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Foreword
Karst is a landform that is formed primarily by dissolution on limestone, dolomite,
marble, gypsum, and salt. Features of karst landscapes include sinkholes, caves, sinking
streams, and large springs. This topography comprises more than 25% of the Earth’s
surface. Karst areas are extremely complex and produce a great variety of topographic
and geologic conditions. They have been the subject of much geologic and hydrologic
research. The karst areas are among the Earth’s most diverse, scenic, and resource rich.
Karst areas contain abundant resources of water, limestone, marble, minerals, oil, and
natural gas. Many problems have developed in karst areas, for example, groundwater
contamination, catastrophic collapse, and subsidence.
Petar Milanović points out in this book that special types of investigation are needed
to help hydrologists and engineers understand and construct large structures (dams,
reservoirs, and tunnels) in these areas. Many of the accidents and failures of large
structures have been due to a failure to understand the hydrology and geology
(inadequate knowledge of the structural character and permeability). Dr. Milanović also
states that a geological engineering approach is needed to prevent the failure of large
structures. Geological engineering incorporates lithology, structural geology,
hydrogeology, and engineering geology in different stages of investigation and
construction. He includes many case studies that describe these karst construction
problems and the need for data. The book brings together the information required for
understanding the design and behavior of structures in karst. It contains an extensive
engineering review of karst phenomena critical for the design and construction of dams.
Dr. Philip LaMoreaux, PELA
Tuscaloosa, Alabama
Dr. John E.Moore, USGS (retired)
Denver, Colorado

About the Author

Anyone working in the area of karst water resources recognizes the name of Dr. Petar
Milanović. His book Karst Hydrogeology was first published in 1979 in Yugoslavia and
translated into English and published in the United States in 1981. Of the several major
karst compendiums that are available, however, his is the only one to concentrate on the
practical aspects of karst hydrogeology.
Dr. Milanović was educated in the Faculty of Mining and Geology at the University of
Belgrade, Yugoslavia, and he has also studied at Colorado State University and the
EROS Data Center in the United States. Most of his career has been spent at the Karst
Institute of the Multipurpose Hydrosystem Trebišnjica, which operates 7 power plants, 7
dams, 67km of canals, 5 reservoirs, and 6 tunnels of 55km total length for power
generation, water supply, and irrigation—seemingly a Yugoslavian version of the
Tennessee Valley Authority in karst. He was also Professor of Hydrogeology in the Civil
Engineering Department of Mostar University and has served as a U.N. expert on
hydrogeology. He has lectured internationally.
He has consulted extensively on dam and reservoir projects in Algeria, Greece, and
Iran as well as on the water leakage protection of coal mines. Among his areas of
specialization he lists “the geotechnical improvement of karstified rock masses at dam
sites, around tunnels, and along reservoir banks.”

Introduction
The term karst, in addition to its geological meaning, is usually used as a synonym for
barren rocky terranes. While nonkarst geological terranes have been utilized successfully
in the construction of large hydro projects including dams and reservoirs and water
supply and irrigation projects, karst regions have been considered unsuitable for the
development of similar projects. This is due to the complex geological features and
unique hydrological characteristics of karst rock formations, consisting mainly of
limestone, dolomite, gypsum, and halite. Solubility of these rocks plays a major role in
forming the karst terranes with complex geological and hydrogeological characteristics.
However, an increased demand for drinking water, land reclamation, and energy has
gradually changed the engineer’s attitude toward the use of karst regions. In the past few
decades, many water resource projects have been successfully developed in countries
with large karst regions, such as Bosnia and Herzegovina, China, Croatia, France,
Greece, Iran, Italy, Russia, Slovenia, Spain, Turkey, the United States, and Yugoslavia.
Nevertheless, the road to those successes was often paved with failures. For example,
many man-made reservoirs in karst regions could not retain water in the quantities
necessary to produce expected yields. Other main problems that engineers had to deal
with were ground subsidence and water breaching into excavations during construction.
As much as those efforts turned out to be troublesome, they provided invaluable
experience in meeting the challenges presented by construction activities in karst
terranes.
These troublesome experiences have also helped in advancing the development of
investigation methods that had already been proven in other geological environments.
Some of these proven methods could not be applied in karst regions and had to be
improved, which in many cases led to the development of a completely new investigative
method.
Applying the investigation methods and preventive measures developed in other
disciplines such as geology, hydrogeology, hydrology, geophysics, and geotechnics was
of prime importance in seeking an optimal solution to the problems encountered in the
development of successful projects in karst terranes.
Development of man-made reservoirs, for example, offered broad insight and
understanding of design and construction phenomena specific only to karst regions
around the world.
This book attempts to bring together and to present formation of karst terranes with
the pertinent characteristics required for understanding the design and behavior of
structures in karst. It is expected that the material treated in this book, especially a
number of examples outlined in Chapters 3, 5, 6, 7, and 8 as well as specific investigation
techniques presented in Chapters 10 and 11, will be of substantial benefit to all
geologists, civil engineers, and other professionals involved in dam construction,
tunneling, water tapping, and management of water resources in karstified rocks.

General observations of the nature of karst, and in particular its hydrogeological
characteristics, are not covered in detail here. That was extensively done in my book
Karst Hydrogeology, published by Water Resources Publications, Colorado, 1980. In the
past century, many monographs that deal with the theoretical aspects of karst and its key
defining hydrogeological, hydrological, and geomorphological parameters were
published by various authors (Bonnaci, Cvijić, Dreybrodt, Ford and Williams, Gams,
Grung, Gvozdecki, Herak and Stringfield, Jennings, Katzer, Lu, Mijatović, Sokolov,
Sweeting, White, and Yuan, among others).
Foundation problems associated with karst sites, where cavities are present, are not
treated as a special topic in this book. However, an extensive engineering review of the
karst phenomena critical for design and construction of dam foundations, tunnels, and
grouting operations is presented. A number of techniques and methods are available to
determine practical design solutions and to address construction concerns on these
projects. These techniques and methods are also suitable for addressing design and
construction problems associated with the most complex foundation problems in karst
regions.
The book has benefited greatly from the suggestions and criticism of Prof. V.
Yevjevich and A.Božović, to whom I am particularly grateful. Thanks are due to Profs.
M.Marković and B.Mijatović for their careful review of the manuscript. Thanks go to
D.Arandjelović, geophysical engineer, for the review of the chapter on geophysics.
I wish to express my deep appreciation to my colleague Dr. John Moore, former
president of the International Association of Hydrogeologists, for his support and the
inspiration to publish this book in the United States.
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General Introduction to Karst
Thus over a few decades around the turn of this century,
Cvijić laid the theoretical foundation of many current
ideas. Without doubt he must be regarded as the father of
modern karstic research.
—D.Ford and P.Williams

Popovo Polje, Herzegovina
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1.1 ORIGIN AND MEANING OF THE TERM KARST
The term karst represents terranes with complex geological features and specific
hydrogeological characteristics. The karst terranes are composed of soluble rocks,
including limestone, dolomite, gypsum, halite, and conglomerates. As a result of rock
solubility and various geological processes operating during geological time, a number of
phenomena and landscapes were formed that gave the unique, specific characteristics to
the terrain defined by this term. Karst is frequently characterized by karrens, dolines
(sinkholes), shafts, poljes, caves, ponors (swallowholes), caverns, estavelles, intermittent
springs, submarine springs, lost rivers, dry river valleys, intermittently inundated poljes,
underground river systems, denuded rocky hills, karst plains, and collapses.
It is difficult to give a very concise definition of the word karst because it is the result
of numerous processes that occur in various soluble rocks and under diverse geological
and climatic conditions.
The term karst originates from the geographical name of the northwestern region of
Slovenia near the Italian border, which extends from Istria to Ljubljana. More than 700
years ago, people in this region used the Slavic word kras and the Italian word carso [1].
Both expressions are of Indo-European origin, coming from the word kar, meaning rock.
The word kras originates from the word kar. With the Germanization of these words, the
term karst was formed. The unusual natural features of the Kras (or Karst) region become
known as “karst phenomena” and so too, by extension, did similar features found
elsewhere in the world [2].
The term karst is accepted as the international term. The concept of karstification
denotes the multitude of geological processes that destroy soluble rocks, thus forming
unique morphological features and specific types of porosity, or a specific
hydrogeological environment. The first monograph on the subject, Karstphanomen, was
written by Cvijić [3].
Usage of the term karst to describe development of voids in loess, clay, lava deposits,
and effusive rocks is improper and unacceptable because the formation of these voids has
no genetic connection with karstification. The voids in these deposits are formed by the
erosive action of water instead of solution processes. This appears to be the most
common misunderstanding among engineers. According to Jennings [4], these features in
nonkarst rocks should be designated as pseudo karst.
As part of a 1972 UNESCO contribution (Paris), the Glossary and Multilingual
Equivalents of Karst Terms has been prepared to assist and facilitate the study of the
carbonate rocks of the Mediterranean Basin and elsewhere. The glossary defines 227
terms in nine languages (English, French, German, Greek, Italian, Spanish, Turkish,
Russian, and Yugoslavian).
The most recent glossary is A Lexicon of Cave and Karst Terminology with Special
Reference to Environmental Karst Hydrogeology [4a].
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1.2 TYPES OF KARST
It is appropriate in karst regions with complex geological environments to identify karst
features that subdivide the regional karst settings into the types and subtypes of karst with
common characteristics. There are a number of parameters that can be used to make this
division feasible. Various authors have classified karst according to its morphological
features, structural factors, geographical position, and depositional environment of
carbonate rocks, followed by a number of other factors. Since none of these
classifications are based on numerical values or on parameters that can be quantified or
expressed by exact laws, any one of these karst classifications can be judged as
acceptable or unacceptable, depending upon individual preferences or the aspects stressed
by each individual’s classification system.
In 1926, Cvijić [5] provided one of the first classifications of karst. Using the
morphological features as the base, he divided karst into three types: holokarst,
merokarst, and transitional type.
Holokarst (complete karst) develops in areas comprised entirely of soluble carbonate
rocks. It is characterized by the existence of surface and underground karst phenomena,
making feasible further development and the creation of new karst phenomena. The vast,
bare, and rocky land, without arable land and with or without the presence of vegetation,
gives very specific appearances to holokarst regions. The Dinaric karst and karst of
Taurus Mountain are typical examples of holokarst.
Merokarst (incomplete karst) has many properties of nonkarst regions. Carbonate
rocks (bituminous, marleous, dolomitized) were far less subjected to the process of
karstification. Therefore, the karst phenomena are infrequent and the depth of
karstification is limited. Carbonate sediments are covered with arable soil and with
vegetation. Bare, rocky land surfaces with karrens are practically absent. Dry and blind
dolines with chains of sinkholes are uncommon and karst poljes are absent. This type of
karst is frequently called covered karst. The karst terranes in Belgium, northern France,
and Norway belong to merokarst.
The transitional type of karst has a degree of karstification as to fall between holokarst
and merokarst. It is mainly found in limestones that are isolated by impermeable, less
soluble sediments. Underground karst forms are well developed but karst poljes are
absent. Typical regions of this type of karst are the Jura Mountains and the central region
of the Balkan Peninsula. It is largely present in northern Africa, Australia, southern
China, France, Tasmania, the Ural Mountains, the U.S., and many other locations.
The classification of karst is very important from the hydrogeological standpoint. It is
based upon differences in essential geological characteristics and above all, upon
lithological and structural characteristics. According to this classification, there are two
clearly different types of karst: platform karst and geosyncline karst.
Platform karst is characterized by horizontal or gently sloping strata and by platform
relief. Carbonate rocks usually contain a higher percentage of marly material; therefore,
their karstification is hindered. These sediments are often found tightly imbedded
between impermeable rocks or lying over impermeable rocks. Because of the absence of
differential tectonic movement, regions of platform karst tend to be devoid of ruptured

Water resources engineering in Karst

4

elements that provide the main lines or directions for karstification processes. This type
of karst has developed in France, in Russia (Russian platform), the U.S. (Indiana,
Kentucky, Missouri, Tennessee), in the Mediterranean region of Africa, and other
regions.
Geosyncline karst develops in distinctly folded and ruptured or faulted carbonate
rocks. With favorable climatic conditions, the synclinal fold regions are excellent
environments for the maximal development of karstification processes. The classic area
of geosyncline karst is the region of Dinarides.
The main difference between the platform and geosyncline types of karst is that
hydrogeological relations in the geosyncline type of karst are far more complicated and
complex, and the karst processes are more active than they are in platform karst.
Komatina [6] stated that geosynclinal karst regions can be clearly distinguished from
platform karst regions by the quantity of dissolved materials water carries from the karst
medium. The solution activity of the carbonate rocks in geosynclinal karst far exceeds the
solution activity of karst platforms.
Herak [7] proposed a tecto-genetic approach to classification of karst terranes,
distinguished by the morphological and hydrogeological differences. According to Herak,
it is possible to identify two main tecto-genetic types of karst: epiorogenic karst and
orogenic karst.
Epiorogenic karst develops within the carbonate or other soluble rocks deposited in an
epi-continental sea or under freshwater conditions. This type of sediment and karst
develops in horizontal or sub-horizontal layers. Folds are regular and faults often have a
regional extension.
Orogenic karst develops in carbonate and other soluble rocks that were subjected to
strong tectonic (orogenic) movements, very often with overthrusts as extreme structural
forms. The thickness of rocks and their position in a geosynclinal sequence determines
the variety of types.
According to the period of formation, two types of karst can be separated: paleokarst
(fossil karst) and recent karst. In the Dinaric region, paleokarst has the same
morphological forms that characterize recent karst, and those forms are best preserved in
the lower zone of bauxite deposits. Some paleokarstic forms were penetrated by drill
holes at a depth of 2000m below the Adriatic Sea level [8].
In practice, karsts are frequently classified according to their littoral and continental
position (littoral and continental karst). This classification is determined by their
geological position and on the basis of their hydrogeological characteristics. The
difference between these two types depends upon their manner of formation, the
hydrochemical characteristics of their aquifers in the water circulation regime, and other
specific hydrogeological phenomena.
Jennings [4], like Cvijić [5], classifies karst as bare (dammed-in) and covered. Quinlan
[9] separates karst into four types:
1. Subsoil karst: Covered with residual soil (Mammoth Cave area)
2. Mantled karst: Covered with a thin layer of postkarst sediments that characterize the
landscape
3. Buried karst: Covered by a relatively thick layer of postkarst sediments (also known as
paleokarst)
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4. Interstratal karst: Covered by prekarst rocks or sediment, which may not be part of the
contemporary landscape

1.3 THE KARSTIFICATION PROCESS
The term karst is directly associated with the carbonate rocks, more specifically the
limestones and dolomites, though karstification occurs within the formations of gypsum
and salt. Nevertheless, karst became a synonym for carbonate rocks (lime-stone and
dolomite) including all their varieties and conglomerates with carbonate matrix. Although
the limestone is the most important rock in which karstification takes place, the
dolomites’ susceptibility to karstification depends upon thickness and position within the
geological structure.
Limestones are most representative of all the carbonate rocks. They are largely
composed of the mineral calcite (CaCO3, calcium carbonate). Very rarely are lime-stones
composed only of pure calcite. Most often they contain certain percentages of clay,
bituminous matter, magnesium, silica, sands, and other minor components. Depending on
the quantity of these inclusions, limestones may be classified as shaley, bituminous,
dolomitic, siliceous, sandy, etc. The solubility of limestones in karstification increases
with their purity.
Dolomites are carbonate rocks composed of the mineral dolomite. The mineral
dolomite is a dual carbonate salt of calcium and magnesium. Its chemical composition
can be expressed as CaMg(CO3)2 and is composed of 30% CaO, 22% MgO, and 48%
CO2. There is no evidence of recent dolomite sedimentation in present-day seawater.
Evaporite rocks (gypsum and salt) are the most soluble of the common rocks. Salt
(halite) solubility in water is 35% by weight at 25°C and increases at higher temperatures.
The karstification process is identical to those found in carbonate rocks and forms the
same types of karst features that typically are found in limestones and dolomites.
The formation of caverns and channels are the direct result of chemical dissolution,
which at a certain stage of the process could be supported by an erosive action of water.
As turbulence in the water is increased, the quantity of solute is also increased. According
to the experimental work of White [10], the following has been concluded: If the
Reynolds number increases from 250 to 25,000, the rate of solution increases by
approximately a factor of three. Fully developed turbulence on the face of a spinning disk
appears at a Reynolds number of about 50,000. However, there is no evidence that a
dramatic increase of the rate of solution occurs at the onset of turbulence. Although the
increase in flow velocity and turbulence increase the dissolution process, it seems that a
change from laminar to turbulent flow represents the initial factor in cavern growth.
Temperature is also an important factor controlling the dissolution process of
limestone. Castany [11] established that 1 liter of water at 0°C can dissolve four to five
times more limestone than at 30°C and six times more than water at 40°C. Corbel [12]
also provided the same conclusions. After detailed investigations he concluded that
karstification is more rapid in cold climates with higher snow precipitation than in the
regions with hot weather. According to Corbel, the rate of erosion, including both
mechanical and chemical, in low mountains with 1000 to 1600mm of precipitation and a
cold climate is 160mm per 1000 years. During the same period in a hot climate, the
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erosion is 10 times lower (only 16mm). In plains regions with 300 to 500mm of
precipitation with a cold climate, the rate of erosion is 40mm per 1000 years, compared
to only 4mm in a hot climatic regime.
1.4 ROLE OF TECTONICS IN THE PROCESS OF
KARSTIFICATION
Karstification is a result of water penetrating into permeable and soluble rock masses.
Solubility and permeability are equally important factors. The basic factor of
permeability in the carbonate rock mass is jointing.
Limestone and dolomite rocks are very brittle, especially if they are thick layered,
benched, and massive. Intensive tectonic processes will produce extensive joint systems
that provide access to water that can migrate into deeper sections of the thick rock mass.
Fragmentation of masses, resulting from tectonic processes, represents the most
important factor in karstification, which operates both horizontally and vertically.
The most important joint systems are those that have been formed by tensile stresses
usually resulting in block separation. These joint systems are always formed in anticlines
and in the deeper parts of synclinal folds. During the process of fold formation, under the
influence of strong shear stresses, consolidated bedding planes could not provide
sufficient shearing resistance to the applied deforming forces. As a result, bedding plane
joints are formed that play an important role in karstification. These joints are usually
part of a joint system that cut through rock layers and jointly form a continuous and welldefined network of secondary openings. Although secondary by origin, this porosity
represents the controlling force in the karstification process. The most influential joints
within this secondary porosity network are those that have the greatest separation (crosssectional area) and depth, that is, the ones that provide easier access for gravitational
water.
Stress release, which produces relaxation joints, also plays an important role in
karstification. Relaxation joints are formed in planes perpendicular to the axis of the
maximum compressive stress after its action has been terminated. Following the release
of stress, a rock mass will attempt to assume the same state that existed prior to the
application of stress. As a result, stress-release joints are formed. They are concentrated
within or near the surface zones, specifically in areas where erosion processes were the
most extensive. These areas of extensive erosion are usually within deep river valleys,
along canyons, around dolines and deep sinkholes, etc. Their sides increase the formation
of stress-release joints. It is not easy to determine the depths to which these joints are
developed. Some authors report depths of 100 or more meters.
Surface cracks that are the result of exogenic processes also play a key role in
karstification. These cracks, together with stress-release joints, comprise an extensive
network of openings that intercept surface water and convey it into and through the lower
(tensile and stress-release) joint systems down to the deeper portions of the carbonate
rock mass. By comparison, the joints that only extend through single rock layers have
very limited effects. Thin-layered, bedded, and laminated limestones are less brittle than
benched and more massive limestones. In addition, they are usually shaley or contain
shale interbeds, and therefore the jointing is less obvious.
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Water movement within all these joints is caused by gravity. The velocity and quantity
of the flowing water depend upon the size of the channels and fractures and their degree
of interconnection. Scientists disagree about the minimal opening width required before
free movement of water by gravity occurs through these joints.
In the opinion of Lehmann [13], water cannot circulate through openings that are less
than 1 to 2mm wide. Sokolov [14] stated that experiments proved that openings with a
width of only 0.5 to 2.0µm contain free gravitational water.
Zones where two or more faults come together or intersect (e.g., along shear zones)
are the most susceptible to karstification. Sinkholes, together with a chain of smaller
ponds, are commonly formed at the land surface above and along these zones. In deeper
portions of the carbonate rock mass, caverns prevail. The distribution of vugs, caverns,
and smaller solution channels follow the direction of tectonic or litho-graphic
discontinuities. This is particularly true for the case of interbedded channels.
Surface depressions substantially increase karstification. Parizek [15, 16] analyzed the
effects of tectonic fragmentation on the underground flow of soil water and groundwater
within karst regions. He outlined a variety of ways in which permeability and porosity
development is enhanced for carbonate rocks located in valley bottom settings when
compared with the same rock located beneath adjacent topo-graphically high regions.
Well-yield data obtained from wells completed in valley bottom settings nearly
universally show a statistically significant increase in yield when compared to yields of
wells located in adjacent uplands no matter what the rock type. However, the most
spectacular increases in yield were noted for carbonate rocks located in valley settings
where karstification tends to be more intense.
Once surface depressions and tributary drainages are initiated above joints, bedding
plane openings, faults, and fracture zones, pounding of surface water, or surface runoff is
concentrated. This promotes increased infiltration and solution attack of the underlying
bedrock along the same secondary tectonically induced openings that localized these
surface depressions to start with. Some karst valleys were shown to be predisposed (80 to
90%) by tectonic features. As the erosion process progresses, valleys are formed that may
eventually intersect bedrock exposing clay-filled joints, solution zones, or open channel
ways. Concentrated infiltration and recharge within swallowholes (ponors), and through
CO2-enriched residual soils and alluvial sediments, are further increased as their
watersheds increase in area. Rocks beneath valleys and surface depressions consequently
have a high initial fracture permeability, which naturally leads to acceleration in
karstification processes. Groundwater flow lines converge within rocks near groundwater
discharge areas, thus increasing the volume of groundwater available for karstification. In
time, vast volumes of surface runoff may enter ponors developed along the valley floor as
the water table drops below the valley floor sediments and the valley becomes
underdrained. Practically all sinkholes, karst valleys, and karst poljes represent zones of
concentrated dissolution.
1.5 DEPTH OF KARSTIFICATION
Karstification depth, that is, the depth to which the soluble rocks were exposed to the
karstification process, may vary widely. Existence of the karstified rocks has
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FIGURE 1.1 Schematic diagram
showing the degree to which the water
circulation and rock solution occur at
various depths below the land surface.
(From LeGrand, H.E. and LaMoreaux,
P., Hydrogeology and hydrology of
karst, Hydrogeology of Karst Terrains,
published by Inter-national
Association of Hydrogeologists with
the assistance of UNESCO, Paris,
1975.)
been established in the Dinaric region by drilling to a depth of 2236m, i.e., 1600m below
the mean sea level.
There is no distinct underground surface for the depth of the karstification process.
The transition zone represents the surface below which there is no karstification. This is
called the base of karstification. For the Dinaric region, the average depth of the base of
karstification is not deeper than 250m. This is in contrast to 50 to 100m for eastern karst
valleys of the central Appalachian Mountain region of the U.S. and 75 to 200m for
western karst valleys of the central Appalachians reported by Parizek (personal
communication). Depths of karstification in his study region vary with rock type,
topographic setting in the valleys, structure, and related factors. They have been defined
through drilling of water wells and development of metal mines, rock quarries, and
limestone mines.
By investigating the formation and distribution of karst porosity associated with karst
springs, LeGrand and LaMoreaux [17] concluded that karstification decreases with depth
and that “progressive concentration of water in the upper part of the zone of saturation
produces master conduits there, but causes no appreciable increase in flow and solution at
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greater depths” (Figure 1.1). The solid line in the figure represents a common condition,
whereas the dashed and dotted lines represent less common but not unusual conditions.
Observations of the variation of karstification and permeability development versus
depth have been made for a large region of Dinaric karst. The results of permeability
investigations from 146 deep boreholes drilled in regions with elevations of 200 to
1000m above mean sea level have been utilized in this analysis and

FIGURE 1.2 Generalized relationship
between the karstification and the
depth (Equation 1.2) based on
permeability tests in 146 boreholes in
the Dinaric karst of eastern
Herzegovina.
presented in Figure 1.2 [18]. It is evident from the figure that, generally speaking,
karstification decreases with depth. The zone of greatest karstification, and at the same
time the highest porosity, is at the depth ranging from surface to 10 to 20m (epikarst
zone). Karstification of this zone is not adequately shown on the graph because far more
than 60% of boreholes within this zone were not tested for permeability.
If we assume that karstification decreases with depth according to an exponential law,
then
ε=a×e−bH
(1.1)

Water resources engineering in Karst

10

where ε is the index of karstification; H is the depth in meters; e is the natural logarithm;
a and b are coefficients.
For the graph shown in Figure 1.2, the variation of karstification with depth can be
expressed by
ε=23.9697 e−0.012H
(1.2)
It is evident from the same graph that karstification in the surface zone of 0 to 10m is
about 30 times greater than at a depth of 300m. For depths greater than

FIGURE 1.3 Schematic representation
of the depth of karstification: (1)
Relationship between karstification
and depth; (2) zone of base flow; (3)
zone of water table fluctuation; (4)
curve of vertical distribution of active
karst porosity; (5) base of
karstification; (6) curve of electrical
sounding; (7) nonkarstified limestone;
(8) level of water table.
300m, the index of karstification approaches its minimum value, somewhat greater than
zero. The karsts of Dinarides, Helenides, and Taurides are well known for very deep
karstification. The zones where the karstification extends to depths of 300 to 500m, and
locally even deeper, are not very large and do not involve a considerable rock volume.
This karstification is associated with tectonic zones and has been expressed in two
dimensions.
The highest intensity of karstification is in the aquifer section with the largest storage
capacity in the zone of water table fluctuations (Figure 1.3). According to the graph, the
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zone with the most storage is the section of water table fluctuation. Karstification
decreases below the lowest groundwater levels. The base of karstification and the
minimum water table level coincide. Generally, the slope of the base of karstification
leads to the zone of aquifer discharge. The most active karst channels are directly above
the base level. The existence of karst drains below this level is not excluded, but they are
rare and of limited transport capacities.
Vlahović [19] analyzed many exploratory borings from Nikšićko Polje, Yugoslavia.
He was able to prove that in the zone above the lowest levels of the water table there are
3.3 times more karst channels and caverns than in the zone below these levels.
1.6 KARST POROSITY
Karst porosity consists of interconnected systems of joints, karst channels, and caverns of
various shapes, sizes, and fillings. According to its origin, karst porosity can be either
primary or secondary.
Primary porosity is of singenetic origin, that is, it is formed at the same time as the
deposition of sediments. This type of karst porosity is not very common. It occurs in
greater quantity in karst aquifers in Florida (Biscayne aquifer). In the Miami region of
Florida, its depth reaches approximately 33m [20]. This type also occurs on the Yucatan
Peninsula in Mexico. Karst springs are formed there in 40-m-thick Tertiary limestone.
Vuggy porosity represents a specific type of karst porosity, lenticular or rounded
shape, ranging from intercrystalline form to decimeter-size cavities. The most common
size ranges between a few millimeters and two cm. The vuggy porosity of Asmari
limestone (Zagros Mountains in Iran) measured in core samples ranges between 10 to 15
and 25%. The vugs are partly connected, partly isolated, or disconnected. Larger vugs are
often filled with clayey cave deposits. Sometimes they are completely plugged with
calcite. This type of karstification often develops in single thick-bedded sequences. The
vuggy porosity of marly limestone is very low, and is classified in four types:
1. Occasional vugs: Less than 2% of rock volume
2. Scattered vugs: 2 to 5% of rock volume
3. Vuggy: 5 to 10% of rock volume
4. Very vuggy: Greater than 10% of rock volume
Karst aquifers with significant primary porosity are associated with travertine masses
(Antalia, Turkey, huge travertine plateau) and with recent reef limestone.
Secondary porosity consists of joints, caverns, karst channels, and cave sediments
(clay, sand, gravel, and terra-rosa). This type of porosity is much more representative of
karst terranes than primary porosity. Lithogenetic joints are the rarest of all types of
secondary openings. However, where found, they are usually filled with sediment or are
so small that they cannot be considered important water collecting and transporting
media.
Vlahović [21] computed porosity using the water level fluctuations in 76 bore-holes in
the upper tributary area of the Zeta River in Yugoslavia. He obtained a value of 0.79%.
This value represents the average porosity of a large region. Within the same region,
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zones with much greater porosity were detected. For example, the porosity of the
tectonically disintegrated limestone ridge Budoš-Kunak was found to amount to 6.07%.
Torbarov [22] analyzed the effective porosity of the karst aquifer that discharges water
through the Trebišnjica Springs. By using spring recession curves, the author obtained the
average values of effective porosity. His calculations found the porosity of the karst
water-collecting network in the karst aquifer of the springs to range between 1.2 and
1.5%.
The effective porosity of the large groundwater basin of the Ombla Spring, Croatia
also was evaluated by analyzing spring recession curves and water level fluctuations.
This porosity varied from 1.4 to 3.5% [18].
Moore and coworkers [23] analyzed the karst region of central Tennessee. They found
an average total porosity of 1.0%, which varied between 0.4 and 3.4%. The contribution
of primary porosity to the total was established to be 0.6%, varying from 0.2 to 1.6%.
Effective porosity values obtained on cores taken from selected dolomites gave values
of less than 1 to 2% and from 1 to 20% for sandy dolomite and dolomitic sandstone beds
of the Cambrian Nittany Valley of central Pennsylvania [15]. The average effective
porosity of this sandy dolomite aquifer was estimated to range from 3 to 5%.
1.7 BASIC GEOMORPHOLOGICAL FEATURES
The direct and most noticeable result of karstification is a specific morphology that
makes karst regions quite different from any nonkarst region. Since these karst forms and
their evolution are an immediate consequence of the water solution work on soluble
carbonate media, the full understanding of their morphology is a prerequisite in solving a
series of hydrogeological and geotechnical problems.
The most representative morphological forms associated specifically with karst
regions are karrens, dolines (sinkholes), dry valleys, shafts (potholes), caves, poljes, and
karst plains.
Karrens in limestone can reach 2 to 4m in depth and 0.1 to 1.0m in width. In some
cases, their depth will exceed 5 meters. When formed along cracks, they are called
cracked karrens. More often they occur in a crisscross pattern forming a network of netlike karrens. They are rare in dolomite rocks and are quite small.
Kamenicas are a special group of karrens. They are small morphological forms,
shallow in depth, formed on horizontal or nearly horizontal limestone surfaces. They are
round or elliptical. Rarely are they deeper than 30cm.
Dolines (sinkholes), aside from karrens, are the most represented morphological forms
in karst. In most cases, they are the result of chemical action of water on soluble rock.
This is the most important but not the only factor that influences the formation of
sinkholes. The locations where two or more faults cross each other represent the most
suitable starting point for karstification. Another way that sink-holes are formed is by
cave-in of the roofs of caverns and karst channels located at shallow depths below the
surface.
The longer axis of sinkholes is frequently oriented in the direction of the longest fault,
and a series of sinkholes depict the direction of the fault or fault zone. Their depths can
vary from several meters to several hundred meters. The bottoms of sinkholes are usually
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covered with a thick layer of terra-rosa, but, although rarely, they can be without any soil
cover. Under certain conditions, deep sinkholes can be filled with thick clayey sediments.
The sinkhole Norin, near Nikšićko Polje (Yugoslavia) has been filled with broken rock,
gravel, sand, and clay. The thickness of these sediments is about 150 meters, as shown in
Figure 1.4.
Cvijić [3] describes sinkholes that have been covered with white loam (Moravia),
porcelain earth (the Jura region), morene materials (Dachstein), and loam with coal
(lowa).
In low-relief karst, the bottom of deep sinkholes is usually located below water the
table. This situation was found in many sinkholes in Florida, Texas, and Alabama. In
New Mexico, submerged sinkholes are located in gypsum karst. Their depths vary from
30 to 70m. They were formed by action of artesian water (according to Quinlan [24]).
A number of sinkholes called obruks are concentrated in the Konya region (Turkey),
at an elevation of about 1000m. Some of them formed very recently,

FIGURE 1.4 Norin sinkhole: (1) Dam;
(2) stream; (3) borehole; (4) fault; (5)
cave; (6) sandy-clay cover; (7) broken
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limestone rock with sand and clay; (8)
layered limestone of upper Cretaceous;
(9) massive limestone of upper
Cretaceous. (From Vlahović, V., Karst
Nikšićkog Polja i njegova
Hidrogeologija, Društvo za nauku i
umjetnost Crne Gore, Podgorica,
Yugoslavia, 1975.)
after 1970. Many sinkholes are formed in gypsum and salt domes in the southern part of
Iran.
Dry valleys do not have permanent or temporary streams or rivers. Their origin is
directly associated with the evolution of karstification processes that proceed at a faster
rate than fluvial erosion, which is forming the valley.
Lithological composition and tectonic activity have a considerable role in the
formation of dry valleys. Active valleys can be changed to dry valleys where carbonate
rocks are subject to tectonic uplift. Underground channels may extend to the erosion base
in the upper reaches of these modified valleys beyond natural dams.
Cvijić [25] analyzed the formation of dry valleys as a consequence of the development
and shifting of hydrographic zones. “Karstification of limestone terrane preceded the
formation of normal valleys. The critical moment in development of limestone terranes is
considered to be the one when the karst erosion substitutes the normal surface erosion.”
Surface water slowly sinks into joints and enlarges them at lower levels. This shifts the
aquifer to deeper zones. The cracks and caves located at more shallow levels remain
almost dry. Dry valleys remain on the surface. This shifting of the hydrographic process
manifests itself through the superposition of more underground channel systems within
the region. Downstream shifting of karst springs is also a consequence of this process. It
is possible to observe a dry or occasionally active cavern above almost every karst spring.
These caverns indicate an earlier evolution phase in the karst aquifer system.
The formation of dry valleys in the region of a zone of concentrated solution
weathering has been analyzed by Parizek [14]. His model is shown in Figure 1.5. In
Figure 1.5(a), the valley has been eroded to the water table level, and a continuous supply
of groundwater is established. Groundwater converges toward the valley, dissolving the
underlying mass at a faster rate than for the rock located beneath the surrounding
plateaus. Less permeable residual soil and transported sediments of the submerged poljes
(or floodplains) contribute to the formation of springs at their contact with bedrock. The
channels extend laterally and are spaced in relation to the level of submerged poljes or
valley and the deep water level (piezometric line). In Figure 1.5(b), water conductors of
considerable capacity develop beneath the riverbed and take over surface flow. The
abandoned riverbed, dry valley, and system of channels remain.
Parizek distinguishes five different elements that favor the development of
karstification in the region of a valley as it forms and after it has formed:
1. Influence of geological structures and tectonic elements (joints, shear zones, faults, and
interbedded joints)
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2. Increased river basin area (i.e., increased infiltration from temporary flows)
3. Increased outflow volume per unit volume of the rock mass
4. Seepage of floodwater into banks of the valley
5. Development of ponors, turbulent flow in the channels, and increased content of
organic matter as a source of CO2
Caves and shafts are solution channels that are greater than 5 to 15mm in diameter or
width. This is an effective minimum aperture for turbulent flow [2]. According to the
definition given by the International Speleological Union, a cave is a natural underground
opening in rock that is large enough for human entry.
Shafts are vertical or subvertical karst channels. They are located within zones of
vertical joints or systems that have been enlarged by karstification. Usually, they can be
found on fault strikes (Figure 1.6) and at the contact between beds of limestone and
dolomite.
The deepest known shaft in the world is Gouffre Mirolda/Lucien Bouclier (France) at
1773m.

FIGURE 1.5 The development of
regions with increased permeability
and underground conductors in the
vicinity of a valley and formation of a
dry valley. (From Parizek, R.R., On
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the nature and significance of fracture
traces and lineaments in carbonate and
other terranes, in Karst Hydrology and
Water Resources, Proceedings
(Dubrovnik), Zavod za hidrotehniku
Gradjevinskog fakulteta, Sarajevo,
1976.)
Shafts located on the periphery of karst poljes function as ponors or estavelles. Aside
from chemical action, they have been subjected to intensive processes of abrasion.
Hence, their entrances and channels may be of considerable dimensions and
approximately circular. The diameters of these vertical channels can be as much as 10m.
Caves are less frequent karst forms than shafts. Caves consist of many horizontal or
gently sloping channels connected with the land surface by one or more openings. Caves,
as well as all other karst channels and caverns, have been affected by faults or joints that
cut across layers or interbedded joints. Furthermore, certain caves have extremely long
systems of channels (Flint Mammoth Cave System, U.S., 530km; Optimisticeskaya,
Russia, 153km; Holloch, Switzerland, 133km). The shafts and caves with permanent and
exclusive underground flows are considered to be the most important. These flows sink
substantially deeper into underground openings and passages. Caves and shafts that
contain underground flows provide natural access to groundwater. These access ways are
excellent substitutes for exploratory or drilled openings, but such openings are rarely
used in regions where obtaining an adequate water supply is difficult. They can be
successfully used to control fluctuations of the water table, to provide water sampling
during tracer experiments, as well as to provide access to karst systems in areas of
grouting, etc.
Polje is the most prominent geomorphologic feature from a hydrogeological point of
view. Its evolution is very often associated with endogenous processes within zones
where rocks of different erosion susceptibility are in contact. The majority of karst poljes
are predisposed by tectonics and formed and shaped by influences of exogenous factors
and processes. The poljes can be found in the Dinaric karst region, on the Adriatic Islands
in Greece (Peloponnesus and Crete), in the Taurus region of Turkey, and in Canada,
China, Iran, Jamaica, and the U.S.
Common characteristics of poljes (Figure 1.7) are:
• They have a flat quaternary cover surrounded with a karstified carbonate rock mass that
extends far above the level of the polje.
• In some cases they are elongated in shape and their longer axis matches the stratigraphic
and structural strike of the carbonate rock mass.
• Springs, estavelles, and ponors are typically presented along their perimeters.
• Usually a temporary (very rarely a small permanent) stream is formed between the most
important spring and ponor, and this stream shows considerable variation in its flow.
• Alluvial ponors (subsidence ponors) are often found in quaternary sediments.
• During dry periods the water table is deep below the paleorelief of the polje.
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FIGURE 1.6 Connection of karst
forms with fracture tectonics: (1)
Fault; (2) fractured zone; (3) bedding
trace; (4) cliff; (5) direction of
underground flows; (6) ponor; (7)
estavelle; (8) intermittent spring; (9)
sinkhole (doline).
If poljes are surrounded along all sides by mountain masses, they are called enclosed
poljes. The major characteristics of an enclosed polje are the exclusive underground
inflow and underground outflow of surface water. However, if there is surface inflow,
that polje is known as an upstream open polje. A polje with surface outflow is called a
downstream open polje. Also, the polje can be open both upstream and downstream.
In the Dinaric karst region there are approximately 130 poljes. The total area of all
those poljes is about 1350km2. Drainage of surface water is achieved through many
ponors. These are frequently located in the polje areas nearest to the prevailing erosion
base. In Nikšićko Polje, about 880 ponors and estavelles were identified, 851 of which
are located along its southern perimeter [19]. In Popovo Polje, there are more than 500
ponors and estavelles.
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Poljes become flooded as soon as the sink or recharge capacity of the ponor becomes
lower than the inflow quantity of water. Natural plugging of ponors may also lead to
faster flooding and longer duration of floods. Flood duration can vary considerably.
Annual flooding in Fatničko Polje, Herzegovina lasts between 79 and 213 days, and the
highest water level can be as much as 38m above the polje’s lowest point.
Flooding of Popovo Polje under natural conditions (before the Trebišnjica hydroelectric power system has been built) reached a water depth of 40m in the lowest section
of the polje. During the years of that occurrence, the polje was under water an average of
253 days per year and was dry only 112 days. During maximum flood, 7500 hectares
were under water. The longest floods in Popovo Polje were observed in 1915 (303 days)
and in 1937 (271 days).
The area of Nahanni (Nahanni karst) in the subarctic region of Canada contains the
most northern karst poljes. Between large depressions (more than 100m deep and up to
1000m in length), the highest karst is permafrozen and relict [26].

FIGURE 1.7 Fatničko Polje,
Herzegovina: (1) Tapped spring; (2)
permanent spring; (3) temporary
spring; (4) great temporary spring
Baba; (5) estavelle; (6) largest
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estavelle Obod; (7) ponor; (8) group of
near ponors; (9) great ponor; (10) big
cave; (11) shaft; (12) sinkhole; (13)
temporary riverbed; (14) overthrust
front; (15) fault; (16) Eocene sediment
of flysch; (17) Eocene limestone; (18)
karstified Cretaceous limestone.
Lasithi Polje in Crete is a typical closed polje with a huge ponor in the lowest part.
The bedrock is covered with 30 to 40m of sandy gravel deposits containing a large
aquifer. From that aquifer more than 10,000 dug wells are in operation for water
extraction.
At the Central Peloponnesus (Greece) six temporary flooded poljes are concentrated at
elevations between 500 and 700m: Feneos, 700 to 710; Levidi, 670 to 680; Tripolis,
including Taka Lake, 630 to 660; Kandila, 630 to 640; Stymfalia, 600 to 620; and
Skotini-Alea, 530 to 550.
Many medium and large poljes can be found in karst terranes of Turkey, especially in
the Taurus Mountain range (Enif, Gembos, Sobuca, Mugla, and Kastel). The Arzhan
Lake polje in Iran is located at an altitude of 1990m in the Zagros Mountains near Shiraz.
The main inflow is through the Arzhan Spring (Qmax≈750 l/s; Qmin<100 l/s). The lake
water level fluctuates 3 to 4m. It is rarely completely dried up. The altitude of the
temporarily flooded Lagharak Polje, also in Iran, is 2800m.
Parizek (personal communication) recognized at least three poljes in the central
Appalachian karst region of Pennsylvania. Two are in Centre County and one in
Lycoming County. The largest is Phantom Lake and is approximately 50ha in area and up
to 7m in depth. The latter is rather small but exceeds 15m in depth.
1.8 KARST SPRINGS
Karst springs or emergences are very scattered within karst regions. The majority of
important springs are located along the perimeter of the erosion base, that is, at the outer
boundary of karst poljes, river valleys, and the seacoast. A common characteristic of
these springs, whether permanent or temporary, is the direct dependence of their
discharge on precipitation. In general, the capacity and hydrogeological character of karst
springs depend on a number of factors such as catchment area, retardation capacity of the
aquifer, total effective porosity, geological composition, and other similar factors.
Dominant roles are played by the surface catchment area and relative, active volume of
the aquifer.
One of the major characteristics of karst springs is large variation of minimum and
maximum capacities (Table 1.1). Most large karstic springs have developed in the form
of the inverted siphon, so-called Vauclusian springs or siphonal springs. The descending
part of siphon for some of them reaches depths as follows:
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• Fontaine de Vaucluse, France: Surveyed by divers down to 205m and by automatic
instrument down to 315m
• Chaudanne Spring, Switzerland: Surveyed by divers down to 140m and about 460m in
horizontal distance
• Chartreux Spring, France: Surveyed by divers down to 137m
• Ljuta, Kotor, Yugoslavia: Temporary spring, surveyed by divers down to a depth of
106m, below sea level, 75m in horizontal distance (continues further in depth)
• Spring Lez, France: Investigated by divers 75m in depth and 536m in length
• Gurdić, Kotor, Yugoslavia: Surveyed by divers down to 52m, below sea level,
continues probably further in depth (Figure 3.9)

TABLE 1.1
Discharges of Some Permanent Karst Springs
Spring

Qmin
(m3/s)

Qmax
(m3/s)

Qmean
(m3/s)

Catchmk
m2

Temp.
(°C)

25

>100

50

2800

—

Matali, Papua New Guinea

20

>240

90

350

—

Vaucluse, France

4.5

200

29

2100

—

Tisu, China

4

545

38

1004

0.4–39

Timavo, Italy

9

130

17.4

980

—

Trebišnjica, Herzegovina

2

>300

80

1144

—

Ombla, Croatia

2.3

154

33.8

600

12–14.8

Ljubljanica, Slovenia

4.25

132

39

1100

—

Buna, Herzegovina

2.95

123

23.7

112

—

Bunica, Herzegovina

0.72

207

20.2

512

—

4

390

33

1040

—

15.3

36.5

23.25

1900

—

6

515

28

>1000

—

Coy, Mexicoa

13

200

24

>1000

—

Sinjac (Piva), Yugoslavia

1.4

154

21

505

—

Sette Comuni, Italy

≈1

105

14

—

8.3–9.5

Grab-Ruda, Croatia

2

105

20

385

—

Vipava, Slovenia

≈1

50

—

150

8–10

10–15

35

22–27

—

16.2

Riječina, Croatia

1.2

80

12.4

330

—

Karuč, Yugoslavia

1.9

>50

7

120

7–12

Dumanli, Turkey
a

a

Chingshui, China
Silver, U.S.

a

Frio, Mexico

a

Kirkgozler, Turkey
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Bregava, Herzegovina

21

0.45

59

17.5

396

—

2–3

23

8.5

—

—

5.3

21

15

450

—

1

45

13.5

730

—

Kuhrang, Iran

0.7

12

3

—

–

Perućac, Yugoslavia

0.4

9

1.2

67

—

Sasan, Iran

0.9

12

—

—

—

Mlava, Yugoslavia

0.72

17

1.7

120

9–10

Al-Sinn, Syria
a

Waikoropupu, New Zealand
a

Maligne, Canada

a

See Ford, D. and Williams, P., Karst Geomorphology and Hydrology, Unwin Hyman, London,
1989.

