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PREFACE

Excessive seepage in Hydraulic Structures may threaten their safety and stability, in addition to
enormous loss of precious water resources. In spite of taking proper care in planning, design and
execution stages, there are incidences of distress in dams due to seepage related problems. As such,
it becomes essential to diagnose the complex problem of seepage using several possible techniques
to arrive at the most suitable controlling measures. Regular monitoring of seepage helps in deciding
appropriate and economical remedial measures by taking into account the type of structure, extent

and quantity of seepage and feasibility and economy of the control measures.

Central Water & Power Research Station, Pune, is a premier hydraulic research institute offering
wide range of R&D services. For the past few decades, CWPRS has developed expertise in providing
cost effective and viable solutions for seepage control in hydraulic structures by conducting field
and laboratory investigations. Mathematical modeling is being also used for the purpose in some
situations. This document provides comprehensive information on various aspects of seepage and its
control in Hydraulic Structures with specific reference to dams, canals and reservoirs. Several case

studies are also provided for the purpose of illustration.

This document is organized into six chapters, with Chapter I giving a general introduction about
causes of seepage, investigations for monitoring and detection of seepage and various remedial
measures for seepage in hydraulic structures. Chapter II presents various methods for detection of
Seepage in hydraulic structures, important among which are geophysical methods, borehole logging,

tracer techniques, permeability test and measurement of pore pressure and uplift.

Seepage in various hydraulic structures and the remedial measures being adopted are discussed in
Chapters III, IV and V. Chapter III deals with seepage and control measures in Earth and Rockfill
dams. Various aspects covered include mechanism of seepage, mathematical and analytical tools for
Seepage investigations, calculation of seepage forces, seepage monitoring and remedial measures.
Chapter 1V deals with phenomenon of seepage and its control in Masonry and Concrete dams,
covering the effect of seepage on the structure and measures for its control. Chapter V describes the
mechanism, monitoring and detection of seepage in canals and reservoirs. Various canal lining
methods including application of geosynthetics are discussed. Chapter VI summarizes the important

aspects like first detecting the seepage using different methods and then employing suitable remedial




measures to mitigate the seepage, highlighting importance of seepage investigation and remedial

measures in hydraulic structures.

The document is expected to be of great help to practicing engineers, researchers scientists
consultants and managers of Water Resources projects to mitigate seepage related problems in

Hydraulic Structures.

Editor

. R.K.Kamble
Scientist-E, CWPRS
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CHAPTER I
INTRODUCTION

R.K. Kamble, Scientist-E

1.0 PREAMBLE

Huge amount of water is stored for longer time in Hydraulic Structures. However, significant
amount of water is lost in the form of evaporation, seepage and leakages. Seepage is defined as
interstitial movement of water through a structure, its foundation or abutments whereas leakage can
be defined as flow of water through cavities or cracks. Both seepage and leakage are matters of
concern for safety of the structure and pose a serious water management problem. In spite of taking
due care in planning, design and execution stages, many of such structures have shown signs of
distress due to occurrence of excessive seepage or leakage. Uncontrolled seepage can lead to dire
consequences such as complete failure of the hydraulic structure. This can result into severe floods
on the downstream leading to loss of life and property. The phenomenon of occurrence of seepage is
evident in earth and rockfill dams, masonry and concrete dams, canals and reservoir as well.

In embankment dams, uncontrolled seepage can saturate and weaken portions of the
embankment and foundation, making the embankment susceptible to earth slides. If the seepage
forces are large enough, soil will be eroded from the foundation causing “sand boils”. Seepage flow
which is muddy and carrying sediment (soil particles) is evidence of “piping” and is a serious
condition. If left untreated, piping can cause failure of the dam. Piping can most often occur along a
spillway or other conduit through the embankment. These areas should be closely inspected.
Sinkholes may develop on the surface of the embankment as internal erosion takes place. A
whirlpool in the lake surface may follow and then a rapid and complete failure of the dam is likely to
occur.

Seepage in concrete and masonry dams occurs due to a number of causes such as
constructional deficiencies, defects in structural members, effects of environmental changes on
concrete / material used for construction, excessive loading on the structure etc.. Mitigation
measures for seepage depend upon conditions, quantum and causes of seepage. If seepage exceeds
beyond limit, the structure may become structurally weak and may not be suitable for the intended
purpose. The incidences are rare in case of concrete dams as compared to masonry dams, where
seepage is mainly because of cracking due to thermal effects, alkali aggregate reaction or
constructional deficiencies. If the concrete structure does not have measures such as weep holes or

relief drains to relieve water pressure, the concrete structure may heave, rotate, or crack. It should be
1
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noted that water pressure behind or beneath structures may also be due to infiltration of surface water
or spillway discharge, but should still be addressed. |

Seepage losses in canals lead to a significant loss of usable water apart from other ‘f
disadvantages such as water logging of adjacent areas, increased maintenance costs, etc. Seepage
through canals can be reduced by lining of the canals. Suitable type of lining such as boulder lining, |
brick lining, asphalt lining, concrete lining, geomembrane lining, etc can be selected considering
aspects such as economy, ease of implementation, availability of the material etc_.

Seepage losses through reservoir are important and need to account during planning and

design stage of project. Seepage losses are mainly due to unfavorable geological conditions and

related to the permeability of surrounding rock. The control of seepage through reservoir i necessary

to drain seepage from foundation so that stability and functioning is not affected. Control measures

like foundation grouting, providing cutoff trenches and upstream impervious blankets are adopted

for reducing / stopping seepage.

The development of seepage through body and subsoil of a dam provides basic informati
ation

on the state of a hydraulic structure and on the possibilities of its safe Operation. Theref,
. re, seepage

through or under a hydraulic structure can be considered as one of the most important bj
Nt objects in

structural safety. To arrive at an optimum solution, every problem, involving occurrence of
. . ) Ce of seepage
or leakage, needs specific attention owing to its uniqueness. Very often costly repa; pag
. ] Pair works for

addressing seepage problems are undertaken using conventional methodg Wwhich are g fi
e deficient in

roblem of gee

. . .. Page th

hydraulic structures, systematically. Estimation of Seepage and evaluation of Seepag ge through
© Parameters will

Page throygy, hydraulic

mitigating the problem. Hence, it is imperative to study the complex p

serve as inputs to repair or remedial measures applied for reducing se

structures.

1.1 CAUSES OF SEEPAGE IN HYDRAULIC STRUCTURES

The main causes of seepage and leakage in different types of hydra

ur
can be listed as follows: €S In general

(1) Aging of structure,

(2) Fracture, fault or shear zones in the pervious or permeable foundation,
3) Construction deficiencies

(4) Uneven settlement of structure due to faulty design, stress state and dime

. : Nsiong,
However, the causes in particular for different hydraulic structureg are comp

lex i
h p .
ifi Ature ang site
specific.
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1.1.1 Earth Dams

The main causes of occurrence of seepage in earth dams are piping / erosion and pore
pressure development. Seepage through earthen dams mainly occurs due to lack of filter protection
and improper filter design, washing away or particles or clogging of drains, poor compaction, open
seams, cracks caused by earth movement, buildup of excess pore pressure, etc. The principal failure
modes in earth dams are internal erosion / piping, overtopping, structural issues and slides on either
upstream or downstream face. Internal erosion of the foundation or embankment caused by seepage
is known as piping. Transition between masonry/concrete dams and earth dams constitutes an area of

discontinuity in the material properties and if not taken care of may lead to failure.

1.1.2 Masonry Dams
Seepage path through body mass when exposed to water are permeable and start seeping

water by lower pressure inside the body of dam or through heterogeneous, pervious zone where
seepage pressure in pervious layer exerts an excessive force on overlying confining layer. Moisture
absorption, leaching, excessive uplift pressure, construction defects, construction joints etc. are the
main causes of seepage in masonry dams. Seepage through masonry structures is mainly attributed to
improper cement mortar ratio, type of cement, poor quality of stones, stiffness in joints, lack of
expertise of mason in packing the rubble gaps and low degree of quality control exercised. Due to the
technique used for construction, likelihood of seepages in masonry dams is more than that in
concrete dams. The construction quality of masonry dam solely depends upon the skillfulness of the
mason doing the jointing work of stones. The procedure of construction therefore, is liable to involve
numerous human errors affecting quality. The art of placing of mortar in joints and packing joints is

most important factor governing quality of joints with respect to seepage in masonry dams.

1.1.3 Concrete Dams

The main causes of seepage in concrete dams are (i) porosity of construction material, (ii)
construction joints (provided as part of structural requirement) ,(iii) cracks induced due to various
causes, (iv) constructional deficiencies, (v) defects in structural members, (vi) effects of
environmental changes on concrete or other material used for construction ,(vii) excessive loading on
the structure etc.. Seepage in concrete dams occurs due to improper mix design, inferior quality of
construction material, and poor quality control during construction. Development of cracks due to
various reasons like shrinkage, thermal loading and other structural problems are also responsible for

seepage in concrete dams. Some of the other major causes for seepage in concrete dams include
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disintegration and scaling, efflorescence, erosion, spalling, popouts, cracks, etc.. The effects of the

freezing and thawing can amplify these problems.

