil materials:we;e
first determined the results of which are shown bel;ow.E

Sample calculations are presented ;0 show hvclmr;‘chue:1
various quantities entered into the va;ﬁous tables contained

herein were obtained,. " i F

5.1 Permeability coefficient of the foundation material

(k) using constant-head pérmeameter, ;

Given below are the readings obtained in one run of -

—— -

the experiments to determine kf. ' - . 3 -}

constant head H. = 90.0cm,

diameter of sample D = 7.Scm

i

I I.
Volumetric discharge per |average g I
No |Time, t(s) {discharge (em™ )} unit time g 3 o ‘
3 © (cm”/S)
. {em”/8) .
. 4 .I
1 9.4 165 | 17.55 |
y b
2 9.8 170 o wtesT 17.50
3 10.8 190 17.59
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The permeability coefficient, kf was calculated from the
expression given in Eq.(4.4) as
f :k _ R qoL
t AH
4 x 17.50 x 18
w(7.5)% x 90

0.079 cm/S ] S

.

o o

TABLE 5.2 MEASURED QUANTITIES TO DETERMINE kf

No | Length | Head (cm) | Average dischargel k (cm/S)
1{cm) qd(cmng) t

1| 17.5 91.0 © 15.85 0.069

21 17.8 90.0 .. 15.86 0.071

31 18.0 89.0 16.38 0.075

4 | 18.0 90.0 _ 17.50 0.079

5| 17.5 88.0 14,88 - 0.067

6 | 18.3 89.5 17,07 | 0.079

7| 18.0 88.0 19.65 0.091

g | 18.2 91.0 15.68 0.071

9 | 17.6 88.5 15.77 . 0.071
10 | 18.2 90.5 | = 16.48 0.075
Average k. = 0.075cm/S. This is believed to be reasonably

f
accurate since the samples tested would be close to being

representative of the entire foundation material,
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5.2 Permeability coéfficient'of'the blanket méteria1 (kb):

v using the falling-head permeameter.

The following readings were obtaineal in the deter-

mination of

r

kbll

1
L

3

TABLE 5.3 MEASPHED QU&STITIES TQ DETERM;NE kb

No Hl(cm) Hz(cm)'ﬂ ‘Time t(s) kb(chS).f
1 80 45 235 9.38 x 107°
2 80 40 260 1.02 x 1077
3 75 35 306 9.13 x 107°
4 70 20 485 9.91 x 107°
5 70 30 325 1.0 x 1074
6 60 40 175 8.89 x 107°

L7 55 30 243 9.57 x 107°
8 50 35 155 8,81 x 1077
9 50 30 205 9.56 x 1075

10 40 " 25 180 1.0 x 1074

The coefficient of permeability k

Eq.(4.11) |

was evaluated from

b

H
I = ?’. .]_ . ...._1
k i T 2.3 }oglo(ng)

b

Using the readings of the first run,

k

b

{

_(7/4)€0.8)°

(M40

6 80
X 5% X 2.3 1Dg]0 (Zg)
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3 % 2.55 x 1072 x 0.5747

= 6,4 x 10~
: .' -5 _ -f'
= 9.38 X 10 “em/S f

Similﬁr'caICUIations were made with the other values of
Hy, H, and to to get 10 values of kb entered into the

table above. The average value of kb = 9,55 x 10_4cmf8.

t

The readings of the underseepage discharge through the

foundation in the absence of any blanket are given below.

|f.

“PARBLE 5.4 SEEPAGE DISCHARGE IN THE ABSENCE OF A BLANKET.

No Time t(s) Volumetric Discharge per unit
| dischargeﬁ(cmB) time (cmBIS)

1 7.4 | 925 125.00

2 6.4 820 128.12 -
3 6.0 770 128,33 3 '_"?f
;4 1.2 . 903 125,00 ‘
5 7.6 " 955 : 125.66

6 7.0 300 128.57 '

7 6.6 842 127.58

8 6.8 855 | 125.74

o 6.6 830 125,76

10 7.6. 950 125,00




jficionts.

The average discharge per unit time
: 3
= 126.52 cm™ /S,

Therefore the average discharge per unit width under the

dam, Qb |
126,52
T
. 3
= 3.16em"/s/cm

From this prictical value of Qo' the effective permeability

was establpshed as follows.

Denoting the permeability coefficient of the sand as
kg and usidg equation (3.9),
Qo Ld
ke = h1 5.1

Substituting Qo = 3.16 cm3/SXcm. Ld = 40cm h = 37cm and

T = 38cm gives

K . 3.16 x 40
 § 37 x 38

= 0.09cm/S

Hence the modified kf used in the subsequent calcula-
tions = 0.09cm/8 for the following reasons. Obviously
the'ahsolu#e value of the permeability coefficient depends
on the properties of water and on the characteristics of
the soil.I The viscosity and temperature had changed before
the running of the experiments. These changes would
introduce variation in the permeability of the sand. Moreover
the undoubtfyl change in composition, magnitude and form of
its grains contributed to the disparity between the

theoretical and measured values of the permeability coef-
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. blanket

i
e ' -
il . -1 -
1

TAPLE 5.0 SEEPAGE DISCHARGE UKDER THE RECTANGULAR

'SUAPED BLANKET.