• Lilburg Cave-Big Spring, U.S.: Surveyed by divers down to 53.5m (continues further in
depth)
• Manatee Springs, U.S.: Investigated 30m in depth and 2088m in length
• Ombla Spring, Croatia: Detected by boreholes 130 to 140m below sea level (surveyed
by divers down to 54m below sea level; Figure 6.8)
• Krupac Spring, Yugoslavia: Surveyed by divers down to 86m
• Wakulla Springs, U.S.: Surveyed by divers down to 87m
• Krupaja Spring, Yugoslavia: Surveyed by divers down to 72m
• Mlava Spring, Yugoslavia: Surveyed by divers down to 73m
• Spila Risanska, Yugoslavia: Temporary spring, surveyed by divers down to 52m,
horizontal 300m (continue further in depth)
• Gornjepoljski Vir, Estavelle, Yugoslavia: Surveyed by divers down to 63m

FIGURE 1.8 Ponikva Ponor on the
perimeter of Dabarsko Polje,
Herzegovina.
1.9 PONORS (SWALLOWHOLES)
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Ponors are one of the symbol features of karst regions, and crucial features from a
hydrogeological and geotechnical point of view. The problems of reservoir and dam-site
watertightness or structure stability are almost always connected with the presence of
different types of ponors. Ponors develop subsequent to the formation of joint systems,
faults, and bedding plane partings that become enlarged through chemical and
mechanical actions of water to which carbonate rock masses are subjected.
Often, ponors are located along the periphery of karst poljes and alongside riverbanks.
Their locations along the outer boundaries of poljes (Figure 1.8) depend upon the position
of the lower base level of erosion. Most ponors are found along the portion of poljes
peripheral to areas that are nearest to the base level of erosion. Different parameters can
be used when classifying ponors. According to their swallowing capacity, the ponors are
divided into two groups: permanently active and temporarily active. The second group is
more numerous.
Ponors can be divided into four basic groups based upon their surface appearance. The
first group consists of ponors with shapes of big shafts and caves; the second includes
ponors resembling big and enlarged cracks and small caverns; the third group consists of
ponors with a system of narrow joints; and the fourth includes subsidence or collapse
types developed by breakdown processes in alluvium coverage.
The most important subdivision from a hydrogeological standpoint is their recharge
capacity. In most cases, this subdivision is in agreement with the previous classification
because their recharge capacity depends upon the capacity of connecting karst channels.
The position of the groundwater level in the karst aquifer containing these channels can
also reduce the recharge capacity of the ponor almost to a minimum. In some cases,
ponors with large openings may have only a small recharge capacity. Furthermore, it is
possible for their recharge activity to become temporarily lost. Ponors with continuous
and constant recharge capacity are rare.
Ponors with a recharge capacity of more than 1m3/s are included in the first group.
These ponors are directly linked to both surface and underground drainage systems.
Commonly, they are located along the outer boundaries of karst poljes and along the
banks of temporary and permanent rivers. In the Dinaric karst region there are ponors
with huge swallowing capacity. The capacity of Slivlje Ponor in Nikšićko Polje
(Yugoslavia) is about 120m3/s. Biograd Ponor in Nevesinjsko Polje (Herzegovina) is one
of the largest ponors known. It has a capacity of at least 110m3/s. Srdevići Ponor in
Gatačko Polje (Herzegovina) swallows about 65m3/s. Kovači Ponor in Duvanjsko Polje
(Bosnia) has an extraordinary entrance 25m wide and 15m high. It has a swallowing
capacity of more than 60m3/s. The swallowing capacity for Doljašnica Ponor in Popovo
Polje (Herzegovina) exceeds 55m3/s. The swallowing capacity of Ponikva Ponor (Figure
1.8) on the perimeter of Dabarsko Polje (Herzegovina) is about 20m3/s.
Ponors of the second group have recharge capacities between several tens of liters per
second and 1m3/s. These ponors are common alongside banks of intermittent rivers.
Usually they consist of enlarged cracks or caverns, sometimes filled with large rock
blocks.
Ponors and ponor zones consist of systems of narrow cracks and are commonly
located within intermittent rivers and on the slopes along the karst poljes. When located
in riverbeds, they are covered with gravel and pieces of broken rock of variable sizes.
When found along the karst poljes, they are represented by cracks and karrens of
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different shapes. They cannot be identified during the dry season because there is no way
to distinguish them from their surroundings.
The fourth group consists of ponors in the form of subsidences originated in alluvial
deposits that cover polje bottoms, riverbanks, and sinkhole (doline) bottoms. In fact,
these are only the surface shapes of ponors that extend in karstified carbonate rock
located below alluvial overburden deposits. Commonly they are funnel shaped with
dimensions varying between very small (a few centimeters in diameter) and large (depths
of 10 or more meters), as well as with diameters of about 15 to 20m. When ponors
become plugged near the surface, new ones usually open in the vicinity of old ones.
1.10 ESTAVELLES
Estavelles are phenomena with dual hydrological functions. The name was derived from
Estavelle in the French Jura, a mountain range between France and Switzerland.
witzerland. Depending upon the position of the groundwater level and hydrological
conditions on the surface, an estavelle can function at one time as an intermittent spring
and at another as a ponor (swallowhole). From a morphological point of view, estavelles
are represented in the shape of intermittent springs and ponors. They are part of the karst
drainage system.
The principal function of estavelles is shown in Figure 1.9. The situation during the
dry season is presented in stage (a) of the schematic cross-section. The groundwater level
in Figure 1.9 (9) is very low so that a spring (2) exists only at the seacoast (1). Two upper
erosion bases (4 and 7) are without flows and springs. During the wet season (b, 12) the
groundwater level rises. When the groundwater level meets

FIGURE 1.9 Principal operation of
estavelles: (1) Mean sea level; (2)
location of coastal discharge of karst
aquifer; (3) ponor zone; (4) lower karst
polje; (5) estavelle zone; (6) ponor
zone of upper karst polje; (7) upper
karst polje; (8) spring zone of upper
karst polje; (9) aquifer water level;
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(10) direction of groundwater
circulation; (11) estavelle function as a
spring; (12) precipitation; (13)
groundwater flow from a ponor; (14)
floodwater level within a polje.
the surface of terrain within the estavelle zone (5), an estavelle becomes a spring.
Furthermore, the inflow of surface water for a longer period of time activates (6) is
activated, causing the water inflow increases on the lower erosion base, that intermittent
springs on the highest erosion base (c, 8). At the same time, the ponor is, in the enclosed
karst polje. Since the ponor capacity (3) is not sufficient to discharge all inflowing water,
the polje is flooded (14). As long as the groundwater table is at the same level as the land
surface or above it, the estavelle functions as a spring that in the initial stage has a free
outflow. However, under submerged conditions, it functions as a sublacustrian spring.
With a decrease in precipitation (d), lowering of the groundwater table starts, and the
estavelle begins to function as a ponor instead of as a spring. The estavelle functions as a
ponor until there is enough water inflow available for recharge.
1.11 SUBMARINE SPRINGS
Submarine springs are found under sea level. Their near coast location and operation are
schematically shown in Figure 1.10. They are visible at the sea surface as a circular area
that appears different from surrounding seawater. Submarine springs were formed during
a continental phase when the base of erosion was lower than at present.
Submarine springs have been discovered at many localities: in the Mediterranean
region along the coasts of Croatia, France, Greece, Israel, Italy, Lebanon, Libya, Spain,
Syria, Turkey, and Yugoslavia; in the Persian Gulf (Bahrein); and along the coasts of the
Bahama Islands, Barbados, Cuba, Jamaica, and Japan; the Yucatan Peninsula in Mexico;
and the Black Sea.

FIGURE 1.10 Various cases of
groundwater discharge in a karst
aquifer near the absolute base of
erosion: (1) Submarine springs; (2)
intermittent spring at sea level; (3)
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intermittent spring active only during
periods of high water table; (4) aquifer
water table.
Submarine springs have attracted attention because of their high capacities and
considerable quantities of freshwater, usually in the regions where potable water is in
short supply. In ancient times the Phoenicians drew potable water from the sea bottom by
closing the openings of submarine springs. These flows of freshwater were tapped using a
lead funnel that was connected to a network of pipes. One of the best known successful
tappings of submarine springs was performed in Trieste Bay. The water was tapped near
the coast and has been used only for industrial purposes. This example may be considered
as a special case where a submarine spring was tapped for supplying water. However,
many more cases might be reported that were not so successful.
1.12 SUBSIDENCE AND COLLAPSE
An important and quite special problem in karst is the formation of subsidences
(collapses). The terms subsidence and collapse usually are used as synonyms. The terms
sinkhole and doline refer only to localized land surface depressions arising from karst
processes [27].
Subsidences are spatially independent, random occurrences and have been identified
as sources of major potential problems, which may cause considerable damage in
reservoir bottoms, in urban areas, at industrial sites, and near communication lines. The
catastrophic nature of subsidence development is unpredictable and practically
instantaneous and therefore very harmful.
Subsidence is common when karstified rocks are covered with unconsolidated
sediments. This occurs under the influence of water, as the erosion and piping action
breaks down the support of poorly consolidated sediments. The destructive role of water
can be distinguished in four different categories:
• Underground water acting from below
• Surface water acting as floodwater
• Pore water within alluvial deposits (overburden)
• Water acting indirectly, pressurizing the air in the aeration zone
The genesis of subsidences is usually related to these categories of processes.
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FIGURE 1.11 Formation scheme of
subsidence: (1) Flood level; (2)
groundwater level; (3) unconsolidated
alluvial deposits; (4) carbonate rocks;
(5) direction of groundwater flow; (6)
filtration direction of floodwater; (7)
karst channel.
A generalized and simplified model describing those processes is shown in Figure 1.11.
Initially, the conduit opening (ponor) was formed by karst processes acting within
carbonate rocks or in other rocks susceptible to karstification. During the process of
sedimentation, the opening was covered with deposits of clay, terrarosa, sand, gravel,
cobbles, and boulders. Under the influence of moving water, the process of mechanical
suffusion destroyed homogeneity of unconsolidated deposits. As a result of this
destruction, a relaxation zone formed, shaped approximately as an arch, semi-ellipse, or
parabola (I). This surface will remain unchanged as long as external forces are in
equilibrium with resisting arch forces. Internal friction, specifically shearing resistance
along vertical planes, plays an important role in maintaining this equilibrium profile.
However, surface waters, groundwaters, or pore waters essentially change the cohesion
and angle of internal friction of the soil, and a new load release surface is formed (II)
according to the new state of equilibrium. Part of the material between spherical surfaces
(arches) (I and II) will subside into caves and be transported by water further away in the
karst system. When the roof of the spherical surface approaches ground surface, the
entire roof caves in, thus producing a circular opening on the land surface (alluvial
ponor).
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Origins of subsidences can be natural or induced. Induced subsidence is a consequence
of the urbanization, mining, reservoir construction, and groundwater extraction that
dramatically increased in the second part of the twentieth century. According to
LaMoreaux and Newton [28], thousands have been formed in the U.S. since 1950. More
than 80% of the identified events are a consequence of uncontrolled exploitation of
underground water. According to the United States Geological Survey (USGS), in 1991
the national Research Council estimated that annual costs in the U.S. from flooding and
structural damage caused by land subsidence exceeded $125 million [28a]. Indirect costs
are many times higher.
The magnitude of subsidence caused or accelerated by human activities can be
catastrophic. These occurrences are well documented in the literature, especially in
publications of Chinese and American geologists. Intensive pumping of karst aquifer in
Florida recently provoked formation of 650 subsidence features over a relatively short
time. According to Brink (in [2]), after 25 years of pumping in a gold mining district in
South Africa, 38 people had lost their lives in mine collapses, and damage to buildings
and structures was enormous. In one event, 29 men lost their lives when a three-story
building collapsed. Construction activities triggered a number of subsidences in Alabama.
According to Hua [29], subsidence due to groundwater pumping was reported from 25
areas in China during the period 1974 to 1986. In one extreme case, 600 subsidences
were recorded in an area of 5km2. The maximum reported subsidence density in China is
greater than 500 per 0.1km2. The largest subsidence event occurred in Sichuan Province,
a structure 400m in diameter and 176m in depth [30].
Subsidence (collapse) development is also a very common process that endangers the
safety and integrity of dams and reservoirs. Commonly induced collapses result from
water table drawdown due to dewatering by sub-surface mines, recessed quarries, and
wells.
Subsidence induced by extensive water level fluctuation in man-made reservoirs has
resulted in considerable leakage from certain reservoirs (Mavrovo Reservoir, FYR
Macedonia: 7m3/s; Vrtac, Nikšićko Polje, Yugoslavia: 25m3/s; Hutovo Reservoir, Bosnia
and Herzegovina: 3m3/s, Perdika Reservoir, Greece; May Reservoir, Turkey; Kamskaya
Dam, Russia; North Dike, Florida; Huoshipo Reservoir, China).
The process of piping (Figure 1.12) together with air pressure (Figure 1.13) and water
uplift can trigger subsidence ponors and produce huge leaks in reservoirs. Sometimes
piping takes many years to happen, but most subsidence ponors occur during the first
impounding of a reservoir. Protective measures against ponor creation at the bottom of
reservoir are inverted filters, clay blankets, nonreturned valves, aeration tubes, PVC foils,
reinforced shotcrete blankets, and in special cases, grouting of karstified bedrock.
Nonreturned valves and aeration tubes are very important measures to protect different
type of blankets against the destructive effects of groundwater uplift and air pressure
attack.
An important role is played by air under pressure in the formation of subsidence and
subsidence ponors. During dry seasons (Figure 1.13A) the caverns fill with air above the
water table level within the aquifer. Short periods of heavy precipitation lead to flash
flooding of the water table. Air becomes trapped in some caverns, which are
interconnected with cavities, and other weak areas where conduit openings are plugged.
This air does not have enough time to escape because the surface layer of soil is rapidly
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saturated with water. Therefore, air becomes entrapped and pressurized (Figure 1.13B).
When pressurizing forces exceed the strength of the material, failure occurs in the section
of alluvium directly above the compressed zone. This is almost always followed by an
effect similar to an artesian well—eruption of water. After

FIGURE 1.12 Schematic presentation
of the most important phases (1 to 5) in
collapse formation at the bottom of a
reservoir.

FIGURE 1.13 Formation scheme of
subsidence ponors under the influence
of pressurized air: (1) Floodwater
level; (2) alluvial sediments; (3)
karstified carbonate rock; (4)
groundwater table.
achieving equilibrium and when the water table begins to fall, the ponor starts to drain the
water (Figure 1.13C). More information can be found in [27, 28, 28a].
Human activities can also play a special role in inducing or enhancing karst processes
in evaporite rocks, and the results can be catastrophic [31]. Owing to the extremely high
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and rapid dissolution process, the formation of the initial cavity (collapse), deep below
the surface, and its migration upward to the land surface occur much faster than the same
process in carbonate rocks. According to Johnson [31], the gypsum-karst problems are
caused by the following human activities:
• Building structures that induce differential compaction of soils above an irregular
gypsum-bedrock surface
• Building structures directly upon gypsum-collapse features
• Impounding water above or directing water into a gypsum unit where soil piping can
divert water (and soil) into underground gypsum cavities
Detailed information related to the occurrence and characteristics of the rock and mineral
gypsum, its highly soluble nature and the types of problems associated with it are
presented in Cooper and Calow [32]. Induced collapses in salt deposits are usually
associated with solution-mining and petroleum industries. The size of collapse varies
between 10 and 100m in diameter and 10 and 600m in depth.
Hundreds of collapses have occurred along the Dead Sea coast (Israel and Jordan) as a
consequence of constant drawdown of the level of the Dead Sea (60 to 80cm per year).
Numerous collapses also endanger long dikes in the southern part of the Dead Sea; the
foundations of those dikes are constructed over thick and very soluble salt deposits.
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2
Groundwater in Karst
The plateau of the western Balkans is the classical area of
limestone physiography. From it comes the word karst and
other terms which are slowly invading English and
American geological literature.
—A.C.Swinnerton

Ancient mill at the Trebišnjica River
bank, Herzegovina
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2.1 BASIC THEORIES ON KARST GROUNDWATER
CIRCULATION
Circulation of groundwater through karstified rocks is quite different from circulation
through nonkarst terranes. This circulation is a specific hydrogeological characteristic of
karst terranes. Almost all underground and surface phenomena in karst are, by their
origin, related to the presence and circulation of water.
Interest in obtaining a detailed understanding of all kinds of water occurrence and
movement in karst regions has existed for a long time. In contrast to other geological
terranes, it is more difficult to establish the relationships that govern the circulation and
storage of water in karst terranes. For this reason, all scientists who studied karst
formulated theories based on their own specific experience that are in many instances
either opposite or controversial. The best-known theories were established at the
beginning of this century. The authors of these theories were Grund [1], Katzer [2], and
Cvijić [3].
According to the theory of the geographer Alfred Grund [1], there is a uniform waterbearing horizon in karst: the aquifer. He separates two zones of underground water:
stagnant zone and karst water. Stagnant water does not move since it occurs in cracks and
caverns of karstified rocks located at great depths. The water table of this stagnant zone
gently slopes toward the sea. Above this zone is a zone of moving (flowing) water which
Grund named karst water. Its free surface also dips toward the zone of outflow that is the
sea, but at a much higher rate than the dip on the stagnant water table.
The Austrian geologist Friedrich Katzer [2], in contrast, believed that the flow of
groundwater in karst terranes takes place predominantly through systems of caverns and
channels. According to Katzer, there are underground water courses through karst
channels, cracks, and caves that are “at one instant interweaved and branched out, and
oddly interconnected at another instant independent from one another.” According to
Katzer, separate systems of underground flows, which are also areas of chemical erosion,
prevail in deep karsts where development of the karst process has not reached the
impermeable base.
Jovan Cvijić [3] contemplated three hydrographical zones with different types of
circulation and considered them to be a direct consequence of the evolution of the karst
process. Those three zones are (1) dry, (2) transitional, and (3) zone with continuous
circulation of water.
The dry zone is located directly below land surface. It is characterized by an
abundance of dry caves, channels, and cracks through which water moves almost
vertically downward toward the transition zone. Groundwater may flow in some of these
channels and caves during rainy seasons.
The transitional zone is characterized by permanent and periodic hydrological
phenomena. During periods of precipitation, percolation of water into deeper portions of
the carbonate rocks is either slowed down or completely terminated within this zone.
Groundwater is concentrated in this zone where active flow takes place. The transitional
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zone is located above the bottoms of karst depressions. During rainy seasons, the
development of springs is a characteristic of these depressions.
The zone containing continuously moving water is located beneath the level of karst
depressions. A substantial quantity of water from this zone flows in the direction of the
water table. Thus, water movement is slowed down. This zone contains scattered
enlarged cracks, and the phenomenon of siphonal circulation is often encountered. Since
the aquifer discharge capacity is reduced, groundwater levels rise during heavy
precipitation when the size of this zone is increased at the expense of the transitional
zone. A similar relationship exists between the transitional and dry zones.
These three zones are not clearly distinguished, and their position can be changed.
They closely follow the evolution of the karst process and move downward, one at the
expense of the other. During the process that causes each zone to be lowered, the surface
of the terrane is also being lowered due to denudation. In the last phase of development,
only the dry zone remains in the lowered karst. Super-position of these zones is always
dependent upon geological structures. They are expressed less in shallow karst and more
in deep karst.
Cvijić’s theory [3] has been accepted by many researchers as being closest to reality.
2.2 KARST AQUIFER
Karst aquifers are nonhomogeneous underground reservoirs in which water collects in
networks of interconnected cracks, caverns, and channels. The free-water table of the
aquifer is not a well-defined continuous surface. It has a regional as well as local dips. In
general, the entire aquifer dips toward the base of erosion, where water drains from the
collector under the influence of this base level.
The position of the base of erosion is an essential factor in the determination of the
dominating direction of underground circulation. Lithology, faults, and structures are also
very important directors or controllers of underground water flow, but their function is
essentially less important than the role of the base level of erosion. With respect to its
importance in the formation of hydrogeological characteristics of karst regions, the base
of erosion can be divided into three groups.
The first group includes the absolute erosion base level. These are the sea basins,
specifically the zones between the sea level and the deepest submarine springs occurring
in the region. The second group includes the major erosion base levels for continental
regions. These are deepest river valleys and canyons. The third group contains local
erosion base levels. These are karst poljes, river valleys of higher elevation (dry or with
flow), dolines, etc. Local base levels have effects on small regions and are always used
for conveyance of the temporarily stored water. From a karst development standpoint,
these bases are very important because they have a considerable influence on regulating
the evolution of karst aquifers.
Figure 2.1 describes schematically the most important zones in the region of absolute
erosion base level (sea). The storage of water and the formation of an aquifer zone occurs
in zones B and C (base flow zone), where water movement and outflow occur under the
influence of gravity. In zone D, only siphonal circulation is possible. In zone E,
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groundwater is brackish. In zone F, freshwater is completely substituted by salty water. A
nonkarstified rock mass, zone G, is located below the

FIGURE 2.1 Circulation scheme in
the coastal part of a karst aquifer: (A)
Aeration zone; (B) zone of dynamic
reserves with fast water exchange; (C)
part of aquifer with slow water
exchange; (D) zone of siphonal
circulation; (E) zone of brackish water;
(F) zone of salty water; (G) zone
beneath the base of karstification.
karst collector. This zone does not store substantial quantities of free groundwater. The
upper boundary of zone G is called the base of karstification. This boundary is not well
defined and can be considered a transitional zone between karstified and nonkarstified
rocks.
Karst conduits with high transmission capacities represent local levels of erosion for
the surrounding rock mass where fracture-type porosity predominates. Water tables or
piezometric surfaces are formed and frequently change under the influence of these local
base levels. Thus, the water levels observed in piezometric boreholes essentially depend
on the conditions that exist within the nearest water-filled conduits.
Figure 2.2 shows schematically a change of piezometric line under the influence of
three drains located at various elevations. During the highest groundwater stage shown as
piezometric level I, water table location depends upon the capacity of a drain as revealed
by the piezometer located nearest to the drain. The water level in this piezometer will be
at a greater depth than the free-water surface. It will be deeper (hI) in piezometer 1 than in
piezometer 6 (h′I). Alteration of ∆H of the piezometric line can also be observed in
piezometer 4 since this piezometer is directly connected with drain b, which contains
actively flowing water and is thus under its hydraulic influence. Instead of the expected
level H, the level H+∆H will be measured at this greater depth. The piezometric line is
altered locally as indicated by position Ia. At this time, piezometer 4 acts as a drain for the
part of the aquifer in its immediate vicinity.
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By further lowering of the water table level, drain b also gradually begins to function
as the dominating erosion base level. At one moment, the piezometric line assumes
position II. In piezometric borehole 5 the effect of drain c (base flow) starts to be
recognized so that the measured level in this piezometer is deeper for h than the expected
groundwater level h. The measured water level is observed at depth h +∆h. The effect of
drain c on piezometer 5 is not directly connected to the existence of drain b.

FIGURE 2.2 Position of piezometric
line in a karst aquifer.
Finally, under the influence of drain c the piezometric line III is formed and is quite
different from the previous line. The measured level in piezometer 1 (hIII) is now
considerably higher than in piezometer 6 (h′III) because it is closer to the momentarily
actual base of erosion.
2.3 EVOLUTION OF KARST AQUIFERS
Karst aquifers develop in response to dynamic phenomena that operate in time and space.
Their geometry changes very rapidly, which in turn changes hydrodynamic regimes of
the aquifers. All of these changes represent a uniform process: the evolution of karst
aquifers.
Karst aquifer evolution is based on the tendency of karsts to adjust their water level to
the zone of discharge in reference to the base of erosion [4]. That water trend is directed
at first to the nearest base of erosion. As soon as this base level is reached, the process
continues further insofar as there is another lower base of erosion. By lowering the
groundwater level within the aquifer to a greater depth, channels of higher elevation
begin to lose their permanent function in the drainage system. The highest channels
remain constantly above groundwater level, and stalactites and stalagmites start to form
in them.
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Epirogenic movements govern this competition, which is reflected in changes in
hydrogeological watersheds and shifting of terminated drains. As a consequence of this
karst evolutionary process, groundwater levels continuously are being lowered, often to
the sea level, through a rearrangement of surface drainage systems. In the final stage of
this evolution, the surface drainage system completely disappears.

FIGURE 2.3 Model of transformation
of separated karst aquifers into a single
aquifer: (Left) Cross-section. (1)
Direction of groundwater flows; (2)
groundwater flows in single aquifers;
(3) highest level of water table; (4)
nonkarstified rock mass; (5) permanent
surface water flow; (6) seasonal
surface water flow; (7) base of
karstification; (8) main spring; (9)
ponor (swallowhole). (Right)
Schematic layout.
Temporary river flows, dry valleys, and periodically flooded poljes are the only
phenomena that remain at the surface.
The karst process destroys the individual surface drainage systems under some
geological conditions; it connects them and transforms them into one single catchment
area. Under some other tectogenic conditions, this process destroys vast water-abundant
surface catchment areas and creates from them a few smaller karst catchment areas.
The generalized scheme of transformation processes from several separate aquifers
into a single aquifer is presented in Figure 2.3. As a consequence of differential
movements of separated tectonic blocks, the zones of concentrated infiltration are formed
in cascades. Each of these zones of the poljes (from I to IV) represents an erosion base of
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a separate aquifer in the initial phase of karst aquifers formation. The karstification
reaches the deeper parts of the rock mass below the erosion base, adapting itself to the
lowest discharge zone. It connects them into a complex hydrogeological entity, provided
the karstification intensity increases from higher levels down to the lower erosion bases.
The close genetic relationship of geomorphology and neotectonics with the evolution
of karst aquifers emphasizes the importance of morphometric techniques [5,6]. According
to Marković [5], the work on full geomorphological analysis can be separated into five
steps. The first step is the general inspection of the terrane. The second step includes the
analysis of aerial photographs and topographical maps. The third step is composed of the
major investigation work in the field, consisting of verification of results derived in the
office based on compiled data required to support hypotheses. The fourth step includes
the office research in order to establish the cause of tectonic movements and its
relationship with the relief evolution. The fifth step represents the last check of the
feasibility of proposed concepts and accuracy of geomorphological analysis for the area
under investigation.
2.4 FLUCTUATION OF THE WATER TABLE
The large dimensions of karst channels, their good interconnections, high water level
gradients, and the high permeability of surface zones enable fast filling and emptying of
these water collectors, that is, fast formation of aquifers and, nearly equally, their fast
drainage. Relatively small total porosity and extraordinary feasibility of water circulation
generally result in very fast fluctuations of aquifer water tables, showing high amplitudes.
The aquifer reacts quickly to high precipitation (often above 30mm) in the rainy season,
sometimes as fast as in 10 to 15 hours and in some cases even faster.
During the winter wet season, the reaction of aquifer to precipitation is sharply
expressed. With high precipitation the water table reacts in less than four hours (Figure
2.4). The rate of increase of the water table is also very fast. In piezometer O-8 the water
table jumps almost 90m in only 10 hours.
The difference between maximum and minimum levels of a water table can be great.
The largest fluctuation of a water table was measured in boreholes in eastern
Herzegovina, from 281 to 312m (Figure 2.5).
Two periods with different characteristics of fluctuation can be distinguished in many
karst terranes: the wet season, with the aquifer’s water table showing continuous vertical
changes, and the dry season characterized by slow but constant lowering of the aquifer’s
water table. The dry season is usually called the recession or depletion period of the
aquifer.
A typical example of the water table fluctuation is shown in Figure 2.6. Borehole B-2
is located within the aquifer zone in the region of extensive karstification and privileged
routes of circulation. Borehole B-1 is outside the conduit zone that forms the privileged
routes; however, it is the rock mass that is under the influence of these privileged routes.
On the graph of level fluctuation, the periods of time with high fluctuations (wet seasons)
are clearly distinguishable from the periods (b, c) of dry season when the aquifer is
drained. The drainage times are clearly manifested by two different parts of the graph of
level fluctuation. The steep recession part (c) is the result of fast drainage of the aquifer;
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it corresponds to emptying of a large volume of karst channels and caves. The second
part (b) represents a continuous drainage of the system of fractures from which the
outflow of water is slower than from the channels.
2.5 AVERAGE VELOCITY OF WATER FLOW IN KARST
Several hundreds of investigations have been performed in the Dinaric karst for the
purpose of finding the major routes of underground water circulation. By analyzing

FIGURE 2.4 Relationship between
precipitation; water table fluctuation in
piezometers O-6, O-8, and O-9; and
spring discharge Q.
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FIGURE 2.5 Graph of high-amplitude
water table fluctuation in Dinaric karst
(eastern Herzegovina).

FIGURE 2.6 Fluctuation of water
levels within a karst aquifer observed
in boreholes B-1 and B-2.
data from those experiments, it was concluded that the average flow velocity varies
within a wide range from 0.002 to 55.2cm/s. These extreme values represent velocities
that rarely occur. Figure 2.7 gives the histogram of the most frequent average flow
velocities. It is evident that water in karst terranes most frequently has an average
velocity of about 5cm/s. It is important to underline that these velocities are only indices
since the routes between inlet and outlet are assumed to be straight lines.

Water resources engineering in Karst

40

The results of recent investigations by various tracers have shown that the karst
circulation velocity varies with the hydrologic conditions of the surface of the terrane; in
other words, it depends on instantaneous saturation of the aquifer. During the dry season
and low aquifer water table, water circulation in karst systems is characterized by a slow
movement of aquifer waters. Water waves labeled with dye take two- to fivefold less
time to travel the same distance during the season of high hydrologic activity.
Thus, for example, to cover the distance (34km) from Gatačko Polje to the Trebišnjica
Spring (Dinaric karst, Herzegovina), the underground flow takes 35 days when the water
table is low and inflow is small. During the high water levels and large inflow, the well
distinguished water wave takes only five days to cover the same distance. The elevation
difference between Gatačko Polje and Trebišnjica Spring is 520m.

FIGURE 2.7 Histogram of percentage
distribution of the most frequent
groundwater flows in the Dinaric karst.
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3
Underground Water Tapping
The nature of the karst terrain imprinted certain common
physical and mental characteristics on all the people of the
Dinaric karst area, regardless of their ethnic or religious
belonging.
—J.Cvijić

Ancient structure for ponor protection,
Peloponnesus, Greece
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3.1 GENERAL APPROACH
Four main strategies of underground water tapping are used in commonly applied karst
hydrogeology:
1. Tapping directly from the spring outlet
2. Using highly productive wells located behind but not far from the spring outlet (from
the surface or from an artificial underground cave)
3. Using common well technology for groundwater extraction from the karst aquifer
4. Using tapping galleries
Some very special technologies have been used in the case of coastal spring tapping to
prevent the influence of seawater.
The first approach, direct extraction from springs, has been used since ancient times
but for many reasons is less acceptable than other tapping strategies. This method does
not allow for the optimum exploitation of karst aquifer water potential in spite of a
favorable water budget, because of a discrepancy between the need for water and the
natural discharge of the spring. Contemporary tapping strategies for karstic springs avoid
this approach. For many reasons the second approach to karst spring tapping is much
more acceptable. Following is a list of some of those reasons:
1. Minimum natural spring discharge is in many cases smaller than demand. Successfully
located wells make it possible to extract more water than minimum the natural spring
discharge. The specific yield of wells in a dry period is higher than corresponding
spring discharge because of static aquifer reservoir extraction.
2. Water quality is better and constant.
3. The tapping structure is well protected.
4. From an environmental and landscape point of view, the spring zone is not disturbed.
The optimal tapping structure is placed directly into the main spring conduit or main
underground flow zone. To select the best location for the tapping structure, a careful
investigation program needs to be carried out. Detailed hydrogeological mapping,
geophysical investigations, piezometric boreholes, and diving speleology are suggested
for an optimal investigation approach.
The largest flowing well in the karst was recently drilled into the Edvards limestone
near San Antonio, Texas. Referred to as the Fish Pond Well, it had an initial flow in July
1991 of 1577l/s (Swanson 1991 in [1]).
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3.2 EXAMPLES
3.2.1 SPRING LEZ, FRANCE
Spring Lez is a typical vauclusian spring tapped for a water supply in the city of
Montpellier. The extraction capacity in 1859 was 25l/s. The spring outlet has a

FIGURE 3.1 Tapping of the Lez
Spring: (a) Geological cross-section
from Drogue; (b) tapping concept from
Avias. (1) Lez Spring; (2) active
karstic channel; (3) well; (4) pumping
equipment; (5) pump station; (6)
access shaft; (7) pipeline tunnel; (8)
saturated karstified rock; (9)
technology of shaft drilling; (10)
technology of diameter enlargement.
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(From Drogue, C., Situation
geologique de la source du Lez,
Hydrogeology of Karstic Terrains,
published by the International
Association of Hydrogeologists with
the assistance of UNESCO, Paris,
1975.)
diameter of 30m and a depth of about 10m, thus providing a minimum natural discharge
of less than 150l/s and a maximum of 10m3/s.
Because of the water consumption increase in 1981 to 1700l/s, Avias [2, 3] has
applied a new concept of karstic spring tapping. The key idea was to extract water
directly from the karst conduit behind the spring outlet. The main spring karstic channel
was investigated by divers to 536m in length and 75m in depth, below the level of spring
overflow, i.e., 110m below the land surface (Figure 3.1). Very detailed geophysical
surface investigations were performed (resistivity mapping, electromagnetic MELOS
method).
Four wells with a diameter of 1.80m were drilled from an underground machine hall
down to a karstic channel. Pleuger pumps were installed in the wells close to the channel.
The area of active aquifer is estimated to be almost 400km2.
This tapping concept made possible extraction of karst aquifer static reserves, i.e.,
extraction of 2.2m3/s during the recession time directly from the main spring channel.
This channel is the collecting conduit for a huge aquifer zone (8 in Figure 3.1).
During the dry season an overabstraction of aquifer is evident. During the extremely
dry season of 1986 drawdown was 23m, almost reaching the main conduit level [2].
This tapping concept includes 160l/s of guaranteed flow in the Lez riverbed during
times of very low aquifer level, when spring overflow does not exist.
3.2.2 SPRING OKO, HERZEGOVINA
Spring Oko is situated several meters above the riverbed in the Trebišnjica River valley
upstream of the town of Trebinje. It is a typical siphonal spring developed in karstified
Mesozoic limestone (Figure 3.2). The spring discharge varies between 0.5 and 30m3/s.
The catchment area encompasses 100km2 of a very karstified mountainous region.
The first spring tapping structure was constructed in the period of 1899 to 1907. After
the construction of the Gorica Dam, the spring was submerged by a 17-m-high water
column. Because of this, the tapping structure had to be replaced.
Very detailed geological mapping, geophysical investigations (mise à la masse
method), and drilling have been performed. Through these investigations the position of
the main karst conduit was established. The application of the geophysical method was
especially successful.
The siphonal part of the conduit is 25m lower than the riverbed level. At that section
the karst channel is 9m wide and 2.5m high [4]. Three wells (300mm diameters) were
drilled (rotary method) down to the karst channel. The pumping of groundwater is direct
from the karst channel, using three 70-l/s pumps.
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Following the needs of the public water supply, three additional wells were drilled in
1990. To prevent turbidity from occurring in existing (operational) wells, percussion
technology was used. This drilling method was selected as preferable from a water
quality point of view. The diameter of the new wells was 600mm, with casings of
530mm. Two pumps with a capacity of 200l/s were installed. The third well is reserved
for future use.
3.2.3 INTAKE STRUCTURE, ZVIR, CROATIA
A large and permanent spring known as Zvir, which discharges at sea level in the
Riječina River canyon, was tapped at the end the of last century for the public water
supply of the city of Rijeka. The spring outflow varies between 1 and 7m3/s. To increase
the quantity of tapped water behind the spring, a 400-m long gallery was excavated [5].
Six wells were dug from the gallery. The bottom of the productive wells is below sea
level. The pumping water level is 1m below sea level; in a very dry period, it is possible
to extract 0.6m3/s from this intake structure.

FIGURE 3.2 Tapping of submerged
Spring Oko: (1) River level; (2)
artificial reservoir level; (3) spring
outflow; (4) old intake structure; (5)
boreholes; (6) new intake building; (7)
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well; (8) karstic channel; (9) karstified
limestone; (10) fault.
In spite of the vicinity of seacoast, there is no seawater intrusion in that part of the karstic
aquifer.
3.2.4 JERGALY SPRING, SLOVAKIA
Jergaly Spring in the Velika Fatra Mountains is a typical karst spring with Qmin= 123l/s
and Qmax=1315l/s [6]. Deep karst water circulation produces very cold water (T=6.5°C).
The discharging zone is a deep karst siphon. During low spring discharge (Q=175l/s), by
pumping from a karstic siphon of 236l/s, part of static groundwater reserve, storage in the
deep part of the karst aquifer, was extracted. After 26 days of continuous exploitation, the
drawdown was 4.5m.
A pumping test in wells located in the spring area revealed that a large amount of
static reserves from the karst aquifer could be extracted. During test operations, the
pumping rate of a well (Q=250l/s) was about 100 to 120l/s higher than the natural spring
discharge at the same time. The maximum drawdown in wells during the pumping test
was 19m. The continuous duration of the test was 56 days.
3.2.5 SPANISH EXAMPLES
According to Sahuquillo [7], a number of karstic springs in Spain were tapped using
wells to increase water extraction at a time of low natural discharge, by pumping directly
from the karst aquifer.
3.2.5.1 Atrita Spring
The spring discharge varies between 0.4 and 40m3/s. Three wells have been drilled
directly into the spring aquifer with a minimum capacity of 0.8m3/s. The yield was
double that of the natural discharge. The water is used to supply the city of Pamplona.
3.2.5.2 Algeria Spring
The natural discharge varies between 0.1 and 15m3/s. Two wells with minimum pumping
capacities of 0.7m3/s have been drilled in the spring aquifer. The possibility of drilling
additional wells exists.
3.2.5.3 Deifontes Spring
The spring is located near Granada. Five wells with a total capacity of 2.35m3/s extract
water directly from a karst aquifer.
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3.2.5.4 Los Santos Spring
Los Santos Spring is located near Valencia. Two wells are used for direct tapping from
the aquifer, one with a capacity of 0.85m3/s and the other of 0.45m3/s.
3.2.6 BRESTOVICA TAPPING STRUCTURE, SLOVENIA
Timavo Spring (Trieste, Italy) has an average discharge of about 10m3/s. It was the main
source for Trieste’s water supply. About 4km behind the spring, in Brestovica (dry
valley, 50m a.s.l. [above sea level]), complex hydrogeological, speleological, and
geophysical investigations have been carried out to identify the spatial position of the
main karstic flow system of Timavo Spring. In the Drača shaft, the siphonal lake at
elevation +3m a.s.l. Proteus (Man’s fish) have been found, indicating flowing karst water
[8]. Ten exploratory boreholes and three wells have been drilled down to a depth of about
50m below sea level. The total capacity of the wells amounts to 200l/s. The influence of
the tide on the wells is only a few centimeters and a delay of about 4 hours. The water
table in the well area is 2m a.s.l.
3.2.7 RIŽANA SPRING, SLOVENIA
The discharge of the karstic spring Rižana (Istria) fluctuates between 0.3 and 80m3/s [8].
The average discharge amounts to 4m3/s. At a distance between 0.3 and 1.1km behind the
spring, three wells have been drilled. The capacity of each well is 150l/s. The karst
underground storage is estimated as follows:
• Dynamic storage: 7×106m3 (based on recession curve analysis)
• Static storage: 50×106m3 (based on isotope analysis)
3.2.8 PALATA, MALI ZATON SPRING, CROATIA
The spring Palata (near the city of Dubrovnik) is situated on the seacoast, at a reverse
tectonic contact between Mesozoic carbonate formations (karstic aquifer) and flysch
complex (hydrogeological barrier). The spring zone is blanketed with 15 to 17m of debris
(carbonate blocks, boulders, terra-rosa, and clay) and is under permanent influence of the
tide. The discharge varies between 0.03 and 25.0m3/s. To determine structural and
hydrogeological characteristics of the spring zone, detailed geological mapping and
geophysical investigations have been carried out, and 12 piezometric boreholes were
drilled [9].
After lengthy hydrogeological investigations and monitoring, two wells (depths of 15
and 20m) were drilled immediately behind the discharging zone, about 30m from the
coastline (Figure 3.3). For many reasons, it was not possible to drill wells further behind
the spring zone to extract water directly from the karstic channel.
The diameter of the wells is 1000mm and casings are 500 and 600mm. The grain size
for a gravel-packed well varies between 8 and 16mm. The pumps are placed at depths of
7 and 10m below sea level. The seawater intrusion into the spring zone is prevented by
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means of shallow concrete cut-off wall construction. The tested capacity of the wells is
141l/s, without any indication of seawater intrusion (pollution) into the tapped aquifer
and spring zone.
3.2.9 KIVERI MARINE DAM, GREECE
At the submarine spring Kiveri-Anavalos (Peloponnesus), a semicircular concrete gravity
dam was constructed with its foundation at the sea bottom (Figure 3.4). It is one of two
concentrated discharge points of the large Tripolis karstic aquifer. The dam was built to
prevent seawater intrusion in the coastal part of the aquifer.
Providing 35cm of overpressure (with respect to sea level) in the space surrounded by
the intake dam structure reduced the salinity to 190mg/l Cl. There is no grouting
treatment at the contact between the dam and the foundation plane or in the rock mass
below the foundation. Because of this, a part of the aquifer still discharges water in the
sea.
3.2.10 JAMA SPRING, HERZEGOVINA
Jama Spring is formed at the contact of conglomerates and flysch. The discharge from the
spring inlet (siphonal karst channel) varies from 0 to >20m3/s. The surface flow with a
discharge exceeding 10l/s exists from 276 to 351 days/year. When the groundwater flow
through the aquifer zone toward the spring is reduced to a minimum, the surface flow
dries up, but the underground circulation continues along the contact of flysch and
conglomerates. The aim was to establish the quantity of dynamic reserves, which cannot
be controlled and tapped directly at the spring outlet, as well as to establish the quantity
of static reserves that can be optimally extracted [10].
To study the hydrogeological characteristics of the aquifer zone in greater detail,
divers investigated a part of the submerged channels. The submerged part of the channel
has been investigated at a length of approximately 60m (Figure 3.5), its width varying
from 0.6 to 7m.
This experiment proved that approximately 25l/s of water, which represents part of the
dynamic reserves, could be pumped out of this aquifer by providing a drawdown of
44cm. If the pumping capacity exceeded 30l/s, the water level would have permanently
decreased. This means that, in addition to dynamic reserves, part of the static reserves of
this aquifer was pumped out.
An interesting phenomenon was observed on that occasion. During recovery, the water
table continued to rise above the starting position of the water level, so that it exceeded
the initial level by 130cm (surplus water-level recovery) for approximately 1 to 2 days.
This can be explained by the kinetic energy of water mass in the karst aquifer as a result
of the creation of a depression and turbulent flows in the part of the karst channel (karst
siphon) being pumped out.
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FIGURE 3.3 Palata Spring intake
structure: (1) Wells; (2) borehole; (3)
discharging zone; (4) concrete cut-off;
(5) karstified dolomite; (6) flysch; (7)
marine mud; (8) talus (carbonate
blocks, fragments, terra-rosa, sand, and
clay); (9) very pervious zone (terrarosa, sand, and clay are washed out);
(10) piezometric line before pumping
test; (11) piezometric line during
pumping test; (12) ancient mill; (13)
road; (14) sea level.
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FIGURE 3.4 Kiveri Marine Dam.
Several possible concepts of intake have been analyzed:
1. Pump installation through the natural channel (using divers)
2. Construction of a gallery with a shaft to the siphon part of the channel
3. A well drilled from the terrain surface down to the investigated (deepest) part of the
siphon
The drilled well intake type was suggested as the most appropriate solution from a
technical and economic point of view. It consisted of two wells approximately 45m deep
and 444mm in diameter; this well diameter enabled the construction of the well
installation of Ø 300mm.
3.2.11 OPAĆICA SPRING, YUGOSLAVIA
An example of tapping an intermittent siphonal spring exists 1km from the sea shore in
Kotor Bay (southern Yugoslavia). The Opaćica Spring outlet is situated in the Upper
Cretaceous limestone, at an elevation of 10m. The saltwater intrusion is prevented by thin
bedded Lower Cretaceous limestone and Triassic flysch that

FIGURE 3.5 Karstic channel of Jama
Spring (left) and graph of pumping test
(right): (1) Groundwater level before
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pumping test; (2) main spring outlet;
(3) surplus water level recovery.

FIGURE 3.6 Karst channel of Opaćica
Spring: (A) Layout; (B) cross-section.
(1) Karst channel; (2) old water well;
(3) exploration length measured by
speleologist-diver; (4) exploration
borehole; (5) limestone; (6) sand,
gravel, and rock blocks; (7) large
boulders of diameter >40cm; (8) clay
with thickness of up to 1m. (From
Paljetak, B., Report on Divers
Exploration Works on the Spring
System “Opaćica,” Near Hercegnovi,
unpublished manuscript, 1969.)
elongate between the sea and Opaćica karstic aquifer. After a detailed study of the
hydrogeological characteristics in a wider vicinity of the spring, a diver prepared the
complete map of the section of the spring’s major channel (Figure 3.6) [11].
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By using few wells (20m deep), water was tapped directly from the channel at location
(1) shown in Figure 3.6. The extraction capacity of 80l/s creates a drawdown of 8m
below sea level in the dry season.
To increase the extraction capacity, Glavatović and Dubljević [12] applied a very-low
frequency method. New productive channels belonging to the same cavity system of
Opaćica Spring were discovered. The position of three different channel levels is
confirmed by boreholes (depth 12.5m, Ø 2.5m; 25.7m, Ø 2m; and

FIGURE 3.7 Schematic presentation
of Almiros Iraklion Spring mechanism:
(1) Almiros Spring; (2) karstified
limestone; (3) neogene sediment; (4)
sea level. (From Monopolis, D. and
Mastopis K., Hydrogeological
investigations of Almiros Spring, Inst.
Geol Subsurface Res., 1, 1969.)
34.4m, Ø 4m). The results of the very-low frequency investigation are presented in
Figures 11.21 and 11.22.
3.2.12 ALMIROS IRAKLION SPRING, CRETE
The Almiros Iraklion brackish spring is one of the most studied karstic coastal springs.
The spring originates on the tectonic contact between Tripolis limestone and neogene
sediments (sand, clay), approximately 1.1km from the coastline (Figure 3.7). The water
discharges several meters above mean sea level from a karst channel that was explored by
divers to the depth of 21m. On the other side, at the sea bottom, approximately 500m
from the coastline at a depth of 25m, divers observed a submarine karstic opening: Balli
estavelle. Divers have observed the sinking of seawater into Balli only in the dry season.
According to geology investigations and calculations, siphonal channels connected with
Balli estavelle are estimated to be about 400m below sea level [13].
Spring discharges vary from 3.3 to 30m3/s. Salinity of the spring water varies between
35 and 6200mg/l Cl; the seawater is only 2.5% of the total spring discharge. Salinity
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changes abruptly when spring discharge exceeds 15 to 17m3/s. Discharge over 17m3/s
guarantees high-quality water with salinity less than 50mg/l Cl.
To prevent seawater intrusion, an artificial increase of the spring water level has been
achieved by constructing a concrete dam in front of the spring outlet. The water level
elevation, in a part of aquifer behind the spring, was estimated to be 10m a.s.l. However,
the problem of spring contamination was not satisfactorily solved.