1.1.4 Canals

Seepage in canals refers to the water that percolates into the soil strata through wetted
perimeter of a canal. Seepage losses affect the operation and maintenance of canals by piping and
eroding the bank of canals. Generally earthen canals are mostly constructed using local materials,
often with high permeable characteristics. Despite attempts.to reduce permeability, construction
methods have often failed to achieve a watertight barrier, particularly in older canals. Importing of
better quality soils is often limited by availability or cost. Seepage from open canals especially with

high embankment is therefore of great concern.

The consequence of seepage losses results not only in depleted freshwater resources but also
cause water logging, salinization, and ground-water contamination. Further, seepage losses produce
excessive saturation, uplift pressure, which might produce failures of the canal and other structures
(Rushton and Redshaw 1979). Even concrete lined canals also have Seepage if the lined areas consist
of cracks (Merkley 2007).

Seepage loss from unlined canals is governed by factors such as cana ge
ometry,

conductivity of the sub-soils, hydraulic gradient between the cana] hydraulic

» the aquifer be .

iti . neath and initial

boundary conditions. The two most effective solutions to combat canal seepage includ niti
inclu

. oy . ¢ either lini
of the canals or replacing them with pipes. However, targeted reduction of cang| r lining
anal se

. . . 3 . . e
lining is more cost-effective than piping an entire irrigation system to reduce page through
Ce the e

seepage losses. Vaporation and

1.1.5 Reservoirs

Seepage in reservoirs occurs due to unfavorable geologic conditions g h
uch as fy,

Ctures, faults

b

open jointed bed rock, solution cavities, sinkholes in carbonate rocks
» UNconsolidat
ed and /or

permeable sedimentary rocks, lava tunnels etc. The magnitude of seep I
age

- osses j ..
related to the permeability of the enclosing bed rocks. S€S 1n reservoirs is

Severe reservoir leakages have resulted in reservoir abandonment and ey
several extreme cases. Filling of reservoirs is followed by water Seepage at t:n dam failure, in
around the flanks of dam. Water seepage from the reservoir through the o fe foundation and
acceptable limits is @ Serious concern as it creates uplift pressures bep, cath the da;“:datlon beyond
water losses from reservoir causes swamping in the surrounding areag. The ody. Filtration

. Found
s rise to springs on the downstream slope of dam and within jts surroundings aboyt seepage

give
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Few of the geologic conditions contributing to seepage are listed below:

e Loose, saturated, non-plastic soil deposits liquefying under earthquake
e Weak and sensitive clay

e Dispersive, organic, expansive, collapsible soils or clay

¢ Shales, limestone or calcareous deposits with solution channels
e Clay seams and shear zones

e Rock formations with low RQD (< 50%)

e Certain evaporites like gypsum etc.

e Buried palaeochannels

e Unconformities or discontinuities in the rock formation
1.2 METHODS FOR MONITORING AND DETECTION OF SEEPAGE

It is important that an early detection of occurrence of seepage in hydraulic structures is
carried out. This can be achieved by regular inspection and monitoring. Monitoring by visual
inspection or instrumentation is essential to detect seepage and prevent failure of the structure due to
seepage. It is important to keep written records of points of seepage exit, quantity and content of
flow, size of wet area, and type of vegetation. Photographs provide invaluable records of seepage.
Instrumentation can also be used to monitor seepage. V-notch weirs can be used to measure flow
rates easily and inexpensively and piezometers may be used to determine the saturation level
(phreatic surface) within the embankment.

Regular observation and maintenance of the internal embankment and foundation drainage
outlets is also required. The rate and content of flow from each pipe outlet for toe drains, relief wells,
weep holes, and relief drains should be monitored and documented regularly. Normal maintenance
consists of removing all obstructions from the pipe to allow for free drainage of water from the pipe.
Typical obstructions include debris, gravel, sediment, mineral deposits, calcification of concrete,
rodent nests, etc. Water should not be permitted to submerge the pipe outlets for extended periods of
time. This will inhibit inspection and maintenance of the drains and may cause them to clog.

Measurements of seepage are indicators of the functioning and safety of a hydraulic structure
which can be compared with the permissible seepage values. Inferences on the safe magnitude of
seepage for the structure as a whole cannot be worked out based on the permeability values of the
constituent materials. As such, in-situ measurements are required to be carried out and permissible

seepage values can be derived based on mathematical calculations.
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If occurrence of seepage is noticed, measures should be taken to identify the source of
leakage. The detection of seepage in hydraulic structures can be done by adopting one or more

techniques from the following:

1.2.1 Geophysical Methods

Geophysical methods in general address three objectives namely mapping of geologic
features, monitoring of seepage and in-situ determination of engineering properties. Monitoring
includes long time observations of intensity- of seepage and engineering properties that can be
determined in-situ include deformation modulus, electrical resistivity including magnetic and

density properties to a lesser extent.

Generally two types of electrical methods a) self-potential and b) electrical resistivity
methods are employed for seepage investigation and monitoring. Application of resistivity method to
dam seepage investigations is two-fold. The method may be used to monitor spatial and/or temporal
variations in electrical resistivity in response to changing soil conditions caused by internal erosion
and anomalous seepage. For seepage investigations, resistivity targets generally include fracture
zones and solution features created through preferred seepage paths. Resistivity profiling is a primary
method used in seepage investigations and was successfully delineated Seepage paths in past studies
(Butler and Llopis, 1990, Karastathis et al, 2002, Panthulu et al, 2001). In recent times applicati
, ations
of techniques such as Ground Penetrating Radar (GPR) and Seismic Refraction Method h
ethod have
resulted in fast and accurate analysis of geological parameters. Refracti ismi
' . . raction seismic method is utilized
to delineate weak zones in the bedrock and in the foundation of the 4 i
. an ¢ dam which may be the
prospective zones for the seepage. In seismic refraction method, ¢q i
. . ! . > “ompression wave (P-wave) is
generated using a near-surface impulsive energy which propagates through the sup
. . € subsurface i
is refracted along stratigraphic boundaries. The impulsive energy source ig ge| A
o s selected based th
length of the seismic line, the resolution desired and the i .
environmentg] suitability

source. of the seismic

1.2.2 Tracer Techniques

Tracer techniques are widely used in different fields as advanced techp;
. .. o ni .
kinds of problems. In the civil engineering field, tracer techniques are main] Ques to solve different
in
related problems through hydraulic structures viz. dams, reservojrs and Y used to solye seepage
Canal

substance added to a material in a chemical, biological, or physical Syst A tracer is a certain
€m to

m
ark that material for

study to observe its progress through the system, or to determine it final g
Istributiop



Technical Memorandum on “Controlling Seepage through Hydraulic Structures”

Tracer techniques are adopted by injecting a pre determined quantity of tracer into a borehole
or suspected seepage entry points and monitoring the dilution of tracers at the places of leakage
points. The technique provides inter connection between reservoir and seepage points and in turn

gives path and source of seepage.

1.2.3 Nuclear Borehole Logging

Borehole geophysical logging investigations represent an economic, non-invasive alternative
and can provide in-situ assessment of the engineering properties of the subsurface, potential seepage
pathways, lithological variations and solution activity (e.g. Black and Corwin, 1984, Al-Saigh et al.,
1994). Application of these methods has demonstrated cost savings through reduced design
uncertainty and lower investigation costs.

A borehole log is a continuous record of measurement made in bore hole that responds to
variation in some physical properties of rocks through which the bore hole is drilled. The subsurface
geologic conditions and engineering characteristics can be determined directly or indirectly from the
properties measured by these techniques. Further, borehole logs can be run in cased/uncased and
fluid filled boreholes and can be repeated a number of times. The different logging tools are named
either on the basis of the parameter measured or according to the principle by which the
measurement is made. Different logging techniques such as electrical logging, nuclear logging and
acoustic logging techniques can be utilized effectively for detection of seepage in hydraulic

structures.

1.2.4 Mathematical Modelling

The flow of water through soil obeys Darcy's law. For a given soil type and for a given
boundary conditions of water heads, the movement of water in the soil is governed by Laplace’s
equation. Solution to this equation, gives the assessment of seepage force, seepage quantity,
hydraulic gradient etc. in the flow region. There are many methods to solve this equation e.g. i)
Physical seepage models such as electrical method, sand models etc, ii) Mathematical seepage
modelling by analytical methods and numerical methods. In the earlier days, before the age of
computers, the analytical methods were routinely used for seepage analysis. However, with the
advent of computers and software, the numerical modelling has gained popularity because of its ease

of usage in multi-layered soil strata and zoned earth structures.
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1.2.5 Permeability Measurements

Rock as a material can be permeable to the passage of fluids by virtue of their porosity which
is defined as the ratio of the volume of internal open spaces i.e. pores, interstices or voids to the bulk
volume of the rock. Permeability is the intrinsic property of the rock material. The foundation rock
mass with its system of discontinuities in form of persistent joints, bedding planes, weak seam, shear
zones, fault planes etc. including stratification and weathering helps to aggravate seepage or passage
of water under hydraulic gradient through foundation.

