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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 ofseepage andfeasibility 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 providedfor 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 Rocffill

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 IV 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
fnethods including application ofgeosynthetics 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 he 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
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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
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 plannin and
design stage of project. Seepage losses are mainly due to unfavorable geological eonditbn! Ild
related to the permeability ofsurrounding rock. The control of seeDaaethrouoi,.. . . "
a. ■ • c r j • t sservoir is necessaryto dram seepage from foundation so that stability and functioning is not affected r
!•! x» j • . control measureslike foundation grouting, providing cutoff trenches and upstream imoervinnc ki i
jy , . , . ^ oiankets are adontedfor reducing / stopping seepage. luopiea

The development of seepage through body and subsoil of a dam provides b '
on the state of a hydraulic structure and on the possibilities of its safe operation '"^^""ation
through or under a hydraulic structure can be considered as one of th,. seepage

tne most imoorfanf u*structural safety. To arrive at an optimum solution, every problem, involving occu ^
or leakage, needs specific attention owing to its uniqueness. Very oftel"^ of seepage
addressing seepage problems are undertaken using conventional methol^^^^'^
mitigating the problem. Hence, it is imperative to study the complex proble^'^'^ deficient in
hydraulic structures, systematically. Estimation of seepage and evaluation of through
serve as inputs to repair or remedial measures applied for redimin ^ P^^'^meters will
structures.

re ucmg seepage through hydraulic

1.1 CAUSES OF SEEPAGE IN HYDRAULIC STRUCTURES

The main causes of seepage and leakage in different types of hydrauf
can be listed as follows: ^^'^ctures 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 stat^ cr.A j.
"'"iension<!

However, the causes in particular for different hydraulic structures are c

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 str t
(Rushton and Redshaw 1979). Even concrete lined canals also have seenaoi^ i- j

F gc II me lined areas consist
of cracks (Merkley 2007).

Seepage loss from unlined canals is governed by factors such aq anal geometry, hydraulic
conductivity of the sub-soils, hydraulic gradient between the canal th^ -r .
.  . ... ^ and initialboundary conditions. The two most effective solutions to combat canal seen
P.. , 1 • ♦u ui. • II include either liningof the canals or replacing them with pipes. However, targeted reduction f

.. . . «. . . canal seepage throughlining IS more cost-effective than piping an entire irrigation system to h &
seepage losses. evaporation and

1.1.5 Reservoirs

Seepage in reservoirs occurs due to unfavorable geologic conditions
open jointed bed rock, solution cavities, sinkholes in carbonate rocks ^ ̂ ""actures, faults,
permeable sedimentary rocks, lava tunnels etc. The magnitude of seepag
related to the permeability of the enclosing bed rocks. reservoirs is

Severe reservoir leakages have resulted in reservoir abandonment a d
several extreme cases. Filling of reservoirs is followed by water seen failure, in

3,"^ the "fo ri
around the flanks of dam. Water seepage from the reservoir through tv, j ^indation and"gn the dam foundat;« u
acceptable limits is a serious concern as it creates uplift pressures beneath the d beyond
water losses from reservoir causes swamping in the surrounding areas. The Filtration
gives rise to springs on the downstream slope of dam and within its surroundings seepage
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Few of the geologic conditions contributing to seepage are listed below:

Loose, saturated, non-plastic soil deposits liquefying under earthquake

Weak and sensitive clay

Dispersive, organic, expansive, collapsible soils or clay

Shales, limestone or calcareous deposits with solution channels

Clay seams and shear zones

Rock formations with low RQD (< 50%)

Certain evaporites like gypsum etc.

Buried palaeochannels

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, applications
of techniques such as Ground Penetrating Radar (GPR) and Seismic Refraction Method have
resulted in fast and accurate analysis of geological parameters. Refraction seismic method is utilized
to delineate weak zones in the bedrock and in the foundation of tti« .me dam which may be the
prospective zones for the seepage. In seismic refraction method, compression
generated using a near-surface impulsive energy which propagates thmnoV, tu wave)

X- j 1 X X- u- u j • TL • 1 . 8 he subsurface media andIS refracted along stratigraphic boundaries. The impulsive energy source is select d
length of the seismic line, the resolution desired and the environmental suitabT
source.