FIGURE 3.8 Spila Spring siphonal
karst channel. (From Touloumdjian, C.
and Milosavljević, A., personal
communication, 1997.)
3.2.13 KOTOR BAY SPRINGS, YUGOSLAVIA
The principal sources of water in the Kotor Bay discharge along a flysch/limestone
tectonic contact. These are the Gurdić, Škurda, Tabačina, Ljuta-Orahovačka, and Spila
Risanska springs.
The largest one, Orahovačka Ljuta Spring (Qmax>150m3/s), comes out from a single
cave opening at an elevation of about 10m a.s.l. The spring channel is almost vertical.
Divers investigated the channel to the depth of 106m below the mean sea level [16].
Spring discharge varies from Qmin=0.131m3/s to Qmax≈100m3/s. Measured content of
chlorine during minimum discharge amounts to 400mg/l (brackish water). Divers
investigated Spila Risanska Spring (Qmax=80 to 100m3/s) down to 72m below sea level
[16] (Figure 3.8).
Three large springs (Gurdić, Škurda, and Tabačina) near the town of Kotor are
hydraulically interconnected (Figure 3.9). Gurdić and Škurda (600m distance), especially,
are directly interconnected by a deep siphonal karstic channel. Divers have explored the
siphon down to 50m below sea level. Located exactly on the coastline, Gurdić Spring
occasionally behaves as a ponor, when seawater enters through the spring outlet into the
siphonal channel, causing saltwater intrusion into the Škurda Spring and, at the same
time, contaminating Tabačina Spring.
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To prevent the contamination of the Tabačina Spring intake structure, a grout curtain
was constructed between the Tabačina and Škurda springs. This curtain

FIGURE 3.9 Kotor Springs, layout,
and cross-section. (1) Gurdić; (2)
Škurda spring; (3) Tabačina spring; (4)
tectonic boundary between flysch and
limestone; (5) grout curtain; (6)
karstified limestone; (7) flysch
(impervious complex); (8) sea; (9)
Kotor town; (10) under-ground
freshwater direction; (11) direction of
seawater intrusion. (Modified from
Pavlin, B. and Biondić, B., Spring
Tabačina: Grout Curtain, unpublished
report, Elektroprojekt, Zagreb, 1985.)
(220m long and 45m deep) is connected by an impervious flysch complex (Figure 3.9).
After a few years of satisfactory intake structure operation, an unexpected occurrence
confused investigators and dam designers. Saltwater intrusion again contaminated
Tabačina Spring, but somewhat surprising was the simultaneous entry of freshwater from
the temporary Orahovica Spring, 7km away. No changes have been recorded in the Ljuta
Spring discharge.
3.2.14 DEEP WELLS IN KAZERUN, IRAN
The geology of the Zagros geotectonic unit in southern Iran is characterized by long and
regular anticline and syncline folds. The anticlines are normally mountain ridges and the
synclines are valleys and plains (Figure 3.10). From a hydrogeological point of view, the

Underground water tapping

57

most important sediments are the Oligo-Miocene, thick, massive lime-stones with
medium-bedded dolomites [17].

FIGURE 3.10 Simplified crosssection through the Zagros Mountains.
At the beginning of karst aquifer development, the most important joint system was that
which had been formed by tensile stresses along the anticline axis. Along this system the
intensive karstification process occurred in the Asmari limestone. From an analysis of
well logging and geoelectrical sounding data, it can be concluded that the Asmari
limestone at the Sarbalesh anticline is fairly karstified. The deepest karst features
observed by piezometric borehole logging are at a depth of 420 to 430m, which
represents extremely deep karstification. Generally, the base of the karstification in the
Sarbalesh Asmari limestone is at a depth of less than 250m. Logging of a Kazerun
municipal well (depth of 250m) indicated a cavernous zone from the depth of 190m to
the bottom of the well.
A number of high-producing wells are situated in Asmari limestone. On the basis of a
pumping test, Sarbalesh Asmari aquifer was estimated to be a considerably productive
hydrogeological reservoir. The most productive single well (No. 5, 161m deep, Ø-17.5
inches) had a capacity of Q=115l/s for S=0.46m. After performing simultaneous pumping
tests in four wells of the same aquifer, the pumping rate was found to be Q=214l/s
(S=0.82 to 2.54m). During a simultaneously performed test in well No. 5, a pumping rate
of 48l/s for S=0.98m was obtained.
3.2.15 MRLJIŠ SPRING, YUGOSLAVIA
Mrljiš is a siphonal karstic spring located in the regional geological unit known as
Carpatho-Balkanides, in the eastern part of Yugoslavia. The minimum spring yield
reaches approximately 100l/s (Qmax>1000l/s). The spring discharges from the Lower
Cretaceous karstified limestone at the right bank of the Timok River. The Mrljiš karst
aquifer has been studied in detail, with nearly every feasible method and technique,
including geological mapping, geophysics, aerial photo analysis, drilling, pumping tests,
water budget analysis, modeling, monitoring, and water quality analysis [18].
The following alternatives of tapping concepts were analyzed:
• Tapping of natural spring flow
• Pumping from the spring siphon
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• Tapping of groundwater by deep wells
To obtain knowledge on the productivity of this aquifer, a pumping test directly from
spring outlet was performed. The test results indicate that a well type of structure for
groundwater tapping may guarantee production of 300l/s in the dry season. As a result of
this test, five wells have been drilled around Mrljiš Spring (Figure 3.11).
The capacities of the tested wells are as follows:
IE-1: Q=12l/s, S=12m, depth=80m; surrounding cavities are plugged with clay
IE-2: Q=95 to 110l/s, S=1m, depth=67m; well entered cavern with flow
IE-3: Q=52l/s, S=10m, depth=85.5m
IE-4: Q=120l/s (jet-type discharge), depth=80m; well is located close to spring outlet
IE-5: Not tested
Surface casings of 600- and 445-mm-diameter well pipes equipped with large slotted
(10×1cm) screens were installed in highly karstified sections of the well. Using this
tapping concept made extraction of deep aquifer reserves was possible in the dry season.
In hydrological low flow time, well extraction capacity can exceed three to five times the
natural spring discharge. During the rainy period, replenishment of depleted karst aquifer
is quick and sufficient.
3.3 TAPPING GALLERIES
Galleries have been used since ancient times as successful and economical tapping
structures. In arid regions, gallery tapping structures are known as ghanats. The ghanats
are a well-known groundwater tapping tradition in Iran (Persia), dating back 3000 years.
According to Amini and Salimi Manshadi [19], in Iran there are about 18,400 chains of
ghanats, with an approximate length of 300,000km. Ghanats are mostly excavated in low
consolidated deposits, but some are excavated in karstified limestone. For example, Shir
Habib ghanat was excavated in Asmari limestone (50 to 70cm wide, about 1m high,
unknown length). The deepest known ghanat is 350m below land surface.
The crucial purpose of a gallery is to intersect the zones containing active karst
conduits, i.e., the water-bearing fracture zones. The base flow sections, especially behind
the discharge points, are the investigation targets as potential water-collecting zones.
A comprehensive investigation program is necessary to obtain an optimal location for
a gallery. This investigation includes geological mapping, aerial photo analysis,
geophysical investigations, and drilling procedure. One piezometric borehole is not
enough. To verify hydrogeological assumptions about the best gallery location, three
investigation boreholes are usually a minimum. Conclusions based on only one borehole
can cause complete failure.
In many cases a horizontal water-collecting gallery has clear advantages over a drilled
well. It offers favorable possibilities by changing diameter, direction, length, and sloping
during the gallery excavation. Due to its volume, the gallery represents
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FIGURE 3.11 Mrljiš Spring: (a)
Cross-section; (b) simplified
geological map.; (1) Spring; (2) well;
(3) exploration borehole. (From
Stevanović, Z. and Dragišić, V. et al.,
An example of water supply of
“Bogovina” hydrosystem, in
Proceedings: XI Yugoslav
Symposium—Hydrogeology and
Engineering Geology, Budva, 1996.
an important storage space. Also, repairs are easier than for wells because of the limited
water-yielding capacity of karst aquifer at the end of the recession period. The water
inflow can also be increased by horizontal or fan-shaped drainage holes.
A series of gallery tapping structures are being successfully used in different parts of
the Dinaric karst region.
The Roman Well tapping structure 2km from the brackish springs at the seacoast was
constructed to supply water to the town of Trogir (Croatia). To select the best position for
the gallery, very detailed investigations were performed: geological mapping,
geophysical investigations, photo-geological analysis, and exploratory drilling. The
tapping structure (Figure 3.12) consists of a vertical access shaft, 82m deep (the shaft
bottom is at sea level), and two branches of a horizontal water-collecting gallery with a
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total length of 270m [20]. Gallery bottom elevations are 1.5m and 2.5m a.s.l. The gallery
intersects five tectonized and karstified zones containing concentrated underground
flows. The pumping rate from the gallery, in the dry season, amounts to 120l/s. To
control the eventual saltwater intrusion, an observation piezometer was installed. It
reaches a depth of 30m below sea level.
In the case of Šipan Island in the Adriatic Sea (Croatia), the gallery was excavated
only 300m from the coastline (Figure 3.13). Results of geoelectrical sounding indicate
intensive seawater intrusion in the karstified Lower Cretaceous limestone, 170m from the
coastline. The gallery is excavated in dolomite, 130m from the limestone [21]. However,
in the grusified Upper Cretaceous dolomite, seawater intrusion is limited. Because of the
grusified structure, the Ghyben-Hertzberg law can be partially applied. An increase of
chlorides was detected at a depth of about 75m. Freshwater can be withdrawn from the
upper part of the aquifer.
The intake structure consists of (Figure 3.14) a shaft, 24m deep down to an elevation
of 7.17m below sea level; a gallery in the direction of the geological structure, 30m long;
and a gallery perpendicular to the geological structure, 25m long. The bottom elevation
of the galleries is 3.57m below sea level. Cl content in the galleries varies between 30 and
35mg/l, and the temperature ranges from 15.5 to 16.0°C.
3.4 TAPPING OF WATER INTRUSION UNDER PRESSURE
Any excavation in karstified limestone deep below the groundwater table represents an
extremely onerous and risky task. The basic problem during excavation in that part of the
aquifer is the struggle with water under pressure. The simple water-tapping structure can
easily capture negligible breakthrough of water up to 10l/s. However, high pressure can
provoke sudden intrusion of large discharges, which are capable of flooding tunnels, or
other underground halls, in a short period of time. The intrusion capacity through small
karstic channels can exceed more than hundreds of liters per second. To overcome that
type of problem, special tapping treatment is needed.
An example is given in Figure 3.15. During the excavation of a large underground
power plant cavern, at an elevation of 34m below sea level, a karst channel was cut, and
water under pressure broke through at a rate of hundreds of liters per second.
A metal “tapping bell” was built in at the karst-channel opening, and water was
transported by pipes to a special shaft and pumped out at the surface. The end of
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FIGURE 3.12 Roman Well gallery:
(a) Horizontal layout; (b) crosssection. (1) Vertical shaft; (2)
piezometric borehole; (3) horizontal
gallery; (4) tectonized zone; (5)
limestone; (6) concentrated
underground flow; (7) coastal springs.
(From Mijatović, B., Problems of
seawater intrusion into aquifers of the
coastal Dinaric karst, in Hydrogeology
of the Dinaric Karst, Mijatović, B.,
Ed., Geozavod, Beograd, 1983.)
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FIGURE 3.13 Simplified
hydrogeological cross-section of Sipan
Island: (1) Tapping structure; (2)
karstified Cretaceous limestone under
strong influence of saltwater intrusion;
(3) part of aquifer (in dolomite) under
negligible influence of seawater
intrusion; (4) freshwater aquifer in
dolomite.

FIGURE 3.14 Tapping structure: (1)
Shaft; (2) gallery; (3) perpendicular
gallery; (4) piezometric borehole; (5)
water table; (6) water table during
pumping operation; (7) fault zone
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filled with sand and clay; (8) fractured
zone; (9) concentrated inflow.
the pipe was equipped with a valve. After that, the entire bottom of the hall, including the
tapping bell, was covered with concrete, at a thickness of 2m. Because of a strong uplift,
the concrete plate was anchored to the foundation. After the outflow pipe was closed,
circulation in the karst channel stopped. Under those conditions it was possible to
perform grouting of the karst channels through the accessory pipes and tapping bell. After
grouting was completed, the concrete slab was removed by blasting, and excavation of
the hall continued.

FIGURE 3.15 Tapping procedure of
water intrusion under pressure: (1)
Karstified limestone; (2) karst channel
filled with water under pressure; (3)
flow direction; (4) metal tapping bell;
(5) provisional clayey watertight belt;
(6) anchor; (7) concrete slab; (8)
direction of grouting mass penetration.
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4
Dams and Reservoirs: Inherent Risk
There is no doubt that the karst is in bad standing with
engineers.
—P.Lond

Collapse area at the reservoir bank,
reservoir Mavrovo, FYR Macedonia
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4.1 INTRODUCTION
The nature of karst presents a great variety of risks associated with any kind of human
activities. The risk component is unavoidable in spite of very serious and complex
investigation programs, including all available investigation methods. Moreover, the risk
cannot be totally eliminated by increasing the investigative programs. Perhaps it can be
minimized to an acceptable level, but never absolutely.
Difficulties and failures in the development of karst terranes generally can be
classified as technical and ecological. The technical difficulties and failures are connected
with various man-made structures: dams, reservoirs, tunnels, and intake structures. The
ecological failures are a consequence of various human activities that deteriorate the
environment and water quality, deplete water quantity, and endanger underground fauna.
The most frequent technical difficulties are land subsidence at the ground surface as
well as at the bottom of the reservoirs, water leakage at dam sites and from reservoirs,
subsidence around tunnel tubes, break-in of water and mud during underground
excavation, seawater intrusion far behind the coastline, induced seismicity as a
consequence of artificial storage, floods as a consequence of changes in surface water
regimes, global groundwater unbalance, and drilling of unproductive deep wells.
The most frequent ecological difficulties are decreased downstream spring discharges,
deterioration of groundwater quality, failure of waste disposal systems, and
endangerment of endemic fauna.
Proper risk reduction strategy is especially important during the construction of dams
and reservoirs. Reservoirs in karst may fail to fill despite an extensive investigation
program and sealing treatment. Dried reservoirs or reservoirs with unacceptable heavy
leakage are:
Hales Bar (U.S.)

Leakage 50m3/s; abandoned

Lar (Iran)

Leakage 10.8m3/s

Vrtac (Yugoslavia)

Leakage 25m3/s

Fodda (Morocco)

Leakage 3 to 5m3/s

Iliki (Greece)

Leakage 13m3/s

Salakovac (BiH)

Leakage >10m3/s

Montejaque (Spain)

Abandoned (4m3/s)

Anchor Dam (U.S.)

Huge leakage

Civitella Liciana (Italy)

Huge leakage

Kopili (India)

Huge leakage

Cuber (Spain)

Huge leakage

May (Turkey)

Huge leakage

Perdikas (Greece)

Huge leakage
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Huge leakage

Table 4.1 presents examples where a huge leakage was reduced after complicated sealing
work. The examples represent the maximum leakage from reservoirs in different karstic
areas of the world. In most cases the leakage occurred during the first filling. In some
cases the quantity of leakage was not reported in available references.

TABLE 4.1
Leakage from Reservoirs Reduced after
Remedial Works
Dam/Reservoir

After First Filling
(m3/s)

After Remedial Works
(m3/s)

26

<10

Camarassa (Spain)

11.2

2.6

Mavrovo (FYR Macedonia)

9.5

Considerably reduced

Great Falls (U.S.)

9.5

0.2

Marun (Iran)

10

Considerably reduced

8

Negligible

8

(3.5) Increase till 6

>11

?

9.4

Remedial work runs

5

3

6

No leakage

3–4

?

3

1

2–3

No remedial works

2

No remedial works

El Cajon (Honduras)

1.65

0.1

Krupac (Yugoslavia)

1.4

Negligible

Charmine (France)

0.8

0.02

Kruščica (Sklope) (Croatia)

0.8

0.35

Mornos (Greece)

0.5

Considerably reduced

Piva (Yugoslavia)

0.7−1

No remedial works

20% of inflow

?

1

No remedial works

Keban (Turkey)

Canelles (Spain)
3

Slano (Yugoslavia) (34m /s)

a

Ataturk (Turkey)
Višegrad (Bosnia)
3

Buško Blato (Bosnia) (40m /s)

a

Dokan (Iraq)
Contreas (Spain)
3

Hutovo (Herzegovina) (10m /s)
Gorica (Herzegovina)
Špilje (FYR Macedonia)

Maria Cristina (Spain)
Peruča (Croatia)

a
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20% of inflow

?

0.6

?

Pueblo Viejo (Guatemala)

?

Considerably reduced

Wolf Creek (U.S.)

?

?

Lone Pine (U.S.)

?

?

Onac (Turkey)

?

?

Apa (Turkey)

?

?

Cevizli (Turkey)

?

?

Schoroh (Switzerland)

?

?

Dongmenhe (China)

?

?

Yingtaoao (China)

?

?

0.5

0.016

?

?

La Bolera (Spain)

Times Ford Dam (U.S.)
Salamanaveva (Sri Lanka)
a

Swallowing capacity in natural conditions.

In many of the examples, the designed and executed watertightness treatment was only
partially successful. Because of this, extensive additional sealing work has been carried
out to stop or minimize leakage. The sealing operations require a lot of patience and
perseverance and adequate funds. Practical solutions of this kind are extremely complex
and require close collaboration between experienced geologists and civil engineers. Much
time and sufficient financial resources are also required. Every problem has its own
characteristics, and no case or situation is ever repeated.
As a result of persistent, time-consuming, and step-by-step sealing treatment, in some
cases the results justify the money invested. The leakage from the Keban Reservoir was
decreased from 26 to <10m3/s; in Camarassa, from 11.2 to 2.6m3/s; in Great Falls, from
9.5 to 0.2m3/s; in the Canelles Reservoir, from 8m3/s to a negligible amount; in the
Mavrovo Reservoir, leakage of 9.5m3/s was considerably reduced; and in Krupac,
leakage of 1.4m3/s was reduced to a negligible amount (these examples are discussed in
greater detail in Section 5.12).
Even though an extensive sealing is performed, in some cases the problem is too
complicated for the available sealing technology. For instance, because the leakage
problem could not be overcome, the Hales Bar Dam was abandoned (see Section 5.12.2
for details). In the case of the Lar Dam, the results of the sealing treatment were
inadequate to justify the time and money expended, because hydrogeological conditions
were too complex and leakage paths were (channels) extremely deep. A distinctive
example is the abandoned Montejaque Dam in Spain [1].
Of course, building a dam or reservoir in karst does not automatically mean there will
be a leakage problem or failure. In many cases if dam sites and reservoir areas are
selected in the rock mass with suitable geological conditions, the leakage problem is
solved. In the following locations, there is no leakage, or leakage is minor as a
consequence of conventional grouting only: Ekbatan Dam (Iran); Bileća Reservoir,
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(Bosnia and Herzegovina [BiH]), Castillon (France), Altinapa (Turkey), Genissiat
(France), Nebana (Tunisia), Rama (BiH), Globočica (FYR Macedonia), Quinson
(France), Punta Del Gall (Switzerland), La Angostura (Mexico), Bin al Ouidance
(Morocco), Greoux (France), and Santa Guistina (Italy).
4.2 GEOLOGICAL PREDISPOSITION TO RISK
According to the generalized geomorphological and hydrogeological features concerning
leakage (i.e., because of geological predisposition to risk), dam sites and reservoirs in
karst can be divided into the following groups:
• Dams and reservoirs in deep and narrow canyons
• Dams and reservoirs in river valleys
• Dams and reservoirs in karst poljes
In the case of deep and narrow karstic canyons, the riverbeds usually are the deepest
erosion-base levels. Such is the case when the fluvial erosion is faster than the
karstification process. The karstic features below the river bottom are rare. Such
riverbeds have limited leakage. The water table is connected with the riverbed or is very
close. Dam sites are generally reasonably impermeable. The base of karstification is close
to the river bottom. The upper parts of the dam site and reservoir banks can be prone to
leakage. The depth of the grout curtain in the riverbed and into the both abutments is
technically and economically acceptable. Examples of this are Piva Dam (Yugoslavia)
and Karun I (Iran).
Dam sites and reservoirs located in wider karstic river valleys need more attention
than those in canyon sites. Usually, in the valley development, the evolutionary process
of karst aquifers is corresponsive or faster than fluvial erosion. Also, two processes can
replace each other: The base of karstification can be lowered below the riverbed, and the
presence of huge caverns and karst channels at a significant depth is possible.
The most unfavorable conditions with respect to watertightness occur in valleys with a
hanging riverbed situated at a high elevation. In such situations, the water table is deep
below the valley bottom. The water table dips abruptly, perpendicular to the valley floor.
Depending on the position of the surrounding erosion base levels, the carbonate rock
masses can be karstified hundreds of meters below the valley bottom (Keban, Lar, etc.).
Deep and expensive grouting treatment and filling of empty caverns by crushed material
and prepacked concrete are to be expected. Generally, hanging river valleys should be
avoided for surface water storage.
However, in the case of a normal river valley (valley is the erosional level, that is, the
discharge zone for adjacent karst aquifer), the chances for safe water storage become
realistic. Karstification below the riverbed is negligible. Eventual leakage through dam
sites or reservoir banks can be limited or eliminated in a technically and economically
acceptable way (Grančarevo, Peruča, Kruščica, etc.).
The karst poljes are hydrogeologically complex places for dam and reservoir
construction. Wide and very large zones of concentrated infiltration and discharge are
located in these depressions. If the bottom of the polje consists of impervious strata,
ponors (swallowholes), estavelles, and intermittent springs are situated along the
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foothills. If alluvial deposits cover the bottom, the zones of concentrated infiltration can
occur everywhere. During the dry season, the water table is deep below the depression
bottom. In many cases permanently active base flows exist below the polje. During the
wet season, the water table rises abruptly, and a considerable part of the bottom is under
the influence of a strong uplift. The most common and unpredictable defects found
during reservoir impounding and operation are karst channels and corroded cracks,
naturally plugged by clay and covered by alluvium and terra-rosa and reactivated by
water pressure, suffusion, or air pressure effects. Collapses, funnels, and huge open
cracks in the reservoir bottom appear as a result.
The treatment of karst poljes generally requires long and step-by-step remedial work.
Decisions on watertightness treatment such as long and deep grouting curtains should be
carefully analyzed. Generally, the investigations should be very serious and focus in two
directions: (1) underground, deep treatment and (2) surface treatment. Adequate financial
support and professional experience form the base for successful watertightness
treatment. Many examples (successful to various degrees as well as failures) illustrate the
complexity of reservoir construction in karst poljes (Buško Blato, Vrtac, Slano, Hutovo,
Štikada). In some cases the idea for reservoir construction was abandoned after serious
investigation (Taka Lake, Peloponnesus, Greece; Cernica Reservoir, Herzegovina).
4.3 RISK TYPES
With respect to construction of dams and reservoirs in karst, the prevailing risk is water
loss, while the stability risk is considerably lower. For underground structures there is a
wide spectrum of risks resulting from the presence of caverns and the specific regime of
groundwater.
The surface defects of rock masses in the storage basin most often are concealed by
alluvial cover, so that deterioration processes are generated only in the altered conditions
of surface and groundwater regime. These are piping, erosion, air, and water hammer
effects. The consequences of these processes are collapses and fracturing in weakly
consolidated sediments, washing away of fractures, and removal of nonconsolidated
deposit (clay, sand, debris, and blocks) from the karst channels and caverns. In such a
way, fossil karst conduits are activated and singularities and zones of concentrated losses
are created. The capacity of individual conduits, that is, the losses through them, could
reach high values, exceeding more than 25m3/s. Reservoir operation is jeopardized due to
water loss, whereas when a reactivated karst defect is located in the foundation zone,
structural stability can also be jeopardized.
The construction risk is recognized and dealt with:
• When selecting the location
• During the structure operation
Inadequate selection of the location results in many problems that should be prevented by
a staged approach ranging from programming of investigation and design work up to
construction and operation. In the most unfavorable circumstances this risk is manifested
either as a failure causing the project to be abandoned or as introducing long,
unpredictable repair work. The risk during operation is the rock defect not being detected
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during the investigation and construction stages or inadequately performed mitigation
measures during repair work. Often the risk is already obvious at the start of operation
and is experienced for long periods afterwards. It could be stated that, in the karst areas, a
certain amount of risk is present through-out the whole lifetime of the structure (dam,
reservoir). During the operation period other risks are introduced due to the enhancement
of induced seismicity, as well as due to unfavorable impacts on the environment
(ecological, socio-economic, etc.).
In underground structures such as tunnel excavation the risk aspect is emphasized,
since the evaluation of engineering-geological characteristics of the media are based on
expensive investigation work and difficult interpretation, where reliability is hard to
achieve. In long and deep tunnels the risk is increased due to the limited scope of “point”
investigation work (boreholes), while conclusions are mostly based on surface
investigations (geological mapping, geophysical works). The presence of large caverns at
depths below 100 m is impossible to determine by existing methods from the surface.
Moreover, such caverns may present an important problem if a tunnel-boring machine is
to be used, particularly if the cavern is filled with clay.
All stages of construction of underground structures in the karst include the following
risk components:
• Risk when selecting the structure location
• Risk when selecting the excavation technology
• Risk as part of construction management
• Risk as part of the operation of the structure
When selecting the location, the risk can be reduced by selecting, as reliably as possible,
compact rock mass (not damaged by tectonic and karstification processes).
The selection of appropriate construction management, primarily for tunnels, is of
considerable importance. Actual practice has demonstrated that the risk of tunnel driving
by a tunnel-boring machine is higher than for excavation by conventional methods.
Concerning construction methods, the risk component incorporates the possibility of
sudden floods, that is, peril to human lives and damage to mechanical equipment. The
possible risks during operation are failures that result from defects of rock mass not
discovered during the investigations and construction or from inadequate remedial work
(inappropriate design or poor execution).
4.4 TIME AS A RISK COMPONENT
Undoubtedly, the most important risk component in karst areas is of a geological nature.
Since in all geological processes, from the origin to the destruction of rock masses, time
is one of the key parameters, it definitely makes an essential contribution to risk.
Time as a risk component occurs in wide ranges, from fast and progressive
degradation of joints and filling of caverns, up to the intensification of long-term
karstification due to increased pressure and water quantities in the zones of deep
reservoirs. If gypsum and halite prevail in a rock mass, the dissolution is extremely fast,
and the risk becomes dramatic. Another important risk component is the possibility of
grout curtain deterioration.
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Irrespective of the scope of detailed field investigations, it is highly improbable that all
rock mass deficiencies would be discovered and repaired. During the first years of
operation of reservoirs, tunnels, and canals, one can be certain that some deficiencies
become apparent, with negative consequences to watertightness and stability. This occurs
most frequently during the first 2 to 5 years of operation; less frequent are cases when
these processes take 10 to 15 or more years. Time as a risk component is particularly
pronounced with reservoirs and tunnels. Both types of structures are subjected to related
water action, which is continuous but has variable intensity. In pumped storage tunnels
the direction of action flow is reversible.
Due to this risk component, occasional check-ups are necessary followed by required
repair work. In the case of reservoirs, check-ups are needed in the first years of operation,
and for tunnels at least once every two years.
There is another type of risk, which may be present but is not predictable. It is an
assumed risk that might originate from water depletion and disturbance of the karst
aquifer regime. Such phenomena are governed by long-term processes whose effects
could be demonstrated after many tens or even hundreds of years.
4.5 RISK OF AN ECOLOGICAL NATURE
This component stems from many various and unpredictable consequences that are byproducts of the construction of large hydraulic structures and water resources
management. These are, primarily, the regime variations of surface and groundwater. In
karst the groundwater circulation dominates, so the basic strategy and prime objective of
each intervention should be water retention on the surface for as long as possible within
the system consisting of reservoirs, canals, and tunnels. This means water transport
toward the regional (river valley) or absolute erosion basis through those structures, so
that large amounts of water do not reach underground. In this way the balance of karst
aquifer is disturbed, which results in its depletion. This subsequently results in a
disturbance of the downstream regime of karst springs and in certain cases in changes of
water quality and temperature. The mean annual discharges of individual springs are
reduced and, consequently, downstream catchment areas become short of water.
Predictions and estimates of such risk types are very important, particularly when those
springs are used for water supply. Depletion of karst aquifer has negative effects on
endemic species, which are plentiful in the karst underground. In any case, the risk of
negative ecological consequences is less than the positive ecological effects such as
improvement of landscape surfaces with water, and improvement of vegetation
development, drainage, irrigation, etc.
4.6 INDUCED SEISMICITY
Under natural conditions, in the event of sudden replenishment of karst aquifer,
occurrence of weak seismic activity is often observed as a consequence of compressing
the air that remained captured in karst channels. Installing a seismograph (z-component)
above temporary karst springs proves this observation. This type of seismic activity has
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also been recorded during sudden filling of some reservoirs in karst. From the risk point
of view, these occurrences are not of great importance, but they need to be recognized,
since such shocks can disturb the population in the neighborhood of the dam and
reservoir.
Seismic waves, regardless of their origin, can provoke piping phenomena by pushing
out the natural filling of karst channels, even causing damage on the grout curtain. The
consequence of this is increased water permeability of the reservoir basin. This is why
that kind of risk should be taken into account when planning to store water in karst.
4.7 RISK REDUCTION STRATEGY
A good geological map and a correctly established concept of investigation are the basis
for risk minimization. Detailed geological mapping, application of remote sensing
methods, a combination of different geophysical methods, neotectonic analysis, tracer
tests, maximized use of exploratory boreholes, and a sufficiently long monitoring period
are the basis for producing a good geological map. It is unrealistic to plan complete
elimination of risk in karst areas. An illustration of this is the case of Keban Dam.
Despite a detailed investigation, including 36,000m of exploratory drilling and 11km of
exploratory adits, an empty cavern of over 600,000m3 was not discovered prior to
impounding. This produced losses of 26m3/s (Section 5.12.5 discusses Keban Dam
leakage in greater detail). Complete risk elimination would require a specialized and
economically unjustified scope of investigation and repair work.
Consequently, it is very important to plan an optimal geological investigation and
application of adequate research methods. Any attempt to reduce the scope of the
investigation would negatively influence the quality of geological data, i.e., inevitably
increase the risk. Experience has shown that savings in the investigation program during
the selection of an optimum location in a karst area is abundantly repaid during
construction and operation. Correct location selection reduces the risk in both the
construction and operation stages. Good geological data enable the adjustment of many
structures to the realistic geological circumstances and the reduction of risk. For instance,
adjustment of tunnel alignment is needed if investigation indicates a cavernous zone in
the designed route; dislocation of the entire structure is prudent in such cases.
Geophysical prospecting and exploratory drilling, preceding the construction,
considerably reduce the possibility of unwanted surprises and enable timely preparatory
works to overcome obstacles.
The highest risk exists when structures, partially or entirely, are located in the zone
permanently or periodically below the groundwater table. Sudden water inflow during
excavation, measured in m3/s, can jeopardize, most importantly, human lives, then
machinery and the feasibility of construction. To reduce this risk to a minimum, a
properly organized hydrological and hydrogeological system is necessary for monitoring
the regime of surface and groundwater at the relevant points of the catchment basin.
Timely information enables evacuation of people and vital equipment.
Adequate geological data make it possible to evaluate latent risk of hidden karst forms
that might imperil the reservoir watertightness, dam stability, or the operation capability
of the tunnel. These data are necessary for the creation of simple probability-model
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testing of determining when obstacles might occur during excavation or, later, during
operation. Such a model should also provide cost estimates of repair work of the
deficiencies that might be found.
4.8 ACCEPTANCE OF RISK
The inevitable existence of risk should not be neglected or concealed. It should be
accepted by both the consultant and the client (risk belongs to the client and
responsibility to the consultant). Certainly, misunderstandings might be expected from
the client, which is normal. However, when dealing with karst, the reluctance of one of
the partners to acknowledge risk or acceptance of risk by only one of the involved parties
could be considered a negative approach that does not contribute to the project
realization.
Evidently, risk acceptance has limits that should not be exceeded, thus entering the
zone of unjustified hazard, that is, certainty of total failure (most often it concerns a
reservoir that cannot be filled). In such a case the size of the estimated risk should be
clear and evidenced, as the consequence might be the decision to abandon the project.
Provided that optimal investigation is assured, in most cases it is possible to achieve
the planned concept in karst through the selection of alternative solutions. For this reason,
collaboration and mutual confidence is needed between the parties involved in jointly
endorsing the risk.
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5
Dams and Reservoirs: Prevention and
Remediation
Grouting is more an art than a technical discipline.
—A.C.Houlsby

Collapse at the reservoir bottom,
Reservoir Hutovo, Herzegovina
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5.1 INTRODUCTION
In karst areas, a special approach has to be applied to counteract seepage around the
dams, from the reservoirs, and to prevent groundwater intrusion into the underground
excavations.
Because of the nature of karst, it is easy to select the dam site location that would be
acceptable for construction without serious, large-scale underground or surface
impermeabilization. The grout curtain design is an iterative process, and its realization
should focus on the final product rather than on obstacles. The reservoir does not have to
be 100% watertight, but the seepage must not cause progressive erosion (criterion of
sustainability). The satisfactory performance of the grout curtain will become evident
only during and after impounding of the reservoir.
The most frequent technical difficulties are presence of caverns along grout curtain
routes or at dam sites, leakage from reservoirs, groundwater intrusion during
underground excavations, and natural or induced subsidence in reservoir bottoms. The
feasible alternatives for prevention and remediation, to reduce or eliminate these
difficulties, are surface treatment and sealing underground by different geotechnical
approaches.
The common geotechnical methods at the surface are compaction of the surface clayey
layer, construction of an impervious shotcrete blanket, using plastic foil and other kinds
of geosyntetics, grouting, plugging, and construction of cylindrical dams or dikes to
isolate (amputate) large ponors (swallowholes).
Common underground approaches and structures are use of a grout curtain; filling of
karst channels and caverns by limestone blocks, gravel, concrete, or a thick grout mix
(using sand and different chemicals); construction of reinforced and anchored concrete
plugs; construction of conventional and positive cutoff walls (cutoff ending in an
impervious geological unit); construction of bathtub grouting structures (impervious
boundaries by combination of vertical, inclined, and sub-horizontal screens); and conical
grouting, prior to tunnel or grouting gallery driving, in saturated karstified rock mass.
Due to karst’s hydrogeological nature, grout curtains executed in karstified rock mass
are more complex and much larger than curtains in other geological formations.
The following examples confirm this conclusion:
Surface
Ataturk (Turkey)

1,200,000m2, length 5.5km, depth up to 300m

El Cajón (Honduras)

610,000m2

Berke (Turkey)

533,000m2, depth up to 235m

Dokan (Iraq)

471,000m2

Khao Laem Dam (Thailand)

437,000m2

Slano (Yugoslavia)

404,224m2, length 7.011m

Keban (Turkey)

338,000m2
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5.2 DATA NEEDED FOR GROUT CURTAIN DESIGN
The basic elements of grout curtains are:
• Position in space (direction and inclination)
• Dimensions (in horizontal and vertical directions)
• Number of borehole rows
• Distance between borehole rows
• Borehole spacing within rows
• Composition of grouting mix
• Grouting method (bottom-up or top-down)
• Borehole diameter
• Relationship of grout curtains to specific structures; curtains can be tied up to a
structure such as a dam, or can be independent of structure
Good-quality geological data are a crucial basis for correct decisions in the process of
grout curtain design. A good geological database increases the chances of successful
grouting and minimizes the need for improvised field decisions. However, the nature of
karst terranes is such that each eventuality cannot be anticipated and thus field
modifications during grouting cannot be completely eliminated.
Basic information for design of a grout curtain in karst formations comes from the
following procedures:
1. Detailed analysis of geological structures
a. Hydrogeological characteristics of lithological units
b. Position of folded structures, especially the hydrogeological role of the anticline
core
c. Characteristics of main faults (elongation, depth, nature of crushing material
between tectonic blocks, disturbance of ruptures by karstification)
2. Analysis of the karst evolutionary process to define possible depth of karstification,
(i.e., position and depth of base of karstification, especially positions of base conduit
flows)
3. Analysis of water table fluctuation, especially to define the exact position of minimal
water table
4. Regional and local tracer tests
5. Pumping test of water wells; however, pumping tests are rather expensive and are not
convenient because of the difficult topography of karstic gorges, so they can only be
applied below the water table
6. Extensive sub-surface exploration to detect exact locations of caverns and conduits
(thermal methods, borehole radar, drilling, radioactive tracers, different logging
methods, speleology, etc.)
7. Excavation of investigation and grouting galleries and its arrangement are important;
all huge open caverns should be directly observed using access galleries and shafts.
Vertical distances between grouting galleries should be smaller than 50m
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8. Results obtained by water pressure tests. In strongly karstified formations water
pressure tests have limited practical value for grout curtain design, but they are applied
as a routine investigation procedure
Hydrogeological investigations should be ongoing during the design stage and during
construction of the grout curtain, as well.
5.3 WATER PRESSURE TEST: LUGEON TEST
A common method for determining the water permeability of rock masses at dam sites is
the water pressure test called the Lugeon (packer) test [1]. Despite this test’s limited
practical value, the conclusion of the General Report Q58 of the International
Commission for Large Dams [2] indicates that the Lugeon test remains the main
engineering tool in assessing permeability of the dam foundations and in evaluating the
achieved efficiency of the grouting treatment.
The Lugeon test takes place during the drilling operation performed in sections at 5 m
in depth. The test starts below that depth, which shows that the direct connection with the
surface is terminated. Water is injected into the section isolated by rubber packer. The
packer is mechanically, hydraulically, or pneumatically expanded and pressed against the
borehole walls.
The Lugeon unit is a quantity of water received by rock mass per 1m of borehole
length at a pressure of 10 bar, during a time interval of 1min. The water pressure test of a
Lugeon unit is expressed by:

where
Q=the quantity of water percolated along the given borehole length into the
surrounding rock, expressed in l/min
h=the length of the investigative borehole section, expressed in meters
P=the testing pressure of the water injected into the borehole, expressed in bars or
length of water columns in meters
According to Ewert [3], an individual circular opening of less than 1 mm in diameter,
or planar fissure 0.3 mm wide, causes 1 Lugeon of water absorption. Sometimes the
permeability is defined as specific permeability, q, expressed in l/min/m/0.1 bar.
Test results are analyzed by plotting data on the quantity of consumed water Qt in
l/m/min and the applied pressure P in bars (Figure 5.1). The pressure is composed of four
components, which must be taken into account during the graph preparation. It is
expressed by
P=10 p1+p2+p3−∆p
where p1 is pressure in the gauge (10 represents the conversion coefficient from pressure
expressed in bar to pressure expressed in meters of water column); p2 is pressure of the
water column from the pressure gauge to the inlet of the borehole, expressed in meters; p3
is pressure of the water column from the inlet of the borehole
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FIGURE 5.1 Correlation diagram of
water consumption (Qt) vs. pressure
(P).
to the underground water table or to the center of the test section if the water table is
lower, expressed in meters; and ∆p is hydraulic losses in pipes, connections, and packers
due to friction.
If the borehole test section encounters a cavernous zone, the permeability may be
greater than the pump capacity (often amounting to 120l/s), and the pressure cannot be
increased to the scheduled maximal pressure. That section is classified as having
exceptionally high permeability. Regardless of the size of caverns or channels within the
test section, connections with the karst circulation system, and the system’s very large
drainage capacity, no section can be considered as having infinite permeability.
Therefore, the term unspecified high permeability should be used. For many of those
sections, the highest design pressure may be achieved if pumps with higher capacity and
more resistant pipes are used.
The investigative pressure should be increased in increments of 2 bars such as 2, 4, 6,
8, and 10 bars and the same in reverse, from 10 to 2 bars. Some authors have suggested a
sequence of pressure stages of 2, 5, 10, 5, 2 or 4, 7, 10, 7, 4 bars. Three-pressure step
investigation is currently a very common practice.
If it is not feasible in some boreholes to reach the highest planned pressure,
measurements are made at lower pressures such as 1, 2, and 3 bars instead of 2, 4, and 6
bars. If it is still not feasible to reach the pressure at these smaller values, the length of the
test sections is reduced, thus permitting separation of the zone of highest permeability.
The double packers are the most suitable to perform this operation (Figure 5.2).
Each section of the borehole can be tested the same way. Very often the test at a 5-m
section produces unrealistic results because the obtained value of permeability is
cumulative. Figure 5.2(1) represents permeability of the entire section. When the same
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section is subjected to testing at 1-m increments as Figure 5.2(2) shows, it becomes
possible to locate the zones of high permeability. At the same time, permeability of the
most permeable zone is considerably smaller than the total permeability of the entire 5-m
section. A precise location of zones of high

FIGURE 5.2 Determination of exact
location of a highly permeable
(karstified) zone by the double-packer
method.
permeability (cavity zones) is a very important task, especially within the areas of grout
curtains and the general rock treatment.
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5.3.1 RELATIONSHIP BETWEEN WATER PRESSURE TEST (LU)
AND HYDRAULIC CONDUCTIVITY (K)
Many problems arise in deriving the permeability coefficient (hydraulic conductivity, k)
from water pressure tests (Lugeon, packer test) due to the anisotropy and
nonhomogeneity of karstified rock masses. Packer tests are limited to narrow zones
around the boreholes with an unknown type of water circulation. Hydrogeological
characteristics thus obtained for karst rocks require detailed verification. Uncertainty is
always present in the permeability treatment of a medium being considered to be
hydraulically continuous. Many cases show that within a rock mass of 5-m testing
sections, different water circulation regimes can exist, namely turbulent through karst
fractures and channels, and laminar through the system of joints. Circulation water
regimes and outflow from various layers of borehole sections under permeability tests
should be taken into account when shifting from water permeability test (Lugeon units) to
Darcy coefficient of permeability (hydraulic conductivity, k).
Assuming a linear relationship between water pressure tests (Lugeon units) and k it
follows that
k=α Lu
For different hydrogeological conditions, values a vary between 1.2 and 2.3; therefore,
k=(1.2−2.3)×10−5 Lu(cm/s)
For an approximate circulation, the value of α=constant=1.7 is suggested, or
k=1.7×10−5 Lu(cm/s)
According to Nonveiller [4], the relationship between water pressure tests (Lu) and k
when the length of the measuring section is Lu=5m:
k=1.5×10−5 Lu, cm/s, when r=4.6cm
k=1.3×10−5 Lu, cm/s, when r=7.6cm

5.4 GROUT CURTAIN POSITION
Grout curtains are exposed to forces that depend on:
• Hydrostatic pressure
• Filtration (seepage) pressure
• Pore-water pressure
• Hydrodynamic local pressure
Vectors of these forces can be oriented in almost any direction, making it difficult to
locate the optimal position of the grout curtain, which would minimize the effects of all
these forces.
A grout curtain should be sufficiently impermeable, correctly positioned, and
permanent. It should be adequate to withstand all hydrostatic forces, must not be too
rigid, and should be able to adjust to deformations of the surrounding rock mass. It must
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be thick enough to resist all pressures. Increasing the gradient of seepage water through
the grout curtain would increase the possibility of its failure.
Dimensions of grout curtains are determined on the basis of geological and
hydrogeological parameters, allowable uplift pressure, and seepage and technical
characteristics of the structure that is protected by the curtain.
Areas downstream from the grout curtain should be drained, thus reducing the volume
of rock mass subject to filtration. Draining of the rock mass is very effective from both a
theoretical or practical point of view to increase the stability of the structure and the
function of the grout curtain.
Generally the grout curtain in dam abutments should be oriented upstream. In this
manner the water flow path is extended, the uplift pressure on foundations is reduced, and
acting forces on the curtain are directed into the abutment.
The extension of the grout curtain is tentative and depends on the findings compiled
during execution. The possible appearance of karst phenomena might call for special and
time-consuming treatment performed from adits, which have to be excavated into a
karstified rock mass prior to drilling and grouting.
Large empty caverns and systems of caves, especially in the dam site abutments,
should be avoided by the grout curtain alignment, from both upstream and downstream
sides. In the case of downstream alignment, empty cavities will be filled by water. The
Sklope Dam and Salman Farsi Dam are good examples (see Sections 5.12.6 and 5.12.36).
5.5 GROUTING CRITERIA
The common grouting criteria in karst are:
• Water pressure test (Lugeon value) criteria
• Grout mass consumption criteria
Water pressure test, that is, the Lugeon value, appears to be one of the usually applied
methods in the framework of hydrogeological investigations for grout curtain design. It is
commonly accepted that grout curtain depths should not be greater than the reservoir
depth (H) for q≤1.0Lu. After it was economically justified, many designers accepted that
the permeability of grout curtains below the foundation should be q≤1.0Lu, in abutments
q≤2.0Lu, and deep in the abutments q≤4.0Lu.
The question of target permeability in karst is still open. Water permeability of less
than 5.0Lu indicates sufficiently impervious and practically ungroutable rock:
Lugeon criteria 1 to 3Lu as the target permeability in many cases was
practically inapplicable. Many times it was relaxed to 3 to 15Lu; 5 to
10Lu is considered as a critical range when grouting might be omitted [2].
Numerous results and the long experience of many specialists raise doubts about the
reliability of Lugeon criteria in karstified rock mass. Analyses of the relationship of the
consumption of grouting material and the basic permeability (results of water pressure
tests) did not establish a correlation. By comparing the results of water pressure tests
(Lugeon test) and grout takes obtained from many examples in karst, it can be concluded
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that, according to the average permeability, no conclusion on possible consumption of
grouting mass in grout curtains can be drawn.
The permeability coefficient of the karstified rocks derived from the pressure test does
not represent actual karst conditions.
It is usually a hundred times lower than the permeability coefficient resulting from a
proper analyzing of the groundwater regime. The permeability pressure test is practically
useless and may be entirely omitted as far as the hydrogeological investigations of karst
areas are concerned [5].
It has already been pointed out in general that no parallel relationships exist between
WPT rates and grout takes [6].
In the grout curtain at the left bank of Grančarevo Dam having a permeability of 1.0Lu
the consumption of grouting mass was between 1.5 and 5,000kg/m [7].
Using the water pressure test for design of Špilje Dam grout curtain we did not
provide answers on the questions about global permeability, k-value and grout mass
consumption along the grout curtain trace [8].
Water pressure tests indicate the degree of karstfication but the permeability
coefficient and losses of reservoir water calculated from the water pressure test are not
correct [9].
Also, the discrepancy between water pressure test values and grout takes is more
obvious in karstified rocks than in other geological formations.
One of very important reasons for the absence of correlation between Lugeon values
and grout consumption is the difference in fluid characteristics. The Newtonian fluid,
such as water, used in the Lugeon test, can be characterized by one parameter viscosity
only. The grout mass behaves as a Bingham fluid possessing both: viscosity and
cohesion.
5.6 GROUTING DEPTH
The generally accepted opinion is based on the linear relationship between the height of
the dam (water pressure) and the curtain depth. The U.S. Bureau of Reclamation
recommends the following common relation:

where h is the depth of curtain, H is the height of dam, and c is the variable constant from
8 to 25m (or, according to other geologists and engineers, 15 to 20m). Also, the general
recommendation is made that the depth of the grout curtain should not be less than H/3,
including requirements of q<1Lu as well.
However, according to many examples, a linear relationship does not exist. The
variation of grout curtain depth in the karst is extremely high. According to the results
from a number of completed curtains, the relationship between depth of curtain and
maximum water depth in reservoirs situated in karst ranges as follows:
h=0.3H−8.0H
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Such a large difference is a consequence of local hydrogeological characteristics (mostly
depth of karstification).
In deep canyons, this relation varies between 0.3 and 1.0H; in river valleys, between
0.5 and 2.5H; in river valleys at high elevations it can reach 4.0H; and at high-elevation
karst poljes the relation can reach 6.0H or more.
An example of an extreme case is the grout curtain beneath the Župica Dam (Bosnia).
The dam is only 24.75m high (depth of water is 23m). Due to very deep karstification,
the average depth of the grout curtain is 185m (8.0H). The length of the curtain is 692m,
and its surface is 127,777m2. It is evident that the proposed rigid approach, based on the
dam height in karst, is not possible. The consequence of the karst process is the
distinctive hydrogeological individuality of each dam site or reservoir.
The depth of karstification is a key parameter for the determination of the optimal
grout curtain bottom contour. It means that the minimum water table level indicates an
approximate depth of intensive groundwater circulation. The principal requirement for
grout curtain design in karst, especially in karst depressions, should be to extend the grout
curtain 10 to 30m below the minimum water table level.
However, the minimum water table in some cases (dam sites in valleys with
permanent river flows) does not represent the depth of karstification. In those cases the
results of water pressure tests appear to represent an important criterion for grout curtain
design. Successful applications in practice indicate permeability exceeding 5.0Lu (which
can be relaxed up to 10.0Lu) as a criterion for grout curtain bottom boundary.
The depth of grout holes is very different. For satisfactory final results, the maximum
suggested depth is 80m. In some specific cases (Khao Leam and Keban Dam) the lengths
of injected holes were reduced to less than 20m. However, the examples of the Peruča,
Grančarevo, Sklope, Mratinje (Piva), Ataturk, and Berke dams illustrate that very deep
holes can be successfully grouted down to a depth of 180 to 250m (examples discussed in
detail in Section 5.12).
5.7 GROUTING PRESSURE
Pressure used during grouting of a particular rock mass should be determined after
hydrogeological and engineering geological characteristics have been investigated and
analyzed. Higher pressures will provide a better penetration of grout mix into the
fracture-cavern system, but at the same time it can cause a larger consumption of the mix
and can cause new hydraulic fractures, mostly in the vicinity of boreholes. Use of high
pressure at a shallow zone could affect the stability of the entire rock mass above the
grouting zone. Exceptionally high pressures at greater depths can jeopardize the
equilibrium of tectonic blocks by transforming the pressure energy into the initial energy
of neotectonic movements. These pressures can cause and trigger seismo-tectonic activity
(induced seismicity).
Special caution should be exercised in determining grouting pressures in the surface
zone. To obtain an optimum pressure, the following factors should be taken into account:
• Geological setting and tectonic composition of the terrain
• Hydrogeological characteristics (permeability, porosity type, water table level, etc.)
• Hydrostatic pressure to be exercised on the grout curtain by the reservoir
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• Grouting depth
• Grouting procedure (the top-down method allows the use of higher pressure than the
bottom-up method)