For any dam foundation, assessment of water tightness of the foundation is of utmost
importance since seepage may attribute to the loss of reservoir storage, weakening of foundation by
weathering and piping action over a long period of time causing subsidence/settlement as well as
adding of considerable uplift pressure at the toe portion of the dam causing instability to the
structure. In most of the cases, failure in concrete dams occur more due to foundation failure with or
without influence of seepage whereas earth fill dams suffer from seepage and piping to a large
extent. Measurement of permeability of foundation rock mass helps to ascertain the nature of flow
and quantum of seepage through the foundation rock mass which further acts ag guide to undertake

various foundation improvement measures for controlling seepage flow through foundation

1.2.6 Uplift and Pore Pressure Measurements
Effective instrumentation and monitoring combined with regular inspection are the k
€ key

features of a good dam safety programme. Among other parameters, seepage or leakage thr. h th
ough the

dam and foundation is one of the major parameters required to be measured in Dam Saf,
. . am Sa

Monitoring (ICOLD, Bulletin 60, 1988). Seepage has both a physical and a chemical inf] ety
] nfluenc

concrete and plays a noticeable role on the state of stresses and the stability of the ¢ oo

am,

. In concre
and masonry gravity dams, seepage occurs at the dam-foundation interface gag well te

a
body of the dam because of differential pressure grad > through the

tent from upstream tq downstream, Seep;
water through the interface creates uplift pressure at the base of the dam is measured - Seeping
. ure .
piezometers installed at dam base. Further, depending on the composition and d Yy foundation
grade o

. . f
quality of construction dam body may contain void concrete and

s, cracks and Cavities ang

. . th .
through these will develop pore pressure in all directions resulting further wid v water Seeping
1den

in
path. The pressures developed inside dam body are measured by POre pressure ce|| g of the Seepage
Clls embeddeq ;
n the

N8 forces anq are

ra
way, to assess health of the dam and any anomalous reading can be associated wit

dam body during construction. Both uplift and pore pressures are destabj]j;
izj

required to be measured and monitored. Continuous measurement of these pa
d Mmeter 1
(¥ S assist, j
q ,» 1N a

h water Seepage.
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CHAPTER II
SEEPAGE DETECTION METHODS

A. K. Ghosh, Scientist -D

Dr. C. Krishnaiah, Scientist -D

M. S. Hanumanthappa, Scientist-B
S. Bhowmick, Scientist-B

2.0 INTRODUCTION

Investigations related to dam seepage include study of the proposed site geology using
various geophysical and geotechnical methods, assessment of seepage potential of the foundation
and analysis of dam instrumentation data. Integration of different methods enables a better
understanding of the problem and offer cost effective solutions. Other non-conventional methods like
tracer techniques, borehole logging etc. are often used in conjunction with other techniques to have a
better understanding of the sub-surface properties. The chapter describes the details of the methods
and their potential in assessing seepage through hydraulic structures. Seepage through hydraulic
structures are detected and measured by employing different methods such as i) Geophysical ii) Well

logging iii) Tracer Technique iv) Permeability tests v) Measurement of Uplift and Pore pressure

2.1 GEOPHYSICAL METHODS

Geophysical methods in general address three objectives namely mapping of geologic
features, monitoring of seepage, and in-situ determination of engineering properties. Typical
geological features may include faults, bedrock profile, discontinuities, voids and groundwater.
Monitoring includes long time observations of intensity of seepage and engineering properties that
can be determined in-situ include deformation modulus, electrical resistivity including magnetic and
density properties to a lesser extent. Monitoring as well as in situ testing to determine various

parameters applying geophysical methods need to be conducted keeping in view of the seasonal
variations.

2.1.1 Electrical Methods

Generally two types of electrical methods i.e. a) self-potential and b) electrical = resistivity

are employed for seepage investigation and monitoring.

10
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Self Potential Method

The self-potential (SP) method is a passive technique used to measure small naturally
occurring electrical potentials generated by fluid flow, mineralization, and geothermal gradients
within the earth. This is the only one of the geophysical techniques that responds directly to fluid
flow (Brosten et al 2005). Water flowing through the pore space of soi] generates electrical current

flow. This electro kinetic phenomenon is called streaming potential and gives rise to SP signals that
ignals tha

are of primary interest in dam seepage studies.

Resistivity Method

The resistivity method is used to measure the electrical resistivity of the

. geological section in
both the lateral and vertical sense. In general, most soil and rock types are :
c

) onsidered electrically
ed pore (or fracture) spaces within the
nantly controlled by

resistive and the flow of current is influenced by moisture fj

subsurface. Zones of low resistivity values are predomj

permeability of the system, the degree of saturation of ¢ the porosity and

he subsurface, and the

dissolved solids within the saturated subsurface. Both concentration of

upI‘Oﬁlingu and " . )
techniques are applied. Sounding" resistivity
Profiling provides a means of delineating latera] res;s'ﬁvit

. . ‘s Y contrast with;
electrical properties. Resistivity sounding yields characterizatj, St within the subsurface

n of verti . ..
and provides an estimate of the "depth layering" within the subsurface Th o fesistivity contrasts
. . - lhe e .
survey is to delineate zones of suspected increased permeability and Purpose of the resistivity
n
potential sites for borehole drilling and subsequent monitoring e groundwat,ef flow paths as
e

l ins :
known seepage areas with resistivity anomalies is extrapolateq tallatjop, The correlation of

) to :
increased subsurface flow. defining areas of suspected

Soundings provide a 1-dimensional (1-D) model of true la
beneath the center of the electrode array. In this methog the ¢ yer resistivity and thickness

. . €ntre po;
remains fixed, but the spacing between the electrodes s increaseq Point of the electrode array

. to obta;
the deeper sections of the subsurface. tain More information about

In recent times, applications of techniques such as Gro
un

d .
Seismic Refraction Method have resulted in fast and accurate analys enetratmg Radar (GPR) and

is of :
Seologic] Parameters.
2.1.2 Ground-Penetrating Radar (GPR)
GPR, in principle, identify seepage either by detecting

us ch
ue to saturation. Advantages include good spatia| resolyt;
io

seeping water as it erodes the material or by detecting anomalg " Voids Created by the
g i

N ang : the Properties of the
'gh aCquisitjon speed-

material d
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The penetration depth depends not only on soil properties but also on the emitted frequency.
Different antennas are therefore used for various applications. A long frequency gives a high
penetration depth but a low resolution due to the low wavelength. Internal erosion affects the
porosity of material in the core and increases the water content. Radar measurements can detect these

changes since they influence the radio wave velocity.

2.1.3 Seismic Refraction Method
Refraction seismic method is utilized to delineate the contact between the unconsolidated
material and underlying bedrock. In seismic refraction method, compression wave (P-wave) is
generated using a near-surface impulsive energy which propagates through the subsurface media and
is refracted along stratigraphic boundaries. The impulsive energy source is selected based upon the
length of the seismic line, the resolution desired and the environmental suitability of the seismic
source. The following case study illustrates the use of the electrical methods in the delineation of

seepage paths.
2.1.4 Case Studies on Geophysical Methods

(a) Electrical survey for delineation of seepage at Som — Kamla — Amba Dam, Rajastan

A 1205 m long and 23 m high earth-masonry dam was constructed across river Som near the
village Kamla-Amba, Dungarpur District, Rajastan in the year 1993. In order to raise the reservoir
level without extending reservoir area, four saddle dams were constructed. On partial impoundment
of reservoir, seepage was observed at Saddle dam no. 1 and 3 on their downstream central and right
side portions respectively. The project is located on Basal Aravalli formations, consisting of thinly
foliated phyllitic quartzites and quartzites with inter layered Quartz-mica-schist bands. Due to
folding and faulting the strata shows large variations in strike. A number shear zones most of which
are parallel to the foliation, range in thickness from 10 to 30 m traversed the foundation rock. During
the foundation investigation stage, weathered, jointed and bedding planes were encountered at
Saddle dam No.1. At Saddle dam no.3, highly pervious open joints were encountered. Foundation
geological map of main dam reveals that the entire dam is not permeable but some weak zones like
cross shear zones and shear joints are susceptible to seepage.