1.2.2 Tracer TechniquesJL A JL AU

Tracer techniques are widely used in different fields as advanced
kinds of problems. In the civil engineering field, tracer techniouf c o.. . differenn  are mainly used to i
related problems through hydraulic structures viz. dams, reservoirc o j seepagand canals. A tra
substance added to a material in a chemical, biological, or Dhvsirai c . ^ certaiF»«y5>icai system to mark th
study to observe its progress through the system, or to determine it«5 n^aterial fc"nal distribution.
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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 tum

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 as 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 a th
features of a good dam safety programme. Among other parameters, seeoaee or .u ^p gc or leakage through the
dam and foundation is one of the major parameters required to be measured in D
Monitoring (ICOLD, Bulletin 60, 1988). Seepage has both a physical and a chemical "
concrete and plays a noticeable role on the state of stresses and the stability of the da
and masonry gravity dams, seepage occurs at the dam-foundation interfao« . "luicriace as well as thro u
body of the dam because of differential pressure gradient from upstream to d "
water through the interface creates uplift pressure at the base of thf»"•c uam IS measured bv fn h •
piezometers installed at dam base. Further, depending on the composition and foundation
quality of construction dam body may contain voids, cracks and oo ^ concrete andauu cavities and the
through these will develop pore pressure in all directions resulting further " ^^ter seeping
path. The pressures developed inside dam body are measured bv seepage

' pure pressure cells emh hh
dam body during construction. Both uplift and pore pressures are destabT uucd in the
required to be measured and monitored. Continuous measurement of th ^ ̂o^ces and are

mese parameters
way, to assess health of the dam and any anomalous reading can be associated w'th 'u a

^uter 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. Bhcvfrnick, 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 soil generates electrical current
flow. This electro kinetic phenomenon is called streaming potential and gives rise to SP signals that
are of primary interest in dam seepage studies.

Resistivity Method

The resistivity method is used to measure the electrical resistivin f u
,  , 0' o the geological section inboth the lateral and vertical sense. In general, most soil and rock types a

resistive and the flow of current is influenced by moisture filled nnr r r- electricallyicvj pore (or ir3.ctiir#>\

subsurface. Zones of low resistivity values are predominantly cont 11 d vvithin the
permeability of the system, the degree of saturation of the subsurfac POfosity and
dissolved solids within the saturated subsurface. Both concentration of"uiii protihng" and "c,^ j-
techniques are applied. ounding" resistivity

Profiling provides a means of delineating lateral resistivity
electrical properties. Resistivity sounding yields character; within the subsurface

z&tion of vertirai
and provides an estimate of the "depth layering" within the <ti,K -c resistivity contrasts

^""Surface. The msurvey is to delineate zones of suspected increased permeability of the resistivity
potential sites for borehole drilling and subsequent monitoring well ' paths as
known seepage areas with resistivity anomalies is extrapolated ^he correlation of
increased subsurface flow. ° defining areas of suspected

Soundings provide a 1-dimensional (1-D) model of
beneath the center of the electrode array. In this method the . '"^^istivity and thickness

5  tic Centre n^*
remains fixed, but the spacing between the electrodes is increased to ' array
the deeper sections of the subsurface. ° """am more information about

In recent times, applications of techniques such nc r>M  as Ground Pen .
Seismic Refraction Method have resulted in fast and accurate analv • Radar (QPR) and

of geological^
parameters.

2.1.2 Ground-Penetrating Radar (GFR)

GPR, in principle, identify seepage either by detectin

seeping water as it erodes the material or by detecting anomalous ch by the
material due to saturation. Advantages include good spatial resolutior®' " P'°Perties of the

^od hioK
Acquisition speed-