FIGURE 5.3 Graph showing the
relationship of grouting pressure to the
depth of grouting: (P) pressure in bars
(1 bar=1.02 atm); (D) depth; (A)
pressure increase 1 kg/cm2/1m of
borehole depth (so-called European
criterion); (B) pressure increase 1psi/ft
of borehole depth =0.07kg/cm2 per
0.3m length (criterion commonly used
in U.S.); (3) criterion suggested for
massive rocks; (4) criterion for intact
layered rocks; (5) same as criterion 4
but assuming use of top-down grouting
method.
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Pressures from 10 to 130 bars have been used successfully so far. Figure 5.3 shows the
relationship of grouting pressure to the depth of grouting as suggested by the Committee
on Cement Grouting (ASCE, 1963).
Different parameters are used to define an appropriate grouting pressure (p). Some of
the common empirical relations, presented below, take into account hydrostatic pressure,
depth of the water column, depth of the grouting section, or weight of the overlying rock
mass.

where
p=permitted pressure (bar)
Hw=depth of water in (bar)
H=depth of grouted section (m)
h=hydrostatic pressure (bar)
k=coefficient, equal to section depth
m=coefficient, proportional to the pressure
p°=permitted pressure of grouting in the upper zone
γ=unit weight of rock mass
n=coefftcient of suspension pressure distribution flowing through the fissures (0.2 to
0.3)
From common practice and experience, it can be concluded that minimum pressure
should be equal to or higher than the weight of the overlaying rock. Common procedure
is to perform stepwise pressure increasing, generally down to 80m. In deeper sections the
pressure is maintained constant. The maximum pressure rarely exceeds 50 bars. The
applied grouting pressure ranges between two and six times the overlying rock weight (2
γ h÷6 γ h), as shown in Figure 5.4.
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FIGURE 5.4 Relation between grout
pressure and grout curtain depth
(examples). (1) Dokan Dam; (2)
Gorica Dam; (3) Grančarevo Dam; (4)
Rama Dam; (5) Piva Dam; (6) Peruča
Dam; (7) P=1.5h0.7; (8) Task
Committee on Cement Grouting; (9)
P=0.45h; (10) P=0.25h.
5.8 HYDRAULIC FRACTURING AND HYDRAULIC JACKING
Hydraulic fracturing and hydraulic jacking are very common occurrences when the
pressure during water pressure testing or grouting exceeds the critical pressure. This can
result in the opening of new fractures (hydro-fracturing) or existing joints (hydrojacking).
The critical pressure is different from site to site because it depends on:
• Rock type (i.e., rock strength)
• Weight of the overlying rock mass (lithostatic pressure, γ · h)
• Position and number of latent (bedding) and existing discontinuities
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The critical pressure Pc is given by the following relation:

where γ · h is the lithostatic pressure, v is Poisson’s ratio, and c is cohesion.
The critical pressure (Pc) is related neither to the borehole diameter nor to rock
permeability and characteristics of fluid.
The most favorable arrangement of latent and existing discontinuity planes for
hydraulic fracturing is perpendicular relative to the borehole. In particular, the shallow
zone of karstified rock mass is prone to fracturing. In the shallow zone the weight of
overlying rock plays an important role in the hydraulic fracturing process. Enlarged by
the process of solution, many fissures are mutually well connected, making a good
hydraulic connection possible. This connection is especially expressed during
simultaneous grouting of a number of boreholes or when the cracks are washed out in the
process of consolidation grouting. In some cases (e.g., Grančarevo Dam) a strong uplift at
a large part of the dam foundation surface during grouting has been observed.
According to Lombardi [10], the hydro-jacking occurs regardless of the angle between
the borehole and joint. Combinations of hydro-jacking and of hydro-fracturing are also
possible (Figure 5.5). If strong slurry with good bounding properties to the rock is used, a
hydro-fracturing is seldom harmful from the technical point of view; except it produces
an excessive heave at shallow depth [10].
Hydraulic fracturing can be helpful, particularly when vertical discontinuities
dominate in grouted rock mass, that is, when fissures are mostly parallel with the
borehole. In that case, the hydraulic connection between the borehole and the fissure
network is limited. Artificial cracks, created by hydraulic fracturing, improve direct
connections and facilitate the grout mass penetration.
A number of authors recommended hydraulic fracturing as a way of improving rock
groutability. According to Nonveiller [4],
Hydraulic fracturing caused by high injection pressures increases the
groutability of the formation and the reach of the injection grout, because
new interconnections in the net of fissures are created. Thus the efficiency
of grouting is increased. The permeability of the formation is reduced to a
greater distance from the injection hole, the spacing of holes can be
increased and an economy is achieved by reducing drilling costs. This is
an advantage over the alternative to achieve the same reduced average
permeability with a lower injection pressure and closer hole spacing.
According to Ewert [3], many examples demonstrate that hydraulic fracturing has caused
negative results, but this concept generally is the right one for replacement grouting,
particularly in hard rock and in conditions where the rock has a fairly high natural
permeability, because the opening of latent discontinuities or the widening of existing
ones do not reach sizable dimensions.
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FIGURE 5.5 Penetration of a thin
grout under pressure in a joint: (1)
Borehole under grout pressure P; (2)
actual joint; (3) “potential” joints; (4)
cement grains filter; (5) water; (6)
“presso-filtration”; (7) hydro-jacking;
(8) possible hydro-fracturing due to
water pressure; (9) possible hydrofracturing due to tensile stresses σ.
(Lombardi, G., Grouting of Rock
Masses, Lombardi Engineering
Limited, Minusio Manuscript, 2002.)
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5.9 GROUTING PROCEDURE
5.9.1 OPERATIONAL PROCEDURES
According to the grouting requirements for several grout curtains in karst, the following
generalized procedure is suggested:
1. Use upstage (bottom-up) grouting in 5-m sections. Down-stage (top-down) grouting
should only be applied in decomposed rock.
2. Execute drilling and grouting in series by applying the split spacing method. Start with
primary (P-holes) and continue with secondary (S), tertiary (T), and finally quaternary
(Q) holes in such a way that no drilling is executed less than 24m from the hole being
grouted. Closer distances may be allowed for T and Q holes. The basic distance
between the P holes

TABLE 5.1
Distances between Grouting Holes
Distance between Series
Type of Series
Primary (P)
Secondary (S)
Tertiary (T)
Quaternary(Q)

P to P

P to S

P to T

P to Q

4.00
2.00
1.00
0.50

should be selected on the basis of experience coupled with results of grouting test
plots. The nominal distance of the series is P=16m, S= 8m, T=4m, and Q=2m, but
for very karstified sections the distance between series should be much closer, as
presented in the Table 5.1. These nominal distances may be enlarged during the
initial grouting. Q holes should only be required occasionally.
3. Wash all grout holes prior to grouting. The washing pressure should not exceed two
thirds of the effective grouting pressure.
4. Perform grouting following the grouting intensity number (GIN) principle as described
in Section 5.9.3. Do not use the GIN principle for grouting of karst zones.
5. Use a grouting pressure that corresponds to the specified GIN. At sections of the holes
near the surface, grouting pressure should not exceed 0.5 bars/m of overlying rock or
concrete.
6. The grouting conditions depend on the grout take of the higher-category neighboring
holes and can be suggested as follows:
• Absorption during water pressure tests: <3 (relaxed to 5) Lugeons for 90% of the test
sections with no section >5 (10) Lugeons
• Grout absorption of <50kg/m.
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Failing to meet one of these conditions would lead to additional drilling of the
next series. If the above conditions are not satisfied for the Q holes, proceeding
with fan-type drilling patterns outside the theoretical plane of the grout curtain is
suggested.
7. Execute check holes once a section of the grout curtain is completed. All check holes
are with core recovery.
8. In the case of cave-in, cement the hole up to about 1m of the zone of the cave-in and
redrill the hole after the cement hardens.
9. In the case of a total loss of drilling water, continue for another meter, wash the hole,
perform a water pressure test and then grout the hole.
10. In the case of major karst cavities, a special treatment should be applied (see Section
5.11 for details). It is therefore of utmost importance that the contractor is technically
equipped for such work.

TABLE 5.2
Deere Classification
Designation
Very low
Low

Specific Grout Consumption
(kg/m)
<12.5
12.5−25

Medium low

25−50

Medium

50−100

Medium high

100−200

High

200−400

Very high

>400

5.9.2 GROUT MASS CONSUMPTION
From techno-economic point of view, consumption of a grout mass is a very important
parameter for the curtain design. Specific grout consumption can be expressed as:
• Kilograms of dry mass per linear meter of borehole
• Kilograms of dry mass per square meter of grout curtain
Based on practical experience (mostly in nonkarstified rocks) Deere [11] proposed the
classification presented in Table 5.2.
Extreme nonhomogeneity of the karstified rock mass leads to great variability of grout
mass consumption. For instance, the consumption of one borehole in the grout curtain
situated along the Slano reservoir (Yugoslavia) was 1073tons of dry grouting component.
According to Božičević [12], during the grouting of the abutment at the Sklope Dam, for
one 5-m interval of a borehole within this curtain, 5454kg of grouting mass, under 40
bars, were used. In the next borehole, consumption was 3440kg without any pressure.
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Those large quantities of grout undoubtedly indicated that the curtain crossed large
occurrences of karst porosity (caverns and channels), which was later confirmed by
speleological investigations.
Summarizing the results of the average grout consumption for 74 curtains from
different karst regions of the world, the following classification in Table 5.3 can be
established. The bar chart of percentage distribution of average grout mass consumption
(Figure 5.6) shows several times higher consumption in karstified limestones and
dolomites than in nonkarstic rocks. According to Heitfeld [13], consumption of up to
60kg/m is small, up to 110kg/m is average, up to 250kg/m is large, and everything above
that is very large.
Consumption of less than 100kg/m in Table 5.3 is divided into the following
categories:
• Very low (Guntersvill, Hiwasee, Moste)
• Low (Vinodol, Medvode)

TABLE 5.3
Grout Mass Consumption in Karstified Rock
Classification of Grout Mass Consumption

Quantity of Dry Mass
(kg/m)

Distribution
(%)

Very low

up to 50

7

Low

50–100

11

Most frequent value

100–600

69

600–1,000

7

1,000–1,500

6

>1500

−

High
Very high
Undefined high
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FIGURE 5.6 Bar chart of the
percentage distribution of average
grout mass consumption.
These consumptions can be expected in poorly fractured and mostly thickbedded and
slightly karstified limestone and dolomite. Only 18% of the available data represent these
two categories.
The consumption rate can vary between 100 and 600kg/m in intensively fractured and
karstified limestone, with open cracks and joints, that has been enlarged by karstification,
including the presence of cavities. In some cases water circulates through it. Almost 70%
of the analyzed examples belong in that category (most frequent value of consumption),
so the average and most frequent consumption of dry mass can be expected in the range
of that category. The curtains of Canelles, Vrtac, Dokan, Peruča, and Špilje belong in that
category. Curtains in karst conditions (21.6%) have an average dominant consumption
value between 100 and 200kg/m, that is, they belong to the category of most frequent
value (Grančarevo, Nebaana, Liverovići, Punt del Gall).
The category of high and very high consumption belongs to extremely fractured
limestone. The karstification process enlarges dense fractured networks. The active
groundwater flows are the consequence of the karstification porosity and great
transmissivity. Only 13% of analyzed curtains have an average consumption in the range
of these two categories (high: 600 to 1000kg/m; very high: 1000 to 1500kg/m). Examples
or high consumption are Camarassa, Castillon, Great Falls, and Jotty and for very high,
Fort Loudoun, Douglas, Krupac, and Louros.
These five categories do not include the consumption of grout mass used for filling
and plugging large karst conduits and caves, that is, the cases with grout takes more than
1500kg/m. This consumption is categorized as undefined high and cannot be expressed in
kilograms per meter.
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5.9.3 THE GIN PRINCIPLE
The common stable grout-mix ratio in current practice varies from 0.67:1 to 0.80:1
(water:cement by weight). However, grouting includes different types of grout that is,
changes of grout-mix volumetric composition, mostly a lower water:cement ratio (4:1,
3:1, 2:1, 1:1, etc.). With the grouting intensity number (GIN) method, only one grout mix
is suggested; that is, the grout mix cohesion is constant. The basic concept behind the
GIN method for rock grouting was derived and presented by Lombardi and Deere [14]
and Lombardi [15]:
The first two elements of the GIN principle are thus beginning to emerge:
a volume-limitation where the grout enters easily at low pressure and a
pressure-limitation where the grout enters with difficulty. The third
ingredient of the GIN procedure is identified: a progressively higher
pressure as the rock tightens up, so progressively finer fissures are
grouted. In a given grouting interval, the energy expended is
approximately proportional to the product of the final grouting pressure p
and the grout volume injected (final grout take per meter) V, giving a
product p · V. This p · V number is called the Grouting Intensity Number
or GIN [14].
The practical and economic reasons for development of the GIN method are to reduce the
grout travel and the grout volume injected.
During the grouting process the GIN value should stay constant along the borehole.
The single mix is suggested for the entire grouting process. The reach of the grout mix is
expected to be nearly constant. However, a combination of high pressure and high groutmix volume is excluded, as is the possibility for hydraulic fracturing and huge uplift.
Graphically, a constant GIN value is presented as a hyperbolic curve that relates
grouting pressure versus volume of grout injected (Figure 5.7). The GIN curve joins two
limits: the limiting volume line and the limiting pressure line. The combination of the
three lines gives the composite limiting envelope for grouting [14].
In Figure 5.7, curve 1, the open fissure, shows an increasing volume of injected grout
during slightly increasing pressure. On the contrary, curve 4 represents a very tight
fissure, with a very small grout take and high pressure. In the case of an average open
fissure (curve 2) both pressure and volume of grout injected increase gradually. Curve 3
represents a tight fissure, where the grouting pressure rises rapidly with only small grout
takes. The distance of the curve from the origin is a function of the energy expended in
the grouting. The final point of grouting is achieved when the grouting-path curve
intersects the GIN curve (limiting curve, pressure versus grout take).
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FIGURE 5.7 Example of grouting
path curves: (1) p-V path, open fissure;
(2) p-V path, average fissure; (3) p-V
path, tight fissure; (4) p-V path,
extremely tight fissure; x−y= hydrofracturing. (From Lombardi, G. and
Deere, D., Grouting design and control
using the GIN principle, J. Water
Power Dam Constr., June 15, 1993.)

FIGURE 5.8 Proposed limiting
envelopes for grouting. (From
Lombardi, G. and Deere, D., Grouting
design and control using the GIN
principle, J. Water Power Dam
Constr., June 15, 1993.)
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In Figure 5.8 five suggested limiting envelopes for different intensities are presented.
Explanations for Figure 5.8 are given in Table 5.4.
5.10 KARSTIFIED ROCK FLUSHING FOR GROUTING
The flushing method is commonly used to improve mechanical characteristics and
permeability of the karstified rock masses in the close vicinity of the dam foundation.
This method is used for washing out the clayey and sandy material from karstified cracks
and small cavities. Water and pressurized air applied through the specially arranged
boreholes are used for washing.

TABLE 5.4
Classification According to Grouting Intensity
Number (GIN)
Intensity

GIN (bar · l/m)

pmax (bar)

Vmax (l/m)

Very high

>2500

50

300

High

2000

40

250

Moderate

1500

30

200

Low

1000

22.5

150

Very low

<500

15

100

In the case of Grančarevo Dam (Herzegovina) the cells of three boreholes are
simultaneously used: one for air injection, another for water injection, and a third for
discharging the water with flushed material. The position of the boreholes is presented in
Figure 5.5. By changing water and air packers, that is, by changing the water circulation
direction until the outflowing water becomes clear, all cracks and cavities were washed.
After washing a 5-m section, the pressure grouting was executed from top to bottom. The
flushing method was used to a depth of 15 m. To prevent uplift of the foundation surface
during washing, very strict and permanent geodetic monitoring was organized.
During the washing treatment, the minimum necessary volume for one washing cell
was 12m3 for air and 200l/min for water. The optimum time sequence for water and airpacker changes was 30min. Before packer installation the borehole must be cleared up.
For that purpose the special crew for borehole cleaning should be organized.
Flushing of joints and micro karst features at the Mratinje (Piva) Dam was done upon
completion of all consolidation boreholes at one consolidation level. Dimitrovski [16]
described the procedure. The borehole diameter was 56 mm. For borehole flushing a
mixture of water and air (2:1 volumetrically) was prepared in the steel reservoir and
applied under pressure of 5 bars. Upon borehole completion, perforated pipes with
diameters of Ø 19 mm were inserted in the borehole. Along the pipes’ lengths,
perforations (3 holes with diameters of Ø 4 mm) were spaced at 5-cm intervals. The
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number of individual connections at the steel reservoir allowed for simultaneous flushing
of more boreholes.
A mixture of water and air was injected through the perforated pipes to wash cracks
and small cavities along the boreholes. Initially, muddy water outflowed from the holes,
and the flushing was judged to be complete when the outflow water was clean. During
this operation the quantity of injected mixture was measured, and its (eventual)
appearance in surrounding holes was registered. If after 10 minutes of flushing there were
no indications of commimication with the other boreholes, the same procedure would be
repeated at the next borehole. However, if the muddy water appeared from any of the
surrounding holes, flushing would continue until the water was clean. Upon completion
of one borehole, the perforated pipe was inserted into the next, and the entire procedure
repeated. If five or more boreholes were interconnected, all holes outflowing clean water
were plugged by packer.

FIGURE 5.9 Foundation treatment:
(A) Section along the dam axis; (B)
plan view of diaphragm wall; (C)
flushing method. (1) Dam crest; (2)
diaphragm wall; (3) flushing cell
section; (4) galleries; (5) bottom line of
grout curtain; (6) primary element,
0.76m; (7) secondary element, 0.76m;
(8) grout hole; (9) borehole, 80mm.
(From Bergado, T.D., Areepitak, C.,
and Prinzl, F., Foundation problems on
karstic limestone formation in western
Thailand: A case of Khao Laem Dam,
in Sinkholes: Proceedings of the 1st
Multidisciplinary Conference on
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Sinkholes, Back, B.F., Ed., Orlando,
FL, 1984.)
On flushing completion each borehole was plugged with the packer around the perforated
pipe at the collar of the boreholes. Prior to the consolidation, the water from the
boreholes was pushed out by air pressure. Boreholes that communicated with each other
were grouted first. Each borehole was grouted in one stage, from top to bottom.
The foundation treatment at Khao Laem Dam included foundation-rock flushing
before high-pressure grouting commenced [17]. The flushing holes were drilled around
the main row of the grout curtain, with diameters of about 80 mm. Each cell was
composed of six holes with 1-m spacing: three holes on the upstream side and three holes
on the downstream side (Figure 5.9). The design depths ranged from 20 to 25m, and the
downhole flushing and grouting were made at 5-m stages. Pressurized air and water were
injected into one of the holes while the other four holes were plugged. The pressure used
was 3kg/cm2 on the first stage and 5kg/cm2 on the other stages. By plugging and
unplugging the holes, ejection was forced through all six holes. Four rows of highpressure grouting commenced after the flushing, with a pressure of 1kg/cm2 in the first
stage and 5kg/cm2 in the lower stages.
5.11 CONCENTRATED LEAKAGE IMPERMEABILIZATION
Impermeabilization of concentrated underground flows in channels and caverns
represents a special grouting problem in karst terranes. There are two feasible
alternatives:
1. Impermeabilization at the surface of the terrain by using various structures and
technologies
2. Sealing in the underground medium by grouting and plugging
5.11.1 IMPERMEABILIZATION AT THE SURFACE OF THE
TERRAIN
Many attempts have been made at the surface to stop water from riverbeds or reservoirs
from sinking underground. To reduce water losses from the reservoirs, the following
methods are currently being applied:
• Enclosing large swallowholes with cylindrical concrete dams
• Isolating large ponor (swallowhole) zones with dikes
• Closing estavelles with concrete plugs equipped with nonreturn valves
• Using surface compacting to protect sinking zones in alluvial overburden
• Using PVC foil to protect sinking zones in alluvial overburden
• Covering karstified limestone (river bottom or reservoir banks) with shotcrete
• Plugging large cracks with grout injections
• Protecting reservoir bottoms with aeration tubes
• Using dental treatment in the vicinity of different structures or in the reservoir limestone
banks
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The following examples illustrate some of these methods.
To prevent losses from the Nikšićko Polje, a large swallowhole Slivlje (swallowing
capacity of around 120m3/s) was isolated by a cylindrical dam, but without great success
(Figures 5.10 and 5.11). Water losses were decreased by approximately 10%. A similar
structure was constructed around the large estavelle Opaćica at the rim of the storage
reservoir in same polje (Figure 5.12), which prevented water loss from the reservoir.
Rock- or earth-filled dikes can be used to isolate the broad ponor (swallowhole) zone
at the edges of storage reservoirs, the length of which can reach hundreds of meters
(Figure 5.13). The foundations of these dikes are in the nonkarstified or partially
karstified rock mass.
One way to solve problems of estavelles in storage reservoirs is by closing the opening
with concrete plugs equipped with nonreturn valves (Figure 5.14). These structures
should be built at the opening of the estavelle, and the surrounding rock should be
blanketed with concrete. These valves prevent losses under the reservoir water head.
When the estavelle discharges water, the valves are opened and water flows through them
in the reservoir as long as the underground water pressure exceeds the water pressure in
the reservoir. These constructions are not always successful because new estavelles can
be created in the surrounding bottom area.
If alluvial ponors are at the bottom of a reservoir their activity may be stopped with
PVC foil. The ponor opening (collapse funnel at the surface) and channel through the
alluvial section are to be filled with crushed stone according to the principle of inverted
filters. An inverted filter consists of crushed stone, each layer being progressively finergrained up to the surface, capped with a layer of impervious compacted clay and, finally,
covered with a 1.0- to 2.0-mm thick PVC foil (Figure 5.15). During saturation, the
underground water can move air out of the aeration zone, producing air bubbles below
the foil. If the air pressure reaches the limit of the plastic deformations, the foil explodes.
In some cases ponor collapse created under the foil breaks in the shape of a star. This
damage occurs because of the subpressure, which is a consequence of
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FIGURE 5.10 Cylindrical dam around
ponor Slivlje.
an abrupt lowering of the water table (Figure 5.16). The photos in Figures 5.17 and 5.18
show the foil balloon just before explosion and the destroyed foil after explosion,
respectively.
In solving the problem of watertightness of reservoirs that are covered with alluvial
sediments at the bottom, many cases have indicated that great attention should be paid to
the captured air in the karstified bedrock and fissures in alluvial deposits. One practical
solution is shown in Figure 5.19 in which the ponor opening has been excavated down to
bedrock at the same level as an opening of a karst channel in the karstified limestone. An
aeration pipe (Ø 200 to 600mm) has been
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FIGURE 5.11 Photo of cylindrical
dam around ponor Slivlje in dry
period.

FIGURE 5.12 Cylindrical dam around
an estavelle: (1) Reservoir water level;
(2) cylindrical concrete dam; (3)
piezometric line; (4) flow direction in a
karst channel.
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installed in that opening, and the cleaned part of the rock around the pipe has been
cemented. Excavation around the pipe has been backfilled by compacted clayey material.
The surface of the terrain, that is, the bottom of the storage reservoir, has been covered
with a PVC foil (Figure 5.20). This treatment proved to be more efficient than drilling an
aeration well through the alluvium down to the paleorelief. To find the karst opening in
the bedrock by drilling would be too complicated. Because of this, an excavation method
was suggested.

FIGURE 5.13 Isolating the ponor
zone at the abutment of Buško Blato
Reservoir: (1) Quaternary (sand, clay);
(2) Neocene (marl); (3) Eocene
(limestone); (4) Cretaceous
(limestone); (5) reservoir water level;
(6) grout curtains; (7) spring; (8) ponor
zone. (From Nikolić, R. and
Nonveiller, E., Grout curtains of
storage “Buško Jezero,” in Working
Papers of the 1st Yugoslav Symposium
for Soil Consolidation, JUSIK, Zagreb,
1976.)
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FIGURE 5.14 Protection of estavelles
by nonreturn valves: (1) Reservoir
level; (2) nonreturn valve; (3) pipe of
the valve; (4) concrete protection; (5)
flow direction in the karst channel.
In some cases instead of a fixed aeration pipe, a flexible one can be used (Figure 5.21).
To allow free air circulation, the flexible pipe should be equipped with a float, that is, the
end of pipe must be permanently above the reservoir level.
Shotcrete represents an efficient technology to achieve the required level of
watertightness for reservoirs, riverbeds, and tunnels located in karstified carbonate

FIGURE 5.15 Use of PVC foil: (1)
PVC foil; (2) rock filling; (3)
compacted layer; (4) karstified
limestone; (5) alluvial sediments; (6)
karst channel; (7) water table; (8) PVC
foil under pressure; (9) reservoir water
level.
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FIGURE 5.16 Destruction of PVC foil
by subpressure: (1) PVC foil; (2)
compacted layer; (3) alluvium; (4)
suffusion cavities in alluvium; (5) part
of channel with collapsed-in material;
(6) karstified limestone; (7) karst
channel; (8) lowering of water table;
(9) PVC foil; (10) subpressure
direction; (11) loading of foil due to
water column; (12) reservoir water
level.
rocks. It is placed on the rock surface under pressure so that it penetrates in fractures,
karrens, and cavities. It has adhesive capacity and sealing action at the same time,
preventing water losses through the karstified rock. It is also used for dental sealing as
well as for blanketing large surfaces of karstified rocks (reservoir flanks, riverbeds).
The efficiency of shotcreting is considerably reduced if fractures and caverns are filled
with clayey materials or terra-rosa, particularly of a swelling nature or if vegetation (tree
stumps and roots) has not been completely removed. Wet rock is not a suitable base for
applying shotcrete, particularly where groundwater leaks. For
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FIGURE 5.17 The foil balloon prior
to explosion.

FIGURE 5.18 The foil destroyed by
strong air pressure.
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FIGURE 5.19 Aeration tube: (1)
Reservoir water level; (2) aeration
tube; (3) PVC foil; (4) compacted
layer; (5) alluvial sediments; (6)
karstified limestone; (7) karst channel;
(8) concrete; (9) water table; (10)
direction of air current in lowering
water table period; (11) direction of air
current during a water table rising
period.
this reason it is necessary to wash rock surfaces, filled cracks, and caverns with water
under pressure and to completely remove stumps and roots. If this is not possible from
the surface, blasting technology should be applied. A drainage structure should be placed
in groundwater discharge zones. If shotcrete is applied on a well-prepared filter bed, it
becomes sensitive to uplift effects. In such cases it should be protected by installing
check valves.
Essential characteristics of the shotcrete used for sealing in the karst are
impermeability, toughness, shearing, and bending strength. To increase the shotcrete
toughness (ductility), one tends is to reduce the amount of elasticity and the amount of
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deformation. The shot mix should ensure the required strength with a minimum addition
of hardening quickener or without any additives at all.
The average thickness of the shotcrete for lining the karstified reservoir or riverbed
flanks is 5cm. To prevent micro-cracks, steel reinforcement meshes (Ø 3mm) or different
fiber types (steel, plastic or glass) are being used. The length of the fibers is 3 to 30mm,
that is, at least three times the diameter of the largest grain in the aggregate. In order to
assure satisfactory anchoring, the ends of steel fibers should be thickened or bended.

FIGURE 5.20 Fixed aeration pipe.
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Much was learned about shotcrete application in karsts during the construction of the
Trebišnjica Hydrosystem. To secure the impermeability of the extremely karstified bed of
the largest European lost river (the Trebišnjica River) and of the flanks of the upper
pumped-storage reservoir of a reversible hydro power plant (RHPP) Čapljina, an area of
2.2×106m2 was blanketed with shotcrete. The losses through ponors (swallowholes) and
widened cracks amounted to 75m3/s under natural conditions. During the dry season, the
groundwater levels are deep beneath the bottom of the riverbed, lasting several months.
Even in the wet season, when over 200m3/s flow, the underground water level is always
beneath the riverbed. To ensure a constant discharge of 45m3/s for the hydropower plant
operation, 62.5km

FIGURE 5.21 Flexible aeration pipe
equipped with float.
of the riverbed was lined by shotcrete. Large ponor zones have been specially treated.
The bed has been arranged in a trapezoidal form and a filter layer of limestone aggregate
has been placed beneath the shotcrete. To determine the zones of possible uplift, detailed
geological mapping, aerial photographs to a scale of 1:5000, and drilling of 16
piezometric profiles with seven boreholes at each profile (one in the riverbed and three in
each flank) have been carried out. Spacing between boreholes was 20 to 30m, and the
depth ranged from 30 to 60m.

Dams and reservoirs: Prevention and remediation

111

As it was practically impossible to treat all the ponor zones with an adequate
geotechnical solution, local damage occurred during the first years of operation. At some
places, due to concentrated uplifts, the shotcrete lining was pierced (Figure 5.22). This
happened mainly where the karst channel (ponor opening) was not discovered before the
lining was installed or where it was filled only by filter material, instead of prepacked
concrete or a grout mix.
5.11.2 UNDERGROUND SEALING (KARST CHANNEL
PLUGGING)
5.11.2.1 General Approach
Underground sealing is a geotechnical protection measure applied either in the karst
aquifer or above it in the aeration zone. The main problem with this type of sealing

FIGURE 5.22 Destruction of shotcrete
as a consequence of karst channel
below and strong groundwater uplift.
is determining the karst channel position, particularly where it crosses the grout curtain.
The successful sealing of underground conduit flows depends upon the accurate
determination of:
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• Position of the karst channel or concentrated zone flow
• Channel dimensions (cross-sectional area)
• Underground flow and characteristics of the channel (permanent or intermittent flow
under pressure or with free surface, direction, and velocity)
• Possible presence of clay and silty cave deposits and their thickness
The great variety of porosity features in karst makes exact classification of applied
grouting technologies practically impossible. The grouting individuality of each location
should be carefully analyzed to select an appropriate sealing technology. However, based
on long practice and experience, acceptable materials and technologies can be selected.
5.11.2.2 Materials and Technologies
For sealing the very pervious fissured zones or small-diameter karst conduits, the
following procedures and technologies are commonly applied:
• Grouting by different types of cement mortar with additives and fillings (sand, gravel,
chemicals, etc.)
• Polyurethane foam grouting
• Grouting with asphalt or hot bitumen
For treatment of the large underground spaces (channels and caverns), the most common
technologies are:
• Grouting the aggregate that is filled into the cave space
• Filling with rock blocks and crushed aggregate
• Construction of concrete plugs in the karst channel
• Construction of the cut-off (diaphragm) walls
Cement-based grout mass (slurry, grout mix, suspension) is commonly applied in recent
grouting practice. Theoretical and practical aspects of grouting using different types of
cement grout mix are discussed in detail by various authors (e.g., Nonveiller, Lombardi,
Deere, Houlsby, Ewert) and not presented in this text.
Clay-cement stable grout mass uses clay as its basic component. Clay is cheaper than
cement, reduces the permeability of the injected compound, and is resistant to aggressive
water. Usually, kaolinite and montmorilonite (bentonite) clays are used as components
for grout mass. The flaky crystalline particles of clay are smaller than 3µm (regular
cement, 100µm; microfine cement, 10µm) and easily penetrable into tight joints. Claycement stable grout mass was used in many grout curtains in the Dinaric karst region:
Peruča Dam, 75% clay; Buško Blato, 55 to 75%; Rama, 45 to 57%. In the case of the 7km-long grout curtain along the Slano Reservoir in Nikšićko Polje, the clay was the main
component: 50 to 65% clay, 30 to 40% cement, and 1 to 4% Na2CO3. A good example is
the grout curtain below the Grančarevo Dam (Herzegovina), where the common grout
mass was 66%, 33% bentonite, and 1% additives (Na2CO3).
The initial water to grout mass ratio for fissures enlarged by solution (average width
more than 1 mm) should be 1:1. The same initial density of grout mass is recommended
for small caverns as well. For fissures or caves with openings wider than 1 mm, a sand
additive is necessary to increase the strength of the grout mass.
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To stop an active underground flow through the cavernous fissure system, synthetic
sponge combined with sand can be a very efficient additive to mortar. The base grout
suspension should be a form of thick cement-bentonite grout mix. In the case of the
Salakovac dam site (Neretva River, Herzegovina) the additive with the following
characteristics was used [19]:
• Sponge with a volumetric weight of 15kg/m3 and absorbing capacity of 44%
• Sand (1 to 3mm)
Polyurethane foam is a gaseous emulsion of uniform bubbles with very small diameters.
It is characterized by a very high expansion coefficient. The initial volume can be more
than 20 times larger than the final volume. After being mixed with a cement suspension
the foam expansion is drastically lower. The foam expands and stiffens immediately after
injecting. It is not soluble in water, but its strength is not adequate compared to
conventional cement grouting masses. Because of this, polyurethane foam can be very
helpful in karst grouting for plugging conduits and caverns to stop the flowing water, that
is, to make possible the final conduit plugging by mortar or concrete plug structure. To
plug the main leakage zone at Dokan Dam, diesel oil and cotton flocks were used (see
Section 5.12.31).
Asphalt grouting technology has been used for leakage sealing at the Hales Bar Dam
site (1919) and Great Falls Reservoir. Asphalt has not been a common injecting for long.
Within the past few years hot bitumen has been used in the U.S. for plugging
concentrated underground flows. The hot bitumen is pumped continuously down, through
specially installed pipes, to the karst channel with the massive flow. According to Bruce
[20],
The hot bitumen encounters the flow which quickly removes the heat
from the material (injected at temperatures of 200°C and over). The
material begins to gel and congeal and thus, when pumped at sufficiently
high rates, will begin to overwhelm the flow. The simultaneous upstream
injection of Low Mobility Grouts (LMG) or High Mobility Grouts (HMG)
causes these materials to be drawn against the cooling, but still relatively
hot bitumen mass leading to a “flash set” of cement based grouts in
conduit. This multi-material plug continues to form as injection continues.
Eventually, the conduit is (temporarily) plugged with the gradually
cooling (and shrinking) bitumen plug. At this point, further rapid injection
of HMG and LMG is continued to create upstream of this temporary plug,
the “final” plug which will eventually resist the hydraulic gradient applied
to the temporary plug.
Recent examples of successful hot bitumen grouting are presented by Bruce [20]:
• Inflow of 2.3m3/s through the karst channel flooded a quarry in West Virginia. The
conduits were connected with a river about 450m away. To eliminate inflow, 4724m3
of hot bitumen and 8114m3 of grout mix were injected along 340-m-long and 70-mdeep grout curtain.

Water resources engineering in Karst

114

• Groundwater inflow from a nearby river into a quarry (Missouri) was 2m3/s. The
maximum differential head (river quarry) was 90m. To block underground flows, a
multirow grout curtain, 77m long to maximum depth of 70 to 84m and 18m wide was
made. By injecting 165m3 of hot bitumen and 4480m3 of grout mix, the inflow was
totally eliminated.
Molted asphalt has been successfully used to seal off a fractured zone and karstic voids
encountered at depths of 80 to 86m [21].
5.11.2.3 General Plugging Procedure
For plugging wide open spaces, conduits, and caverns below the water table, the
following steps are recommended:
• Exact contours of every large cavity have to be defined using small-diameter rotary
drilling.
• Large-diameter boreholes (128 to 146mm) should be used to access the cavern.
Depending on the cavern size, it may be necessary to provide more than one borehole
to enable complete filling of the cavern. This is supposed to be a pure filling process,
without the use of packers.
• Boreholes should be cased and used to introduce crushed stone (aggregate) into the
cavern. Crushed stone should have a uniform gradation and porosity of 40 to 45%.
The uniformity of the aggregate eliminates segregation, which is an important factor
for later grouting. If necessary, water under pressure should be used in the borehole,
from time to time, to flatten the cone of material in the cavern. The faster the flow, the
coarser the aggregate should be.
• When a channel or cavern is filled to its top with aggregate, the consolidation grouting
is performed from the bottom of the cavern in the upward direction until the entire
cavern is filled with grout mixture. Portions of the rock mass, 0.5 to 1 m below the
bottom of the cavern, should also be grouted.
• After the borehole is cleaned in 5-m intervals, grouting is resumed with a mixture in
proportions of 125:100 of dry material and water.
The general guideline for plugging technology above the water table is as follows:
• Access adits and shaft excavation from main grout galleries or surface until karst
channels and cavities are reached
• 3-D geological and speleological mapping, for treatment decision
• Drilling until inaccessible (small-diameter) karst voids are reached
• Preparation of concrete pumps for concrete injection
• Preparation of construction material and assigning of specialists for wooden formwork
for the wall construction
• Preparation of technology for rock bolts
• Adopting the concrete plug structure according to the real situation and connecting it
with the grout curtain
5.11.2.4 Examples of Karst Channel Plugging
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Variations of the above-described procedure were used in many cases (Mratinje-Piva,
Keban, Charmine, Krupac, Peruča, Buško Blato [22], Čapljina, Guntersville, etc.).
The following procedure was successfully applied at the Mratinje (Piva) Dam for
treating small- and medium-sized caverns [23].
Initially, grouting was attempted with the common bottom-up method, using a
standard cement-bentonite mix. Enormously high mix consumption necessitated
modifications. A new grout mix (65% sand, 34% cement, and 1% bentonite [by weight])
with a 1:0.4 ratio of dry component:water was developed.
When, in the process of borehole drilling, a bit entered a cavern, regardless of the
depth, drilling was immediately stopped and plugging was initiated by a Mohno pump
pumping 5 tons of grout mix. After an 8-hour delay, the additional 5 tons would be
pumped and the entire procedure repeated until the borehole was filled.
The next stage was redrilling of the borehole through the cavern section and grouting
that section with the common cement-bentonite grouting mix, following which drilling
was continued to the designed depth. At the end, the bottom-up grouting procedure with
the common cement mix would be done.

FIGURE 5.23 The karst channel
plugging: (1) Channel connected with
ponor; (2) reinforced concrete plug; (3)
route of grout curtain; (4) deviation of
grouting curtain route. (From
Božičević, S., Losses of grout in caves,
in Working Papers of the 1st Yugoslav
Symposium for Soil Consolidation,
JUSIK, Zagreb, 1976.)
In the case of huge conduit volume and underground flow of many cubic meters of water,
only cave filling by rock blocks and aggregate can efficiently and significantly decrease
leakage from the reservoir. The large-diameter shafts (600 to 2000mm) are needed, from
the surface down to the cavern, for crushed material to be thrown into. Rock blocks from
0.5×0.5×0.5m to the common aggregate dimensions are recommended. Such a method

Water resources engineering in Karst

116

was effectively applied to decrease leakage from Keban Reservoir through the huge Petek
Cave.
In many cases the only way to prevent leakage through large karst conduits is to build
concrete plugs. Special attention should be paid if the conduit passes through the grout
curtain zone. An efficient plug can be constructed through the previously excavated
access (shaft or adit) for human communication and material transport. The thickness of
the concrete plug must be at least two times greater than the diameter of the conduit. The
thickness of a reinforced concrete plug can be substantially reduced.
Speleological investigations are very important for selecting the best location for plug
construction. In some cases the best location is not along the grout curtain route (Figure
5.23). Consequently, deviation of the grout curtain route is necessary (e.g., Buško Blato
Reservoir). The contact between the plug and conduit walls should be improved by
consolidation grouting.
Honeycomb Cave, on the bank of the Tennessee River, upstream of the Guntersville
Dam, was found to be a potential source of leakage from the reservoir. A concrete plug
was constructed in the cave.
Important plugging of karst channels with underground flows was performed from
1957 to 1959 at the Krupac Reservoir in the Nikšićko Polje in Yugoslavia [24, 25]. The
flow in the Krupac ponor channel reached 4m3/s. In the course of grouting, one borehole
received 750m3 of crushed stone and a considerable amount of sawdust and grouting
mixture (70% sand, 30% grouting material). This was only preparation work for the main
grouting. After completion of consolidation, grouting with dispersive coagulate (clayey)
mixtures was performed. Grouting mixture consumption was 1800kg/m. Another
borehole received 3600kg/m. Grouting was performed continuously until all prespecified
criteria were satisfied, that is, saturated grout rejection. It was established that delays
during grouting negatively affected the quality of work. Stable suspensions are used only
in the controlled grouting phase when firm support was available for this type of grouting
mixture. By plugging the Krupac ponors and by performing grouting in their vicinity
(Figure 5.24), it was possible to store in the reservoir an additional 20 million m3 of
water, which was being lost through this ponor zone before grouting.
In a similar manner, some concentrated underground flows in the Nikšićko Polje were
plugged. One of them was the underground flow of estavelle, Diljino oko, along the route
of the grout curtain along the bank of the Slano Reservoir [26]. A water quantity of 800l/s
was being lost from the reservoir through that estavelle. Plugging was successfully
performed through boreholes (146-mm diameter) spaced 1.5m apart. Gravel and crushed
rock were used in the subsequent mixture.
During the plugging and grouting work at the Charmine Reservoir in France, a karst
channel with a diameter of 80cm was grouted. The material required for this plugging
operation was 2600m3 of sand and 540tons of grouting mixture. As a result, water loss
from the reservoir was reduced from 800l/s to 10 to 20l/s.
Plugging of the karst channel (at an elevation of 32m below zero level) with still water
was successfully performed by grouting through the tailrace tunnel of the hydroelectric
power plant Čapljina [27]. During tunnel excavation the water broke through the karst
channel and flooded the tunnel up to the altitude 0.0m. Divers did not succeed in filling
up the channel outlet. The following procedure of plugging was applied using a 146-mm
diameter borehole: Crushed stone of 7 to 16mm was introduced. This aggregate placed in
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water has an angle of repose of 35 to 40°. Using the other boreholes in the vicinity, on the
upstream side, an aggregate of 0 to 16mm was introduced. This material covered the cone
of the previously inserted coarser crushed stone. In this manner, a sufficient impermeable
protective layer was formed to prevent the loss of the grouting mix into the tunnel. This
protective cover had an angle of repose of 30 to 33° (Figure 5.25).
Injection of the grouting mix composed of an aggregate fraction of 7 to 16mm at the
channel bottom become sealed. In this example two types of grouting mix was performed
from the bottom up, so that a portion (0.5 to 1m) of the rock mass and one type of
grouting mortar were used:
• Cement-bentonite grouting mix (95% cement plus 5% bentonite)
• Quick-gelling cement-bentonite mix (97% cement plus 3% sodium)
• Cement grouting mortar (48.5% sand plus 3% bentonite)

FIGURE 5.24 Underground plugging
of the Krupac ponors: (1) Clay over
the flysch; (2) flysch; (3) limestone;
(4) fault and overthrust; (5) ponor with
explored section of karstic channel; (6)
shaft; (7) borehole; (8) grout curtain;
(9) cross-section with the grout curtain
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route; (10) karstic channel filled with
water. (From Vlahović, V., Porosity in
the karst catchment of the Gornja Zeta
River, in Geološki Glasnik, Vol. 6,
Titograd, Yugoslavia, 1970.)