Electrical Resistivity and SP methods were used to delineate the seepage paths (CWPRS
Technical Report no. 3479). Parallel profiles were taken on both the saddles on their upstream,
downstream and on top. These surveys revealed that in saddle no.3, a zone between Ch. 3170 m and
Ch. 3370 m at the upstream toe with depths varying from 14.0 m to 56.3 m is prone for seepage. Two
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seepage zones were delineated between Ch. 890 m to Ch 1010 m and Ch. 1080 m to Ch. 1130 m
with depths varying from 3.0m to 16.5 m at the upstream toe at saddle No. 1 (Fig. 2.1).
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(CWPRS Technical Report no. 4552 and 4775). The survey was conducted in two seasons when the
canal was full as well as dries.

When the embankment was totally dry, it can be assumed that the bongas or voids are devoid
of moisture giving rise to higher resistivty values than the surrounding undisturbed formations.
Hence, the higher resistivty values obtained by the spreads of AB/2 =10 and 15m may be attributed
to the weak zones susceptible for erosion. Multi-Electrode imaging survey has been conducted at few
selected places based on the visual observations of the site when canal was dry. When compared, the
resistivity ranges obtained from multi-spacing survey conforms to multi electrode imaging system.

The locations for the second phase of the survey were selected based on the results of first
phase and visual observations made at the site. Since the canal was full, the embankment was fully
saturated resulting lower resistivity values. From the images it can be seen that the resistivity values

in the saturated state reduced considerably. The dark blue colour may indicate the existence of

bongas (Fig 2.2).

2300m 2398m

Depth Iteration 3 RMS error = 5.2 2
l 5] 16.0 0 48.0 64.0 80.0 n.

8.500
2.55

4.98

7.91 . -
Inverse Model Resistivity Section

---------l:]------

5.49 9.12 15.2 25.2 51.8 69.5 192
Resistivity in ohm.m Unit electrode spacing 2.00 m.
2250m b 2370m
Depth Iteration 3 RMS error = 7.7 %

B 20.0 no l 60.0 80.0 160 n.
a.h27 ....... | P N S S N Y PR S ST ST SN (Y ST ST U SR S S Y 1 ...1. PR ST ST S S |
2.18
4.25
T N N

Inverse Model Resistiuity Section

-------ﬂ-l:l-ﬂ----

2.68 4.06 6.15 9.32 14.1 21.4 32.4
Resistivity in ohm.m

g Fig. 2.2: Electric Image of Canal when it is (a) Dry and (b) Full

These locations were verified by the Ground Probing Radar survey. The features observed in
the GPR survey may be contributing to the seepage of the canal. Most of the places, the disturbed
zones within and below the concrete as observed by GPR (Fig 2.3) match well with the low

resistivity zones of Multi-electrode results. It is recommended to inspect the stretches of the canal
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lining where deterioration/disturbance in the concrete as well as erosion of the material has taken

place below the concrete layer and required strengthening works may be undertaken.
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2.2 BOREHOLE LOGGING TECHNIQUES

A borehole log is a continuous record of measurement made in bore hole that Cespond
variation in some physical properties of rocks through which the bore hole i drillod o IZC.m s to
logging techniques like electrical logging, nuclear logging (gamma-gamma — an;j e different
are most important for detection of seepage in hydraulic structure are diSCUSsed. neutron) that

Electrical resistivity logging is carried out in uncased fluid filjeq boreholeg " '
electrical resistivity of the rocks, which together with other physical Parameterg Canetzrmmedthe

€ used to

different ¢
spontaneous potential, single point resistance, short normal

identify borehole lithology (Maute 1992, Spies 1996). In E-Log,

Ctrical Properties like

lOng l’lormal

simultaneously by combining several electrode configurations in the same to| are  measured
ool.

2.2.1 Nuclear Logs

Nuclear or radiation logs are related to the measurement of radiation ¢
: fom the
atom. The radioactivity measured can be either due to the natura] radiojsg fopes . Nucleys of an
' it

hin the formation
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or from transient response of radioactive sources kept in a probe. These nuclear radiations are in the
form of alpha, beta, gamma rays or neutrons. The commonly used nuclear logs are Natural gamma,
Gamma-gamma and Neutron. Nuclear logs have a fundamental advantage over most other logs; they

may be run in either cased or open holes that are filled with any type of fluid.

Natural Gamma Logs

Natural gamma logs measure the amount of natural gamma radiation that is emitted by all
rocks. The gamma ray log is primarily used for identification of lithology and stratigraphic
correlation. The natural gamma probe employs thallium activated sodium iodide crystals to detect

gamma radiation.

Gamma-gamma (Density) Log
The gamma-gamma or density logs measures the radiation from a gamma source in the
probe, after it is attenuated and backscattered in the borehole and surrounding rocks. The main use of
gamma logs is for the measurement of bulk density of rocks.
~ A radioactive source contained in this logging probe emits medium energy gamma rays into
the formations which collide with the electrons in the formation. At each collision, they loose some
of its energy to the electron and then continues with diminished energy. This type of interaction is
known as Compton scattering. Density probe is so designed that the tool response is predominantly
due to this phenomenon. Gamma radiation attenuation is assumed to be proportional to bulk density
of material it passes through (Keys, 1990). Probes used for density logging contains a concentrated
source of mono-energetic gamma rays, a '>'Caesium or “°Cobalt and the detector is usually a

scintillation counter.

Neutron - Neutron (Porosity) Log

Neutron logs are used principally for delineation of porous formations and determination of
their porosity. In neutron logging, neutrons are artificially introduced into the formation and the
effect of the environment on the neutrons is measured. The neutron interaction with the subsurface
material measures the amount of hydrogen present, which is a direct indication of water content
(Keys, 1990). Fast neutrons continuously emitted from a radioactive source such as 241 Americium-
Beryllium collide with nuclei of the formation material and loose some of its energy and are slowed

down by successive collisions to thermal velocities, corresponding to energies of around 0.025 eV.
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The neutron log thus measures porosity by determining the amount of hydrogen, hence the
amount of fluid filling the pore spaces. When the hydrogen concentration of the zone surrounding the
borehole is large, most of the neutrons are slowed down and captured close to the borehole. This

results in a low count rate and is interpreted as an indication of high porosity and vice versa. Modern

241 . .
neutron tools most commonly use “*' Americium-Beryllium source and count thermal neutrons with a

3He detector.

2.2.2 Caliper Log

The caliper log provides a continuous record of changes in borehole dia
a probe equipped with tensioned mechanical arms or an acoustic transducer, T
interpreting other logs that are affected by changes in borehole diameter (K

logs should be run in all boreholes in which other logging is anticipated,

meter determined by
his log is essential in
€ys, 1990). Caliper

They provide indirect
information on subsurface lithology and rock quality

One of the major uses of borehole caliper logs is to correct for
Multiple-arm calipers (one-, two-, three-, four-,

springs to electrical signals in the probe.

2.2.3 Borehole Logging Equipment

The well logging unit consists of three parts namely the dowp hole probe or sonde. cable and
winch, and surface system for signal processing and recording. The Probes contaip, one » cable anI
specific properties to be measured such as bulk density, porosity/moi;ture cont ors to enaF) e
resistivity, natural gamma radiation, borehole diameter etc. Th ent, formation

€ output electronic «:

. . . . nic sj
either in the analog or digital form is transmitted to the surface instmments Via cat gnal of the probe

1a cable gpq wi

. nch. The
nveying power and
of two se
processing the signal from the sonde for recording, The data

cable serves the dual purpose of supporting the sonde and co
| . ' si
the sonde to the surface unit. The surface unit consists ctio gnals to and from
! S 10 provige power and
in i i
& Units gy Cither analog or

them and storing on magnetic media. Moduleg formatting

“record
digital such as laptop PC encoding the signal data from the sonde

The Robertson Geologging well logging unit (Fig. 2.4), Manufagq,
red

Geologging, UK consists of a winch with a 200 m long Multi-core cab]
e’

Y Mys Robertson

. a
uisition system with high-speed data link to connect to a lapto

iCro lo
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y . S m '."',‘v'v'fi‘; ’.ymv.;.-.p.,o

Fig. 2.4 Set up for RG Well Logging Equipment

2.2.4 Case Study of Nuclear Logging Study

(a) Nuclear Logging for Seepage Studies at Indirasagar Project, M.P.