R

No |Time £(s) Vélumet£q  . Disch?rge peg unit
discharge (em™) time (cm /S8)
1 10.2 655 :  64.22
2 11.2 710 ~63.39
3 11.6 747 64 .40
4 8.6 550 63.95
5 | 7.2 453 N 62,92
.6 I11.8 “ 770 65.25
7 13,0 820 63.08
8 14.4 920 o  63.89 -
9 9.4 600 63.83
10 | 14.6 :_.935:..f._, ,. 64.04

The average discharge per unit time

|
= £3.90 cmSXS

Hence, the average discharge per unit width under the dam,

Q

i . : /

63.90
a0 .

i

l.Gﬂcmsfocm
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With reference to Figure 4.4, the following data
weire used to estimate the theoretical underscepage discharge
under the rcctangular blankcet.

The length of the blanket, L1 = 50.0cm and its uniform
thickness, t = 1C cm: As in the casc of the sand, the
permeability coefflicient, kb of the clay was also mudified
for similar reasons as adduced above. The modified ky
used throughout the experiments is 1.0¢ x 10 %em/S and not
9.55 x 10-5 cm/S as was delermined in the permeabiliity test,

Using Eq.(3.11) the maximum underseepage per unit width

of dam is estimated from

-1
= 1 "
Q, = k;bhT {bL, + tanh(bL,)] 5.2
where

k

) L 3
b = [E;TL} e
(1.0 x 1072 )-1
0.00 » 38%10° _ .

= 1.777 x 107° m~!
Substituting for all the quantities in Eq.(5.2) we get

szfo.os)(1.7?7x10‘3)t37x38){40x1.?77x10‘3+tann(1.77x10'3xso)}‘1

0.2248615{0.1526969 )

]

1.41em3/S/em

H

This value can also be obtained from, (3.13) which reads

= L] . -1
Q,/Q, * dethd + tanuh(bLl;l 8.3

Substituting we have,
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.'Eﬁ. = 1,777 lé—3x40 {1 77}x10‘3£40+‘.;"' 2 };1. |

Q.. POOIE ' t P%x1,77x10°%50

< ‘ ) +1
which on simplification éﬁvés_ ;

. oo =, 0.4450031

o o,
or . i \‘
: ’ _ . |
’ Q - 3.16 x 0.4450831 | |

i 1.41cm’ /s fem
A | .
The equality of the two results above confirms the relative

accuracy iu Qo'

5.5 Underséepage discharge using.the triangulatr shaped
5 . blanket !

; ' Ehroughoup the experiments, the valies of L L., T and

d* i
h remained conétant irrespective of the shape of the blanket.

'However,
- '

5'. . ;f.:| s . h :‘ - " v . . ) 2 .o
: b . . . i

the slope of the section S = 0.2 (Fig.4.5).

TABLE 5.6 SEEPAGE DISCHARGE UNDER THE TRIANGULAR SHAPED

R BLANKET.
I o : [
i No. ITime t(s? volumetric, Discharge per unit
. | digcharge (cm”) time (cm”/s)
! ) )
1 10.2 500 57.84
2 14.0 811 57.93 i
3 8.4 485 57.74
| . |
4 13.0 752 57.85
5 8.6 505 58,72
' 6 | 11.0 642 58.36
t :

YRS
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: No | Time t(s) Volg@efrica' Discharge ger unit
discharge (cm } time (em™/ s
7 10.6 . 610 57.55
8 14.8 } 860 | 58.11 ;
9 - 15.4 | 895 58.12 |
10 5.4 o is20 | :59.26

1
!

The average discharge per unit time !

= 58.15cm3/s

o
Therefore, the average discharge per unit width under the

m ! !
dam, Q N 1

1.4%cm3fs/cm

With reference to Figure 3.2, the following practical _

1}

dimensions were applicable: L1=50.Ocm, Ld=40.0cm, T=38.0cm,
h=37.0cm aund 5S=0.2. Using Eq.(3.37) the maximum underseepage

discharge perfunit width of dam is given by

T

; - Qmi_; /Ei Jit) )
! .- q Ld[Ld + — ] . 5.4
I o~ (o) (Q}JS) JO(T) ;
where :
k
b ' S
Cl. e f . : ' i 5-5
kT | !
and J and J are Bessel's'functions of thé first
1(1) o{(T1)
kind and of the first and zerolh order respcctively.
al., 3
Vo= 2{—) 5.6

S