FIGURE 5.25 Remedial work against
groundwater intrusion: (From Stojić,
P., Fingerhut, L., and Simić, T.,
Discharge tunnel PHE Čapljina:
drowning and repair works against
water invasion, in Working Papers of
the 1rst Yugoslav Symposium for Soil
Consolidation, Zagreb, 1976.)
The injection pressure was 0.5 bars. The success of the grouting operations in karst
channels depends to a great extent on the depth of the karst aquifer in the zone of
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impermeabilization. If this zone is shallow, the grouting operation has a greater chance to
succeed. With increasing depth of karstification, the risk of not succeeding increases.
Plugging karst channels is more difficult in an aquifer’s zone of dynamic water reserve
than in its zone of static reserve since the water velocities in the zone

FIGURE 5.26 Treatment of cavities:
(1) Gallery (plan); (2) cavity; (3)
concrete placed on cavity; (4)
formwork; (5) access shaft; (6) tremie
pipe; (7) grouting holes; (8) test holes
(grouted). (From Bergado, T.D.,
Areepitak, C., and Prinzl, F.,
Foundation problems on karstic
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limestone formation in western
Thailand: A case of Khao Laem Dam,
in Sinkholes: Proceedings of the 1st
Multidisciplinary Conference on
Sinkholes, Back, B.F., Ed., Orlando,
FL, 1984.)
of static reserve are usually smaller than in the zone above the minimum underground
water table.
In the case of Khao Laem Dam exploratory access shafts were excavated to intersect
natural cavities (Figure 5.26). Before filling the cavities and channels with concrete, they
were cleaned with pressurized water. All loose materials in the cavities were removed
and washed out.
5.11.2.5 Cut-Off (Diaphragm) Wall Sealing Technology
To achieve an impervious and permanent antifiltration barrier in highly karstified rocks, a
concrete cut-off (diaphragm) wall is the most effective watertight structure. However, it
is a costly technology. For successful diaphragm-wall construction, very

FIGURE 5.27 Cut-off wall: (1) Dam
crest elevation; (2) ground level; (3)
cut-off wall; (4) diaphragm wall; (5)
steel rib support; (6) grouting hole; (7)
dry season water table; (8) plan view
of positive cut-off; (9) fault zone.
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(From Bergado, T.D., Areepitak, C.,
and Prinzl, F., Foundation problems on
karstic limestone formation in western
Thailand: A case of Khao Laem Dam,
in Sinkholes: Proceedings of the 1st
Multidisciplinary Conference on
Sinkholes, Back, B.F., Ed., Orlando,
FL, 1984.)
close and full pressure-lined galleries are needed. A very instructive example of cut-off
technology in karstified rocks is the sealing treatment of Khao Laem Dam [17]. A few
different types of cut-off technology using overlapping piles method were undertaken
(Figure 5.27):
1. For a karstified rock mass with solution channels between 0.2 and 10m in diameter, the
diaphragm wall of intersecting concrete piles (762-mm diameter) was applied, and
drilled at a distance of 615mm using the following procedure:
a. Detailed investigations
i. Three-dimensional geological mapping
ii. Closely spaced exploratory drilling (6m between holes)
iii. Water pressure test in the exploratory holes
b. Low-pressure grouting of exploratory holes to reduce the concrete absorption
during the diaphragm wall construction
c. Drilling of primary holes (762mm) and concreting using the tremie pipes method
d. Secondary holes drilled and concreted 3 days later
2. For the treatment of minor karst porosity (opening width of 5 to 200mm) below the
galleries, 300-mm-diameter diaphragm walls were constructed under water using the
same overlapping pile method.
3. The positive cut-off wall (165mm) was applied where the small karst features and
fissures were filled with clay and silty material in an amount that was acceptable for
the conventional grouting.
a. Holes with a diameter of 165mm spaced at 150 to 250mm were drilled from the
invert of the upper galleries to the crown of the lower galleries. The distance
between the galleries was 14m.
b. The holes were flushed with high-pressure water jets.
c. The flushing effect in holes was checked with a TV camera.
d. The holes were filled with grout mortar using 60-mm flexible pipe and needle
vibrators.
In another example (Karun I dam site) the cut-off wall was constructed using a mining
method in the form of open-pit (trench) excavation between the galleries. The vertical
distance between galleries was 25m (see Figure 5.40).
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The original scheme for cut-off wall construction was performed in the Wolf Creek
Dam (Figure 5.28). In the embankment, above the groundwater table, the primary
elements (1.29-m diameter) were excavated to a depth of about 21.3m. The holes were
cased with 1.19-m-diameter temporary steel casing. Excavation was continued inside the
casing down to a depth of 42.6m [28]. That section of the hole was cased with a 1.04-mdiameter casing. A bentonite mud and airlift technology was used to remove the cuttings.

FIGURE 5.28 Wolf Creek cut-off
wall: Plan of primary and secondary
elements. (1) Primary element,
permanent casing; (2) tremie concrete;
(3) weak grout; (4) centerline of wall;
(5) section in the rock; (6) section in
embankment and overburden. (From
Fetzer, A.C., Wolf Creek Dam:
Remedial Work, Engineering
Concepts, Actions and Results,
Commission Internationale des
Grandes Barrages, New Delhi, 1979,
pp. Q. 59–R.5.)
After the installation of the permanent casing (0.66-m diameter and 8-mm wall
thickness), the hole was filled with tremie concrete. The distance between primary
elements was 1.37m. During the pulling out of the temporary casing, the space between
the permanent casing and the wall was filled with a cement grout mass. Excavation for
the secondary elements, between the primaries, started after 20 days. That space was
filled with the tremie concrete as well (see Section 5.12.12 for more information).
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5.12 CASE STUDIES OF DAMS AND RESERVOIRS:
WATERTIGHTNESS, FAILURES, AND REHABILITATION
The basic experience in various methods of grouting has been obtained from work in the
projects of the Tennessee Valley Authority. The territory occupies more than 100,000km2
and includes portions of the seven states along the Tennessee River: Tennessee, Alabama,
Mississippi, Kentucky, Virginia, North Carolina and Georgia. The construction started in
1910. Very intensive remedial work in the karst under-ground (grouting operations and
cut-off construction) was done in 1922 to 1945. The methodology and technology of
drilling and grouting adapted to karst are presented in Reference [29].
The engineering work in many karst regions (e.g., Bosnia and Herzegovina, China,
Croatia, Greece, Iran, Slovenia, Spain, Turkey, and Yugoslavia) have been taking place at
an important scale since 1950, and the effort is continuing. Large-scale grouting and
plugging of karst channels with underground flows have been performed in Dinaric karst
area, namely in the Nikšićko Polje, Yugoslavia, from 1957 until the present.
One of the best investigated karst regions is the region of Eastern Herzegovina
(Dinaric karst). The entire region has been, from 1955 until now, the subject of detailed
investigations because karst water regimes came under the influence of the new
multipurpose Trebišnjica Hydrosystem (seven dams, six reservoirs, five tunnels 60km in
length, and 80km of canals). Large-scale investigations and sealing treatment have been
successfully performed.
Many successful projects were realized in different karst regions around the world in
past 40 to 50 years. However, a number of failures indicate that karst as a risky
environment for different aspects of karst water utilization.
5.12.1 DOUGLAS DAM, U.S.
In the Douglas Dam project, the following procedure has been implemented for closing
the caves in the dam site area.
Twenty-two shot drill holes were drilled from the rock surface to the roof of a cave,
spaced 8m between centers. Hoists were set up over the drill holes to remove the muck
and excavated material from the cavity, and after the cavity had been washed, concrete
filling was started through the shot drill holes. A total of 2479tons of concrete was
required.
A large bedding cavity, starting under the end of the southern nonoverflow section of
the concrete dam, was discovered and explored by excavation, mining operations, and
106-cm-diameter shot drill holes spaced at 15m between centers and drilled from the
ground surface to the floor of the cavity. The height of the cavity ranged from 1 to 3m,
except for one 17-m-long section with a height of 8m. The cleaning of the cavity and the
placing of a 4965-ton concrete plug that extended from the floor to the roof of the cavity,
was accomplished through a large-diameter shot drill hole. After the concrete hardened,
the joint between the roof of the cave and top of the concrete plug was grouted through
nipples previously placed at approximately 7-m centers along the roof of the cavity.
Following the completion of the concrete plug, extensive cement grouting was done
through holes drilled from the ground surface, thus making the concrete plug a part of the
grout curtain extending from the dam into the rim area.
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5.12.2 HALES BAR DAM, U.S.
In the region of the Hales Bar Dam, immediately after it was finished, an increased
leakage rate of water was continuously observed. From January 1919 to December 1920,
corrective work was carried out by placing more than 1750m3 of asphalt into the
foundation, using a newly invented hot electric wire process. This treatment was partially
effective in stopping leakage increased to 0.47m3/s.
The final work, finished in 1944, was completed in four phases: (1) The foundation
was drilled and grouted by conventional methods; (2) large water flows were cut off by a
concrete-filled trench made with interlocking large-diameter core drill holes; (3) diamond
drill holes were grouted with cement and asphalt; and (4) concrete was forced into the
cavities through drill holes.
Asphalt was used only when cement grout proved to have been lost, and then only in
seams carrying water and in holes that were apparent in the cut-off trench areas where it
would not be feasible to extend the cut-off trench to the seam penetrated. Wherever
asphalt was used it was followed immediately by cement grout for confining and
consolidating the asphalt, and adjacent holes were cement grouted to assure this effect.
5.12.3 GREAT FALLS RESERVOIR, U.S.
The possibility of using asphalt grout against flowing water was analyzed by
experimental work on leakage correction to the left bank reservoir rim at Great Falls on
the Caney Fork River in Tennessee. The leakage was about 9.5m3/s when the reservoir
was full. The actual power loss was approximately 10% of average power plant capacity.
The strata in the vicinity of Great Falls are very nearly horizontal. The subterranean karst
channels are formed in bedding planes through a ridge that varies from 200 to 1300m. As
the channels were abandoned by the water, residual clay washed down from above,
partially filling them.
When the reservoir was formed, the water found its way through the channels in small
quantities at first, but increased rapidly because the clay filling was washed out.
According to some data, the water loss increased from 0.47m3/s in 1926 to more than
6.6m3/s in 1939 to 12.7m3/s in 1945 when the water level in the reservoir decreased by
8.1m because of this leakage.
Geological investigations of the causes and paths of the leakage were undertaken to
determine whether leakage could be stopped by asphalt or cement grouting. Dye tracing
the average velocity of the groundwater flow was about 60cm/s to a maximum of
180cm/s.
The initial grouting was done with asphalt. The holes were first grouted on 12.2-m
centers followed by holes on 6.1-m centers with an occasional 3.0-m hole necessary to
check the water flow. After the outlets had been sealed with asphalt to a point at which
effective cement grouting was considered possible, the cement was generally applied
through drill holes. The asphalt grouting was intended to stop leaks through which the
water was actually flowing at the time of grouting. The cement grouting was intended to
supplement and fully seal openings in which the major closure had been secured by
asphalt. The cement grouting would also seal openings, which were not carrying flowing
water at the time of grouting. Asphalt heated to 149 to 176°C was used. Grouting was
applied in 6-m stages.
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For this grout curtain, 1,750-m long and an average depth of 15.25m, 6,200tons of
asphalt was used (675kg/m of boreholes) and 9,884tons of cement (1,073kg/m of
boreholes). The water losses from the reservoir after these works were reduced to only
2%.
5.12.4 LAR DAM, IRAN
The dam site is situated in the Lar River valley at an elevation of 2440m (Albroz
Mountain). The earth-fill dam is 105m high, above foundation, and the volume of
reservoir reaches 960hm3 of water. The purpose of the dam and reservoir is to store water
for the water supply, irrigation, and power production.
The geologic conditions at the dam site are very complex: lava, tuff, basalt, lake
deposits, and limestone (Jurassic and Cretaceous). The basic formation is the Jurassic Lar
limestone (Figure 5.29a). The right abutment and deeper zones beneath the dam site are
composed of the Lar limestone. At the left abutment the limestone is covered with
lacustrian deposits and volcanic rocks, which are exposed at the surface. The lake
deposits occur in the sandwich between the bottom limestone and overlying lava, tuff,
and basalt.
As a consequence of very active tectonic movements, a large fault zone along the Lar
valley separates the dam site geological structure into two tectonic blocks. Also, the
limestone syncline structure, at the right abutment, is dissected by a dense fault and joint
network. Permanent tectonic activity has provoked a continuous increase of the level
difference between the area of concentrated solution (lacustrian basin) and the erosion
base level (downstream part of the Lar riverbed). The lowest erosion base level is the Lar
riverbed in the zone of Haraz Springs, 8km downstream and 350m lower than the Lar
Dam site and lacustrian basin. The solution process increased considerably after volcanic
activity, that is, after a natural dam formed at the Lar Dam site. The quantity of cold
(Pleistocene) water increased tremendously. The karst conduits were developed deeper
and deeper, following the level of the groundwater discharge. Because of the turbulent
flow and strong solution process, the conduit capacity also increased. A huge
underground space (caves and channels) was formed. Due to climate changes, the
magnitude of karstification decreased and
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FIGURE 5.29 Lar Dam: (a) Dam site
geology; (b) simplified cross-section in
direction of groundwater leakage flow.
(1) Lar Dam; (2) dam crest; (3) cavern
number 2; (4) gallery; (5) grout
curtain; (6) piezometric lines; (7)
borehole near the Lar Gorge Spring;
(8) Haraz Spring; (9) tuff, lava, basalt
alternation (Quaternary); (10) green
beds (Eocene); (11) lake deposits
(Quaternary); (12) limestone and
brecia; (13) Lar limestone; (14) fault.
the activity of many conduits almost stopped. The young volcanic activity and
sedimentation caused swallowing zones in the area of the concentrated solution to
become hidden.
The depth of the groundwater table of more than 200m beneath the dam site indicates
deep karstification, huge conduits, and great transmissivity. Along 12km of the valley,
downstream of the dam, up to the Haraz Spring, many karst openings have been
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registered. This indicates the existence of a very deep karst evolutionary process (Figure
5.29b).
In the lake deposits (within the reservoir close to the dam site) a few collapsing
depressions occurred. During the first filling of the reservoir very high leakage (7.7 to
10.8m3/s) was observed. The average inflow to the reservoir was 13.3m3/s. At the

FIGURE 5.30 Grout curtain of the Lar
Dam: (1) Maximum reservoir water
level; (2) lava and basalt; (3) lake
deposits; (4) limestone; (5) Lar Valley
fault; (6) fault; (7) zones of high
karstification; (8) crushed zones; (9)
place of cavern number 2; (10)
groundwater level on July 20, 1986;
(11) area grouted in phase I of
remedial work; (12) concrete dual
diaphragm wall; (13) system of
excavated and proposed galleries and
shafts; (14) proposed limit of grout
curtain in phase II of remedial work.
(From Djalaly, H., Remedial and
water-tightening works of Lar Dam,
paper presented at Seizieme Congres
das Grandes Barages, San Francisco,
1988.)
same time, the discharge of the downstream Haraz spring abruptly increased. The
maximum losses were observed in the period of the highest water levels. Water from the
reservoir was being drained through the Lar Spring, situated between the dam site and the
Haraz spring.
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The deepest part of the grout curtain was about 80 m above the water table. Remedial
work included two phases of grout curtain construction (Figure 5.30). The grout mass
consisted of cement (94.6%), bentonite (5.25%), and soda (sodium bicarbonate, 0.15%).
The grouting procedure included boreholes at 32-m intervals, intermediate boreholes at 8m intervals, and boreholes at 4-m intervals. In the area of high karstification the interval
is reduced to 2m for the second row of curtain. The average consumption was 44kg/m′ or
13kg/m′ but in some parts of deep karstified zones was between 1,000 and 40,000kg/m′.
Investigations and remedial work to improve watertightness of the Lar Dam site
started in the summer of 1984. A large cavern, 27m high and 68m wide, in the area of the
grout curtain was discovered at a depth of 210m below the riverbed [30]. Forty-nine
boreholes determined the shape of the cavern. It was subject to investigation by
geophysics, dye tests, and hydraulic tests, that is, injection of water into the cavern. The
volume of the cavern was determined to exceed 90,000m3. Through 214-mm-diameter
boreholes from a gallery, the downstream section of the cavern was filled with about
28,000m3 of gravel, grading 5 to 50mm, and 34,000m3 of crushed rock (Figure 5.31). The
upper parts, above the gravel cones up to the

FIGURE 5.31 Plugging the Lar
cavern: (1) Limestone; (2) limestone
blocks and silty sand; (3) prepacked
concrete; (4) mortar filling over the
gravel; (5) large-diameter boreholes;
(6) grout curtain axis. (From Djalaly,
H., Remedial and watertightening
works of Lar Dam, paper presented at
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Seizieme Congres das Grandes
Barages, San Francisco, 1988.)
cave roof, were filled with cement mortar (13,000m3). The gravel was grouted by the
prepacked concrete techniques. The silt, clay, and sand with rock blocks at the bottom of
the cavern were not groutable media. Consolidation techniques were suggested for that
section of the cavern.
Few other caverns have been discovered at the depth of 250m down to 430m below
the riverbed. The deepest conduits were about 100m lower than the Haraz springs. This
meant that the karst leakage flows from the Lar Reservoir appeared to come through the
deep siphonic channels [31] (Figure 5.29b).
The Lar leakage problem is one of the most complicated and difficult problems to be
solved using common geotechnical (grouting) technology. In spite of the extensive
grouting and filling of the cavern, with about 42,000m3 of material (phase I of remedial
and watertightness work), the reservoir’s losses are still very high [30].
5.12.5 KEBAN DAM, TURKEY
The Keban Dam on the Firat River is situated in a deeply karstified ridge of metamorphic
marble and limestone, including beds of Paleozoic dolomite and

FIGURE 5.32 Longitudinal section
through the grouted cut-off: (1)
Rockfill dam; (2) concrete gravity
section; (3) grouting galleries and
shafts; (4) lower limit of grout curtain;
(5) Crab Cavity; (6) Petek Cavity; (7)
concrete diaphragm walls. (From
Bozovid, A., Božović, H., Nonveiller,
E., and Pavlin, B., Bull. Int. Assoc.
Eng. Geol., 24, 1981.)
calckshist. The dam is made of two parts: rockfill and concrete gravity sections. The
height is 211m, and the reservoir volume is 30.6×109m3.
The very karstified dam site required detailed investigation and extensive grouting
treatment. Five levels of galleries with a total length of 11km, were excavated for an
impervious curtain (3,210m long). To construct the curtain, 338,300m′ of grouting holes
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were drilled and 135,200tons of injected solids and 178,000tons of concrete were used.
The average consumption was 400kg/m′. In the sections of concentrated but irregularly
disturbed solution channels grouting was replaced with concrete diaphragms.
During the dam construction about 30 caverns were treated. The largest cavity, called
the Crab Cavity, was discovered on the left bank, 320m below the crest level, (Figure
5.32) with dimensions of 100×120×20m. Its volume was approximately 105,000m3. The
cave was filled with 64,000m3 of concrete and injected solids, introduced through a large
hole [32]. No connection to any spring or reservoir area was established from the Crab
Cavity. Also, this cave was not connected with other treated caves.
During the reservoir filling (1976), when the reservoir level was raised above an
elevation of 838.5m, a large vortex developed on the left abutment, about 150m upstream
of the dam crest (maximum operational level is 845m a.s.l. [above sea level]). Losses
from the reservoir sharply increased from 7.5m3/s to 26m3/s. Through complex
investigation (drilling, speleology, and echo sounding) the large Petek Cave was
discovered. The bottom of the cave was at an elevation of 730m. The cave was connected
to the surface by a large karstic channel (Figure 5.33).
New springs appeared in the seasonal Keban Creek, 2.5km south of the dam site. This
was a direct connection from the reservoir to the Keban Creek Valley [33]. To fill up the
Petek Cave, one shaft 2.5m in diameter and 13 boreholes of 14 to 17 inches in diameter
were drilled. Between November 1977 and May 1980, about 605,000m3 of limestone
blocks, gravel, sand, and clay were thrown into the cave. The watertightness treatment
was also performed at the surface area. Flow rates in the Keban Creek decreased to 9 to
8m3/s. This is negligible in comparison with Firat River’s average flow rate (635m3/s)
and the volume of its reservoir.

FIGURE 5.33 Keban Dam leakage
problem: (a) Hydrogeology of dam site
area; (b) plan of the Petek Cave; (c)
cross-section through the Petek Cave.
(1) Keban Dam; (2) Firat River; (3)
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Keban Creek; (4) limestone; (5) schist;
(6) syenite; (7) fault; (8) ponor (vortex
place); (9) springs; (10) grout curtains;
(11) direction of leak water flow; (12)
Petek Cave; (13) karst channel; (14)
excavated shaft; (15) location of water
inflow; (16) direction of water flow
from cavern. (From Božović, A.,
Budanur, H., Nonveiller, E., and
Pavlin, B., Bull. Int. Assoc. Eng. Geol,
24, 1981. With permission.)
5.12.6 SKLOPE DAM, CROATIA
The rockfill Sklope Dam is 74m high and creates a Krućčica reservoir of 140 million m3
in volume. The dam foundation (Lika River canyon) consists of stratified and very
karstified Cretaceous limestone beds [34].
During the grouting campaign cave systems were discovered in both abutments of the
dam, exactly on the grout curtain route (Figures 5.34 and 5.35). Exploration in the right
abutment revealed an underground void 40m wide. Drops of drilling equipment with no
rotation (cavern) were of an order of 5 to 15m. Detailed speleological investigation
clearly identified this cave system, which was almost 150m long. After the survey and a
detailed geological analysis, the grout curtain route was completed and the procedure was
modified to satisfy the new conditions. The grout curtain route made a detour around the
cave from upstream, between the reservoir and the cave. In the course of grouting,
continuous geological and speleological supervision were performed in the cave.
Only two small caves were discovered during drilling in the left abutment. They did
not cause any concern at that time since the drops of drilling equipment in
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FIGURE 5.34 Ground plan of the
Sklope Dam and grout curtain: (1)
One-row grout curtain; (2) two-row
grout curtain; (3) extension of curtain
under the dam; (4) right part of the
curtain, one row; (5) rosette of grout
holes; (6) drilling through overburden;
(7) dam and Sklope power station; (8)
inspection gallery; (9) grouting gallery;
(10) cavity in the right abutment; (11)
cavity in the left abutment; (12) access
road; (13) investigation boreholes.
(From Pavlin, B., Kruščica Storage
Basin in the Cavernous Karst Area, in
Dixieme Congres des Grandes
Barages (ICOLD), Montreal, 1970.)
boreholes were considered relatively small, and grouting operations proceeded as
scheduled. A large consumption of grouting mix, with no visible results of grouting,
initiated further speleological exploration. A 20-m long access tunnel was excavated that
led to a cave about 500m long that included a large hall 40m long, 20 to 30m wide, and 1
to 20m high [35]. The grouting material was found at many locations in the cave (Figure
5.35). Further grouting was performed under continuous super-vision of speleologists.
Due to grout curtain deviation from downstream, the impounded water flooded the cave.
The grout curtain cuts the cave close to the end of its investigated part. In order to prevent

Dams and reservoirs: Prevention and remediation

133

leakage along the cave a concrete wall was constructed to plug the end of cave. Very
karstified sections, at the end of grout curtain, were grouted by a rosette of grout holes.
Two grouting rows 3m apart were drilled. Spacing between boreholes was 4m. The
downstream row was deeper than the upstream. Each sixth borehole is the reference
borehole. The total length of the grout curtain was 1,200m; its depth varied between 40
and 120m, and the total curtain area was 96,000m2. A total of 48,244 meters of boreholes
were drilled for grouting purposes, with 23,244 meters having no core recovery. The
materials used totaled nearly 25,552tons of dry

FIGURE 5.35 The cave in the left
abutment of Sklope Dam: (1) Cave in
the left abutment; (2) cave in the right
abutment; (3) dam; (4) reservoir
Kruščica; (5) Lika River; (6) grout
curtain route; (7) cave’s loam and
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mud; (8) stalactites and stalagmites;
(9) individual stalactites, stalagmites,
and cave columns; (10) grouting mass;
(11) flow of grouting mass; (12)
ground slope; (13) individual rock
blocks; (14) fractures; (15) kamenitzas
with and without water; (16) cliff; (17)
boreholes (grouting and exploration);
(18) exploration gallery. (From
Božičevć, S., Application of
speleology in grouting of karst
terranes, 1st Yugoslav Symposium on
Hydrogeology and Engineering
Geology, Hercegnovi, Yugoslavia,
1971.)

FIGURE 5.36 Plan for the Canelles
Dam (Spain): (A−A) Section detailed
in Figure 5.38; (B) spillway; (C) river
diversion tunnel; (D) horizontal cave
Cueva Negra at dam crest level; (E)
inclined spillway tunnel with
additional intake for reduced reservoirlevel control; (F) deep cave Cueva de
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la Tortuga; (G) grouting gallery at
elevation of 380m; (H) intake; (I) end
of grouting gallery at elevation of
450m; (J) end of grouting gallery at
elevation of 510m; (K) grouting plan;
(L) tailrace; (M) backwater of Santa
Ana reservoir; (S1, S2, S3) seepage
springs. (From Weyermann, W.J., The
karstic rock mass of Canelles Dam, in
Rock Conditions Improved through
Pressure Grouting, RODIO in
collaboration with The Institute for
Engineering Research, Zurich, 1977.)
matter: 15,187tons of cement, 7,895tons of clay, 1,105tons of bentonite, 1,216tons of fine
sand, and 250tons of calcium soda. The average consumption of dry material was
265kg/m2 of the curtain or 530kg/m of borehole. Water losses after construction of the
grout curtain were 0.5 to 0.8m3/s.
5.12.7 CANELLES DAM, SPAIN
The Canelles Dam is located in the canyon of the river Noguera-Ribagorzana near the
town of Lerida. It is a 151-m high arch dam, with a crest length of 203m (Figure 5.36).
The canyon is cut in karstified Cretaceous limestone [36]. The canyon’s geology is
shown in Figures 5.37 and 5.38. Arangement of grouting galleries is shown in Figure
5.39.
During the first filling of the reservoir the leakage at the dam site was approximately
6m3/s, whereas at the beginning of remedial work it was about 8m3/s. The
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FIGURE 5.37 Main cross-section of
Canelles Dam. (A) Grout curtain built
during dam construction; (B) grout
curtain inclined 35%; (C) auxiliary
boreholes for drainage and grouting;
(D) Marl layer named Capa Negra; (E)
another marl layer; (F) sandstone with
red and yellow veins; (G) concrete of
the spillway stilling basin; (H) thick
deep marl beds named margas hondas;
(S2, S3) springs. (From Weyermann,
W.J., The karstic rock mass of
Canelles Dam, in Rock Conditions
Improved through Pressure Grouting,
RODIO in collaboration with The
Institute for Engineering Research,
Zurich, 1977.)
filling of the reservoir was limited up to an elevation of 466m, that is, 40m below the
maximum storage elevation.
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The remedial treatment started in December 1971 and was finished in November
1974. During the grouting treatment (Rodio Company) the depth of water in the reservoir
was about 100m. Because of high gradients, the concentrated flows through the karst
channels were very fast.
Remedial impermeabilization work that included 176,672 meters of drilling was done,
and 162,393 meters of boreholes were grouted. The quantity of injected dry material was
51,319tons. The left bank was critical (116, 368 meters of drilling; 109,617 meters
grouted; 33,823tons of dry material; 303kg/m2).

FIGURE 5.38 Canelles Dam section
A−A. (A) Project maximum reservoir
level; (B) cave Cueva Negra; (C) cave
Cueva de la Tortuga; (D) marl layer
called Capa Negra; (E) another marl
layer; (F) sandstone with red and
yellow veins; (G) grouting galleries;
(H) thick deep marls called margas
hondas; (I) tailrace water level; (J)
concrete plug constructed during the
first filling of reservoir; (K) plug
constructed in accordance with the
grout curtain. (From Weyermann,
W.J., The karstic rock mass of
Canelles Dam, in Rock Conditions
Improved through Pressure Grouting,
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Rodio in collaboration with The
Institute for Engineering Research,
Zurich, 1977.)

FIGURE 5.39 Canelles Dam: the
entire impervious grout curtain as seen
from downstream. (A) Dam crest; (B)
cave Cueva Negra; (C) spillway
tunnel; (1, 2, 3, 5, 6) caves treated
without direct inspection; (D(4)) cave
Cueva de la Tortuga; (E) zone with
numerous large water-bearing karstic
channels; (F) leakage from the
reservoir through a channel 3m high
and over 0.3m wide; (G) thick deep
marls called Margas Hondas. (From
Weyermann, W.J., The karstic rock
mass of Canelles Dam, in Rock
Conditions Improved through Pressure
Grouting, Rodio in collaboration with
The Institute for Engineering Research,
Zurich, 1977.)
At the bottom of the valley 17,584m of boreholes were grouted (15,038tons of dry
material, that is, 856kg/m2 were grouted). The average grout mass absorption was 316kg
of dry material per square meter of grout curtain. The permeability tests were performed
very selectively and mostly just before grouting of the particular stage.
About 6% of the grouting sections were treated with special materials, corresponding
to situations when the velocity of the groundwater flow was over 16m/s. To solve this
problem Rodio Company developed two foamy products based on polyurethane
(Cesabloc and Cesacrill) and one hydrocarbon product (Cesafill). During the foaming
process the volume of those chemical products increased 30 times. The chemicals were
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packed in rubber bags (children’s balloons), and before the foaming process started they
were injected into the boreholes together with the grout mass.
To prevent leakage at the bottom of the valley (about 1m3/s), 90,000 balloons were
injected into the karstified cracks. The leakage was reduced to 0.1m3/s, but only
temporarily. Soon the leakage below the dam, up to the downstream spring, reactivated.
The next attempt was made with gravel (50mm) injection together with a kind of
umbrella device using two boreholes with diameters of 100mm, but there was no success.
In addition, filling of the karst channel with 95m3 of 80-mm-grade gravel and 265tons of
a clay-cement-sand grout mass only temporarily blocked the flow. After two hours the
water destroyed the plug.
The concentrated karst flow was stopped after a 300-mm borehole was redrilled and
the channel was filled with 240-mm granite cobbles. To fill the channel, 2130 such
cobbles were dropped into the hole to form a flow-resistant prefilter plug. Gravel was
injected (25 to 120mm) over the plug, and finally the grout curtain was completed in the
valley. The leakage, that is, the spring discharge, was eliminated.
A new grout curtain below the dam has been constructed (boreholes at 2-m intervals,
depth of 175m, and upstream slope of 35°). The upper 25m were left free of grouting to
protect the base of the dam from possible additional uplift pressure.
A speleologist investigated the cave system in the left bank. The channel was plugged
with an 11-m-long concrete plug (covering about 17m2 of channel cross-section). Before
filling with grout mass, clay and silt were washed out of the bottoms of all the caves. Jets
of water and compressed air were applied through the boreholes. The bottoms of the
caves were covered with a thick, viscous mortar (in several phases) and filled up with
clay-cement slurry. To fill the caves, 1380tons of dry materials were used. Two weeks
later the grout curtain was constructed in this zone. The maximum absorption was
678tons of dry material at a total borehole length of 95.50m. The common clay-cement
grout used had a ratio of 60 to 70kg clay, 30 to 40kg cement, and 100 1 water. For the
cement-sand grout, the ratio was 150kg cement, 300kg sand, and 100 1 water.
The treatment results provided at the Canelles Dam site were exceptionally successful.
Residual leakage of 8m3/s was reduced to a negligible quantity (68l/s). By using new
geotechnical technologies and chemical products (polyurethane foams, acrylic asphaltresin mixes), karst porosity and concentrated karst flows were sealed down to the depths
of 200m.
5.12.8 ŠPILJE, FYR MACEDONIA
The name of the dam site (Špilje) means cavernous place. The Špilje Dam is 101m high
(from the riverbed elevation). It is an earth-filled dam that has a gravel body with a
central clay core. The length of the grout curtain is 786m [37]. The curtain depth beneath
the dam (two rows) is 90m. Some grouting boreholes are deeper than 100m. One of them
reaches 200m in depth. The grout curtain in the banks (one row) is about 150m deep, that
is, 20m below the minimum level of the water table. The grout curtain surface is
85,500m2. The average consumption of dry grouting material was 571kg/m. The grouting
mass ratio was cement:clay:bentonite= 0.40:0.55:0.5, whereas for high consumption it
was 0.30:0.65:0.5.
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The dam is situated at the crossing of the subvertical reverse fault, in the same
direction as the dam axis, with a fault zone along the riverbed. The upstream tectonic
block consists of the Triassic limestone, and the downstream tectonic block is composed
of a Cretaceous flysch formation. According to the water pressure test, the permeability
of the limestone varies from 0.0 to 152Lu. Locally, the rock permeability is extremely
high. The average value is 11Lu. The flysch formation is mostly calcareous and is
dissected with a few subvertical faults and a dense joint net. Cretaceous flysch is
proclaimed to be impervious, but a water pressure test shows a permeability of 5 to 45Lu
in some sections (the left bank). There were a lot of sections investigated in the flysch
where proper pressure could not be reached.
The dam body is located at a limestone block. The fault zone along the riverbed is
almost 1m wide at the dam axis, but the width of the fault decreases to a few millimeters
in the downstream direction.
During the first filling of the reservoir (1969/70) a number of new springs occurred at
the downstream part of the dam site due to leakage through the dam site zone. The total
discharge was about 2m3/s. This is approximately 20 times greater than the design
estimation. The leakage progressively increased over time (Figure 5.40).

FIGURE 5.40 Increasing of leakage
discharge through time.
The largest single spring (Separacija) originates from the right bank, about 600m from
the dam and 33m above the riverbed level, with a measured discharge of 450l/s. Water
discharged from a karst channel with a diameter of about 1m. The karst channel looks
almost like a vertical shaft in a conical limestone block (Figure 5.41). This limestone
block is in tectonic contact with flysch. The top of the limestone is covered with 2m of
deluvium and was not observed before reservoir filling. The water is not loaded with
sediments. It is very clear.
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Because of the uncontrolled filtration through the dam site, additional grouting was
performed. The curtain was elongated up to a length of 874m, but leakage did not
decrease.
After that, very detailed investigations were performed to determine the main water
flow paths: geoelectrical sounding, water permeability tests, dye and salt tracing,
chemical analysis, temperature measurements, water table monitoring, radio-active tracer
tests, and detailed geostructural analysis. By analyzing data, two different deep
groundwater flow models were established (Figure 5.41). Both occur beneath the grout
curtain. Some of the water passes immediately beneath the grout curtain and discharges
into the riverbed near the machine hall. This was concluded on the basis of the results of
complex investigations, especially those of tracer test experiments, using a few sets of
inclined boreholes drilled from the grout gallery.
The main water losses occur through the karstified limestone, that is, through deep
karst conduits. The deepest conduits are more than 250m below the dam. These conduits
are connected with the Separacija Spring. In spite of steady leakage, the grout curtain is
still in good condition. The deep filtration does not produce any progressive erosion and
does not endanger the stability of the dam.
The plugging of the Separacija Spring karst channel was considered but not
recommended because of the possible negative hydraulic effects on the dam structure.
Only temporary plugging for purposes of investigation could be applied.
A considerable deepening of the grout curtain would be necessary to stop the existing
leakage. However, such additional geotechnical work is not acceptable from the technical
and economical points of view.
5.12.9 KHAO LAEM DAM, THAILAND
Khao Laem Dam (Figure 5.42) was constructed across the Quae Noi River, near the
border with Burma. It is a 90-m-high, 920-m-long rockfill dam with an upstream concrete
face. The central part of the dam site and the right abutment are composed of argillaceous
limestone, calcareous sandstone, and massif limestone. The left abutment presented
acceptable rock conditions. Exploratory drilling and galleries indicated that the limestone
is fairly karstified down to 50m below the riverbed. Caves, solution channels, conduits,
and joints with filled material are very common in that zone. The karst porosity
distribution is in a form of isolated subhorizontal conduits, Bergado [17]. Karst porosity
takes 2 to 3% of rock volume in the right abutment.
Having deep-reaching diaphragms (55m), a grout curtain (180m), and 21km of
superimposed 3-m diameter grouting galleries through the right bank, this case represents
one of the most complex treatments ever applied for sealing dam foundations (see
Figures 5.9, 5.26, and 5.27).
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FIGURE 5.41 Leakage at the Špilje
Dam site: (1) Dam body; (2) machine
hall; (3) Separacija Spring; (4)
piezometric line; (5) fault; (6) grout
curtain; (7) direction of leakage
filtration through limestone; (8)
filtration through flysch. (P.) Borehole;
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(T) Triassic limestone; (K) Cretaceous
flysch.

FIGURE 5.42 Khao Laem Dam site:
(1) Three Pagodas fault; (2) rockfill
dam; (3) spillway; (4) grout curtain in
the valley section; (5) z-axis of the
grout curtain and galleries in the right
abutment. (From Bergado et al., in
Sinkholes: Their Geology, Engineering
and Environmental Impact, 1986.)
In three different areas with karst caves and channels (0.2 to 10m wide), the concrete
diaphragm walls were constructed down to a maximum depth of 50m. The diaphragm
wall was constructed using 765-mm-diameter piles drilled with 615mm between their
centers (overlapping piles method).
In those minor karst conditions with filled material in the right abutment, a five-level
gallery system for cut-off wall construction was applied. The vertical distance between
the galleries was 14m. The length of galleries was between 3.54 (the two upper galleries)
and 2.5km (lowest gallery). For cut-off construction, 165-mm vertical drill holes were
made between the galleries. The distance between the centers of the holes was 150 to
250mm. Before grouting, the deposited sediments in karst features were washed by highpressure water jets.
A concrete cut-off protected about 77,000m2 of the dam foundation area and more
than 150,000 m of grout holes were used on the foundation and 300,000m of about
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360,000m2 in the right abutment. For primary or secondary grouting treatment, grout
holes in the right abutment.
Down to 100m in depth, relaxed Lugeon criteria were applied (5 to 10 Lugeons),
while below this depth the grout take was limited to 11/cm. Below 100m the Lugeon
values were found unreliable, so the grout take criteria were used. Between depths of 100
and 150m the grout take was 160kg/m, and below 150m it was 800kg/m.
Relatively thick grout mixes (2:1 to 0.1:1 water:cement ratio by weight) and fairly
high grouting pressures (maximum of 30 bar) were used. In the karstified zones 100kg of
sand was added to 200I of the grout mass. The saturation criterion was 20I of the thickest
suspension in 15 min. Observation core drilling and a TV camera were used to control the
efficiency of the watertightness treatment.
5.12.10 KARUN I, IRAN
Karun I is a double-arch concrete dam, 200 m high, with a reservoir volume of
2.9×109m3. The dam is located on the Karun River in the Ahvaz area. The dam is situated
on the south anticline flank on the low karstified Middle Asmari Formation. The Lower
Asmari limestone consists of a relatively permeable principle vuggy zone. An impervious
shale zone (Figure 5.43) confines this zone. The Upper Asmari limestone just
downstream of the dam is very karstified. The Asmari limestone is covered by very
karstified overlaying Gachsaran (anhydrite alternating) formations, with a number of
sinkholes, ponors, and caves.
In the Upper Asmari zone (right abutment, close to the powerhouse) are the most
important hydrogeological features of the site such as the Big Spring and the Powerhouse
Spring. Both springs are under the influence of tailwater. The average discharge of the
Big Spring before reservoir filling (in natural conditions) varied from 3 to 15m3/s
(10.3m3/s on average). Discharge of the Powerhouse Spring in the same conditions was
from 0.15 to 0.35m3/s. After reservoir filling the estimated discharge of the Big Spring is
10 to 16m3/s. The Big Spring karst channel is the base flow of the current stage of a local
karst aquifer evolutionary process. The caves at the hillside above the Big Spring indicate
earlier stages of the aquifer evolutionary process.
The Big Spring channel has been partially investigated. A few deep piezometric
boreholes controlled the fluctuation of the water table in the spring catchment area.
The foundation treatment consists of consolidation grouting and a high-pressure grout
curtain. The most problematic was the clay-filled fault zone that cuts the right bank
across the whole anticline, making a hydrogeological connection between the upstream
and the downstream part of dam site possible. The leakage through this zone is prevented
by a concrete cut-off, exceeding 100m in height and about 30m in width (Figure 5.44)
The grout curtain cuts the karstified vuggy zone just below the central part of the
foundation and the cut-off wall structure. The minimum and average discharge of the Big
Spring rose after the dam construction. The discharge is more or less constant. The water
discharge at the Big Spring belongs mostly to its own catchment area. The direct
connection between the reservoir area and the Big Spring does not exist or is very
limited. This is a consequence of certain geological conditions as well as grouting
treatment between two hydrogeological units. However, according to results of deep
piezometer monitoring, there are some indications of long indirect filtration from the
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reservoir toward the Big Spring. The increased water turbidity in the springs as well as in
some drainage boreholes and in one gallery raises the question of the possibility of the
ground curtain being locally damaged.
5.12.11 CAMARASSA, SPAIN
Camarassa Dam is located in Noguera Pallaresa, Cataluna. The dam was built between
1927 and 1931. It is a gravity-arch concrete structure, 92m high, with a crest elevation of
377m. The geological setting of the Camarassa area includes open joints, and Triassic
impervious marl [1]. karstified Jurassic dolomite, Cretaceous limestone disintegrated by a
dense net of

FIGURE 5.43 Karun I (Harza Co and
Mahab Ghodss): (1) Karun River; (2)
reservoir; (3) big spring; (4) big spring
karst channel; (5) gallery; (6) grout
curtain; (7) cut-off; (8) drainage
curtain; (9) fan grout curtain; (10)
relief wells; (11) middle Asmari
limestone; (12) impervious shale zone;
(13) principle vuggy zone; (14) lower
Asmari limestone; (15) Eocene shale.
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FIGURE 5.44 Karun I cut-off wall:
(a) Grouting borehole layout; (b)
vertical layout of cut-off wall. (1) Fault
zone; (2) cut-off wall; (3) primary
grouting holes; (4) secondary grouting
holes; (5) Tertiary grouting holes; (6)
dam foundation.
Losses occurred when the reservoir level reached an elevation of 341m, but extremely
high losses happened between when the reservoir level reached 350 to 364m. Leakage
increased from 3 to 11.26m3/s. The lost water reappeared in the riverbed, 400m
downstream. During the reservoir impounding 25 new springs were created. The ponors
were observed in Jurassic dolomites.
To establish underground connections, a number of dye tests (Na-fluorescein) were
performed. Also, monitoring of water temperature was carried out continuously for
several years. The abrupt changes of temperature were established due to water leakage.
The karst conduits that developed through the dolomites and dolomitic limestones were
reactivated.
Large-scale and long-duration impermeabilization work was performed to reduce
leakage. A grout curtain was constructed through the cavernous Jurassic dolomite down
to the impervious Liassic formation. The depth of the grouting boreholes was in the range
of 112 to 394m, along a 1400-m line.
In the first stage the following figures relate to drilling works and consumption of dry
mass:
• Boreholes: 49,621m (224 holes)
• Cement: 40,000 tons
• Gravel+sand: 129,516 tons
• Asphalt: 790 tons
• Slag: 19,675 tons
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• Sawdust: 112 tons
The effect of grouting was checked by dye tests in 33 boreholes. Poorly grouted zones
have been identified, and a few steps of additional grouting have been performed. The
total leakage was reduced to 2.6m3/s.
5.12.12 WOLF CREEK, U.S.
The Wolf Creek Dam is located in southeastern Kentucky, on the Cumberland River. It is
a concrete gravity dam combined with a rolled-earth embankment. The maximum height
of the dam is 61 meters. The dam site consists of karstified argillaceous limestone
interbedded with thin calcareous shales; the karstic channels developed along the joint
system and bedding planes. The cavities are filled with silt. Construction work on the
dam began in 1941. The structure was finished in 1951.
During construction of the cut-off trench below the dam body numerous caves and
solution channels were discovered. Unstable cave filling was cleaned up and backfilled
with hand-tamped impervious soil [28]. The maximum depth of the cut-off trench was
about 17m below the top of the rock.
Wet areas formed downstream of the dam 11 years after the first filling (1962). The
small ponor near the downstream toe and muddy water in the tailrace water were
observed in 1967. In 1968 the diameter of the ponor increased to 4m (with a depth of
3m), and an additional swallowing collapse formed close to it. The existing grout curtain
and a cut-off trench were not adequate to prevent leakage. Remedial work was needed to
prevent failure.
After an extensive investigation program, the following remedial treatments
(geological analysis, review of construction data, drilling, water level and temperature
monitoring) were implemented:
An emergency multiline grout curtain in the area surrounding the tailrace (up to the
structure) was constructed. The common grout mix on large take holes was 1:1:1
(water:cement:sand). The effects of grouting were controlled by frequent measurement
by piezometers. The headwater and tailwater were lowered to the minimum. Almost 300
piezometers were installed for control of emergency grouting. After detailed analysis
(Corps of Engineers) it was concluded that:
• Grouting cannot be considered as an adequate remedy for the defects.
• A positive cut-off in the karst horizon is required to assure continued safety.
• A concrete diaphragm wall was suggested as the most practical solution.
A concrete diaphragm wall, 0.6m wide, was constructed from the upstream side of the
embankment crest to the base of all karst features encountered during investigation and
construction (a minimum 3m below the deepest karst feature). The primary elements of
the wall are holes 0.66m in diameter and 1.37m in center distance (Figure 5.28). The
space between is a bi-concave-shaped concrete structure (secondary element).
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5.12.13 VIŠEGRAD DAM, BOSNIA AND HERZEGOVINA
The dam is situated in the middle part of the Drina River. The gravity concrete dam is
50m high (70m from foundation). The top width is 280m. The reservoir volume is
161hm3. The grout curtain reaches 60m in depth.
The dam foundation is in the Triassic limestone and dolomite mass, lying over the
watertightness formations (Figure 5.45). Water pressure tests determined that

FIGURE 5.45 Višegrad Dam site,
geological layout: (1) Drina River
Valley: Višegrad Dam site; (2)
limestone, dolomitic limestone, and
dolomite (massive); (3) Shaley
limestone, shale, sandstone, and
claystone; (4) Chert, sandstone, and
claystone.
this is a generally water-permeable rock mass. Locally karstified dolomites underlie the
central area (beneath the dam). The highly permeable zones are connected to fault zones.
The right bank consists of karstified dolomites. Many large karst channels, situated at
several levels, were discovered by drilling and during excavation of the foundation. The
caves were mostly empty, but some of them were filled with calcite and terra-rosa.
During excavation of the foundation surface (20,000m2) the discharge of hypothermal
water (up to 19°C) was registered at 140 points along the fissures. The capacity of the
largest hypothermal spring was 100l/s. The total discharge was about 0.5m3/s [38].
During the first filling of the reservoir, a few new springs occurred just downstream of
the dam body, in the stilling pool bottom. The water was clear, but its temperature was
higher than common (14.5 to 18.7°C). Three new springs were discovered a month later,
in the riverbed, when the level in the reservoir reached its maximum.