The Indirasagar Project is a multipurpose river valley project on River Narmada near Punasa
village in Khandwa district, of Madhya Pradesh state. The 653 m long and 90 m high solid concrete
gravity dam is mildly curved with a radius of 380 m. In addition to irrigation, the project has a
powerhouse with an installed capacity of 1000 MW consisting of 8 units of 125 MW each. The dam
instrumentation data from the piezometers installed in Block No. 25 at EL 208.85 m indicated high
values of uplift pressure. On the basis of interpretation of data acquired from various dam
instruments, it was felt that this could possibly be due to entry of seepage water and may pose
problem to the structural stability. It was therefore decided to study the likely cause of seepage and to
adapt suitable remedial measures for reducing the seepage. Hence, nuclear logging was undertaken
to identify permeable zones in the boreholes drilled at selected locations in the body of dam and
tracer studies were undertaken to delineate the path of seepage in the abutment, drainage gallery and
downstream face of dam (CWPRS Technical Report no. 4679). Geologically, the Upper Vindhyan
group of thickly bedded Gr. I, I Quartzite and ferruginous sand stones inner layered with occasional

lenses of GR. TI/111 silt/ clay stone provided the foundation for the 92 m high concrete gravity dam.
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TABLE -1
RESULTS OF NUCLEAR DENSITY LOGGING
Borehole Location R.L.(m) Drilled Depth Weak Zones
of Borehole observed at
(m) RL (m)
A
Dam-top Block 28 267 60 238-241,212-214
Dam-top Block 27 267 30 249.5 2251
—
Drainage Gallery-Block 25 235 60 225-232,221 - 225,
217-218, 213,210-211
— e el
Drainage Gallery Block - 26, 2454 60 221 -230, 198 — 207
48m Depth
Drift Gallery Block- 33, 256 60 235 -237
47m Depth
Drift Gallery Block - 32, 253 17 G
17m Depth
— ]
Gamn;(a:fsa)mma Nel(xgsg)—Nnutron
- EOO 1400 1509 1600 1700 - j)D I 00
Fig. 2.5 Typical plot of nuclear logging showip
permeable zones at Borehole iy the body
of dam

Nuclear logging comprising gamma-gamma density log, Neutron log ang li
. . Ca
carried out using portable Well Logging Unit manufactured by M e Roberts()n . Iper log were
U.K.in six boreholes drilled in the body of dam at Monolt, Nos. cologging .d.,

. 5,26 ang 27
Monolith No. 28 and in the intake gallery at Monolith Nos, 32 and 33, Tp, fesults of

21 - 22

> abutment at
nu oot
indicated the presence of weak and permeable zones (R.L. 225 _ 232, 5 Clear logging

217 2918 913,
he abutment
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(R.L. 238 - 241, 212 — 214). They are tabulated in Table — I. Fig. 2.5 shows a typical nuclear log of

permeable zones in the borehole. Tracer techniques (Case Study 2.3.4 (a)) were also employed at

Indirasagar Project, M.P.

(b) Nuclear Logging for Detection of Seepage Zones at Pawana Dam

Pawana Dam, constructed in the year 1972 across River Pawana, a tributary of River Bhima
in Pune District, Maharashtra, India, is a 38.1 m high composite dam, comprising 414 m long
masonry dam with overflow and non-overflow portion and a 903 m long earthen portion. Excessive
seepage was observed in the drainage gallery and body of dam which increased with the rise in
reservoir level. Although, guniting of the entire upstream face was undertaken during the period
1975-78 and grouting during 1982-83 noticeable seepage was observed at downstream slope of the
non-overflow section and Left Hand Side of the gallery of the dam and the stability of the dam was
doubted. It was also proposed to strengthen the dam and raise the Full Reservoir Level by 0.5m, for
which in situ bulk densities of masonry of dam were required at different locations. Accordingly,
nuclear logging was conducted in 10 numbers of Nx size boreholes drilled on either side of the
overflow section at depths varying between 21.2 m to 30.5 m. On the basis of properties determined
by nuclear logging(CWPRS Technical Report no. 4673), weak, permeable zones in the vicinity of
the boreholes were identified. From the nuclear and caliper logging of boreholes conducted at Pawna
Dam, it was observed that, in general, density of masonry varied from 2.3 gm/cm’ to 2.58 gm/cm’
and presence of voids/cracks were located in the boreholes. The results are shown in Fig. 2.6. Tracer

techniques (Case Study 2.3.4 (b)) were also employed for detecting seepage path.
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Fig. 2.6 A Typical Caliper & Density Log
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the world. Geologically, the area lies in the sedimentary terrain of Cuddapah group with quartzite as
a predominant rock type. Fig. 2.10 shows plan and section showing borehole locations for tracer
studies.

In 1989, a settlement was observed at Ch. 142.5 upstream of the right earth dam resulting in
the formation of a cavity at RL 182.88 m. To examine the cause of the formation of the cavity
and suggest suitable remedial measures, studies were conducted. Nuclear logging comprising
gamma-gamma, neutron, caliper and electrical logging was also conducted at Nx-1, Nx-2, Nx-3 and
Nx-4 in Nx boreholes to study the lithology (CWPRS Technical Report no. 3153). Tracer techniques
(Case Study 2.3.4 (d)) were also employed after Nuclear logging.

2.3 TRACER TECHNIQUES

In the civil engineering field, tracer techniques are mainly used to solve seepage related
problems through hydraulic structures viz. dams, reservoirs and canals. A predetermined tracer is
injected in water within borehole or reservoir and the tracer dilution is monitored regularly at the
place of injection and / or arrival of tracer, if any, is detected at different locations to establish the
cénnectivity. | 1 | ‘

In seepage studies, Tracers are innocuous (nonhazardous and nontoxic) chemical compounds,
salts and dyes that behave exactly similar to the materials to be traced but differ from them by a
particular property that may be physical, chemical including radioactive (Moser. H, 1995). An ideal
tracer is nontoxic, inexpensive, unique passive-type, easily soluble in cold water, moves with the
fluid in contact, easily detectable in trace elements at low concentrations, does not alter the natural
flow direction, is chemically stable and sensitive for the desired length of time and for most purposes
is neither filtered nor absorbed by the solid medium through which the fluid moves (Flury and Wai,
2003).

2.3.1 Different types of tracers

Different types of tracers are: natural tracers (temperature, conductivity, chemical
composition, environmental or stable isotopes of water etc.), environmental isotope tracers (160’ 170,
80, 'H (Protium) and ’H (Deuterium) etc.), artificial tracers (NaCl, NH4Cl and organic dyes like
Sodium Fluoroscene, Rhodamine-B, Rhodamine-WT, etc.) and radioactive isotope tracers

(Bromine-82, Iodine-131, Cobalt-60, Rubidium, Hydrogen-3 (Tritium) etc.) as well.
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2.3.2 Detection of Dam and Foundation Seepage

Tracer techniques are adapted by injecting a predetermined quantity of tracer into a borehole
or suspected seepage entry points and monitoring the dilution of tracers at the places of leakage
points. Interconnection tests provide proof of hydraulic connection between the point of injection and
the measuring point(s). The test consists of the injection of a given tracer amount in the reservoir or
boreholes and its subsequent measurement of arrival time and concentrations at boreholes or
downstream leaks. In addition to providing the arrival time the interconnection tests allow
determination of the passing curve, transit time, amount of tracer recovered, characteristics of the
preferential flow path(s), and an estimate of the volume of fissures o cavities along the flow path
The tracer techniques can be employed by utilizing two methods, .

i. Single Well or Point Dilution Technique

ii. Multi-well Techniques

Single Well Technique (Point Dilution Technique)

The point dilution technique is designed to determine the Darcy ve]
Y ve

oo . . oci ;
using single borehole. The aim of the technique is to obtain 5 direct ty of the formation
' : : eCl me

. . ‘ as :
velocity i.e. the amount of subsurface water flowing per unit area pe urement of filtration
I unit ‘

formation under natural or induced hydraulic gradient (Halevy et al. 1967 time in g water bearing
The change in concentration of tracer, injected withjy, bore, l).
W}

e .
interval of time, is caused either by flow or by diffusion . and monitoreq at regular
-(Fig,

fissures/cracks can be located by tracer dilution and fi 2.8). The interconnected

Itratio .

: : . 1 Velocity cap pe determ; L

turn would give quantity of flow and permeability of masonry / conc . €rmined which in
. I'tte /

This method is widely used to measure filtration Velocity S:Ormations.
permeability using the following equations: > **Cpage losses as well as
Vi= nd/4¢t In (Cy/ C) )
Where V¢ = filtration velocity
d = borehole diameter
¢ = hydrodynamic distortion coefficient
and t = time taken for tracer conc. To fall from Coto C
The permeability of the strata is computed using the filtratiop, Velogi
gradient (i) (V) and ghe hydraulic

k=V¢/i (2)
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Ground water
Flow direction

s = 4

o
IRRAH

V; = filtration velocity

)
a
v £
Tracer solution plume T §
/ ;

where

d =

g =

t

— Time after injection (t)

borehole diameter

hydrodynamic distortion coefficient
time taken for tracer conc. to

fall from C, to C

Fig. 2.8 Schematic diagram of Single Well or Point Dilution Technique

Multi-well Technique

The method involves injecting a predetermined quantity of tracer in one of the boreholes and

monitoring its appearance in a number of boreholes located at the downstream, in the anticipated

direction of flow. The method is used to determine direction of flow and seepage velocity through

porous medium. Thus hydraulic interconnection between two water bodies, if any, can be

established (Fig. 2.9).