Dams and reservoirs: Prevention and remediation

149

An inspection performed by divers found that heavy clay-laden leakage was
emanating from the openings at the river bottom. Abrupt discharge pulsation and
pulsation of clay quantity in the leakage water was also observed. The number of springs
at the river bottom increased with time, as did discharge of leakage water, from
approximately 3 to 6.5m3/s in a period of 5 years (1996), and in the next 6 years (2003) to
9.4m3/s.
Very detailed investigations of water leakage traces have been performed:
geostructural analysis, water table observations, chemical analysis of water taken from
piezometers and springs, thermal measurements along the selected boreholes, dye tests,
spring observations by divers, hydrological measurements, and analysis of grout curtain
behavior. The results of the analysis indicate the following:
• The waters discharged through the newly originated springs are a mixture of deep
thermal waters and the reservoir waters.
• Leakage from the reservoir takes place beneath the central section of the grout curtain
and then discharges in the river through the bottom springs. The main filtration zone is
wide (about 30m) and deep (from 60 to over 110m below the dam body) (Figure 5.46).
• Leaked groundwater circulates along the karstified faults and joints, which are
orientated in the direction of the river valley (one rupture system) and diagonally to
the valley (second rupture system). The main leakage conduits are encountered at the
depth of 108m, but they are also presented below 110m.
Emergency grouting of the karstified zone was carried out down to the depth of 110m,
but not deeper, because of the excessively fast leakage flow. Dye tests indicated leakage
water velocity up to 12cm/s. The grout mix appeared at the downstream springs 20 to
30min after grouting started. Flushing of the grout mix continues 12 hours after grouting
procedure was interrupted.
The zones with eater intrusion into the grouting holes were plugged by using the
following grout mix: 20% cement, 80% sand (0 to 4mm), 5% bentonite (in comparison
with cement), and a water mixing ratio of 0.22:1.
In the case of very high grout-mix consumption (more than 10,000kg/m′) the grouting
process was interrupted and repeated after 12 hours.
The downward method with quickly connecting thixotropic masses and with addition
of the sand fraction (3 to 10mm and 8 to 16mm) also included fine-cut synthetic sponge.
After applying this mix to plug 52 registered water intrusions, successful results were
obtained in 47 cases. Use of polyurethane (mixed with cement and sand) was not
successful. The leakage still occurs through reactivated karstic conduits deeper than
110m. The next stage of remedial work is necessary.
5.12.14 GRABOVICA DAM, BOSNIA AND HERZEGOVINA
The dam is situated at the middle section of the Neretva River. The gravity concrete dam
is 40m high. The one-row grout curtain beneath the dam is 80m deep. The rock masses in
the foundation are Upper Jurassic limestone and dolomite [39].
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FIGURE 5.46 Višegrad Dam site,
cross-section: (1) Dam crest elevation;
(2) bottom line of grout curtain; (3)
leakage section below grout curtain:
zone of improvement; (4) caverns; (5)
dolomitic grus (crushed dolomite).
The structural integrity of the soluble foundation rock at the dam site was disturbed by
the presence of long, wide, and deep caverns filled with clayey-sandy material (Figure
5.47). The cavern was developed along the highly fractured (faulted) bedrock along the
riverbed. The dam body and powerhouse are situated over the cave.
Intensive investigations using closely spaced drilling, geophysical investigations
(seismic cross-hole), and mineralogical-petrographical analysis of cave filling have been
carried out. In the area beneath the powerhouse 48 boreholes were drilled to a depth 20m
at about 2.0- to 5.0-m intervals along the profiles to determine the contour of the cavern.
For geophysical investigations, 11 additional boreholes down to the depth of 40m were
drilled. At some places the depth of the cavern was about 40m. To locate the cavern
beneath the dam body, 17 boreholes, arranged in three profiles, were drilled down to
120m. The cavern roof was at a depth of 73m beneath the dam foundation (Figure 5.48).
Very detailed geological mapping along the bedrock (above the cavern) in the scale of
1:200 and 1:100 has been performed. The sub-surface investigations and grouting at this
site were performed simultaneously [40]. Remedial measures beneath the powerhouse
include:
• Consolidation grouting of both sides of the cavern, using 36 boreholes in two rows. The
borehole depth is 12.5m. The applied grout mix is 98% cement and 2% bentonite
• Excavation of clayey cave deposits down to a depth of 5m
• Construction of the reinforced concrete arch structure (3m thick) for bridging a 14-m
wide cavern (Figure 5.49)
On the route of the grout curtain a cavern 40 to 45m high and about 10m wide was
presented. In that section, the filling material was dark gray clay and sand or sandy
gravel. The maximum permeability (at the roof section) was 11.5Lu. That material was
grouted as a part of the grout curtain. An additional borehole row in the cavern section,
including a portion of the surrounding limestone, has been grouted. Average consumption
of the grout mixture was 115kg/m.

Dams and reservoirs: Prevention and remediation

151

5.12.15 EL CAJÓN (FRANCISCO MORAZAN) DAM, HONDURAS
The El Cajón arch dam is 236m high. The dam site consists of Cretaceous limestone,
which was karstified before being covered by lava, Oligomiocene up to Quaternary age.
The limestone was later totally disposed of because lava was completely eroded. Four
fault zones cross the dam site [41]. During excavation of the underground power plant
cave, few thermal springs were discovered. The curtain inclined upstream and connected
with impervious vulcanites, which led to a concept of the curtain’s bathtub design,
without an open bottom (Figure 5.50 through Figure 5.52).
After the reservoir filling, heavily clay-laden seepage water was observed. Leakage
reached a maximum of 1.65m3/s in 1993. Presumed leakage paths between the original
grout curtain and the power cavern are shown in Figure 5.53. The large karst cave 176m
below the gallery had to be grouted under an extremely high head. Deep cavities of up to
5000m3 had to be filled or consolidated. The clay fills in

FIGURE 5.47 Grabovica Dam:
Cavern contours in the powerhouse
area. (1) Part of cavern exposed at
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river bedrock; (2) limestone; (3) fault;
(4) River Neretva; (5) dam; (6)
investigation borehole; (7) borehole for
geophysical investigations. (From
Simić, M., Geological problems during
construction of Grabovica power plant,
in Symposium, Construction of Upper
Neretva Power Plants, Mostar,
Herzegovina, 1981.)

FIGURE 5.48 Grabovica Dam:
Position of the cavern beneath the dam
and powerhouse. (1) Grabovica Dam;
(2) powerhouse; (3) cavern; (4)
investigation borehole; (5) grout
curtain boreholes; (6) River Neretva.
(From Simić, M., Geological problems
during construction of Grabovica
power plant, in Symposium,
Construction of Upper Neretva Power
Plants, Mostar, Herzegovina, 1981.)
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FIGURE 5.49 Grabovica Dam:
Cavern bridging: (1) Cave deposit; (2)
consolidated limestone; (3)
powerhouse; (4) reinforced concrete;
(5) crushed rock, gravel layer, and
compacted concrete layer. (From
Simić, M., Geological problems during
construction of Grabovica power plant,
in Symposium, Construction of Upper
Neretva Power Plants, Mostar,
Herzegovina, 1981.)

FIGURE 5.50 Upstream view of the
grout curtain of El Cajón Dam: (1)
Limit of original bathtub grout curtain
(1985); (A) 1987/89 extention; (B)
deep “hanging” grout curtain; (C)
grounting fans from galleries; (D)

Water resources engineering in Karst

154

grounting from the power cavern
connection gallery, (E) grounting from
gallery GL 20. (From Guifarro, R.,
Flores, J., and Kreuzer, H., Francisco
Morazan Dam, Honduras: The
successful extention of a grout curtain
in kartic limestone, reprint from Int. J.
Hydropower Dams, 5(3), 1996. With
permition.)

FIGURE 5.51 Cross-section of dam
site: (1) Volcanic rocks; (2) stratified
limestone; (3) massive limestone; (4)
borehole; (5) fault. (From Balissat, M.
and Spinnler, U.,
Abdichtungsmassnahmen bei grossen
talsperren im karst, in Mitteilungen der
Schweizerischen Gesellschaft fur
Boden und Felsmechanik, Biel, 1978.)
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FIGURE 5.52 Longitudinal crosssection of dam site: (1) Volcanic rocks;
(2) massive lime-stone; (3) grout
curtain; (4) different reservoir levels;
(5) piezometric lines; (6) pressure
cells. (From Balissat, M. and Spinnler,
U., Abdichtungsmassnahmen bei
grossen talsperren im karst, in
Mitteilungen der Schweizerischen
Gesellschaft fur Boden und
Felsmechanik, Biel, 1978.)
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FIGURE 5.53 Francisco Morazan
Dam: Presumed leakage paths. (1)
Power cavern; (2) wall of power
cavern; (3) power-cavern connection
gallery; (4) connection between
galleries; (5a) original bathtub grout
curtain; (5b) 1987–89 grout curtain;
(5c) 1993–95 grout curtains; (6)
karstified limestone; (7) direction of
leakage flows; (8) cavity; (9) flow
connection established by tracer.
(From Guifarro, R., Flores, J., and
Kreuzer, H., Francisco Morazan Dam,
Honduras: The successful extension of
a grout curtain in karstic limestone,
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reprint from Int. J. Hydropower Dams,
5(3), 1996. With permission.)
large vertical karst shafts and faults were consolidated. The washing out of the huge
amount of clay became difficult to monitor and control. Consolidation of plastic clay was
also difficult to control. To reach deep cavities, the maximum borehole length of 250m
was executed.
Multiple grouting rows were executed into faults III and IV to improve the resistance
against progressive erosion of the main curtain plane (Figure 5.54). To prevent leakage,
the grout curtain with an original surface of 530,000m2 was extended to an area of
610,000m2. Excavation of 11.5km of galleries was done for the grout curtain. Pipes
through the lining into the gallery for later grouting connected small karst features. The
large and filled cavities were cleaned up and plugged with concrete.
To close larger cavities, that is, to block narrow sections within the cavities, the
following solids were inserted into the cavities using special pipe arrangements and 100mm diameter boreholes:

FIGURE 5.54 Francisco Morazan
Dam: Position of faults in the grout
curtain section. (1) Consolidation
grouting from drainage gallery; (2)
1993–1995 grout curtain; (3) headrace
tunnel; (4) penstocks; (5) power
cavern; (6) drainage curtain; (7)
diversion tunnel. Details: (A) 1987–
1989 grout curtain; (B) drainage
curtain; (C) piezometric drill holes;
(D) 1993–1995 grout curtains; (E)
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drainage curtains. (From Guifarro, R.,
Flores, J., and Kreuzer, H., Francisco
Morazan Dam, Honduras: The
successful extension of a grout curtain
in karstic limestone, reprint from Int. J.
Hydropower Dams, 5(3), 1996. With
permission.)
• 8,000 wooden balls, 7cm in diameter, floating to block the upper exits from the cavities
• 650 mortar balls, 6cm in diameter, to block the lower exit channels
• 25,000 polypropylene bags for blocking of larger exits
The grouting procedure of the inclined borehole was accepted when the following criteria
were satisfied in all 5-m water pressure test sections:
• Permeability less than 2Lu
• Grout mass consumption less than 50kg/m
For remedial grouting, 129,600m of holes were drilled. The average cement take was
200kg/m′, and 170kg/m2 of curtain. Total leakage was reduced from 1.65m3/s in 1993 to
0.1m3/s in 1995/1996. The drilling and grouting cost US$17.5 million.
5.12.16 OYMAPINAR DAM, TURKEY
The Oymapinar storage system is an arch dam 185m high. It is located on the Manavgat
River in the central sector of the Taurus belt in Turkey, not far from the Mediterranean
coast.
The feasibility of this large hydropower project (540MW) was completely dominated
by the karstic problems of this region. It is significant that this storage system has flooded
the Dumanli karstic spring (its capacity varies from 25 to 100m3/s), which is now
submerged by 120m of water.
The creation of the Oymapinar system storage rates as one of the most complicated
undertakings in karst engineering. Studies and solutions of different hydrogeological
problems span the period from 1963 to 1983 when the dam was completed. During
investigations, 37,000m of cored borings, 10km of exploratory adits, and 400km of
geoelectrical soundings were realized.
The geological and tectonic setup of the project area is quite complex. The dam site is
located on late Paleozoic formations, of which Permian limestone (thoroughly karstified)
forms the dam abutments. The Paleozoic schists upstream and downstream of the dam are
practically impervious [43,44].
The Mezozoic formations appear upstream of the dam site and are composed of strata
from the Upper Triassic to Jurassic and Upper Cretaceous (in which the mighty Dumanli
spring is located).
The Tertiary is composed of conglomerates (partly karstified), Miocene lime-stone,
and widespread strata of molasses, which block the dam region from the downstream
side. On the upstream side, important strata of Paleocene flysch appear and play a
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significant hydrogeological role, as Paleozoic and Mezozoic formations are thrust over
the flysch.
A number of karstic springs are in the area, of which 24 springs with total capacity of
25m3/s were located in Paleozoic and Tertiary rocks. These springs created direct
problems for the watertightness of the storage system. Thermographic measurements and
dye tests revealed a complex hydrogeological behavior, with interconnections between
karstic springs on both sides of the dam site.
After prolonged studies it was ascertained that losses by far routes through the right
side of the storage area was impossible due to favorable positions of aquicludes, blocking
the leakage paths in this direction.
So the problem was reduced to tightening the Paleozoic rocks forming the dam site
and placing a relatively short grout curtain across the corridor of Permian limestone
extending along the Aygir creek, roughly perpendicular to the dam site. The
watertightness of the dam site was ensured by linking the dam grout curtain to
impervious strata in upstream contact with karstified limestone on which the dam is
placed [45,46]. It was one of the early applications of the bathtub solution, linking the
dam site with the upstream aquiclude (Figures 5.55 and 5.56).
Part of the rock surface on the left bank is covered by concrete lining (linked to the
grout curtain), while the right bank watertightness is ensured only by grout curtain panels
(Figure 5.57). The total area of the grout curtain is 138,000m2.
The corridor limestone extending to the right of the dam abutment is cut by a
perpendicular grout curtain, placed 280m from the dam site. The curtain is grouted from
two grouting galleries (at elevations of 130 and 43m) covering the corridor width of
300m. The grouting work was completed in 1982, but 2 to 3m3/s of water, not from the
reservoir, discharged through the drainage gallery AY 43b [47].

FIGURE 5.55 Oymapinar Dam: Plan
view of grout curtain. (1) Dam; (2)
Manavgat River; (3) grouting galleries;
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(4) intersection of the grouting curtain
with calcshist; (5) upstream limit of
grout curtain; (6) Palaeozoic calcshist:
watertight formation; (7) karstified
Permian limestone: permeable
formation; (8) auxiliary arch dam.
(From Coyne et Bellier, Oymapinar
Dam, Grout Curtain, unpublished,
1969. With permission.)
The lower two thirds of the total volume of the Oymapinar reservoir is dead storage.
Based on the calculation of Gunay et al. [47a], the bank storage rate in this part was 35%.
For the upper one third, which is the active part of the reservoir, the bank storage was
determined to be 40% of water stored in the reservoir.
5.12.17 PIVA (MRATINJE) DAM, YUGOSLAVIA
The Piva Dam is situated in a 1500-m-deep canyon of Piva River, which is composed of
massive Triassic limestone. The concrete arch dam is 220m high. The reservoir volume is
790 million m3.
The dam site is heavily karstified. Many karst features were encountered in both
canyon abutments. In the left abutment karstic forms were discovered at higher
elevations. Below the level of river the cavities were not discovered below the dam
foundation, that is, below the canyon bottom. The rock mass in the right abutment is
more karstified. Fissures, enlarged by solution, and cavities were filled with limestone
debris and clayey deposits. One of the unusual features was that many large karst cavities
were completely filled with lithified clay.

FIGURE 5.56 Oymapinar Dam: Grout
curtain perspective. (1) Dam; (2)
auxiliary arch dam; (3) concrete lining;
(4) grouting galleries; (5) intersection
of the grout curtain with watertight
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formation; (6) upstream limit of the
grout curtain (30 m in the watertight
formation); (7) grouting holes. (From
Altug, S., Oymapinar Arch Dam,
Turkey: Foundation treatment in
karstic limestone and reservoir
curtains, in Dam Foundation Problems
and Solutions, 67th Annaual Meeting
(ICOLD), Antalia, Turkey, 1999, p.
193.)

FIGURE 5.57 Oymapinar Dam:
Transversal section A-A' of grout
curtain. (1) Paleozoic calcshist; (2)
Permian limestone; (3) fault; (4)
diversion tunnel; (5) grout curtain; (6)
drainage holes; (7) buttress. (From
Coyne et Bellier, Oymapinar Dam,
Grout Curtain, unpublished, 1969.)
The most surprising was a cave passed by the lateral grouting gallery, which had
dimensions of 100×100m and also was filled tight with partially lithified clay [48].
Closer study revealed the mother material from which the clay was eroded and
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redeposited to be from the mountain plateau, the time of deposition being estimated as
late Pliocene.
The dam curtain (Figure 5.58) was linked to low-permeability stages on both flanks
and reached 250m below the riverbed. The procedure was to place a three-row curtain
below the dam and in the immediate vicinity on both flanks and a one-row curtain further
into the rock mass. A split spacing technique and cement grout with moderate bentonite
addition were used, sand being added in cases of large takes. The planned length of the
right bank curtain was 1.8km in order to reach a large regional fault contouring the dam
site. However, it was actually stopped after 400m in order to monitor the situation after
impounding. It was found unnecessary to extend the curtain any further.
Grout pressure ranged from 3 to 40 bars with linear increasing from 0.6 to 0.7 bar for
each meter of the hole. A saturation criterion was established as 10l/m′ in 10 minutes,
respecting the final designated pressure.
In a portion of the three-row curtain the holes in the middle row were grouted
completely, as one section, until the consumption of 40kg of dry mass per 1m′ of hole
was obtained. In the case of high grout-mass consumption because of cavities, the hole
was redrilled and grouted using a 5-m section method (Section 5.11.2 discusses the
cavern grouting in more detail). Using that method, the high permeable zones were
detected and grouted with grout mix for cavern plugging.

FIGURE 5.58 Piva (Mratinje) Dam:
Grout curtain layout. (1) Dam body;
(2) dam crest; (3) grouting gallery; (4)
karstified zones (high grout mass
consumption); (5) grout curtain
bottom; (6) gallery.
The cavities were sealed using the following grout mix:
• The components were 65% sand, 34% cement, and 1% bentonite.
• The proportion of the dry weight to water was 1:0.4.
• In the left bank 28 cavities were sealed using 5 to 75 tons per cavity.
• In the right bank 38 cavities were sealed using 5 to 98 tons per cavity.
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5.12.18 GRANČAREVO DAM, HERZEGOVINA
The dam site is situated in the Trebišnjica River canyon. The double curvature concrete
dam is 123m high. The site is located in fractured, karstified, and layered Lower Jurassic
limestone. The entire reservoir is in karstified Mesozoic limestones and dolomites.
Two rows of grouting boreholes spaced at 3.5m were drilled. The boreholes along
rows were spaced 4.0m apart. The upstream row of boreholes was much deeper than the
downstream row. The length of the grout curtain was 664m (Figure 5.59). The maximum
depth was 150m, and the total curtain area was 64,000m2. Nearly 4,098 tons of material
was used: 1,509 tons of cement, 2,452 tons of clay, 46 tons of sodium, 3 tons of sand, and
88 tons of bentonite. The average grout consumption of dry material was 58.6kg/m2, that
is, 137.2kg/m′. Average acceptance of dry material was four times greater (200 versus
57kg/m′) in the upstream row of the grout curtain than in the downstream row.
In order to keep the water losses within design limits, the total area of the grout curtain
was increased by 7.5%. Analyzing the relationship of the used material and the basic
permeability, no regularity was established. For example, in a permeability zone with
1.0l/min/m under 10 bars of pressure in the left abutments, the grout consumption varied
from 1.5 to 5000kg/m [49].

FIGURE 5.59 Grout curtain of the
Grančarevo Dam (A) Cross-section
with permeability test result; (B)
schematic presentation of
consolidation grouting procedure and
spacing of boreholes; (C) location of
grouting boreholes; (1) reservoir
elevation; (2) water table during dry
period; (3) limit of the double-row
grout curtain; (4) limits of the single-
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row grout curtain; (5) upstream
perimeter of the dam’s foundation; (6)
control boreholes; (7) water under
pressure; (8) drilling fluid; (9)
compressed air; (10) unconsolidated
portion; (11) consolidated portion of
rock. (From Stojić, P. and
Karamehmedović, E., Grout curtain
Grančarevo, in VIII Congress of
Yugoslav Committee for Large Dams,
Ohrid, Yugoslavia, 1970.)

FIGURE 5.60 Simplified sketch of
Marun Dam site. (Based on
Banihashemi, R., Binazadeh, K., and
Shekhi, A., personal communication,
1998.)
5.12.19 MARUN DAM, IRAN
The rockfill Marun Dam, at the Marun river, is 165m high and creates a reservoir of
1200×106m3 in gross capacity. The purpose of the dam is irrigation and power generation
[49a].
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The dam site area consists of stratified Asmari limestone dipping in the upstream
direction (Figures 5.60 and 5.61). The strike of the major joint system is parallel with the
geological structure, but its strike dip is almost perpendicular to the bedding. The major
joint system and interbedding cracks have a predominant role in the karst evolution
process. The hydrogeological role of joints, perpendicular to the geological structure, is
negligible. From a karstification point of view, a thin layer of intensively vuggy
limestone in Middle Asmari limestone is of great importance.
All underground excavations are in the left abutment. The spacing of the diversion
tunnels and pressure tunnel is considered to be acceptable, meaning relatively short, thus
requiring a two-row grout curtain into both embankments. Prior to the reservoir
impoundment the concrete plug was constructed into the middle section of the second
diversion tunnel. The upstream section of the tunnel was not concreted.
During the first reservoir impounding, the old karst channels along the vuggy zone, cut
by the second diversion tunnel, were reactivated and leakage occurred.

FIGURE 5.61 Cross-section along the
diversion tunnel no. 2 (Banihashemi,
R., Binazadeh, K., and Shekhi, A.,
personal communication, 1998).
Discharge started in gallery LA-3 (40l/min). The reservoir level was only 40m. As a
consequence of the washing process, discharge from LA-3 increased to 1.5m3/s in a few
days. Simultaneously, much larger leaks appeared several places in the second diversion
tunnel and at a few more points in galleries and tunnels in the left abutment. The largest
discharge occurred in the second diversion tunnel. The total amount of leakage through
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the left bank of the Marun dam site was about 10m3/s of water. All water appeared only
from tunnels and galleries. No springs were observed along the left riverbank
downstream from the dam site.
Two mutually interconnected karst systems were reactivated with underground
excavations (a number of galleries and tunnels). The unlined second diversion tunnel had
a key role in connecting the reservoir with karst conduit systems. One conduit system
was developed along the vuggy Asmary layer. It connected the second diversion tunnel
with gallery LA-3. Another conduit was developed along the main joint, downstream
from the concrete plug. A local cross-section of this conduit is 3×2m. It was
speleologicaly investigated and mapped. The elevation of the deepest (siphonal) point of
the investigated part of channel was one meter below the river level.
Based on a detailed geological analysis, planned remedial work has been carried out.
The main points of this plan are:
• A one-row grout curtain extension up to the section with shaley interbeds declared as a
watertight Asmary sequence (close to the watertight Pabdeh formation)
• Plugging of the accessible section of the main karst channel by concrete

FIGURE 5.62 Area of Hutovo
reservoir: geological layout. (1)
Dolomite; (2) limestone; (3) Eocene
limestone and flysch; (4) fault; (5)
overthrust; (6) main direction of
underground flow; (7) piezometric
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borehole; (8) ponor (swallowhole); (9)
anticline axis.
5.12.20 HUTOVO RESERVOIR, BOSNIA AND HERZEGOVINA
The upper reservoir for the reversible Čapljina Power Plant is located at the lowest part of
the large karst depression, Popovo Polje. The reservoir’s volume is 5×106m3, and the
depth of the water is 10m.
The reservoir bottom is covered with alluvial deposits, the thickness of which
increases from the flanks toward the middle part the of polje, where it reaches about 30
m. Paleorelief has a typical karst topography: a lot of sinkholes and ponors. It is located
in the northeastern wing of an anticline structure of the Cretaceous sediments, whose core
is composed of lower Cretaceous dolomite beds (Figure 5.62). This structure functions as
the hydrogeological barrier toward the erosion base level of the Adriatic Sea.
The reservoir was losing water under natural conditions through 75 registered ponors
in the alluvial cover, partly through the karstified carbonate (limestone and dolomite)
flanks, and by filtration through the alluvial deposits, which had a pseudoloess structure
of porosity. The ponors’ capacity ranged between 7 and 10m3/s. Alluvial ponors
(swallowholes) are concentrated mainly in the part of the reservoir bottom in which the
alluvial cover is more than 10m thick [50].
The groundwater level in the karstified limestone below an alluvial cover is very deep,
seldom reaching the level of contact of those two geological units. In the aquifer
fluctuation zone a drainage system of high transmissivity was developed.

FIGURE 5.63 Grouting the ponor
zone in bedrock. (1) Grouting
boreholes; (2) alluvial (collapse)
ponor; (3) grouted part of the
limestone bedrock; (4) alluvium; (5)
karst channel plugged with grouting
mixture.
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The most significant ponor, Ponikva, is located outside the reservoir. To make the
reservoir basin impervious, several sealing methods were applied. The flanks (exposed
limestone) were protected by shotcrete, the bottom was compacted, and foothill parts of
the polje (alluvial deposits) were compacted and covered with PVC foil. The ponor zones
were filled with soil, and the surface compacted and blanketed with foil.
Impermeabilization of the most significant ponor zone, which lies 50m below the
surface, was ensured by grouting the karstified paleorelief. Pressure grouting with a
cement mixture was provided from the surface (Figure 5.63). After the bedrock was
grouted, the channels in the alluvial section of ponors were filled in. The grouting mass
was used with approximate characteristics of the surrounding material (the amount of
clay was increased with respect to cement).
Bearing in mind the genesis of the alluvial ponors (soil collapse process, air hammer
effect, and a combination of these two mechanisms), it was necessary to take care of the
air evacuation, as it was certain that the planned improvement of the watertightness of the
surface layer would affect the concentration of the pressure of the confined air at some
locations. During the aquifer saturation, the water table rose quickly and removed the air
from cavities, thus inflating a PVC foil and making bubbles in the reservoir (Figures
5.15, 5.16, and 5.17). If the pressure reached the limit of the plastic deformations, the foil
would explode (Figure 5.18).
To enable timely evacuation of the confined air from the aeration zone, introduction of
aeration pipes was foreseen through the alluvial cover, down to the ponor system in the
paleorelief (Figure 5.19). Tops of these pipes were set up above the maximum expected
levels of water in the reservoir.
After a sudden rise of the water table in the karst aquifer beneath the polje, it was
found that air was circulating even through some piezometers installed in the basin area.
Due to the abrupt rise of the water level, the air stream from the

FIGURE 5.64 Diagram of cyclic
changing of air current direction from
piezometric bore-holes rapid water
table increases.
piezometric pipes was reaching a velocity of 15m/s. In some piezometers at the reservoir
banks a “breathing” phenomena was registered: Air would first rush out (the borehole
would “exhale”), rush in (the borehole would “inhale”), with each stage lasting for up to
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30 minutes. The cycle could be repeated many times (Figure 5.64). These pulsations were
recorded only when the water level was rising but never when it was going down.
The gas (smoke) tracer was used to confirm an assumption about good communication
within the karst aeration zone below the alluvial cover. After the reservoir was put into
operation, all changes at the basin bottom were recorded every year. The newly formed
ponors and fissures were sealed by pouring the clay-cement mixture.
The number of newly formed ponors ranged as follows: 1975:38; 1977:44; 1980:36.
Some of ponors resulted from newly drilled piezometric boreholes (Figure 5.65). After
1980 no new ponors were recorded. This does not mean, however, that the process of
new ponor development definitely came to an end, but it is certain that many of them
were successfully closed and that the selected method proved to be the right one.
The inspection of the reservoir bottom in 1976/77 showed a new phenomenon: the
appearance of fissures in the alluvial cover (Figure 5.66). The fissures' widths ranged
from 1 to 15cm, with lengths of a few meters up to several tens of meters. The width of
individual fissures increased sporadically up to 20 and even 30cm. A section of fissures
consisted of two close parallel cracks, 10 to 30cm apart, where a portion of mass between
sagged from several centimeters to 0.5m. Fissures were found even under the PVC foil.
The visible depth of fissures ranged from a couple of decimeters up to 5 to 6m. The total
length of fissures was 1300m. On some of these fissures new alluvial ponors were
formed. Those ponors generally are smaller, having diameters from 0.3 to 1.0m and
mainly appearing at the points where two fissures intersect.

FIGURE 5.65 Ponor at reservoir
bottom that resulted from a drill hole.
The fissures were already noted while the reservoir bottom was covered with water, so
they did not appear as a consequence of material contraction due to the drying process.
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The fissure edges were sharp, leading to the conclusion that water erosion was absent.
The fissures were sealed with a clay-cement mixture by pouring.
The water tightness remedial work undertaken on the Hutovo Reservoir (including the
sealing of fissures that appeared in the shotcrete in the flanks) resulted in lowering the
leakage rate by each remedial phase, which was finally reduced to only 1.0m3/s.
5.12.21 BUŠKO BLATO RESERVOIR, BOSNIA AND
HERZEGOVINA
Buško Blato Reservoir for the Orlovac power plant is situated in the central part of a
Dinaric karst area. Its surface reaches 57km2, its volume approaches 800hm3, and its
average depth is 14m. It is part of the huge Livanjsko Polje (Figure 5.13).
The reservoir hillsides are composed of Cretaceous limestone, with numerous ponors,
caves, estavelles, and springs. The polje bottom is covered with 10 to 40m of quaternary
deposits with ponor “funnels.” The total swallowing capacity of the reservoir bottom, in
natural conditions, was about 40m3/s, and the average flood depth was 3 to 5m.

FIGURE 5.66 Large fissures at the
bottom of a reservoir. (A, C) Without
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foil; (B, D) fissures and collapse under
the foil.
The groundwater level, in the dry season, can drop down to 100m beneath the level of the
polje. Evidence obtained by drilling shows an intensively karstified zone down to 60m
under the polje bottom. The largest swallowing zone is situated along the edge of the
polje, representing intensively crushed and faulted limestone. A few single ponors have a
swallowing capacity between 1.0 and 20m3/s [51].
To prevent leakage from the reservoir, two types of structures were constructed along
the ponor areas. Two rockfill dams separate two large ponor zones from the reservoir.
One (Kazaginac; Figure 5.13) is 2909m long and 19.3m high, and the other one
(Podgradina) is 1670m long and 10m high.
Five grout curtains along a very karstified reservoir bank have a total length of 6,777m
and a depth between 50 and 120m. The total grout curtain surface is 475,354m2. The
actual curtain length is 9.2% longer than the designed one, but the average grout
acceptance is lower (326kg/m′) than the design value (352kg/m′). A total of 164,467
meters of boreholes were grouted, placing 53,650 tons of dry grouting material.
The ratio between the depth of grouting and the reservoir depth locally is 6.5. The
large karst channels in two main ponor zones were explored speleologicaly and closed by
concrete plugs (Figure 5.23). For that purpose, a few vertical shafts (70cm in diameter 12
to 40m deep) were excavated. For the same purpose, a few adits (horizontal or inclined,
with lengths of 20 to 28m) have also been excavated. At the selected locations in the
karst channel, a plugging operation was undertaken, and the grout curtain was deviated
toward that point [22] (see Figure 5.23).
In spite of very complex and detailed antifiltration geotechnical work being carried
out, losses were estimated to be about 5m3/s. This quantity of leakage is higher than the
one anticipated in the design (3.0m3/s).
5.12.22 NIKŠIĆKO POLJE RESERVOIRS, YUGOSLAVIA
The Nikšićko Polje is the best example of artificial storage problems related to karst
poljes. The following rock formations are distinguished in the area:
• Lacustrian deposits underlying the polje bottom
• Flysch formation in part of the polje bottom
• A complex of Cretaceous, Jurassic, and Triassic limestones and dolomites, sporadically
intercalated with marly, siliceous, and clastic sediments
A flysch barrier causes perennial karst springs to occur at the northeastern rim of the
polje. The water sinks back into the karstified limestone at the opposite rim (estavelles
and ponors at the southwestern rim). This happens at an elevation of 600m, where a large
karst plain is naturally inundated during the flood season. The capacity of all ponors
situated along the southwestern perimeter is about 150m3/s, while the master ponor
(Slivlje) at the very end of polje can swallow more than 100m3/s.
The basic idea, realized in the early 1950s, was to apply stage construction and to
improve conditions as the energy production went up, under the condition that it would
be achieved with reasonable initial expenses [48]. A diversion tunnel was excavated
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through the rim and a collecting canal constructed, along with a 100-MW power plant
600m lower, where water reappears in several powerful karst springs. The large karst
polje was divided into four consecutive storages (Krupac, Slano, Vrtac, and Slivlje)
formed by three relatively low, kilometers-long fill dams (Figure 5.67).
In this way storage of 250×106m3 of water was planned. The dams are situated over a
relatively impervious bottom of the plain and sealed by a grout curtain. The ponors along
the rim were treated in a large campaign of sealing and isolation in an

FIGURE 5.67 Site plan of Nikšićko
Polje and hydropower system of
Gornja Zeta. (1) Rivers; (2) canals; (3)
tunnels; (4) rockfill dams; (5) concrete
dams; (6) storage reservoirs.
attempt to prevent losses. The master ponor of Slivlje was encompassed with a 50-mdiameter thin concrete cylindrical dam (Figure 5.11), and the rest of the ponors were
treated with various sealing methods. The outcome of this undertaking was largely
negative, mostly because pressure formed in the storage areas, as a rule, activated fossil
karst channels that existed under the alluvial cover, so hundreds of smaller ponors were
formed. Therefore, the action was focused on lateral grout curtains along the pervious
rim, starting first with the upstream, less pervious partial storage area.
5.12.22.1 Slano Reservoir
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The grouting procedure along the Slano Reservoir is a very instructive example [52]
(Figure 5.68). A continuous estavelle zone exists along 4.5km of the southern border of
the polje. During the investigation campaign in the reservoir area, piezometric tubes were
built in 60 boreholes. Dye tests were performed at 13 estavelles. Some of them were
tested several times. By drilling, it was established that the most important active karst
channels were situated in the zone of minimal position of the water table.
In the area of the Slano Reservoir, the losses in natural conditions, depending on
retention water level, ranged between 5 and 12m3/s [53] (Figure 5.69), but in some
extreme cases (maximum flood level and deep groundwater level) the losses could have
been much higher—up to 34m3/s.

FIGURE 5.68 Slano reservoir. (1)
Slano Dam; (2) reservoir area (polje
bottom); (3) karstified limestone; (4)
marly limestone and marl; (5)
intermittent springs; (6) estavelles; (7)
direction of underground flow; (8)
grout curtain; (9) piezometric
boreholes; (10) intermittent surface
flows. (From Vlahović, V., Karstic
Reservoir Slano, (special ed.), Vol. 14,
Montenegro Academy of Sciences and
Arts, Podgorica, Yugoslavia, 1981.)
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FIGURE 5.69 Water seepage at Slano
Reservoir. (1) Reservoir retention
water level (m a.s.l.); (2) reservoir
water seepage (m3/s); (3) reservoir
water seepage before sealing of banks;
(4) reservoir water seepage after
sealing of banks. (Frorn Guzina, B.,
Impact of Impounding on a Karst
Reservoir Yield, Congres des Grandes
Barrages, Florence, Italy, 1997.)

FIGURE 5.70 Slano grout curtain. (1)
Grout curtain; (2) lowest water table;
(3) cavern (karst channel); (4) fault; (5)
limestone; (6) Slano Dam. (From
Vlahović, V., Karstic Reservoir Slano,
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(special ed.), Vol. 14, Montenegro
Academy of Sciences and Arts,
Podgorica, Yugoslavia, 1981.)
The average depth of karstification along the southern rim of the polje (estavelle zone) is
relatively shallow, as indicated by investigation work. A minimal water table occurs
between a few meters and 40m in depth along the rim of the polje. The deepest caverns
were discovered at a depth of 60m, and the largest number of caverns were situated at an
elevation of 570 to 600m, that is, down to 30m beneath the polje level
During the planning of the watertightness concept, two possibilities were analyzed:
surface and underground concepts. The final decision was to apply a continuous one-row
curtain [52].
A number of water pressures tests show that the sections of largest permeability are
positioned just in the zone above the minimum water table. Below that level, water
permeability decreased rapidly by depth down to the nonkarstified limestone. At greater
depths, local increasing of permeability was connected only with larger fault zones.
The length of the grout curtain along the south rim is 4497m (Figure 5.70). Its average
depth is 74.13m, which is 37.87m deeper than the minimum water level. The depth of the
grout curtains varies between 2.09×h (Krupac ponor zone), and 1.51×h (beneath the
Slano Dam). Only locally it is 3×h, and in very unique boreholes it reaches 4×h
(h=difference between the minimum depth of the water table and the elevation of the
reservoir).
A four-phase grouting procedure was performed. The first phase included bore-hole
spacing of 12m; the second, 6m; and the third, 3m. Finally, in the fourth phase the
boreholes were drilled and grouted in the zones with karst channels or sections with an
extremely high consumption of grouting mass.
The grouting criteria were applied to the curtain depth at levels where the specific
leakage at the deepest section was less than 0.03l/min/m/0.1 bar. The grouting pressure in
the section had to be higher than 50% of the designed pressure. If that criterion was not
realized, the next 5m of borehole would have been drilled. Using such technology, all
caverns along the curtain trace were plugged.
To stop leakage from the Slano reservoir, two more curtains have been constructed.
One of them was below and in the Slano dam banks (1482m) and the other was carried
out in order to neutralize the activity of the Krupac ponor area (247m).
After eleven years (1961–1971) of grouting the losses have been reduced to an
acceptable amount of 3.5m3/s. Technical data for the Slano grouting work are:
• Total length of grouting (m)=7,011
• Average depth (m)=65
• Total curtain area (m2)=404,224
• Number of grouted boreholes=2,226
• Average distance between boreholes (m)=2.27
• Grouted (linear meters)=147,130
• Cement consumption (tons)=27,826
• Clay consumption (tons)=48,666
• Bentonite consumption (tons)=307
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• Calcium soda consumption (tons)=1,766
• Sand (tons)=4,873
• Gravel (tons)=8,050
• Sodium silicate (tons)=43
The main problem to solve was to grout and plug individual karst channels corresponding
to the minimum water level. A large amount of grout mass was used in some of them. For
instance, to plug only one concentrated flow in the open karst channel 1,073 tons of dry
grout mass was used.
However, as a consequence of reservoir operation from 1971–2001 the grout curtain
was heavily damaged. A number of new ponors were created along a few sections of the
reservoir perimeter. Leakage from Slano reservoir increased up to 4.5 to 7m3/s
(depending on reservoir level). The diagram presented in Figure 5.68 indicates the
existence of very successful grouting work below the elevation of the reservoir bottom
but also the presence of leakage sections in the upper 6m of the curtain.
5.12.22.2 Vrtac Retention Basin
In order to improve the watertightness of the Vrtac Reservoir, several surface structures
were constructed to close off the main ponors. The following methods were applied:
• Encompassing the large ponors with cylindrical concrete dams
• Plugging the ponors with surface concrete slabs equipped with nonreturn valves
• Covering karstified limestone banks with concrete blankets, also equipped with
nonreturn valves
Unfortunately, all these measures were unsuccessful. After the first filling, more than a
hundred new ponors were formed, and new leakage at a rate of about 2m3/s occurred.
Another solution, proposed in the final design (Energoprojekt, 1978) was the grout
curtain. The suggested length was 6km, 1500m beneath the dam and 4500m along the
southern rim. The principal criteria used for the grout curtain design, relative to its route,
were suggested by Zogović [54]:
• To extend grouting to a depth of 20m below the minimum groundwater level
• To grout the sub-surface zone, the permeability of which exceeds 10Lu
• To seal the karst channels and caverns encountered, irrespective of them being open or
filled, with material derived from fluvioglacial deposits or with terra-rosa
Consequently, the depth of the grout curtain varies from 30 to 130m. Only 400m of grout
curtain have been completed so far. Along that section 32 caverns were discovered,
corresponding to 83.4m of boreholes (37m open caverns and 46.4m filled with cave
deposits). The consumption of dry grouting mass ranged from 206 to 720kg/m, or
505kg/m on average.
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5.12.23 MORNOS RESERVOIR, GREECE
The Mornos Reservoir was built for providing the water supply for the city of Athens.
The rockfill dam is 135m high. The storage capacity of the reservoir is 640 million m3.
The reservoir is situated in the Pindos zone (limestone, sandstone, and a conglomerate of
Cretaceous to Lower Tertiary age).
The most critical area for providing watertightness of the reservoir was the tributary
valley of the Belestisa River, which was inundated by the reservoir [55]. The valley was
cut in the Pyrnos limestone massif. The low groundwater level is about 200m below the
storage level. By drilling 10 boreholes, a relatively favorable geological structure of the
reservoir was confirmed to be composed of flysch and transition rock covering the
karstified limestone, up to an elevation of 415m a.s.l. The maximum storage level is
443m a.s.l.
The leakage protection measures consist of surface cleaning and construction of a 2km-long rockfill damlike structure along the reservoir flank, with an inclination of 27°.
The asphalt lining is spread from the valley bottom (380m a.s.l.) to 445m a.s.l (Figure
5.71).
The grouting was performed along the entire screen foot. In order to ensure a reliable
contact between the asphalt blanket and the flysch, a grouting and drainage gallery was
excavated along the foot of the dam, with drainage tunnels penetrating the flysch and the
transition sediments, as well as about 20m into the karstified limestone. The drainage
capacity of the tunnel was increased by drainage holes. The watertightening measures
were not fully successful. Approximately 0.4 to 0.5m3/s is being lost through the grouting
tunnel.
5.12.24 PERDIKA, GREECE
The Perdika Reservoir is located in the Ptolomais Basin. An earth-filled dam, 40m high,
was constructed. It created a storage reservoir of 10×106m3 [55]. Plio-Pleistocene

FIGURE 5.71 Mornos Reservoir:
Pyrnos sealing: (1) Grouting and
drainage gallery; (2) maximum storage
level; (3) active storage; (4) asphalt
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lining; (5) filter layer; (6) drainage
tunnel; (7) drainage boreholes; (8) grey
flysch; (9) red flysch; (10) transition
rock; (11) karst limestone. (From
Heitfeld, K. and Krapp, L., consulting
report, unpublished, 1972.)
sediments (clayey silts, silty sand, coarse sand, and gravel) cover the bottom of the
reservoir, with variable thickness from zero to over 90m. The bedrock consists of
fractured and karstified Upper Cretaceous limestone with typical karst morphology
(sinkholes, dolines, and karrens).
During the first filling of the reservoir, numerous ponors, cracks, and subsidence
occurred inside the reservoir. There was no relation between the development of
sinkholes and the thickness of the overburden. The groundwater level was about 70 m
below the reservoir bottom, in the karstified bedrock.
Loam blankets were applied in all leakage areas as rehabilitation measures. How-ever,
they proved to be ineffective. It was found that clogging processes were active at low
reservoir levels, but new ponors developed in response to high storage levels.
Large-scale hydraulic tests were carried out to support the tightening processes.
Suspended silt streams were directed from the reservoir banks into the lake areas. The
consumption in individual holes was up to 135m3 of solids. During the next storage test
additional defects appeared. The maximum storage height is now about 7m. The final
conclusion was reached that the cost of full rehabilitation would be much higher than the
benefit gained.
5.12.25 MAVROVO RESERVOIR, MACEDONIA (FYR)
The Mavrovo Dam is 54m high, and the volume of the reservoir is 357×106m3. Most of
the reservoir is underlain by impervious Paleozoic schist formations. Marbly limestone
underlies only part of the reservoir (its shallow end). At the time of the first filling
(1960), two large and a few of small collapsing ponors formed in the alluvial cover
overlying the karstified marbly limestone. About 9 to 12m3/s of water escaped from the
reservoir to recharge a huge karstic aquifer. The discharge rate of the Cerovo Spring, at a
distance of 4.5km, was increased by 0.8m3/s. The rest of the water was stored in the
karstified underground. It was decided to fill the subsidence ponors with crushed stones
and to cover them with an overlying protective impervious blanket, 70m wide and 430m
long (30,100m2). The surface of clayey blanket was protected by rock blocks (1961).
After four months, discharge of the Cerovo Spring ceased.
During the next 25 years of operation (until 1986) the reservoir was never filled up to
the designed operational level. The maximum water level in that period was 5m lower
(1228m a.s.l.) than the operational reservoir level (1233m a.s.l.). Some water loss was
observed in 1963, 1973, and 1977.
During 25 years of reservoir operation, permanent reservoir fluctuations caused the
groundwater level to fluctuate, following the reservoir regime. This led to the washing
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out of the cave-filled deposits and finally created erosion channels in the alluvial
coverage above the washed karst channels.
In the very rainy year of 1986 the reservoir level rose up to 1231.3m a.s.l. The abrupt
water level increase triggered collapse development. The first cracks were observed in
the clayey blanket (24 June). A geyser-like eruption of water and a small vortex occurred
on 26 June and 4 August; subsidence of 12m in diameter and 6m in depth took place on 5
August. During 6–7 August the diameter and depth increased to 24 and 11m,
respectively. Several new subsidences were formed during the next 10 days. Some of
them formed in the blanket zone, but more of them in the natural deluvial coverage lying
over the marbly limestone. The leakage was estimated to be 6 to 7m3/s. As emergency
remedial work six straw bales loaded with stones and 233 bags of sand were placed in the
main vortex area. The leakage immediately decreased to one-third of the original amount.
The final solution adopted was to “amputate” the damaged (karstified) part of the
reservoir banks with ponors by means of a dike. A large-scope investigation (geological
and geophysical) has been performed to determine the actual conditions for selecting the
final solution.
5.12.26 MAY, TURKEY
The May Dam, south of Konya town, is 28m high. Its reservoir was built to store water
during the wet season for irrigation and water supply in the dry season. The bottom of the
reservoir is composed of an alluvium layer 15 to 20m thick, overlying karstified
limestone, conglomerate, and marl.
During the first reservoir filling many ponors opened in the bottom of the downstream
part of the reservoir, as well as along the right bank close to the rockfill dam. Leakage
water from the May Reservoir recharged the limestone aquifer that underlies the Cumra
plain. The reservoir leakage caused a severe reduction in use of the storage water.
A careful inspection of the reservoir resulted in a conclusion that a lack of relevant
geological and hydrogeological explorations in the planning stage of the project was
definitely responsible for the surprise outcome of large water losses [57].
5.12.27 APA, TURKEY
Apa reservoir is situated near Cumra town (Konya, Cumra plain). Water losses occur in
the limestone underlying the upstream portions of the reservoir. By some estimates, 20 to
25% of the total annual inflow into the reservoir leaks into the underground.
5.12.28 ONAC, TURKEY
Onac reservoir is located near the city of Bucak, North of Antalia. An impervious rockfill
dam has been built there for flood control of the downstream plane of Kastel Polje.
During the reservoir filling in the first year (1979/80), it became evident that water losses
were occurring through the karstified limestone, that is, through the ponors opened in the
bottom and at many places on the right bank, close to the dam.
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5.12.29 CEVIZLI, TURKEY
Cevizli Reservoir is situated in the Taurus Mountain region, northeast of Antalia. A
rockfill dam (20m high) was constmcted on the impervious rocks. The upstream part of
the reservoir is in karstified limestone. When the reservoir was filled for the first time, in
the wet winter of 1979/80, very large ponors developed in the bottom limestone. The
largest one is several meters in diameter and more than 20m in depth. In dry season the
reservoir is empty, except for shallow retention on the watertight formation just behind
the dam.
5.12.30 LONE PINE, U.S.
The Lone Pine Reservoir and a 31-m-high dam are located in Arizona. The development
of ponors inside the reservoir caused the final abandonment of the Lone Pine reservoir.
“Reservoir seepage flushed out soil infilling that partially filled cavities in the limestone,
which were scattered throughout the reservoir floor allowing the escape of water through
interconnected openings and channels in the limestone” [58].
5.12.31 DOKAN DAM, IRAQ
The Dokan is a concrete arch dam, 116m high, on the Lesser Zab River. It was
constructed in the gorge cut along the anticline axis. The karstified dolomite core is
overlain by thinly bedded limestone. An extended cut-off, single-row curtain with a total
length of 2541m (Figure 5.72), extending downward by 150 to 190m below the top water
level, was constructed between 1955 and 1957 [59].
After reservoir impounding up to two thirds of full capacity (1960) a leakage of 6m3/s
occurred bypassing the end of the curtain. The leakage zone in the karstified limestone
reservoir bank, about 100m wide and several meters high, was developed at the dolomitelimestone unconformity. The curtain was extended by 336m to a depth of 150 to 160m.
The holes were spaced at 8m (primary), 4m (secondary) and, if necessary, 2m (tertiary).
To establish temporary blockage in the main karstified (leakage) zone, the following
grout mix was used: 50kg bentonite, 301 diesel oil, and 0.5kg cotton flock.
Cotton flock was added by hand into the pump. This type of grout mix was injected
through 2-inch boreholes. By using this grout mix, five boreholes were successfully used
for concentrated underground flow plugging. Through four bore-holes, in the same
karstified zone, the cement and sand-cement grout mix were used with calcium chloride
added to assist setting that is, to plug the karst flow.
After the reservoir was filled to the previous level no leakage was observed.
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FIGURE 5.72 Dokan Dam general
plan: (1) Grout curtain; (2) grout
curtain extension; (3) spring zone
(leakage from reservoir); (4) anticline
axis; (5) sinking zone in reservoir.
(From Perrott, W.E. and LancasterJones, P.F.F., Case records of cement
grouting, in Grout and Drilling Mud in
Engineering Practice, London, 1963.)
5.12.32 ATATURK DAM, TURKEY
The Ataturk Dam is located on the Firat (Euphrates) River, and was completed in 1990.
The fill dam is 179m high with crest length of 1800m. The reservoir volume is 49 billion
m3.
The foundations of the Ataturk Dam site are composed of karstified limestone (platy,
cherty, and bituminous) and dolomitic limestone, extending to a depth of about 600m
below the dam foundation level. The size of the karst channels ranged between 0.1 and
1.5m. Larger channels and chimneys as well as a few cavities of 1,000m3 developed
along the faults [60,61]. In natural conditions the springs from regional karst aquifer
discharge water into the river at the dam site at a rate of about 1m3/s.
The main grout curtain is 5.5km long and 175 to 300m deep below the river level. The
grout curtain surface is 1.2×106m2. The grout curtain bottom is high above the base of
karstification. The downstream row had to be grouted first in four phases (primary holes
spaced at 36-m intervals, reducing the spacing gradually to 3m). The upstream row
started with 12-m intervals, reducing to 6 and finally 3m. The row distance was 1.5m.
The typical arrangement of the main grout curtain is presented in Figures 5.73 and 5.74.
The grouting pressures varied between 2 and 50 bars. Only conventional water-cement
grout mix with a plasticizing additive or bentonite was used. Average grout takes were
moderately low in spite of high karstification: 102.4kg/m′ or 112.8kg/m2.
After the reservoir was filled, a strong (0.994) correlation was established between the
reservoir level and leakage through the dam foundation and discharge from the drainage
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galleries. For a reservoir elevation of 420m a.s.l., seepage was 2.5m3/s, and for a
reservoir level of 536m a.s.l., the total discharge was about 14m3/s. To determine the total
leakage, hydrological measurements were made in the riverbed 2 to 8km downstream of
the dam. Groundwater isotherms for the upstream envelope of the curtain (Figure 5.75)
indicate a cold spot in the right flank at an elevation of 300m, showing the presence of an
active karst channel.

FIGURE 5.73 Longitudinal geological
section along the main grout curtain of
Ataturk Dam: (1) Platy marly
limestone; (2) Cherty and bituminous
limestone; (3) dolomitic limestone; (4)
chert; (5) boundary of the main grout
curtain; (6) water table; (7) differential
hydraulic head across the main grout
curtain (%). (From Riemer, W.,
Gavard, M., Soubrier, G., and Turfan,
M., The Seepage at the Ataturk Fill
Dam, Commission Internationale Des
Grandes Barrages (ICOLD), Florence,
Italy, 1997.)
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FIGURE 5.74 Typical arrangement of
the main grout curtain of the Ataturk
Dam and of the curtain piezometers in
the valley floor. (1) Clay core; (2) cut
and cover/grouting galleries; (3)
control gallery; (4) main grout curtain;
(5) piezometers; (6) platy marly
limestone; (7) cherty and bituminous
limestone; (8) dolomitic limestone; (9)
chert. (From Riemer, W., Gavard, M.,
Soubrier, G., and Turfan, M., The
Seepage at the Ataturk Fill Dam,
Commission Internationale Des
Grandes Barrages (ICOLD), Florence,
Italy, 1997.)
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FIGURE 5.75 Groundwater isotherms
(°C) on the upstream envelope of the
grout curtain of the Ataturk Dam.
(From Riemer, W., Gavard, M., and
Turfan, M., Ataturk Dam:
Hydrogeological and Hydrochemical
Monitoring of Grout Curtain in Karstic
Rock, ASCE Committee on Grouting,
ASCE Convention, San Diego, CA,
1995.)
From an economic point of view, total seepage losses are tolerable for the Euphrates
River, having an average flow of 850m3/s. However, from a technical point of view this
cannot be accepted as satisfactory because of the possible erosion, either of grout or of
clay. To avoid critical amounts of erosion, severe monitoring must be performed as well
as additional grouting and drainage work.
5.12.33 SALAKOVAC DAM, BOSNIA AND HERZEGOVINA
The Salakovac gravity concrete dam is located at the Neretva River, upstream of the town
of Mostar. The dam is 70.0m high (45.0m above the riverbed). It is situated on
Cretaceous karstified limestone. The thickness of the subhorizontal limestone beds is 1m
maximum. Also, faults and joints intensely disintegrate the limestone. The vertical and
subvertical ruptures prevail. Impervious Tertiary sediments and karstified limestone
extend down to the riverbed downstream of the site, resulting in the appearance of about
40 springs at the left riverbank. Discharge of those springs varies from a few hundred l/s
in the dry season, up to approximately 10m3/s. The average discharge was estimated at
5m3/s. After reservoir impounding, the discharge in the spring increased to 15m3/s
(Figure 5.76). An emergency protective shotcrete blanketing over the left reservoir side
was unsuccessful.
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To intersect possible deep karst systems and seepage paths, a 400-m-long
investigation/grouting gallery, perpendicular to the reservoir elongation, was excavated.
The gallery elevation was 2 to 3m above the reservoir operational level. Many cavities,
with diameters of 1 to 10m, were discovered along the gallery. The cavities were mostly
filled with very compressed clayey deposits. Only one very large, empty cavern was
intersected by the gallery. The free water surface in the cavern was lower than the
reservoir level.

FIGURE 5.76 Salakovac Dam site. (1)
Dam structure; (2) reservoir; (3)
Neretva River; (4) grout curtain; (5)
boreholes; (6) springs; (7) direction of
seepage flows; (8) Jurassic lime-stone;
(9, 10) Cretaceous limestone; (11)
Tertiary sediments; (12) investigationgrouting gallery.
From what is known today, very detailed sub-surface investigations (drilling, TV logging,
dye tests, detail mapping) were realized, but the impermeable structure still has not yet
been realized.
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5.12.34 WUJIANGDU DAM, CHINA
Wujiangdu is a concrete arch gravity dam in the gorge on the Wujiang River, at the
Guizhou plateau. The structure is 165m high. The strikes of karstified limestone at the
dam site are almost perpendicular to the river, steeply dipping toward upstream 60 to 70°.
The many karst cavities, particularly in the left bank, down to the depth of about 250m
beneath the riverbed, are distributed (Figure 5.77).
Cavities were filled with soft and very soft clay. The clay fillings, in natural
conditions, had a high water content (56%) near the liquid limit (57.5%). Obviously, that
soft material, below the dam foundation, is not resistant against high water pressure. To
increase the resistance of cave filling, high grout pressure was applied to initiate
development of a number of cracks in the clayey material (hydraulic fracturing). A splitspacing grouting procedure, including two or three rows of boreholes, with hole spacing
between 1.5 and 2.5m, was performed. The maximum applied pressure was 60kg/cm2.
The initial grout mix applied for grouting was cement, with a water/cement ratio of 8:1
by weight.

FIGURE 5.77 Engineering geological
cross-section of Wujiangdu Dam site.
(1) Quaternary overburden; (2)
Yulongshan limestones; (3) Sabaowan
shales; (4) Changxin limestones; (5)
Leping coal beds; (6) bedrock
boundary; (7) boundary line of beds;
(8) groundwater table; (9) fault; (10)
cavern; (11) boreholes; (12) excavation
limit; (13) grounting gallery; (14) limit

Dams and reservoirs: Prevention and remediation

187

of grout curtain; (15) geophysical
anomalies; (16) zone of special
treatement. (From Liu, B., Wujiangdu
Dam, in Karst in China, Lu, Y., Ed.,
Institute of Hydrogeology and
Engineering Geology, Chinese
Academy of Geological Sciences,
1986.)

FIGURE 5.78 Pattern of hydraulic
fracture lines: (c) Injecting hole. (From
Zuomei and Pinshou, Grouting of the
karstic caves with clay fillings,
Research Institute of Water
Conservancy and Hydroelectric Power,
Beijing, China, 1986.)
Using an unconventional grouting mechanism, the soft clay in the caverns was subjected
to four actions: hydraulic fracturing, extrusion, consolidation, and chemical hardening.
For successful hydraulic fracturing, the karst cavity or channel must be fully filled. To
obtain the required conditions, the upper part of the cavity should be filled with the
cement grout to the top of the cave. The next stage is to apply high grouting pressure and
hydraulic fracturing. The fracturing cracks develop in the radial direction starting from
the wall of the borehole, and then in the circumferential direction, connecting the already
developed fracture lines (Figure 5.78).
As a consequence of high grouting pressure some clay fillings were extruded from the
cave to other voids and fissures in the surrounding rock mass. Also, the grout mix
penetration through the induced cracks in fillings was accompanied by clay consolidation
and chemical hardening. The deformability of the grouted clay was analyzed by sound
wave and unconfined compression tests. The results indicated that after grouting, the
resistance of clay fillings against water pressure increased considerably.

Water resources engineering in Karst

188

Thus, the clay fillings in the karst caves will be criss-crossed by networks
of cement grouts serving as the rigid skeleton. The combination of cement
grout networks and enclosed hardened clay form an anti-seepage barrier in
the karst formation with enough strength and stability to resist high water
pressure [63].
5.12.35 BERKE DAM, TURKEY
The Berke arch dam (201m high) is located at the Ceyhan River in southern Turkey. The
mean annual discharge at the dam site is 150m3/s. The dam is located in Mesozoic
tectonized formations [64]. Three spring types discharge at the dam site: normal water
with temperature ranging from 13 to 16°C; semithermal, 19 to 28°C; and thermal spring
water 33°C.
Karstification has developed along discontinuity planes (faults and joints), along the
contact zones between impervious and pervious lithological units (Kemerkaya Fault and
Colakli Thrust), and in the unit made of limestone blocks (diameters of 10 to 200cm)
with the silty-sandy or clayey matrix material that ranges from 10 to 20%. The diameters
of karst channels along the discontinuity planes range from 20 to 200cm. In the limestone
block unit the size of karst voids is considerably smaller (5 to 60cm).
The ophiolitic melange is a regional barrier. The grout curtain is connected with the
local upstream barrier: Sulcadere formation (argillaceous layers). To prevent leakage
through the karstified zone, one of the most elaborate grout curtains was constructed. The
uppermost gallery was made at an elevation of 346, m while the bottom of deepest grout
curtain contour line reached an elevation of 50m below sea level. Grouting galleries were
made at the following elevations: 346, 295, 255, 215, and 175m. From the deepest gallery
(175m), the rock mass was grouted 225m in depth.
The following arrangement of grouting holes was used in a single-row curtain:
primary, 12m; secondary, 6m; tertiary, 3m; and quaternary, 1.5m. In the heavily
karstified zone (blocky limestone) a triple-row array with the cross pattern holes was
used. Spacing between quinary holes was 0.75m. The average grout mix take was about
520kg/m. The grouting pressure ranged from 30 (upper sections) to 60 bars (lower
sections). Maximal grout mass consumption varied between 500 and 700 ton/m.
Treatment of the sandy-clayey matrix in the blocky limestone section required special
grout mixes with a dispersant agent.
5.12.36 SALMAN FARSI DAM, IRAN
The height of concrete-arch gravity Salman Farsi Dam is 125m above the foundation
[65]. The dam is located at the entrance to the Karzin Gorge on the GharehAgaj River
south of Shiraz, at the northern flank of the Changal Anticline in the Asmari limestone
formations. The core of the Changal Anticline consists of the Paleocene/Oligocene
Pabdeh impervious formation. The dam foundation area is composed of marly limestone,
intensively karstified with vuggy porous crystalline limestone. The springs at the dam site
indicate two groundwater systems. One is a shallow, phreatic aquifer with temperatures
of 28°C, and the other is a hydrothermal water system, which is deeper and shows
temperatures up to 42°C.
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During the drilling campaign no caverns were detected either both side. However,
after the excavation of the diversion tunnel and the investigation adits, the geological
knowledge of the limestone rock at both sides had to be updated: Large diameter karst
channels and caverns were discovered.
A few alignments of the grout curtain were analyzed, two upstream and one
downstream option [66]. The selected option, applied on both sides of the dam, represents
a close connection of the curtain’s downstream extensions to the core formations of the
Changal Anticline “positive cut-off.” The alignment assumes that the core of the Changal
Anticline is a reliable watertight barrier to which the curtain can be tied in (Figure 5.79).
The grout curtain was constructed from galleries at five levels. The vertical distance
between galleries varies from 18 to 36m in order to intersect as many karst features by
galleries as possible (Figure 5.80). Unless exceptional conditions call

FIGURE 5.79 Salman Farsi Dam:
Grout curtain layout. (From Dolder, T.,
Kreuzer, H., and Milanović, P.,
Electrowatt-Ekono, Report Phase 2,
unpublished, 2001.)
for a multiple-row curtain, only a one-row curtain should be executed. The curtain was
extended 140m below the base of the dam in its central part.
Along the grout curtain route, five large cave systems and a number of small caverns
were detected. The karst channels and caverns developed along two sets of subvertical
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joints (J1 and J2) and along the steeply dipping bedding planes. The orientation of the drill
holes is designed to intersect the main discontinuities and bedding planes at a favorable
angle.
All accessible caverns were speleologically investigated. The largest cave at the
Salman Farsi Dam site is Golshan’s Cave. This cave is composed of a few different, but
mutually connected, levels. The length of the investigated part is 130m, the height is
more than 70m, and width is 15 to 25m. The total length is probably more than 200m.
The large chambers of the cave are partially filled with huge limestone blocks and
deposits of clay and sand. The original grout curtain route cuts across the middle part of
the cave. On the basis of the speleological investigations and detailed geological mapping
along the galleries, a few options were considered: to fill entire cavern with selfcompacting concrete; to construct an immense gravity wall in the cavern, which has to
resist the full hydrostatic pressure; to modify the grout curtain route, bypassing the cavern
upstream; or to bypass it downstream.

FIGURE 5.80 Salman Farsi Dam:
Cross-section along the grout curtain
route. (From Milanović, P., Kreuzer,
H., and Dolder, T., Electrowatt-Ekono,
unpublished, 2002.)
Of those four options, the upstream bypass was selected as technically and economically
most feasible (Figure 5.81).
Open karst caverns and channels were treated at a horizontal distance of 20m upstream
from the grout curtain route and 10m downstream. Every cavern or channel filled with
clay, which penetrates the grout curtain, was cleaned at least 5m in either direction from
the grouting plane. This volume was filled with self-compacting concrete (Figure 5.82).
For filling of openings and channels with apertures less than 20cm, grout mix and grout
mortar (up to 4mm) were used. For filling of channels with apertures of more than 20cm,
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a self-compacting-concrete was poured using pumps. Contact grouting between the
concrete plugs and the solid rock was applied.
The dam and grout curtain are still under construction.
5.13 DAM AND RESERVOIR CONSTRUCTION ON
CONGLOMERATE, GYPSUM, AND ANHYDRITE
The question concerning the hydrogeological characteristics of conglomerates has been
raised recently several times (May Reservoir, Turkey; Nevesinje Reservoir,
Herzegovina). It relates, first of all, to the karstification of these rock masses, that is,
whether they are prone to karstification, and which karst shapes can be formed in them.
The problem of watertightness of conglomerates has been studied from the aspect of
surface storage construction, as well as of the types of aquifers formed in these rocks that
provide possibilities of using this water.
The hydrogeological characteristics of the conglomerate and its hydrogeological role
within a macro-plan depend on the percentage of participation of marly, marly-clayey,
and sandy interbeds or on their thickness and spreading continuity. In situations where
these sediments occur in thick-bedded zones and in layers, such

FIGURE 5.81 Salman Farsi Dam:
Modification of grout curtain route (AB-C) to bypass large cavern. (From
Dolder, T., Kreuzer, H., and
Milanović, P., Electrowatt-Ekono,
unpublished, 2002.)
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FIGURE 5.82 Salman Farsi Dam:
Treatment of cavern at grout curtain
route. (From Milanović, P., Kreuzer,
H., and Dolder, T., Electrowatt-Ekono,
unpublished, 2002.)
rock masses form the basic hydrogeological characteristics of those series and represent,
as a whole, a watertight complex that forms a hydrogeological barrier. On the contrary,
the parts of the massive conglomerates, which are composed of carbonate (limestone)
boulders and pebbles and cemented exclusively by carbonate matrix, are prone to
karstification. It is logical that all typical karst (karrens, ponors, shafts, and caves) is
encountered in those rock masses. The development of karstification in those rocks is
considerably accelerated due to their intensive fissuring.
In the Nevesinje Reservoir area the conglomerate includes marlstone interbeddings.
As a result of exploratory drilling in this location, four separate marly zones of a total
thickness of 44m have been encountered in the geological column down to a depth of
100m. The total local depth of conglomerate is 800m. According to a long-term and
comprehensive investigation (detailed geological mapping, drilling a number of
boreholes, different geophysical methods, borehole logging, dye tests, radioactive tracer
tests, speleology, more than 25 years of water table observations), the location and size of
the reservoir area was a few times changed and finally declared watertight.
Also, in the same area, the karst channel in conglomerate was used as an underground
reservoir, which had been created by plugging the entrance of the channel (Figures 6.13
through 6.15).
Gypsum and anhydrite formations are particularly vulnerable in the vicinity of dam
and reservoir construction. At least 24 dams have been affected by gypsum dissolution
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problems, including 14 in the U.S., 3 in China, and others in Argentina, Guatemala,
Siberia, Switzerland, Peru, and Venezuela [67].
The intensity of the solution and suffusion processes after reservoir impounding
abruptly increases. The existing karst conduits rapidly enlarge, and new ones develop.
This process is much faster than a solution of limestone or dolomite. Anhydrite is soluble
and expansive in water. Gypsum is 37 times more soluble than pure limestone [68]. In
natural conditions anhydrite transforms to CaSO4×1/2 H2O and then into gypsum by
hydration. Rock porosity increases, and cohesiveness of grains in the rock weakens
because of the dissolution of gypsum. The slopes of the reservoir are also strongly
attacked by solution. According to Pecherkin and Pecherkin [69], the volume of the rock
dissolved from one linear meter of the reservoir bank (Q, expressed in m3) can be
estimated as
Q=Vs t0.907h
where Vs is the average rate of karst shore retreat (m/year), t is time (year), and h is slope
height (m).
On the Kamskoye reservoir the rate of retreat of karstified gypsum banks is 1.5 to
2.0m/year.
According to Pecherkin’s calculations, from one linear meter of the bank, 40 to 50m3
of gypsum is dissolved in the water of the Kama River.
Several dams in the U.S. were seriously endangered or were abandoned because of
solution problems in gypsum: McMillan, Avalon, and Rio Hondo dams in New Mexico;
San Fernando, Dry Canyon, Buena Vista, and Castaic dams in California; Stanford Dam,
Texas; Red Rock Dam, lowa; Fontanelle Dam, Oklahoma; Moses Saunders Tower Dam,
New York; and the Olive Hills Dam, California [67].
Numerous dams in different countries also have gypsum dissolution problems:
Kamskaya and Bratsk dams in Russia, El Isiro Dam in Venezuela, Alloz Dam in Spain,
Mosul Dam in Iraq, Houspiro Dam in China, Hessingheim Dam in Germany, and others.
5.13.1 MCMILLAN DAM, U.S.
During the construction (1893) of McMillan Dam, no caves were observed, but during
the first 12 years of operation the reservoir dried up through cavities formed in the left
abutment. An attempt to prevent losses by constructing the cofferdam was unsuccessful
because of new ponors that developed upstream of it. It is estimated that during the
period of 1893 to 1942 50×106m3 channels were created by dissolution (James and
Lupton [70]).
Because of the high solubility of gypsum, comprehensive grouting was necessary, but
in spite of the serious grouting treatment, vulnerability of curtains in gypsum is much
more distinctive than in karstified carbonate formations.
5.13.2 KAMSKAYA, RUSSIA
The Kamskaya Dam and Reservoir for power production was constructed in 1954 on the
Kama River, near the town of Perm. On the dam site and reservoir area the following
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lithological complex exists: argillites, sandstone, gypsum, limestone, dolomites and
anhydrite. On the regional scale that geological complex is considered watertight [71].
After impounding the reservoir, leakage through the dam foundation increased. The
increase of sulfate contained in the filtration water indicated the solution process in
gypsum. Because of this, the existing cement grout curtain was reconsolidated using a
chemical gel-forming silicate grout mass. These grouting components protected the
gypsum from dissolution, that is, the foundation was improved from a dam-stability point
of view.
Filling the Kamskoye Reservoir caused some of the caves in banks to be inundated. As
a consequence of seasonal fluctuations of the reservoir level, ranging from 7 to 8m, the
suffusion process occurred; that is, the process of washing out the natural filling from
fissures and cavities tremendously increased the permeability. The dissolution process in
gypsum has been intensified, as well. It provoked the development of collapses in the
vicinity of the reservoir. During the period of 1956 to 1961, 11 collapses occurred. In
natural conditions in the same area only two collapses were registered during the
previous 50 years.
5.13.3 MOSUL DAM, IRAQ
The Mosul Dam is a 110-m-high embankment dam on the Euphrates River. The dam
crest is 3600m long. The foundation rocks are Miocene well-bedded clayey and marly
rocks, gypsum, anhydrite, and limestone of many varieties (Figure 5.83).
The dam design was based on the assumption that watertightness of the dam
foundations and prevention of the dissolution of gypsum and anhydrite would be
achieved by implementing a deep grout curtain strengthened by a grout blanket under the
clay core. However, during excavation of the dam foundation, a number

FIGURE 5.83 Mosul Dam crosssection: (1) Cofferdam number 6; (2)
deep grout curtain; (3) piezometer; (4)
river alluvium; (5) marly breccia; (6)
gypsum/gypsum breccia/anhydrite; (7)
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marl/marly limestone; (8) chalky serie
(vuggy limestone); (9) limestone (hard
and dense). (From Guzina, B., Sarić,
M., and Petrović, N., Seepage and
dissolution at foundations of a dam
during the first impounding of the
reservoir, Congres des Grandes
Barrages, Q 66 Vienne, Austria, 1991.)
of subvertical ruptures were discovered. This caused an intensive process of gypsum and
anhydrite dissolution, and seepages through a 1000-m-long part of the dam foundation
were observed [72].
The length of the grout curtain is 4,454+1,506m. Before the first filling of the
reservoir, 732,000m3 of grout mix was used. During the first partial impounding of the
reservoir (February to June 1986), the leakage through the dam site area increased up to
1,400l/s. The leakage paths are located at an average depth of over 60 to 70m. The
seepage increased as a consequence of washing-out of joints and dissolution along the
gypsum and anhydrite layers, that is, as a consequence of the enlargement of flow routes.
The dissolution intensity, ranging from 42 to 80t/day, was established by measuring the
dissolved minerals in seepage water. During the observation period (six months) 13,000t
of gypsum and anhydrite were dissolved from the Mosul Dam foundation, making a huge
cavernous space in the grout curtain area. The karstification process began upstream of
the grout curtain (reservoir area) and progressively moved in the downstream direction.
To replace the volume of dissolved minerals, an extensive grouting procedure was
applied.
Systematic monitoring of the karstification processes in the dam foundation should be
continuously provided during the life of the dam. Grouting maintenance should be
systematically and continuously applied as well.
5.13.4 HUOSHIPO RESERVOIR, CHINA
The Huoshipo Reservoir (Puding County) is situated in Triassic formations that are
composed of upper gypsum-bearing dolomite and lower dolomite intercalated with
gypsum layers. There are 48 layers of gypsum. The thickness of a single layer varies
from few millimeters to 1.5m [68]. The earth-filled dam is 23m high and 200m long. The
reservoir capacity is 4.7 million cubic meters.
Physical and chemical processes of gypsum-bearing strata provoke an increase of
porosity and dedolomitization of dolomite. Consequently, the “karstic collapse breccia”
secondary limestone and pseudobreccia form in the upper zone of the reservoir bed. This
nonstratified formation is a chaotic mixture of overlaying rocks. Porosity of the
underlying gypsum layers (gypsum-dissolved strata) reaches 15 to 20% in the vadose
zone and 20 to 25% in the upper phreatic zone. Gypsum is mostly corroded in a
honeycomb shape. Porosity decreases in the deeper part of the phreatic zone.
According to Wuzhou, the level of karstification in the Huoshipo Reservoir is more
than 30m lower than the one at the downstream discharging point of the reservoir. The
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siphon-like circulation is due to high hydraulic gradients between recharge and discharge
points.
In the initial stage of the reservoir impounding the water percolated through the
overburden, and downstream spring discharge increased slowly with reservoir-level
increase. The leakage water (237l/s) discharged at the downstream Sand Spring [73]. The
concentration of SO4 ions increased. As a result of the solution process, the collapses
formed at the reservoir bed, and laminar filtration was replaced by conduit flows.
The remedial work was based on the following conclusions:
• The velocity of leakage flows in karst channels largely exceeds the upper-most limits
acceptable for grouting. By using single-fluid injection, it is not possible to construct a
successful grout curtain. Only double-liquid grouting at the bottom of a borehole can
plug karst channels.
• All exposed gypsum layers have to be blanketed by using clay, plastic foils, or concrete
to prevent contact of reservoir water with gypsum-bearing strata.
Antiseepage treatment in Huoshipo Reservoir was successful. Inadequate antiseepage
remedial work may provoke reactivation of karstification and piping and in time may
endanger the safety of the dam. A similar procedure was carried out in the Yangmazhai
Reservoir in the Langdai area and Mahuangtian Reservoir in Guanling.
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6
Underground Dams and Reservoirs
Different “grouting schools” or “ways of thinking” did
develop and a considerable number of recipes were
dictated by “great old men” and enforced later on by
regulations of any kind.
—G.Lombardi

Ombla Spring, Croatia
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6.1 INTRODUCTION
Despite great human efforts to collect all available surface water in the karst regions, a
huge quantity of water is beyond any surface control and practical use. Essentially, all
groundwater circulating in deep karst aquifers is uncollectable on the surface. Generally
speaking, the retention capability of karst aquifers appears to be relatively low. This
means that transmitting capability is dominant, i.e., the aquifer discharge is directly
proportional to precipitation. In such a case there is only one possibility for economical
water management: artificial regulation of the karst aquifer regime, i.e., artificial
groundwater storage in favorable geological structures.
The experiments and case studies performed in karstified rocks throughout different
regions prove that an artificial underground storage system may be a realistic way for
technically and economically practical groundwater management.
An artificial underground reservoir is a portion of an aquifer, the natural
hydrogeological properties of which are geotechnically or hydrotechnically improved to
control the discharge regime of the artificially stored water.
6.2 GENERAL UNDERGROUND RESERVOIR CLASSIFICATION
Artificial underground storage of water can be achieved by a watertight geotechnical
structure that is located:
1. Deep in the karstified rock massif
2. Immediately behind the aquifer discharging spring
3. On the surface in front of the spring
Generally, the artificial underground reservoirs are classified in three basic groups:
1. Underground reservoirs with storage space limited to one karst channel system
2. All types of porosity including an aeration zone with nonactive and partially fossilized
karstic channels
3. Underground storage physically coupled to the surface reservoirs (saturated reservoir
banks)

6.3 BASIC FEATURES OF ARTIFICIAL UNDERGROUND
STORAGE
It is impossible to establish a universal model of the hydrogeological structure regarding
the underground water storage. Practically every karst aquifer appears to be a unique
hydrogeological entity, especially from the artificial storage point of view. The basic
geological aspects concerning underground dam and reservoir construction are as
follows:
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1. Geological structure
2. Existing stage of karst aquifer evolution
3. Flow regime of the aquifer base flow
4. Boundary conditions and boundaries of the aquifer and storage space
5. Pattern of aquifer discharge (one or more springs) and type of springs (siphonal or
gravity)
6. Storage capacity and retardation capability of the karst aquifer
The following characteristics and parameters of the underground reservoirs are of
particular importance:
1. Conditions of the underground impervious-geotechnical structure (underground dam)
2. Maximum possible backwater level
3. Storage capacity of the underground reservoir
The most favorable hydrogeological conditions of artificial underground-regime
regulation and water conservation are provided in aquifers that entirely discharge through
the base karst flow (Figure 6.1). It is especially convenient if the discharge point is
supported by impervious hydrogeological formations. The base groundwater flow (main
karst conduit connected with spring outlet) provides a good hydraulic connection, i.e.,
quick pressure propagation from remote parts of the aquifer to the underground dam site.
The underground storage behaves as a hydrogeologically homogeneous water body, i.e.,
as a hydraulic system under pressure. If underground storage is planned to provide water
for irrigation or domestic supply, the requirements for hydraulic homogeneity of the
aquifer are quite moderate.
It is also very important to remove the newly established piezometric line from the
discharge zone further into the aquifer rock mass.

FIGURE 6.1 Simplified concept of
artificial underground storage: (1) Base
of karstification; (2) nonkarstified rock
mass; (3) underground dam; (4)
piezometric line in natural conditions;
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(5) aquifer volume; (6) artificial
underground storage; (7) spring
(discharge point).
6.4 POSSIBLE CONCEPTS OF WATERTIGHT STRUCTURES
Depending on geomorphological, geostructural, hydrogeological, and geotechnical
features, five general concepts can be suggested for underground reservoir creation:
1. Surface dam in front of the main discharge zone
2. Positive cut-off (diaphragm) wall connected to impervious or basement rocks of low
permeability
3. Plugging of the individual underground flows to enable water storage in the system of
karst channels
4. A grout curtain that is favorable for construction of a wide watertight screen connected
to impervious rocks
5. Combined underground geotechnical structure including conduit flow plugging,
localized cut-off diaphragm walls, and the grout curtain connected to impervious
geological formations.

6.5 ADVANTAGES AND SHORTCOMINGS OF UNDERGROUND
STORAGE AND DAMS
In comparison with surface storage, underground water storage has many advantages:
1. It impounds aquifer water, which in most cases cannot be tapped on the surface or
cannot be utilized by an economically justified method.
2. The underground storage does not flood fertile river valleys and fields, whereas surface
reservoirs often make the whole project questionable, especially when land in adjacent
territory (counties, provinces, and states) is flooded.
3. It keeps the groundwater head much higher than in natural conditions.
4. The problem of expropriation and relocation of infrastructure, residential facilities, and
historical monuments does not exist. In case of surface reservoirs the value and price
of that work is often equal to and even higher than the value and price of hydraulic
structures.
5. Water is stored underground so that the negative effects of sunshine, thermal
stratification, and all hydrodynamic, biological, and ecological effects are eliminated,
being a consequence of surface water warming. Also, regardless of the season and the
location within the underground storage, temperature variations are significantly lower
than those in a surface reservoir.
6. The sedimentation process does not jeopardize the underground storage. On the
contrary, a certain increase of the storage capacity can be expected due to the reuse of
old clogged karst channels in the aeration zone within the storage space.
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7. Possible failures in the underground antifiltration structure cannot be as catastrophic as
those that sometimes occur due to surface dam breakdown.
8. In the vicinity of the seacoast, underground dams prevent groundwater losses to the sea
and seawater intrusion into the karst aquifer.
The most important shortcomings of underground water storage are as follows:
1. Storage volumes are limited.
2. Determination of the aquifer boundaries that enable structural and hydrogeological
characteristics economically and technologically justified water quantities appears to
be a very complex and delicate hydrogeological undertaking. The definition of such
boundaries is often based on assumptions, and for this reason they are sometimes
questionable.
3. Collapses at the surface can be one of the serious problems if the underground
reservoir is close to the surface.
4. Determination of the maximum water level and effective porosity, that is, the volume
of storage, requires extensive investigation, thus causing the precision of defining the
volume to be considerably lower than in the case of surface storage.
5. There is also a shortage of experience in all stages of project implementation. It is
certain that this problem will be considerably mitigated after constructing several
structures of this kind.

6.6 EXAMPLES AND PROJECTS
In his book Geology and Engineering, Legget [1] presented the first example of an
underground dam structure. The dam was constructed in 1930 in alluvium of the Dry
River for the water supply of the city of Harrisonburg (U.S.). It was a 4.2-m-high, 300-mlong reinforced cut-off. The thickness of the cut-off varied between 0.3 and 0.6m.
6.6.1 EXAMPLES IN CHINA
According to the Chinese geologist Lu [2], in the karst regions of China more than 20
underground reservoirs have been created with storage capacity between 1×105 and
1×107m3. All underground reservoirs have been in operation for a long time. Their
purposes are water supply, irrigation, industry, and power production.
A large underground reservoir was formed on the Linlangdong ground river in Qiubei,
Yunnan in 1955–1960. The annual average discharge of the base karst conduit is
23.8m3/s, and the maximum discharge exceeds 100m3/s. Artificial storage in the karstic
channel system was realized by constructing the 15-m-high underground dam. By means
of a head race tunnel, the water was transported to the rim of Nanpenjang River Valley to
provide 109m of head for a power station with an installed capacity of 25MW.
Interconnected surface and sub-surface reservoirs have been built in several different
forms to regulate the water resources for better and multipurpose water
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FIGURE 6.2 Examples of
underground dams and reservoirs:
(From Lu, Y., Some Problems of
Subsurface Reservoirs Constructed in
Karst Regions of China, Institute of
Hydrogeology and Engineering
Geology, Beijing, China, 1986.).
management. Those storage systems were built in a small to medium scale. In the Tian E
region of Guangxi a spillway dam of 30m in height was constructed. It was constructed
on the river to form a surface reservoir connected with a huge cave system. The height of
the cave channel, at some places, exceeded 100m. The surface reservoir continues into
the ground, thus making one joint surface/sub-surface storage. Some types of sub-surface
reservoirs in the karst regions of China, according to Lu [2], are shown in Figure 6.2.
According to Daoxian [3], in the Xiashi district (Guizhou Province), 16 underground
dams have been constructed for the irrigation of 3624 acres of farmland. Daoxian also
presents examples of underground dams for hydropower production.
6.6.1.1 Yuhong Power Plant
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Yuhong Power Plant (Huaihua County, Hunan province) uses a karst channel that has
been plugged with a concrete dam, 10.5m high, 7m wide, and 3m thick (Figure 6.3) to
obtain a higher groundwater head, amounting to 34m in the dry season and 115m in the
flood season.

FIGURE 6.3 Yuhong Power Plant
underground reservoir: (1) Pipeline
and power station; (2) underground
arch dam; (3) subterranean stream; (4)
limestone and dolomite; (5) siliceous
rocks; (6) carbonaceous shale. (From
Daoxian, Y., The Construction of
Underground Dams on Subterranean
Streams in South China Karst, Institute
of Karst Geology, Guilin, China,
1990.)

FIGURE 6.4 Beilou Power Plant: (1)
Power plant and pipe plane; (2)
underground dam and reservoir; (3)
artificial tunnel and canal; (4)
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limestone. (From Daoxian, Y., The
Construction of Underground Dams on
Subterranean Streams in South China
Karst, Institute of Karst Geology,
Guilin, China, 1990.)
6.6.1.2 Beilou Power Plant
Beilou Power Plant (Quangxi Province) makes use of the 24-m-high water head made by
an underground dam. From an underground reservoir, a tunnel transfers water toward an
outside power station (Figure 6.4).
6.6.1.3 Wulichong Reservoir
Wulichong Reservoir in Yunnan Province was one of the largest and most enormously
complex underground projects undertaken in China, and most probably in the entire

FIGURE 6.5 Wulichong Reservoir
project layout: (1) River; (2) ponor; (3)
underground river; (4) cavern; (5)
crushed and karstified rock; (6)
grouting galleries; (7) adits; (8) dam;
(9) road; (10) reservoir level. (T)
Middle Triassic limestone; (ε) Upper
Cambrian formations. (From Zhang, B.
and Wu, M., Seepage Control
Treatment of Blind Valley Reservoir,
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Gao Yaoji, China, Hydroelectric
Power Construction Engineering
Consultant Company, Yunnan
Province, 2000.)
world [4]. This underground reservoir is more than 107m deep and has a capacity of 80
million m3. The reservoir was built in order to achieve sustained and controllable
irrigation and water supply.
To effectively seal underground flows that start where the Nixin River sinks at the end
of a blind valley (Figure 6.5), an underground dam was constructed deep in the rock
mass. This underground dam site is situated in very karstified Middle Triassic limestones
and dolomitic limestones. At both its sides the dam (grout curtain) is tight into the
impervious Upper Cambrian rocks. An investigation program consisted of boreholes
(10,343m), adits (2,783m), and various geophysical methods. The underground dam
consists of a 1,333-m-long grout curtain that reaches a maximum depth of 260m and has
a surface of 262,000m2 (Figure 6.6).
The vertical distance between galleries is 50 to 70m. Horizontal displacement between
the galleries’ axes was 6m. The number of rows in a curtain (single, double or multiple)
was chosen as a function of the local rock-mass quality. A top-down grouting procedure
was applied. Offset between grouting holes was 2m and between rows was 1.5m.
Grouting pressure ranged from 35 to 60 bars.
A reinforced concrete cutoff wall was constructed between large caverns. The cutoff is
100.4m high, 50 to 30m wide, and 2.5 to 2m thick. For the cutoff foundation 14,775m3 of
disintegrated and karstified rock mass was excavated and replaced with 15,152m3 of
concrete.

FIGURE 6.6 Wulichong Reservoir
project cross-section. (1) Auxiliary
dam; (2) upper grouting gallery; (3)
access adit; (4) middle grouting
gallery; (5) ventilation shaft; (6)
crushed and karstified rock; (7) cutoff
wall; (8) lower grouting gallery; (9)
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access inclined adit; (10) concrete
plug; (11) access inclined adit. (From
Zhang, B. and Wu, M., Seepage
Control Treatment of Blind Valley
Reservoir, Gao Yaoji, China,
Hydroelectric Power Construction
Engineering Consultant Company,
Yunnan Province, 2000.)
At the confluence of two underground rivers, a concrete plug was constructed. The plug
is 33.46m high, 13.9m wide, and 2 to 10m thick. During the plug construction a total of
5196m3 of crushed rock was excavated and replaced with 4811m3 of concrete. Both
structures (cutoff and plug) are tightly connected to the grout curtain.
The section with karstified and highly crushed rock-mass covers, along the curtain
route, covers an area of 3200m2. A high-pressure grouting treatment was chosen to
consolidate this rock mass and to enhance watertightness in this section. A four-row grout
curtain was built between the upper and middle galleries, and a seven-row grout curtain
was executed below the middle gallery. Two of those seven rows were drilled and
grouted from the upper gallery. A thick mix (water:concrete =1:1) was used. The
maximal pressure used from the upper gallery was 35 bars, while pressure from the
middle gallery reached 40 bars.
The construction of the Wulichong underground dam and storage reservoir was
successfully completed in 1996.
6.6.2 MIYAKO PROJECT, JAPAN
A comprehensive and positive experience in underground dam design and construction
has been realized in Japan. In the period of 1974 to 1992, nine underground dams were
constructed in Japan, five in sand and gravel deposits and four in limestone. Five dams
have been designed on Miyako Island (Figure 6.7).
Valley-type underground storage was constructed in the coral limestone of huge
porosity (10%), overlying mudstone formations with permeability of 1×10−5cm/s. The
general concept consisted of the construction of an underground dam from the surface
(cut-off wall), heaving a well-type intake structure [5].
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FIGURE 6.7 Miyako Project:
Minafuku Dam. (1) Miyako Island; (2)
karstified Ryukyu limestone; (3)
impervious Shimajiri mudstone
formation; (4) fault; (5) underground
Minafuku dam crest (grout curtain
crest); (6) groundwater level after
construction of underground dam; (7)
groundwater level before construction
of underground dam; (8) Sanagava
Dam; (9) Nakahara Dam; (10)
Fukusato Dam; (11) Minafuku Dam;
(12) Bora Dam. (From Yoshikawa, M.
and Shokohifard, G., Underground

Underground dams and reservoirs

211

dams: A new technology for
groundwater resources development, in
Proceedings of Articles of
International Karst Symposium,
Shiraz, Iran, 1993.)

FIGURE 6.8 Minafuku Dam: Layout
of grouting holes and sketch of intake
facility. (1) Hole grouted with cement;
(2) checking borehole; (3) hole grouted
with cement and clay; (4) intake
structure; (5) underground dam; (6)
impervious rocks; (7) horizontal
collecting canals; (8) horizontal
drainage canals; (9) direction of
underground flow in karst aquifer; (10)
maximum groundwater level after
underground dam construction; (11)
average groundwater level after
underground dam construction; (12)
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average groundwater level before
underground construction. (From
Yoshikawa, M. and Shokohifard, G.,
Underground dams: A new technology
for groundwater resources
development, in Proceedings of
Articles of International Karst
Symposium, Shiraz, Iran, 1993.)
Experimental Minafuku Dam was completed in 1979 (Figure 6.8). The cut-off wall
(grouting-curtain type) is 16.5m in height, with a crest length of 500m. The thickness of
the curtain is 5m. The reservoir area covers 1.7km2, and the normal storage capacity is
720,000m3. The intake structure is in the form of a shaft, 3.5m in diameter and 25m in
depth. Two horizontal collecting tubes (diameters of 200 and 400mm) 100 and 25m long,
respectively, and two horizontal drainage tubes (same diameters and lengths) were
constructed at different levels and connected to the shaft. Four wells (diameters of
250mm, 30 to 40m depth) were drilled in the reservoir area. For permanent monitoring of
the reservoir water table, 13 self-recorded piezometers, and 76 classical piezometers were
installed. In addition to

FIGURE 6.9 Ombla Spring: Situation
and geological formations. (1) Axis of
proposed underground dam; (2)
overthrust fault; (3) faults; (4) spring;
(5) river. (K) Karstified Cretaceous
limestone; (J) karstified Jurassic
limestone; (T3) Triassic dolomite; (E3)
Eocene flysch.
that, 114 piezometric boreholes were drilled inside the curtain for grout curtain
monitoring. The cost per meter of the curtain was US$595 (in 1983).
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According to the cost analysis of an underground dam for irrigation, Yoshikawa and
Shokohifard [5] concluded that the “economic feasibility of an underground dam in
Japan, in terms of the cut-off effectiveness, may become 20 cubic meters of storage per
square meter of cut-off or more.”
The largest proposed underground dams in the Miyako Project are Sunagava Dam
(55m high, 1670m long, normal storage capacity of 12.8 million m3, and maximum
intake capacity of 1249m3/s) and Nakahara Dam (45m high, 2710m long, normal storage
capacity of 15.4 million m3, and maximum intake capacity of 1526m3/s).
6.6.3 OMBLA POWER PLANT, CROATIA
Ombla Power Plant is one of the largest projects of underground damming and storage.
The large Ombla Spring is situated on the Adriatic coast near the town of Dubrovnik, at
sea level. The spring outlet originates from the reverse fault with the Mesozoic carbonate
complex (karstified limestone and dolomite), which overthrusts the autochthonous
Eocene flysch sediments (Figure 6.9). The flysch complex acts as a hydrogeological
barrier, being eroded to sea level. The barrier gets higher laterally from the spring, at both
sides, forming a “V” profile. The average discharge of the spring is Q=24.4m3/s. The
recorded minimum discharge rate was 2.3m3/s, while its maximum rate reached
112.5m3/s.
The idea of underground storage was born on the basis of hydrogeological analysis
during the geological investigations (1969–1971) for a project of Hydrosystem
Trebišnjica (Milanović [6–9]).

FIGURE 6.10 Ombla: Underground
dam and reservoir, cross-section. (1)
Ombla Spring; (2) entrance into the
cave system; (3) cave; (4) overthrust
plane; (5) flysch, E; (6) limestone, K,
J, and T3 dolomite; (7) karst channel;
(8) underground dam: grout curtain;
(9) concrete plugs; (10) power plant;
(11) outlet structure; (12) penstock;
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(13) gallery and intake structure; (14)
spillway; (15) upper gallery; J+K
underground reservoir.
The spring zone was investigated in detail, by means of 19 deep piezometric boreholes
drilled from the surface, 600m of galleries, 28 boreholes drilled from the galleries, and a
number of geophysical methods. Applied geophysical methods included gravimetry,
thermometry, different electrical methods, seismicity (crosshole, reflection, refraction),
borehole radar, etc. Speleologists and divers have investigated about 3km of karst
channels.
The main water circulation occurs through deep siphonal conduits (Figure 6.10). The
deepest part of the siphon zone was discovered by drilling, thermometry (see Figure
11.13 through Figure 11.15), and borehole radar (see Figure 11.20) at a depth of about
150m below sea level and about 200m behind the main spring outlet. The siphon was
explored by speleologists and divers to a depth of 54m below sea level. This part of the
siphonal channel was inside the karst massif, about 500m behind the spring outlet. The
vertical position of flysch and of lateral overflowing springs limits the height of the
underground dam to about 100m above sea level (maximum 130m). Due to this required
height and overburden of the alignment, the arch-like, water-impermeable structure has
been located at least 200m behind the spring outlet.
To study the underground storage space, 15 deep piezometric boreholes have been
drilled. The estimation of the underground storage volume was based on the analysis of:
(1) water level fluctuation, (2) spring discharge, and (3) geophysical investigations.
According to the data from geoelectrical sounding, it was possible to define
boundaries (vertically and horizontally) of a very karstified rock mass with a larger

FIGURE 6.11 Contour lines of the
base of karstification with dominating
direction of concentrated karst flows.