2.3.3 Detection of Canal Seepage
The seepage occurring from canal can be estimated by following methods;

a.
b.

C.

d.

Inflow-Outflow method

Ponding method

Seepage meter method

Tracer Technique

Observation

Borehole

Borehole —— O
7
rd
-

@

N
Injection -‘

Fig. 2.9 Schematic diagram of
Multi Well Technique
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Short description of each method is given below:
Inflow-Outflow method

In this method the difference in the quantities of water flowing in and out of the reach is
taken as the seepage loss taking into account the evaporation losses. This method is suitable for the

main canals and branches where discharges and losses are high.

Ponding method
This method is the most accurate method for determination of the seepage losses from the
canals, but it is expensive and time consuming. In this method, temporary water tight dikes or bunds
are required to be made in isolated reaches of a canal. Water ig impounded between the bunds and
with time, rate of drop in water surface is measured. The rate of drop and physical dimens: £ the
ponded reach provide the data necessary to compute the Seepage losses per unit nsions o

24 hours. of wetted area per

Seepage meter method

This method consists of a seepage cup connected to 5 plastic bag b
and held by a rod. The seepage cup is placed at the bed of the canal, Whileyt:leans (')f a plastic tube
the water surface. The bag is filled with water and feeds the seepage cup. Th € plastic bag is held at
is derived by weighing the plastic bag at the beginning ang end of 1 * "€ amount of seepage loss

e el . . €e H .
some limitations and generally gives losses more than the actua] “Periment. This method has

Tracer Technique
In the tracer technique, a tracer is injected in one o more boye 1
. . . . re
canal and observing either the dilution of the tracer in the injectio X oles locateq near the banks of
. - . n .
its arrival in the observation bore holes located near the inj ection § ore holeg 1tself or by detecting
0 .
of seepage. reholes jp, the Probable direction
In canal seepage studies also, Point Dilution ang Mulg;
. lW
formulae and filtration and seepage velocity equationg used i g ell techniques are d. The
n dg used.

. m
used in assessment of canal seepage losses. Seepage inVeStigat’ 150
lons are als

The seepage losses from the canal (Kaufman et al, 1969) ¢q b
n
q=2.V;D. 6. Cosecd /P G ¢
Where Vg filtration velocity

calculated using

q = Seepage losses per unit length of the cana],
D = Half bed width of canal,
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0 = Angle in radians which the phreatic line makes with the normal at the
Injection borehole.

P = fractional porosity

2.3.4 Case Study on Tracer Study

(@) Tracer Studies for Seepage at Indirasagar Project, M.P.

The Indirasagar Project is a multipurpose river valley project on River Narmada in Khandwa
district, of Madhya Pradesh state. The dam instrumentation data from the piezometers installed in
Block No. 25 at EL 208.85 m indicated high values of uplift pressure. On the basis of interpretation
of various dam instrumentation ‘data, it was felt that this could possibly be due to entry of seepage
water and may pose problem to the structural stability. As such, it was decided to study the likely
cause of seepage and to adapt suitable remedial measures for reducing the seepage. Tracer studies
were conducted at Indirasagar project, M.P after delineating weak zones by Nuclear logging (Case
Study 2.2.4 (a)) (CWPRS Technical Report no. 4679). Sodium fluoroscein tracer was injected at
different depths corresponding to the weak and permeable zones in the boreholes viz. (i) in the
reservoir at 40 m depth from dam top opposite block 25, (ii) in the reservoir at 25 m depth from dam
top opposite block 26, (iii) in the borehole at block 27 from dam top, (iv) in the borehole at block 28
from dam top, (V) in the reservoir at joint of block 32-32, (vi) in the reservoir at joint of block 25-26,
and (vii) in the head race. These studies were carried out in two phases, at maximum reservoir level
and at minimum available reservoir level. The arrival of the tracer was monitored by taking samples
at hourly intervals round the clock from the seepage points in the drainage gallery, in the drilled
holes, and the porous block holes (Fig. 2.10). The result of tracer studies revealed that the borehole at
Block No.25 was not directly interconnected with the reservoir, rather the path of seepage was from
the hillock abutting Block No. 28. The tracer injected in the Head Race Channel near the abutment
and its arrival at the seepage points in the adit/intake gallery indicated that the path of seepage could
be through the abutment. It may be presumed that at higher reservoir levels, the abutment might be
getting recharged and becoming the possible source of seepage at Block No. 25 and in the drift. As
the studies indicated that the likely path of seepage could be through the hillock suitable treatment
such as silt grouting/ (Bentonite grouting) of abutment is necessary for reducing/stopping the
seepage. The providing proper drainage/ discharge of excess seepage in the drift is also suggested as

a remedial measure.
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RCC panels (7 m x 11 m x 0.30 m) between RD 58 m and RD 91 m in EDA, were lifted up and
displaced and the underlying rock exposed Continuous oozing of water was also observed in the
chute channel at RD 83 m. To ascertain the cause of the dislocation of panels and to suggest suitable
remedial measures, tracer studies were conducted in three boreholes drilled up to 6m below the
foundation level located in the area at RD 0 m, RD 40 m downstream on RHS and RD 80 m
downstream on the LHS.

Tracer studies were conducted at Bhama — Askhed Irrigation Project, Maharashtra after
delineation of weak zones by Nuclear Logging studies (Case Study 2.2.4 (c)) to confirm or rule out
the possibility of interconnection with oozing of water at tail channel from the reservoir through
spillway or foundation (Fig. 2.11) (CWPRS Technical Report no. 4540). Tracer techniques involve
injecting a predetermined quantity of Sodium fluoroscein tracer into a borehole and monitor the
arrival of tracers at leakage points. Tracer was injected in the boreholes at RD 0 m at the foundation
level (34 m) RL 639.4 and RD 80 m downstream on the LHS at 16 m (RL 650.4) depths and also
opposite to the spillway at different grid points. The samples were collected at the adjacent borehole

(RD 40 m downstream on RHS) and at RD 83 m in tail channel where oozing of water was observed.

1000 — -
1 - Samplo from Bh-3 (40m Dfs, RHS)
800 —|

- J

=

] |
§ a0 ] ﬂ/\ Samplo from EDA (RD-£3)
. A
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0 10 20 20 P 0 e . & ®

Fig. 2.11 A typical tracer curve at Bhama — Askhed
Irrigation Project, Maharashtra

The tracer studies established interconnection between oozing of water in the EDA, and the
reservoir through the permeable zone formed by weak red breccia in the foundation of the dam.
Further, it was also established that there was no contribution of groundwater from left hand side of
the spillway to the oozing of water at RD 83m in the tail channel. From the result of both Nuclear
logging and Tracer studies it was concluded that the suitable remedial measures of proper treatment
to red breccia encountered in the foundation were suggested to stop oozing of water in the EDA.

Adequate drainage holes in EDA were also recommended to release the uplift pressure.
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(d) Tracer Studies at Nagarjunasagar Dam, A.P

Tracer studies were conducted at Nagarjunasagar dam, A.P after delineation of weak and
permeable zones by Nuclear Logging studies (Case Study 2.2.4 (d)).

Accordingly, tracer studies were conducted by injecting the dye in the cavity itself and
monitoring in the boreholes drilled at the toe (Fig.2.12) (CWPRS Technical Report no. 3153).
However, these studies were discontinued as they did not yield any appreciable results and the dye
injected in the cavity did not show any appreciable dilutjon, Subsequently, CWPRS suggested
drilling of three boreholes in the upstream portion near the cavity up to a depth of 10 m into the
foundation to facilitate injection of the tracer and monitor its arrival in the downstream boreholes.

Three Nx size boreholes viz. Nx-1, Nx-2 and Nx-3 were drilled on the upstream side of the
cavity area to facilitate injection of tracer. For monitoring the arriya] of the tracers, eleven shallow
boreholes (Blto B11), three deep boreholes (B-1, B-I| and B-III) and one Nx-
logging were used for sample collection at the toe of the right earth dam, Ino
direction of seepage towards the canal located 350 m downstream of th,

borehole, Nx-5 was drilled to monitor the flow of the injected tracer. B1

1 borehole used for
rder to ascertain the
€ right earth dam , another

2 and B13 were drilled at
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The tracer studies revealed that there was a hydraulic interconnection between the foundation
rock and the toe viz. boreholes (a) Nx-2 and B1, B2, B8, B-II, (b) Nx-3 and B2, B8, B-II, B-III and
(¢) Nx-4 and B1, B2, B8, B-1II. There was no interconnection between cavity and B12 and B13. The
permeability of the foundation rock varying from 4.93x10™ cm/sec to 7.75x10™ cm/sec indicated that
the rock permeability for rock in the cavity was higher than that for boreholes on either side of the
cavity. High seepage velocity ranging between 3m/day to 7.8 m/day has also been observed.
Borehole logging also revealed that the foundation rock below cavity (RL 544 — 539ft.) was prone to

the excessive seepage. So it was recommended that a suitable treatment should be done for the

foundation at cavities zone to reduce the seepage through them.

() Tracer Studies for Leakage in the Approach Tunnel of Underground Power House
at Ghatghar H.E.Project

Ghatghar Hydroelectrlc (HE) Project, near Chonde village, Thane, comprises of two
reservoirs; one at an elevation of 757.50 m MSL (Full Reservoir Level, FRL), formed due to an

upper dam at Ghatghar and the other at an elevation of 348 m MSL (FRL), formed due to a lower
dam at Chonde village (Fig.2.13).

| During 2005 monsoon, due to a heavy natural landslide, floodwater and debris entered the

underground powerhouse. All erected equipments were submerged in the powerhouse. During 2006

monsoon, when storage reached the FRL, heavy seepage was noticed at a location inside the

Approach Tunnel (AT), and profuse leakage at many places along the length of approach tunnel.

There was an app rehen51on that the leakage water could originate from the lower reservoir, which in

turn would lead to head loss for generation of electricity.

R
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Fig.2.13 Layout of Ghatghar Hydroelectric Project

|

Tracer studies were undertaken for establishing interconnection, if any, between (i) Tail Race

Tunnel (TRT) and seepage in AT, (ii) reservoir through fracture at 700 RD (Ch 1700 of TRT) and
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seepage in AT, (iii) reservoir at RD 300 (around Ch.300) and seepage in AT by injecting sodium
fluoroscein in TRT and reservoir, and monitoring its arrival at leakage points (CWPRS Technical
Report no. 4748).

Leakage was observed in the underground power house and suspected source of leakage, i.e.
reservoir was about 1 Km away from the leakage point. As such, for conducting the studies, the
approach was modified to suit the present case, and sodium fluoroscein dye was injected in the
surge well / shaft at a depth of 120 m from the top and round the clock sampling undertaken in the
approach tunnel at different locations such as Ch 1180, link tunnels, machine room and butterfly
valves at hourly intervals (Fig.2.14).

Tracer studies revealed that leakage emerging from Ch 1180 in the power house was from the
reservoir, and its path was through TRT. The interconnection between reservoir and seepage in the
approach tunnel could not be established. It was recommended to divert the flow at Ch. 1180 away

from the power house and carry out suitable repair work of TRT during lean period of power
generation.
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Fig. 2.14 A Typical Tracer Dilution Curve
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f) Assessment of Seepage losses from Indira Gandhi Main Canal, R

ajasthan, (IGMC
Indira Gandhj ( ‘

Nahar Pariyojana (IGNP) is the largest irrigation and drinking water project in

e districts of North-Western Rajasthan with a4 command area of 154 | kh
4 la

hectares. It comprises a main canal (195 km), nine branches, three

The main cana] that passes through the arid North Rajasthan regio

India to cater to fiv

lift irrigation and 21 distributaries.

i : N gets water from the R; .
in Punjab through a feeder canal which takes from Harike barra © River Sutlej

&€ constructed down
confluence of Rivers Beas and Sutlej. Indira Gandhi Main Can stream of the
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Water logging has been observed on both banks of IGMC between RD 0 and 100 covering a
length of about 30 km. In addition, seepage losses through the canal also add to the water logged
area. Tracer studies were therefore conducted to assess the seepage losses from the canal (CWPRS
Technical Report no. 3686). The location selected for estimation of seepage losses from canal and

for measurement of subsurface seepage at the water logged area are shown in Fig.2.15.
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Fig 2.15 Plan of Indira Gandhi Main Canal, Rajasthan, showing locations of
o boreholes for canal seepage studies. '

2.4 FOUNDATION PERMEABILITY

The permeability of dam foundation refers to the overall permeability characteristics of
foundation rock mass which is in true sense heterogeneous and anisotropic. Almost all rock
foundations are not watertight and some are highly pervious. The foundation rock mass with its
system of discontinuities in form of persistent joints, bedding planes, weak seam, shear zones, fault
planes etc. including stratification and weathering of rock strata, helps to aggravate seepage or
passage of water under hydraulic gradient through foundation. Measurement of permeability of
foundation rock mass helps to ascertain the nature of flow and quantum of seepage through the
foundation rock mass which further acts as guide to undertake various foundation improvement
measures for controlling secpage flow through foundation. Although permeability value for rock

specimens of different porosities can be determined in laboratory, permeability of rock mass is
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governed exclusively by the geological discontinuities Thus laboratory permeability value of rock
material do not reflect the overall value for rock mass after accounting for the losses into system of
discontinuities present in rock mass and accordingly, in-situ values are much higher than the

laboratory values.

2.4.1 Field Permeability Test

Water percolation tests or pumping in test was first introduced by French Engineer Maurice
Lugeon in 1933 using single borehole to determine groutability of rock. At present the test is
conducted using single or double packers in bedrock as per Indian Standard Code of Practice BIS:
5529- Part II (1973, 1985). The test is conducted either in a completed borehole or as the hole
advances during drilling and can be carried out by using either one or two packers. The test is a
constant head type test, which take place in an isolated uncased and ungrouted section of the bedrock
in bore hole separated by packer/packers. The length of the test section usually varies between 1.5m
to 3m. Water is pumped under constant pressure into the test section for determining the permeability
of bedrock. This test can be made both above and below the water table provided, the hole through
the rock formation standsA intact and in no case the applied pressure shall exceeq the overburden
pressure above the length of the test section. The test is conducted in five stages, with g particular
water pressure magnitude associated with each stage. During execution of test at each stage, both
water pressure and flow rate values are recorded for a particular time interval, The tests are a’ls ! f
significance in interpreting the drilling data and in supplementing the information o >

visual examination of the cores. The value of coefficient of permeability obtaineq . ned from
€d fro

. . . . . m
which is the overall value for rock mass including loss into cracks fissures, joint such test,
’ > S etc. |

. . . . . So
higher and is fairly acceptable to provide an approximate estimate for seepage | ften much
. . . . 0SS aft, .
impoundment. In certain formations, it may not be possible to use the packer or th €r reservoir
. . ere i
the packer being stuck in the hole. In such cases, a better method will be to or 1S a danger of
out the

extend the bore hole and carry out the test. The studies conducted by single or €arlier stage,
ou

ble p

are detailed below and layout of equipment for permeability test in 5 drill ho] acker method
€ usj

- ng sj
shown in Fig.2.16 whereas the arrangements of positioning packers in test hol € Single packer is
Ole

as double packers is shown vide Fig.2.17. USIng single 44 well

a. Single Packer Method
The method is best suited for tests during drilling,

essential when the rock mass is weak or intensely jointed and the hole is likely ¢
0 col]

uncased/ungrouted. In this test, the hole is first drilled to a particylar depth ang X apse if it is kept
alter

r
®Mova] of core
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barrel, the hole is thoroughly cleaned with fresh water until clear water returns. The packer is then
fixed at the desired level above the bottom of the hole and the test is performed.
After completion of test, the entire assembly is removed and the drilling operation is

proceeded till the next section has been drilled for performing the next test. In this manner, entire

depth of the borehole is tested side by side with the drilling.

b. Double Packer Method
In cases, where rocks are sound and the entire length of the hole can stand without

casing/grouting, double packer method is adopted. The specific advantage of double packer method
is that, critical rock zones can be tested by confining them alone with packers and the disadvantage is
that leakage through the lower packer can go unnoticed and lead to overestimation of water loss. In
double packer method, the hole is first drilled up to the final depth desired and is thoroughly cleaned
with fresh water until clear water returns. Two packers connected to the ends of a perforated drill rod
of a length equivalent to the test section is then fixed in the drill hole. The bottom of the perforated
o be plugged before the tests are proceeded with. The test may be conducted from bottom

rod needs t

upwards or from top downwards. However it is usually convenient to start the test from the bottom

" of the hole and then gradually working upwards. A typical field periheability test setup for double

packer test is shown in Fig.2.18.
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Water Pump

Fig.2.18 Typical Field Permeability Test Set
. up

2.4.2 Test Procedure
For single/double packer test in bore holes, it has to be ensured g,

has been drilled using diamond core rotary drilling and Properly capped | at th-e borehole under test
protect the same from entry of dirt, muck or other objecs. Before cop, mme.dlately after drilling t0
groundwater level (G.W.L.) in the borehole needs to be accuragely o, Mencing the packer test, the
determine the hydrostatic pressure in the test zone. Packer fests are asured since it is required t0
sections so that the entire length of the hole is covered depending ) eCOmmended to1l5mto3m
test length should not be less than 5 times the diameter of the bor h::lon local geological setup. The
assembly shall have a small uniform inside diameter to Minimize o €. The Water swivel in the test
is to be located between the swivel and the packer. Unnecessary bOf he?d and the pressure gauge
pump to the swivel needs to be avoided and all joints and Connecy; ends jp, the pipe line from the

Ons betWeen ¢

the packer should be watertight so th
p . g at no water losg occur between he he water meter an¢
section. Water is then pumped into the secti €r pressure deq b ter meter d the test
| W l.l d -11 on und and ¢ ater m and the
readings of water intake at that particular pressure for a fixed t; )
i

Presg i .
ure jg Maintained till the

. me inte
. . ry
constant. Applied pressure for a particular section depends maing al of 5 to 10 inutes remai®
. : Yo
for that section to prevent any uph e ,
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strata(Fig.2.19) and is termed as H(pressure) or Hp. Suggested pressures based on type of rock strata

as per IS:5529- Part 11 are shown vide Table-2.

Table-2 —
Rock Type Limit of test — || =
pressures in kg/cm?
per metre of rock Rock
load (P suggested) _
Unconsolidated or poorly 0.12 kg/cm” Al
olidated sedimentary formations i Ty Sl
con Test /L
Consolidated horizontally bedded 0.18 kg/cm® Section
sedimentary formations
Hard igneous and metamorphic rocks | 0.24 kg/cm”

Now, Applied pressure Hp = H X P suggested Fig.2.19 Estimation of
Applied pressure

Water column pressure due to gravjty H(gravity) or Hy is Qetermined separately for single as well as

double packer as
1) For test section below G.W.L., H; = Height of swivel from G.W.L and

2) For test section above G.W.L., Hg =Height of swivel from middle of test section
The value of H(gravity) or Hg to be taken for single and double packer test for different ground water
level condition is detailed in Fig.2.20(Lama R.D. and Vutukuri V.S., 1978). Maximum allowable
pressure is then computed as P = Hp + Hg. Mostly, cyclic tests are performed to evaluate the
permeability since these are useful in interpreting test results and computing lugeon values. Based on
the computed maximum allowable pressure P for a test section, actual pressures are applied in
sequence such as P/3 or (1% Stage, Low Pressure), 2P/3 (2™ Stage Medium Pressure),P(3" Stage,
Maximum Pressure),2P/3 (4™ Stage , Medium Pressure) and finally P/3 (5™ Stage, Low Pressure)
and each for time interval of 5 to10 minutes. Thus starting at the lowest pressure, the maximum
applicable pressure is built by increments and decreased in the same order till the original pressure is
reached and the amount of water intake is recorded. During the test, the packers should not be

leaking since, this may cause rise of water level in the borehole or even the water may start flowing

out from the nipple.
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Lugeon Unit: General geotechnical practice is to define Permeability a5 , type of velocity unit,
measuring the rate of flow of water under a standard Pressure and totq|

) S€epage is then calculated by
multiplying this by the cross sectional area. However thjg type of per

Meability unit is generally not

W
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Water taken in test( litre/meter/ minute )x 1.0 MPa Qx10
k = =
Test Pressure ( Mpa ) L xtxP

(lugeons )

where k = coefficient of permeability(lugeons),Q= water intake / discharge ( litre ),
L = length of test section ( metre ), t =time interval ( minutes )

P = Test pressure (kg/cmz) = Hp (Applied Pressure)+ Hg (Water Column Pressure)

Summary of interpretation of Lugeon values from field permeability test data depicting various flow

conditions is shown below.

TEST PRESSURES LUGEON PATTERN CHARACTERISTICS OF WHICH OF THE

LUGEON CALCULATED FOREACH ~ THEPATTERN&ITS  LUGEON VALUES
Relative Magnitudes 10 MINUTE RUN INTERPRETATION  IN THE PATTERN
Magnitudes shown in a SHOULD BE USED
generafised pattems; Actual Magnitude AS THE REPORTED

can vary widely PERMEABILITY

GROUPA  LAMINAR FLOW
ALL 5 LUGEONS ARE USE AVERAGE OF

T T ‘=-_-_-,:: ABOUT EQUALHENCE 5 LUGEON VALUES
20 LAMINAR FLOW NEAREST TO THE
» — WHOLE NUMBER
™ y222222] ) 3
™ 22 0
GROUPB  TURBULENT FLOW
IST  TEN MDWTE RUN — VALE  USETHE
» — OCCURING AT HIGHEST ~ VALUE m‘nﬁi .
» e - PRESSURE; HENCE HIGHEST
™ . TURBULENT RLOW . PRESSURE
™ I |
GROUPC  DILATION
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One more condition in addition to those listed above can be recognized where initiation of
flow occurs as peak pressure is approached but no flow and hence a zero lugeon value at low and
moderate pressures. This situation is termed as Hydrofracture and it requires halting the test to avoid
further damage once hydrofracture is recognized. A guideline describing condition of rock mass
discontinuities associated with different Lugeon values as well as the typical precision used to report

these values is shown vide Table-3(Camilo Quinones-Rozo, P.E (2010)).
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Table-3
Lugeon | Classification Hydraulic Condition of Rock Mass Reporting
Range Conductivity Discontinuities Precision
Range (cm/sec) (Lugeon)
<1 Very Low <1x107 Very tight <1
1-5 Low 1x10° - 6x107 Tight 0
5-15 Moderate 6x10°-2x10" Few partly open T
15-50 Medium 2x10"-6x10" Some open +5
50-100 High 6x10"-1x10° Many open 10
>100 Very High >1x 10~ Open closely spaced or voids W

2.4.3 Case Studies on Field Permeability Test

(@)  In-situ Permeability Studies For Hidkal Dam, Karnataka

Reservoir seepage in terms of water pool formation at downstream sjde of earth

en dyke 1 of
reservoir of Hidkal Dam in Belgaum, Karnataka has been reported 1 be persistent
e

_ . . ver since the
impoundment of reservoir. Hydrological studies conducted earljer by CWPRS de

. lineated the stretch
of the seepage zone based on which four NX size trial bore holeg of depth 15m each her sid
€ach on either side
of dykel between Ch. 4700 m to 5100 m have been prepared anqg geologiCally [SRUE ither

gged by the project
quantum of seepage for
357),

ous de

authority. CWPRS has carried out field permeability studies tq determine

designing effective treatment measures (CWPRS Technica] Report no, 4

. T .
type met with in the foundation has been Deccan Trap basa]t with vag; he principal rock
i

ranging from highly weathered to disintegrated variety including occas grees of weathering

ional pre

: _ S .
Basalt as outcrop at both upstream and downstream side of the deline enece of quartzites.

ated s .
has undergone spheroidal weathering (Fig.2.21) which continueq furt ®€page zone of the dyke

her y
has been confirmed from the drilling logs and as well as inspectiop P 10 substratym levels and

. of rock ¢
holes. Water has been found to be overflowing from almost all bore

res from the trial bore

Pta few (Fig 2.22).

holes exce

i. 5 )
CH.505

Fig. 2.21 Spheroidal weathering Fig.2.22 View S
boreholes of Basalt as outcrop
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In-situ permeability tests have been carried out in five bore holes at the downstream toe of
dykel.Due to weathered state of surface strata each borehole has been provided with a collar and
after thorough washing and cleaning, the boreholes have been capped. Before testing, the water level
in each borehole has been recorded. The tests have been conducted in each borehole starting from the
bottom most section and gradually shifting the packer to higher elevations till it reaches the section
just below the collar pipe. Double packer test assembly of 54mm diameter has been used with length
of test section as 1.5 m between packers and with a maximum pressure of 0.25 kg/cm* per meter of
rock cover above the centre of each stage. Heavy water losses even in low pressures have been
observed for most test sections and permeability values have been found to be greater than 5 lugeons
at those locations. Due to weathered and fractured nature of the rock, for some of the test sections
within top 10m from ground level, it has not been possible to isolate the test section properly from
the remaining part of the bore hole even after full tightening of the packer which in turn has resulted

in loosening of top strata (Fig.2.23 and Fig 2.24) and heavy leakages in certain cases have also been

observed after application of test pressure.

Fig.2.23 Losening of top weathered strata Fig.2.24 Water gushing out due to collapse
during test for borehole at of side wall boundary at depth for
Ch. 4820 m borehole at Ch. 5050 m

From average permeability values of each test section, it was observed that except a few
locations beyond 8 m depth of borehole at chainage 4700 m, almost every section for other
boreholes has shown very high permeability values mostly greater than 100 lugeons, suggesting the

need for curtain grouting at the upstream as a preventive measure for seepage.

(b) In-situ Permeability Studies For Maskinala Dam, Karnataka
23.74 m high Maskinala dam is an earthen dam with central concrete spillway with gross

storage of 0.5 TMC over river Maski Nala near Maraladinni village of Lingsugur Taluka of

Raichur.Karnataka. The 57m long Oge<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>