Underground dams and reservoirs

215

storage capacity than the surrounding, less-karstified rocks. These contour lines represent
the base of karstification (Figure 6.11).
Intensively karstified rocks provide the storage space. According to the geoelectrical
sounding, the surface of the underground reservoir at 100m a.s.l. (above sea level) covers
about 4.8km2. Going down in elevation, this surface decreases, that is, the volume of
intensively karstified limestone is reduced (Figure 6.12).
In the underground reservoir there are two zones (lower and upper) with different
hydraulic characteristics. This is shown on the Q/H graph (Figure 6.13).
The lower part of the underground reservoir represents a hydraulic system under
pressure defined by
When the water level rises to the upper part of reservoir,
the conduits conveying water into the adjacent karst aquifers become activated. This is
why the part of the graph above those levels has the characteristics of overflowing.
Discharge from the aquifer (spring) has been computed for water levels decreasing by
5m, from 100m a.s.l. down to 25m. According to this analysis, the storage

FIGURE 6.12 Schematic outline of
underground storage cross-section: (1)
Location of under-ground dam; (2)
solid (nonkarstified) limestone; (3)
flysch; (4) overthrust fault; (5)
borehole. (H) Depth of underground
storage space; (h) average aquifer
depth in natural conditions.
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FIGURE 6.13 Schematic outline of
underground reservoir: (1) Aquifer
discharge point; (2) lower part of
storage volume; (3) upper part of
storage volume; (4) impervious rock
mass; (5) pervious rock mass
(overflow toward the adjacent
aquifers); (6) maximum groundwater
storage level; (7) Q/H graph.
capacity decreases with depth, similarly to the surface reservoirs. This means that storage
capacity up to approximately 65m above spring level provides poor storage capacity but
very large transmissivity. Only the part of underground storage above approximately 60m
a.s.l. assures the necessary volume, which might be of interest from the hydropower
utilization aspect. Figure 6.14 presents the ratio between

FIGURE 6.14 Relation between
volume of discharged water (∆V) from
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aquifer prism 5m high and storage
level between 100m and 30m a.s.l.
reservoir depth and the quantity of water discharged from an aquifer prism, 5m high,
from the elevation 100m a.s.l. down to 30m. The graph indicates abrupt increasing of
storage capacity above 55 to 65m a.s.l.
6.7 SOME UNFAVORABLE CONSEQUENCES OF
UNDERGROUND STORAGE
6.7.1 FLOOD PROVOKING
Underground flow Jijiao in Xincheng County, Guangxi, China, was plugged in 1958 [10].
The annual mean flow is 3 to 4m3/s, the minimum is 1.5 to 2m3/s, and the maximum is 14
to 16m3/s. The channel was plugged to store water in a cave system, for irrigation
purposes. From the underground reservoir to the farmland area, 2m3/s of water has been
transported through the tunnel, which was excavated in limestone, 30m higher than the
plugged channel. However, as a consequence of the underground storage, during a rainy
season, a depression of arable land 2km upstream was flooded and 240 persons
evacuated.
6.7.2 INDUCED COLLAPSE FAILURE
The Jedreš Spring (Herzegovina), situated at an altitude of 904m a.s.l., is the discharge
point of the local base flow. The karst aquifer, including the base conduit flow and the
spring zone, occurs in karstified Eocene conglomerate, with its discharge in the range of
1.0 to 350l/s. After geological analysis, drilling procedure, piezometric monitoring, and
speleological investigations, the channel at about 60m behind the spring outlet was
selected as the best location for plugging [11]. An access adit

FIGURE 6.15 Cave system of the
Jedreš Spring: (1) Investigated part of
karst channel; (2) borehole; (3)
concrete plug; (4) access adit.
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FIGURE 6.16 Cross-section of
enlarged part of channel with concrete
plug: (1) Karst channel; (2) gravel; (3)
conglomerate rock mass; (4) enlarged
part of karst channel; (5) access adit;
(6) concrete parapet; (7) intake pipe;
(8) concrete plug; (9) inspection
opening; (10) bottom outlet; (11)
grouted ring around the plug; (12)
underground reservoir space.
was excavated to the position for plug construction, and part of the natural karst channel
was enlarged (Figure 6.15 and Figure 6.16).
The concrete plug was constructed at the upstream part of the enlarged zone. The plug
diameter is about 3m and its thickness is 1.5m. Because of leakage water passing around
the plug, grouting of the surrounding conglomerate was performed.
Four steel tubes were installed through the plug structure: one tube for the bottom
outlet, two in the middle of the structure (for water consumption), and the fourth one at
the upper part of the plug, which is a large diameter tube for storagespace inspection.
After several experimental fillings of the underground reservoir a headwater of 12m
has been determined as a maximum. During the filling tests, the surrounding rock mass
was found to be sufficiently watertight. However, because of inadequate manipulation,
the bottom outlet and all the valves were closed at a time of heavy

FIGURE 6.17 Cross-section along
part of underground storage space: (1)
Maximum water table under natural
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conditions; (2) maximum permitted
storage level; (3) concrete plug; (4)
outlet part of the karst channel; (5)
storage space; (6) collapsed part of the
overburden.
precipitation. An abrupt increase in water pressure in the cave system provoked a
collapse of the surface above the underground reservoir (Figure 6.17).
6.8 ROCK INSTABILITY AND LOCAL SEISMIC ACTIVITY
The Obod Spring (estavelle) is situated in the Fatničko Polje, Herzegovina (Figure 1.7) at
the tectonic contact (reverse fault) of Upper Cretaceous limestone and Eocene flysch
sediments. The estavelle is an overflow of the karst aquifer, and its discharge varies
between 0 and 60m3/s.
At the outlet of the channel a massive concrete plug (Figure 6.18) was constructed,
10m high and 3.5m wide (on average). The ultimate aim of plugging was to prevent the
flooding of the polje and to make the groundwater flow downstream (toward the
Trebišnjica Spring) with a limited discharge at the polje level. The plug was calculated
for the pressure of 40 bars. However, after plugging, an extremely heavy rainfall
occurred, amounting to more than 200mm in 24 hours. The water pressure in the
underground karst-channel system increased rapidly to 10.6 bars. Tens of new springs
appeared on hill slopes 80 to 100m above the plug level, with a total discharge of about
11m3/s (Figure 6.19).
A local but strong earth shaking was a consequence of an extremely rapid filling of the
aeration zone, causing an explosion of air under pressure, which was captured in the
conduit system. A road at the hillside above the plugged estavelle started sliding. Many
houses were damaged at a distance of 250 to 300m above the Obod estavelle.
After the blasting of the concrete slab at the upper part of the plug (opening of
1.53×1.40m), the pressure decreased rapidly. For six hours after the plug blasting, all
artificially stored water was discharged. These results show that the investigated karst
aquifer had a very good transmissivity, but very low retardation capacity.
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FIGURE 6.18 Experimental plugging
of Obod Spring (estavelle): (1) Obod;
(2) reinforced concrete plug; (3)
piezometric line, in natural conditions;
(4) piezometric line after plugging; (5)
discharge points after plugging; (6)
karst channel; (7) Trebišnjica Spring;
(8) Fatničko Polje; (9) Cernica Polje;
(10) Gatačko Polje; (11) underground
connections.
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appeared above and around the Obod
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Karst Spring Submergence
A century ago, the Dinaric karst became a classical
subject of geomorphology. Now, it can serve as a classical
study case of how man’s impact on the delicate nature of
karst can be both positive and negative.
—I.Gams

Dumanli Spring, Turkey
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7.1 INTRODUCTION
Large-dam construction can result in the submerging of high-discharge karst springs
situated in the reservoir area (Oymapinar, Grančarevo, Piva, Poliphiton, Rama, Salman
Farsi). In complex hydrogeological conditions it is important to predict the possible
influence of the spring submergence on the karst aquifer.
The most important questions that should be answered are as follows:
• Are water losses from a reservoir into the adjacent catchment, i.e., into the lowest
erosion base possible?
• How would the submergence affect the hydrological regime in upstream depressions
(poljes)? Could it provoke a flood?
• What would be the interference of the groundwater regime on the aquifer and the
discharge of its spring?
• How would the spring submergence affect the seismicity of the reservoir and catchment
area?
• What would be the behavior of a submerged spring related to the sub-surface storage
coupled with the surface reservoir?
Some of these questions were crucial for making the final decision about dam
construction in many projects. In order to study the interference of springs flooding on
the karst aquifer regime, a very detailed analysis had to be performed.
7.2 TREBIŠNJICA SPRING SUBMERGENCE
Due to construction of the 123-m-high Grančarevo Dam, a large and permanent karst
spring of the river Trebišnjica was exposed to a water head of about 75m. The average
discharge of the spring has been estimated at 80m3/s, but its maximum reached 864m3/s.
The spring zone is situated at 325m a.s.l. (above sea level). The main outlet is a cave, 4m
wide and 6.5m high. From a geological point of view, the most prominent structures are
overthrusts and reverse faults (Figure 7.1). The velocities of the underground flows are
between 0.4 and 14.0cm/s. Water table fluctuations are very rapid, with amplitudes up to
120m.
To study the possible influence of Trebišnjica Spring’s submergence on the aquifer
regime, extensive hydrogeological, hydrological, and geophysical investigations were
carried out, such as photogeological analysis, tracer tests, geological mapping, drilling,
water table monitoring, spring discharge monitoring, geoelectrical mapping and
sounding, gamma-gamma logging, reservoir level monitoring, and flood level monitoring
[1].
The final objective was to analyze the possibility of leakage from the reservok to the
adjacent catchment (Bregava Spring at an elevation of below 130m) (Figure 7.2), that is,
to determine the maximum acceptable operating reservoir water level in terms of water
losses.
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FIGURE 7.1 Area of broad
background of Trebišnjica Springs: (1)
Anticline axis; (2) over-thrust front;
(3) fault; (4) Bileća Reservoir; (5) karst
polje; (6) borehole; (7) large ponor
(swallowhole); (8) large estavelle; (9)
spring; (10) established underground
link; (11) water-shed area.
Evidence obtained from long-term investigation and monitoring of the operational
conditions of the reservoir has shown the following:
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• The position of the watershed between the Trebišnjica and Bregava catchments has
been determined by means of the base of karstification in the region of Fatničko Polje.
Dye tests indicated that the polje represents a bifurcation zone. However, very high
base of karstification acts as a hydrogeological barrier, preventing groundwater
movement up to 400m Springs cannot be expected when reservoir water level is below
a.s.l. This means water losses from Bileća Reservoir through the Bregava 400m a.s.l.
• The flooding of the spring influences the hydrological conditions of the upstream polje
and in the immediate tributary area (Figure 7.3).

FIGURE 7.2 Base of karstification as
underground watershed: Karstified
rock mass; dense rock mass below the
base of karstification.

FIGURE 7.3 Simplified cross-section
through the spring background: (A1)
Aquifer zone under natural conditions;
(A2) karstified rock mass saturated
after reservoir filling; (A3) zone of
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aeration after reservoir filling; (B) rock
mass below base of karstification.
• There is also evidence showing an additional underground bank storage area in the karst
aquifer coupled with a surface area. The volume of the bank storage was estimated to
be about 15% of the surface reservoir volume(1.3×109m3).
• The emptying regime of the aquifer storage is retarded in relation to the former natural
regime (Figure 7.4).
Induced seismicity in the spring catchment area takes place as a consequence of the
spring flooding and reservoir creation (including underground storage). Abrupt filling of
the aquifer causes air to be captured and compressed into certain karst

FIGURE 7.4 Water table recession
curve recorded in borehole PB-1: (1)
Recession curve under natural
conditions; (2) recession curve after
reservoir filling.
channels and caverns. It is released followed by strong explosions that are recorded by
seismographs as seismic shocks or earthquakes.
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7.3 DUMANLI SPRING SUBMERGENCE
The Dumanli Spring in the Mediterranean region of Turkey is one of the largest karstic
springs (discharging from one outlet) in the world. The spring is situated in a canyon of
the Manavgat River, about 2.5km upstream of the Oymapinar Dam. The dam height is
185m. The outlet of the spring is at an elevation of 62m, i.e., about 5m above the
Manavgat riverbed. The spring emerges from Upper Cretaceous limestone on the thrusted
flank of an anticline. Its average discharge is about 50m3/s. According to Altug [2], the
spring’s discharge varies from 25 to more than 100m3/s. Other authors [3] declared
minimum discharge to be 35.6m3/s. Manavgat River gets more than one third of its flow
from the Dumanli Spring.
After impounding of the reservoir, the spring was flooded by 120m of water head at
maximum storage level. After many years of the reservoir’s operation, no negative
influence of the spring submergence was observed, especially regarding water losses
from the reservoir.
7.4 NERAIDHA SPRING SUBMERGENCE
Construction of the Poliphiton Dam on the Aliakmon River (Greece, Macedonia) created
the large Poliphiton Reservoir, with a storage capacity of 1900 million m3. The reservoir
is situated in the tectonic graben structure, which is filled with impervious

FIGURE 7.5 Neraidha Spring
submergence: (1) Neraidha Spring; (2)
Tripotomos Spring; (3) Thessaloniki
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Plane; (4) Ptolomais Basin; (5) Servia
Basin; (6) Poliphiton Reservoir level;
(7) Poliphyton Dam; (8) boreholes; (9)
marbles and limestone; (10) gnaisses;
(11) platy limestone; (12) calcareous
conglomerates; (13) groundwater level.
(From Heitfeld et al., in Karst
Phenomena and Dam Construction in
Greece: Hydrogeological Processes in
Karst Terrains, Pantzartzis P. et al.,
Eds., IAHS Publ. No 207, 1993.)
Tertiary marly and Quaternary lake deposits. The basin sediments are partially in contact
with karstified marbles and limestones. The large spring of Neraidha discharges about
10m3/s into the reservoir area. The major aspect of the reservoir watertightness was
whether some water loss from the reservoir could have occurred after submerging of the
Neraidha Spring zone by 40m of water column (Figure 7.5).
Comprehensive hydrogeological investigations of the marble and limestone area
(Vermon and Skopos mountains), between Neraidha Spring and the lowest erosion base
level (Thessaloniki plane, Tripotamos Springs) have been performed. Detailed geological
mapping, drilling, observation, and study of the groundwater regime, including hydraulic
calculations, suggested possible water losses from the reservoir of 6m3/s, corresponding
to 10% of the mean river runoff. Such risk was considered acceptable, but in the
meantime, a full-scale test after the filling of the reservoir in 1974 indicated that no losses
occurred [4].
7.5 PIVSKO OKO (SINJAC) SPRING SUBMERGENCE
The discharge of the spectacular karst spring Pivsko Oko (Yugoslavia) varies between
1.4 and 154.2m3/s. The annual average discharge is 25.5m3/s. The catchment area covers
505km2. The spring was flooded by a 70-m water column after construction of the 220m-high Piva Dam. The spring submergence has not resulted in any losses or other type of
damage. By flooding the spring, an additional 15×106m3 of water was stored in the karst
aquifer.
7.6 RAMA SPRING SUBMERGENCE
Three permanent karst springs create the Rama River (Bosnia and Herzegovina): Bug,
Krupić, and Rama. The springs discharge at elevations from 538 to 545m. They are the
lowest erosion base level for the catchment area, which extends to elevations of 900 to
1100m. Construction of Rama Dam and the reservoir resulted in a new water table that
caused a 40 to 60m submergence of the springs. Upon reservoir impounding, no negative
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influence on reservoir submergence was observed, as all the springs were still under a
pressure of 300 to 500m.
7.7 YARG SPRING SUBMERGENCE
Yarg Spring (Iran) is a permanent karst spring with an average discharge of 0.7m3/s.
After impounding of Salman Farsi Reservoir, Yarg Spring will be submerged with 27m
of water. According to the regional and local hydrogeological conditions and analysis of
pyrometers in the spring vicinity, there is no evident risk of water sinking through the
spring area that could lead to a leakage of the reservoir.
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Tunneling in Karst: Common Problems
The ecologically fragile karst system is characterized by
droughts, floods, soil erosion, rock desertification, surface
collapse, limited biodiversity, low productivity, and
poverty of human life.
—D.Yuan

Tunnel flood, Dabarsko Polje,
Herzegovina
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8.1 INTRODUCTION
During tunnel excavation and construction in karst the crucial problems result from the
presence of caverns. Of all rock defects, only caverns may have dimensions and features
that represent, in extreme cases, a problem for which technical solutions may be proved
to be questionable. Bearing that in mind, tunnels appear to be the most vulnerable
structures. This is especially true of the derivation tunnels for hydroelectric power plants,
known as high-pressure tunnels.
The large inflow of underground water considerably retarded excavation of a number
of tunnels in the Dinaric karst area: headrace tunnel Zakučac II, transmission tunnel
Dabar-Fatnica, transmission tunnel Fatnica-Bileća, and tunnel Sozina.
8.2 NATURE OF PROBLEMS
If a cavern happens to be encountered by the tunnel route, the excavation progress can be
retarded because of many different difficulties such as:
• Excessive free space, which should be overcome by filling, bridging, or bypassing
• A cavity that is masked by cave deposits because dimensions and geotechnical features
are not known; this situation requires serious investigation and sometimes changing
the excavation technology, thus making complicated repair work indispensable
• A source of groundwater that discharges into the tunnel, causing flows of hundreds,
even thousands, of liters per second
• Undiscovered caverns that are very close to the tunnel and can provoke serious
problems during the excavation and during the tunnel operation
Consequently, all karst channels are subject to high-pressure, destructive effects of
turbulent inflows and enormous amounts of water. Tunnel drainage is, thereby, involved
in aggravating tunneling conditions. The destruction effect can be multiplied if the
excavated tunnel tube connects active and nonactive (partially or fully filled) karst
channels. Reactivating the old drainage systems results in additional water inflow into the
tunnel vicinity.
8.3 INVESTIGATION NEEDS
Successful tunnel excavation requires reliable definition of cavernous zones in order to
adjust the tunnel route to the geological conditions. Detailed investigations and
determination of hydrogeological and engineering geological characteristics should
precede the final selection of the tunnel route. The common investigation methods before
excavation are as follows: detailed geological mapping (including aerial photo analysis),
drilling, water level monitoring, geophysical methods (geoelectrical mapping and

Tunneling in Karst: common problems

233

sounding, gravimetry, georadar techniques), and speleological explorations. Every
sinkhole above the tunnel route has to be carefully analyzed (Figure 8.1).

FIGURE 8.1 Tunnel Dabar-Fatnica
(Herzegovina): Possible weak zones
along the tunnel route estimated on the
basis of surface geological mapping.
During the tunnel excavation horizontal drilling ahead of the tunnel, in the sections with
possible fault zones and karst features, appears to be a common safe method. Very
detailed geological mapping and detailed speleological investigations of every karst
channel encountered by a tunnel are of particular importance. Data collected using those
methods, including geophysical measurements along the tunnel tube, provide evidence
for proper lining design. These data are also important in case of any incident during the
tunnel operation.
8.4 DEFECTS AND REMEDIATIONS
Defects during the tunnel operation are very common in karst, as illustrated by the
following example (Figure 8.2). Water leakage from a tunnel tube has eroded and washed
away nonconsolidated cave deposits in the section where the tunnel intersected a large
filled cavern. Percolation through the lining caused erosion and movement of a large
volume of clayey-sandy mass. Because of intensive long-term washing-out of the cave
deposits, and their transport toward a deeper channel section, an empty space around the
tunnel tube and collapse at the surface has been formed.
Especially dangerous is the washed part of the cavern situated below the lining, at a
length of 16m, a width of about 7m, and a depth of 8 to 15m. The loss of support has
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seriously endangered the stability of the tunnel tube. The leakage of approximately 1m3/s
was caused by a break i n the lining. Complex investigation work has been done such as
drilling, water-level monitoring, measures of leakage, geological analysis, speleological
investigations, TV logging, and tracing by dye and smoke [1] (Figure 8.3).

FIGURE 8.2 Cavern around power
plant headrace tunnel tube: (1) Tunnel
lining; (2) part of lining additionally
reinforced; (3) collapse; (4) cave origin
as consequence of collapse; (5) empty
cavernous space below tunnel tube; (6)
cave deposits (clay, sand, and
limestone blocks); (7) limestone; (8)
borehole; (9) fault.

Tunneling in Karst: common problems

235

Measuring the level of the water table confirmed that fluctuations of water level in
piezometers, near the tunnel lining, correlated with the fluctuation of water pressure in
the headrace tunnel. Because the water pressure fluctuations depended on the regime of
the Čapljina Power Plant production and because this plant was of reversible type, the
piezometric line was often changing the direction and slope.

FIGURE 8.3 Investigation drilling in
main section of damaged tunnel: (1)
Tunnel lining; (2) empty space; (3)
clays and material with limestone
blocks; (4) gravel-filled cavern through
borehole B-12; (5) fractured limestone;
(6) solid limestone.
A series of simultaneous measures proved that the magnitude of leakage from the tunnel
depended on the piezometric head, which at that place was different than the static water
level, amounting to +13m (pump work) and −13m (turbine work).
A shaft opening of 70×70cm was made in the bottom of the tunnel for speleological
investigations and repair works. A program of repair work included construction of a
reinforced arch in the lower part of the cavern and the filling of the open overspace with a
gravel and grout mix (Figure 8.4).
Other parts of the empty cavern space had to be filled through boreholes, both from
the tunnel and from the ground surface, with a gravel and grout mix. The part of the
cavern above the tunnel tube was not filled up. The losses from the tunnel (8km long, 8m
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in diameter) have been reduced to 50l/s, and the potential danger of damaging the tunnel
and power plant operation has been prevented.
Encountering karst channels, as they are mostly vertical, is very common in tunneling
construction through karstified rocks. Unpredictable concentrated water pressure may
attack portions of the tunnel lining. In order to prevent possible lining damage, the
crossed channel has to be connected to ensure an undisturbed flow towards the aquifer
zone (Figure 8.5).
An extraordinary and economical solution was applied in the case of tunnel Ućka in
Croatia, where a road tunnel intersects large cavernous zone (Figure 8.6). The total length
of investigated karst channels is more than 1300m. The largest cave

FIGURE 8.4 Repair work of an
endangered tunnel tube: (1) Tunnel
lining; (2) pipe for aggregate transport
from surface; (3) flexible pipe; (4)
grouting pipe; (5) borehole through the
lining; (6) grouting borehole; (7)
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investigation borehole; (8) anchor; (9)
plastic folia; (10) pipe for drainage;
(11) aggregates; (12) filter layer; (13)
reinforced constmction; (14) prepacked
concrete; (15) space filled by grouting
mix; (16) limestone.
hole is 175m long and 70m wide, while the cave hole close to the tunnel is 60m long,
40m wide, and 55m high. In the lower part of the cave system permanent groundwater
flow is present. Summer flow rates vary from 10 to 30l/s. After rain storms the flow
abruptly increases and exceeds 1m3/s [2]. Since the stability of tunnel is endangered,
artificial support is needed.
Total plugging of the cave could not be carried out because of a permanent water flow
through the cave, Two possibilities of using reinforced concrete arch structures were
rejected as complicated and very expensive. Since heavy mechanical equipment could not
be used in the cave, a simplified solution was applied to support the

FIGURE 8.5 Deviation of tunnel: (1)
Cavern; (2) karstified limestone; (3)
fault; (4) concrete plug; (5) deviation
of a tunnel.
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FIGURE 8.6 Cutting the karst channel
with tunnel tube: (1) Karst channel; (2)
tunnel pipe; (3) water level in the
channel; (4) part of lining under
concentrated pressure; (5) drainage
construction around the tunnel pipe.
potentially unstable rock mass between the tunnel and the cave roof. The cave roof was
supported by well-compacted and stabilized (using water jet) fill composed of finegrained limestone aggregate, partialiy strengthened by the addition of cement (150kg/m3
of cement per 1m3 of fill). The strengthened zone formed the concrete

FIGURE 8.7 Tunnel Učka: Plan view
of cavern.(From Hudec, M., Božičević,
S., and Bleiweiss, R., Support of
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cavern roof near tunnel Učka, in 5th
Yugoslav Symposium for Rock
Mechanic and Underground Works,
Split, Yugoslavia, 1980.)
“skin” around the filled aggregate and over the natural cone of limestone blocks. The
average thickness of this concrete zone was 1m (Figure 8.7).
The space between the strengthened aggregate and the cavern roof was filled with
concrete. Along the entire contact zone between the concrete and the cave roof, 24-mm
anchors have been installed. The entire supported structure was constructed without
grouting treatment.
According to authors, “this action did not result in a total safety from deformations,
but excluded any possibility of the cave dome failing or greater deflections of the tunnel
itself.”
8.5 TUNNEL-BORING MACHINES IN KARST
Usage of a tunnel-boring machine (TBM) in karstified rock is very sensitive and requires
special care. Some caverns discovered during tunnel excavation can be a complex
technical problem for TBMs. Because of this, a very detailed investigation should be
carried out to prevent unforeseen situations and to be technologically prepared for
overcoming the problem of caverns. This should be done during the very early stage of
design.
Complex geological and geophysical investigations along the tunnel route are
important. A 2- to 3-km-wide belt above the tunnel route must be investigated at a scale
of at least 1:10,000. If very karstified zones with possible large caverns are indicated at
some sections of tunnel route, the tunnel direction may be locally changed to avoid the
dangerous area. The example given in Figure 8.8 shows the position of the tunnel route
for reversible power plant B.Bašta (Yugoslavia). After detailed geological mapping, as
well as geoelectrical sounding and mapping, the proposed tunnel route proposed was
changed to avoid the cavernous rocks. Geophysical investigations have been done
continuously during the TBM operation, 2 to 4km ahead of TBM head.
However, if evidence obtained by the investigation does not show the presence of an
intensively karstified rock mass, a bypass solution can be applied using adequate
technologies [3]. In the case presented in Figure 8.9 the most economical and efficient
method appears to be filling the cavern up to the level of the tunnel (Hydrosystem
Trebišnjica).
Figure 8.10 shows the technology of bridging, including two phases of excavation.
To pass through a cavern filled with clay and carbonate blocks (Figure 8.11),
comprehensive geological and speleological investigations of cavernous space have been
performed during the excavation of the tunnel (16.5km long, 7.10m diameter) between
the Fatnica karst polje and Bileća Reservoir (Herzegovina).
The following repairing technology and procedure was applied:
1. Investigation drilling (4 boreholes) below the TBM rotating head (5 days)
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2. A borehole (148mm) drilled from the surface (16 days)
3. Withdrawal of TBM rotating head 10m back (4 days)
4. Excavation of a bypass adit (6 days)
5. Construction of a wooden partition wall (4 days)
6. Filling the cavern through the borehole from the surface with crushed limestone
aggregate (7 days)
7. Construction of arch-like concrete protective roof (calotte) from the surface through
the borehole (1 day)
8. Removing the wooden partition wall (1 day)
9. Removing the aggregate from the cavern, including transportation (17 days)
10. Construction of a concrete invert and right wall through the cavern (6 days)
11. Filling the bypass adit with concrete (3 days)
In the case of a very deep tunnel, where borehole drilling from the surface is too
expensive and requires a lot of time, the filling of the cavern should be organized from
the tunnel (Figure 8.12).
8.6 RELOCATION OF TUNNEL ROUTE
If a cavern is intersected during excavation, its dimensions may be a serious barrier to the
extent of precluding further excavation. In certain cases, the only viable solution would
be to change the tunnel route locally, that is, to relocate all or part of the tunnel in order
to bypass the cavern.
In the case presented in Figure 8.13 the headrace tunnel (diameter Ø 8m) intersected the
large cavern. The bridging cannot be accepted because of possible huge block collapses
from the cavern roof. The only good solution would be the construction of a deviation
tunnel. Previous detailed speleological investigation and mapping would be necessary.
Gouliang [4] presents a few examples related to traffic tunnel-route relocation from
Chinese practice. The original route of Jiaodingshan tunnel at the Ybing-Gonxian
Railroad was relocated because of Jiaodingshan Grand Cavern, which had an
underground river in the bottom section.
The designed route of the Nanning-Kunming railway was relocated because of Zhuja
Grand Cavern and Liangfengdong Cavern. The underground river started from Zhuja
Grand Cavern and ended in Liangfengdong Cavern.
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FIGURE 8.8 Longitudinal (a) and
perpendicular (b) cross-sections: (1)
Tunnel; (2) limestone; (3) cavern; (4)
fill (aggregate); (5) fill (reinforced with
cement); (6) stone wall; (7) retaining
wall (reinforced fill); (8) concrete; (9)
tunnel floor. (From Hudec, M.,
Božičević, S., and Bleiweiss, R.,
Support of cavern roof near tunnel
Ućka, in 5th Yugoslav Symposium for
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Rock Mechanic and Underground
Works, Split, Yugoslavia, 1980.)

FIGURE 8.9 Tunnel bypassing the
karstified rock: (1) B.Bašta Dam; (2)
reversible power plant; (3) Drina
River; (4) reservoir; (5) upper
reservoir; (6) Lazići Dam; (7) designed
tunnel route; (8) executed tunnel route;
(9) karstified limestone.

FIGURE 8.10 Cavern rehabilitation
by concrete filling: (1) Cavern; (2) part
of cavern filled by concrete; (3)
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limestone; (4) tunnel-boring machine
head.

FIGURE 8.11 Cavern rehabilitation
by bridging: (1) Cavern; (2) concrete
slab; (3) aeration (drainage opening).
Aijaping Grand Cavern caused tunnel route relocation. The cave is 120m long, 10 to 15m
wide, and 10 to 30m high. There is a 600-m-long undeground flow in the lower part of
the cave. Detour tunnel was also excavated to bypass Laohuzui Grand Cavern along the
route of the Guiyang-Kunming railway tunnel.
8.7 TUNNELING BENEATH GROUNDWATER LEVEL
Particular problems may be encountered during the excavation of tunnels below the water
table. In this case all karst channels are subject to high-pressure, destructive effects of
turbulent inflows and enormous amounts of water. Especially cumbersome and
dangerous is the situation where tunnels are driven without the possibility for drainage by
gravity. In those cases any excessive water inflow through karst conduits can provoke
sudden tunnel flooding, and human lives and tunneling equipment can be seriously
endangered or lost. Without drainage by gravity, any groundwater intrusion of more than
100l/s is an extremely serious problem.
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A number of different treatment technologies can be used to stop and prevent
groundwater intrusion into the tunnel: excavation of auxiliary (drainage) galleries, cone
grouting ahead, heavy concrete plugs, heavy reinforced and anchored concrete slabs to
plug karst conduits with water under pressure, and grouting of individual karst channels.
After six years of operation, the 6170-m-long Sozina railway tunnel (Montenegro) was
flooded by an abrupt groundwater intrusion through the karst channel, at a rate of
6.5m3/s. A 1750-m-long drainage tunnel, 2m below and 15m from the main tunnel, was
excavated to resolve the problem.
A groundwater intrusion in the 23-km-long Kuhrang III tunnel (Iran) caused a longterm construction delay. Two sections of the tunnel route are situated in the karstified
limestone. The downstream part of tunnel was excavated from two

FIGURE 8.12 Overcoming the cavern
using the borehole from the surface:
(A) Cross-section along the tunnel
trace; (B) cross-section perpendicular
to the tunnel trace; (C) horizontal
cross-section.
directions: from an outlet by applying TBM technology and from the upstream section,
using an access adit, by conventional technology. The water table in the karst aquifer is
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permanently 100 to 300m above the tunnel route. The concentrated underground flows
developed along the main tectonic zones, more or less perpendicular to the

FIGURE 8.13 Filling the cavern from
the tunnel: (1) Tunnel-boring machine
head; (2) cave clayey deposits; (3)
inert material (sand); (4) tunnel
support; (5) shaft; (6) pipe connected
with concrete pump; (7−9) stages of
concreting.
tunnel route. Portals of the three access adits, being 100 to 130m higher than the main
tunnel, precluded gravity drainage in these sections.
Due to high groundwater pressure (9 to 11 bars), every karstified zone was a potential
source of flood. If a karst channel was empty, the flood was sudden. In that case there
was no possibility of plugging active flow under strong pressure except by grouting.
In cases where the initial filtration provoked the erosion process, the karst channel
became the subject of turbulent flow. The clayey-sandy material was washed out, and
empty karst channels became part of a well-interconnected hydraulic system under
pressure. A few tens of cubic meters of sand were washed out from karst channels and
deposited in the tunnel. Sometimes the washing process is very fast and needs prompt
remedial work. However, in some cases this process takes a few months. The grouting
remedial work can be successful if started immediately after the karstified zone is crossed
by the tunnel.
Applying conical grouting ahead of the tunnel, step by step, eliminated intensive
groundwater inflow through the system of active karst channels in front of the TBM
head. Immediately afterward, water under pressure was detected by drilling a horizontal
pilot hole 30 to 50m ahead. To stop, or considerably decrease, the water jet inflow, a
concrete plug in front of the tunnel head was made (Figure 8.14). This harnessed the
velocity of the water flow through the karst channel so that, at the next stage, conical
grouting could be applied. As excavation proceeded through the grouted (consolidated)
rock mass, the tunnel lining, using the cut and cover method, was installed. Similar
procedure (harnessing of the water flow) was used in the case of the RPP Čapljina
tailrace tunnel flood (see Figure 5.25).
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8.8 ROLE OF HYDROGEOLOGY IN TUNNEL CONSTRUCTION
PLANNING
Because tunnel floods are extremely dangerous for people and vulnerable TBM
technology, the water table fluctuation in the surrounding karst aquifer should be

FIGURE 8.14 Sealing treatment of
groundwater intrusion under high
pressure.
carefully observed. Hydrogeological conditions play a key role in selecting optimal
technology and appropriate construction planning. The upstream part of the catchment
area and its aquifer must be subject to comprehensive hydrological and hydrogeological
monitoring before and during excavation. During heavy precipitation daily measurements
are necessary.
This is the case of the 15.6-km-long tunnel from Fatničko Polje to the Bileća
Reservoir (Herzegovina). The tunnel inlet is situated in the temporarily flooded Fatničko
Polje (Figure 8.15). Annual flooding in this polje lasts between 79 and 213 days, and the
highest water level can be as much as 28m above the polje’s lowest point; therefore, the
inlet portal of the tunnel will be flooded for more than 80 days annually. The intake
capacity of the ponors (swallowholes) in that area exceeds 100m3/s. The maximum
capacity of the largest one (Pasmica) is 25m3/s. Velocity of the underground flows varies
between 10 and 15cm/s. The tunnel route and the direction of main underground flows

Tunneling in Karst: common problems

247

coincide. During a flood the upstream half of the tunnel route is under the water table
(Figure 8.15). After heavy precipitation the

FIGURE 8.15 Tunnel excavation
(temporarily below the groundwater
level): Layout and cross-section. (1)
Tunnel route; (2) piezometric
boreholes; (3) reservoir water
elevation; (4) ponor pasmica; (5)
minimum level of water table; (6)
maximum level of water table.
groundwater rises above this part of the tunnel after only a few hours. Consequently, a
large amount of groundwater intrusion into the tunnel is to be expected.
An understanding of geological and hydrogeological conditions was a key parameter
in a tunnel construction planning process. Thus, the tunnel route was divided into three
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sections: two with possible gravity dewatering and one without the possibility for
dewatering by gravity. In addition, an elaborate scheme of hydrological and
hydrogeological monitoring was established, from the area of Gatačko Polje (elevation:
950m) to the Bileća Reservoir (elevation: 400m). The monitoring system included two
precipitation stations, four gauge stations, and seven piezometers.

FIGURE 8.16 Conical grouting ahead.
General concept.
8.9 PLUGGING OF MASSIVE INFLOWS UNDER PRESSURE
INTO THE TUNNEL
A grouting procedure from an advancing tunnel is quite different than same procedure
from the surface. It is a very dangerous task for workers, particularly if drainage by
gravity is not possible; the working space is limited; and transport of people, equipment,
and material is very often time-consuming and complicated.
The general approach for the sealing of a massive inflow under pressure into the
tunnel is to stop groundwater flow before the sealing treatment. The following steps are
recommended:
• Analysis of geological and geophysical data collected during investigations from the
surface, including three-dimensional scanning of anticipated geological cross- and
longitudinal (along the tunnel axis) sections.
• Analysis of hydrogeological data (piezometric data and results of tracer tests).
• Drilling of the horizontal test borehole 30 to 100m ahead. If necessary two or three
boreholes should be drilled. Sections that will not require drilling of pilot holes are to
be selected based on the information used in making anticipated geological sections
and updated with all the information gathered while tunneling.
• In the case of a severe water-jet flow from pilot hole (presence of karstified zone), cone
grouting ahead and around the tunnel face must be done (Figure 8.16).
• In the case of a direct inflow under pressure from the tunnel’s face, a temporary
concrete plug at the tunnel face is recommended (before conical grouting ahead).
• In the case of limited underground inflow and feeble pressure from a single karst
channel, the approach presented in the Section 3.4 is recommended.
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• The next stage is excavation through the grouted (consolidated) rock mass ahead.
• Every excavated section must be lined immediately (cut and cover procedure).
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9
Proposed Criteria for Groundwater Protection
Zoning in Karst Regions
Sustainable development of any given karst area will call
for a combination of basic research knowledge, local field
studies, and evaluation of the relevant social and economic
factors.
—D.Ford

Ponor zone in Gatačko Polje,
Herzegovina
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9.1 INTRODUCTION
Groundwater protection in karst regions appears to be one of the crucial problems of
regional planning and development. The karst environment is unusually sensitive to any
change in natural conditions because its reactions to such disturbances are fast and often
drastic. The karst aquifer is especially sensitive and should be under strict protection
against groundwater pollution. However, the criteria for determining the zones of sanitary
protection in karst are essentially different from the criteria for nonkarst terrain. The
important difference between karst aquifers and aquifers in intergranular or low
permeable rocks is a considerably shorter contact of the contaminant with the rock matrix
because of its fast circulation through karst conduits. The contaminated water waves
quickly spread through the karst aquifer, that is, the time available for the
autopurification process is very short.
The complexity of problems and karst’s vulnerability call for an interdisciplinary
approach, but the fundamental professional responsibility is in the hydrogeologist’s
hands. A good hydrogeological map is an irreplaceable basis for the competent
determination of zones of protection against groundwater pollution.
9.2 ACTUAL ZONING CONCEPT APPLIED IN NONKARSTIC
AREAS
Generally, the actual zoning concept is based on the following parameters:
• Delay time (groundwater residence time)
• Distance between source of pollution and intake structure
The most common zoning code in nonkarstic areas of European countries is as follows:
Zone I: Immediate protection area (10 to 50m from the intake structure)
Zone II: Protection area (delay time of 50 days)
Zone III: External protection area (within 2km of intake structure)
To minimize the public health risk in some countries (e.g., The Netherlands) a delay of
groundwater in the aquifer of at least 10 years is needed, which results in a 10-year
protection zone and a 25-year protection zone, both called the protection area [1].
9.3 BASIC HYDROGEOLOGICAL PARAMETERS FOR ZONING
CRITERIA IN KARST
It is evident that the protection zone system in karst cannot be based on the same criteria
as in nonkarstic aquifers, where groundwater circulation obeys Darcy’s law. Also,
because of the specificity and hydrogeological particularity of the catchment areas in
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karst, which are more emphatic than in a nonkarstic terrane, it is clear that an application
of strictly formulated regulations is not possible.
The understanding of groundwater protection in karst aquifers depends upon
knowledge of many factors, of which the following are considered to be the most
important:
• Recharge of aquifer is very fast and mainly occurs through the concentrated zones of
infiltration (swallowholes), with a swallowing capacity of a few liters per second up to
more than 100m3/s [2].
• A large volume of water flows through high-capacity karst conduits.
• The groundwater velocities are very fast, mostly over 2cm/s; they can be as high as 20
to 50cm/s, which leads to very short aquifer residence time (compared with nonkarstic
aquifers, which have a groundwater velocity of 10 to 100m/year).
• Hydrogeological anisotropy of karst aquifers is distinctive, that is, the concept of
representative elementary volume is not acceptable.
• The process of water replacement in highly developed karst aquifers, compared with
nonkarstic aquifers, is unusually intensive. During a rainy season 50 to 100% of
aquifer volume can be replaced with new water.
• Limited self-purification capacity of karst aquifers is a consequence of the above
characteristics.
The turbidity of karst waters almost always aggravates its quality after sudden and heavy
precipitation. In some cases turbidity is so extensive that water, for short periods of time,
becomes nonpotable. The turbidity takes place at the same time as a sudden increase in
discharge. Many analyses have shown that the period of turbidity also represents the
period of increased water pollution with bacteria.
A good hydrogeological map and a number of tracer tests in different hydrogeological
conditions and during the different positions of water table in the aquifer are an
unavoidable basis for defining the protection zones.
During the rainy season a large part of the aquifer is saturated. The groundwater
velocity is very high. The quantity of flowing water is also high. The discharge of springs
becomes 10 to 40 times higher than in the dry period. Transport of pollutants is faster,
i.e., the delay time is short. Because of this, the dilution of pollutants is very high, that is,
the concentration of pollutants is low.
Quite the opposite occurs during the dry season, when water table is low. Only a
portion of the aquifer along the base flow can be partially saturated. Spring discharge is
10 to 40 times lower than during the wet season. The dilution of pollutants is low, that is,
the concentration of pollutants is high. However, ground-water velocity is three to six
times slower, that is, the delay time is longer.
During full aquifer saturation the total delay time from sinking until discharge is less
than 50 days. In many cases the groundwater flow passes about 100km or less during one
month. If rules, proposals, and criteria that are in effect were accepted for protection
zoning in karst regions, the protection area would be, in many cases, extended by 50 to
80km or more away from the spring to be protected. This means the urbanization and
development of large regions would be restricted, and a number of existing settlements
would be removed. Because of this, the delay time is a very important but not exclusive
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criterion for zoning. When the delay time is used, it is usually expressed in hours or days,
very rarely in months, and never in years.
9.4 CRITERIA FOR ZONING
The suggested criteria described below [2] are general and should be applied with
flexibility. Every proposal should allow for changes to be made when local
hydrogeological conditions require it.
9.4.1 ZONE I: PROTECTION AREA OF A SPRING OR INTAKE
STRUCTURE FOR DRINKING WATER
The boundary of Zone I must be located at least 50m from the intake structure (spring
intake or well) in the direction of groundwater inflow and must be fenced. A
hydrogeological map scaled at 1:1000 is the basis for its determination.
If transportation facilities are located close to the fenced area and above the main
conduit zone, special structures and regulations should protect the intake area. In some
special cases, if protective measures prove not to be effective, deviation or dislocation of
the transportation infrastructure should be required.
9.4.2 ZONE II: IMMEDIATE PROTECTION AREA (ZONE
REQUIRING VERY SEVERE PROTECTION AND
RESTRICTION)
This zone encompasses parts of the catchment areas that have concentrated infiltration
(active swallowholes) directly hydrogeologicaly connected with the spring by karst
conduits or high transmissive zones, particularly if groundwater conduit flows are faster
than 5cm/s, on average. Zone II is part of the catchment in which the groundwater flows
need less than 24 hours to reach the tapping structure (Figure 9.1) that is, the part of the
catchment with established or indicated underground concentrated flows and saturated
part of aquifers (retarded water) behind the intake structure. In the case of underground
pollution in Zone II, possibilities for undertaking protective measures are very limited.
Swallowholes (ponors) in Zone III, which have direct underground communication
with an intake structure for less than 24 hours, should be set apart in protective enclaves
and declared as Zone II. The area 20 to 30m around the ponor inlet should be protected
by a fence and should be under strict control.
The base for establishing the boundaries of Zone II is the hydrogeological map, scaled
at 1:5000 or larger.
9.4.3 ZONE III: PROTECTION AREA
This zone includes all ponors (swallowholes), permanently or temporarily active, in the
catchment located outside of Zone II that have direct underground connection with the
spring or intake structure. The groundwater needs a few up to 10 or more days to run
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along this distance. In some cases Zone III does not have any boundary with Zone II. It
can be set apart in protective enclaves located inside Zone IV; also,

FIGURE 9.1 Schematic of the zone of
protection against groundwater
pollution in karst.
Zone III is categorized as those parts of the catchment where zones of concentrated
underground flows or karst conduits directed toward the intake structure are indicated.
A hydrogeological map at a minimum scale of 1:25,000 is needed to define the
boundary line of Zone III.
9.4.4 ZONE IV: EXTERNAL PROTECTION AREA
This zone includes an area between the external boundary line of Zone III and the
watershed line of the analyzed catchment area. From Zone IV there are no direct
underground connections with the spring zone or intake structure, as proved by tracer
tests. Carbonate rocks are not strongly karstified in Zone IV, and delay time can be
longer than 50 days. Underground flow velocity is less than 1cm/s.
The basic hydrogeological map for Zone IV determination is the one scaled at
1:100,000.
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9.5 RESTRICTIONS IN PROTECTION ZONES
In Zone I, only activities in relation to the water supply are permissible. Public traffic and
agricultural activity, especially usage of fertilizers, are strongly restricted. All natural
karst openings (shafts, caves, and large cavernous cracks) should be protected.
In Zone II, all active ponors, shafts, pits, and caves should be under strict control. The
usage of any shaft, cave, or swallowhole as waste disposal sites is strictly prohibited. As a
rule, the following activities and structures are prohibited: transport and storage of
dangerous material, especially hard-to-degrade chemicals, and oil tanks; industry; usage
of pesticides; waste disposal locations; settlements; roads; railroads; farms; quarries; and
oil wells. Every house must have an absolutely watertight and safe septic tank.
In Zone III, all ponors, shafts, pits, and caves are strictly prohibited from being used as
waste sites. Also, any chemical industry and oil tanks should be prohibited. The
construction of roads and settlements is possible but requires effective drainage systems.
The use of pesticides should be under strict control.
In Zone IV, the storage of radioactive material and chemical waste materials is
prohibited.
9.6 PARTICULARS OF ZONING PROCEDURES IN KARST
The key elements for determining the groundwater pollution protection zones of karst
resurgence are:
• A good hydrogeological map
• A number of dye tests performed during different flow rates through the karst channels
Also, a reasonable number of piezometric boreholes are needed for water table
monitoring and groundwater sampling. The boreholes are satisfactory only if they are
drilled to the zone of concentrated flows. The boundaries of protection zones should be
determined for an unfavorable hydrological season, that is, for the flood-water period.
From the aspect of contaminant distribution in space and time, the most unfavorable
conditions exist when all surface flows are active and when ponors swallow water, but
before flooding of closed karst depressions.
As a consequence of the hydrogeological anisotropy of karst, the boundaries of
sanitary protection zones have extremely irregular shapes, especially Zones II and III,
which include sinking zones, dolines, lines of sinkholes, fault zones, the deepest sections
of base of karstification determined by geophysical methods, zones with a water table
minimum, zones that are indicated by tracers, and other zones in which hydrogeological
features and analyzing of ruptures indicate the presence of concentrated underground
flows.
A very detailed hydrogeological analysis enables hydrogeological micro-regionalization, which sets apart local enclave-like isolated areas of very severe protection
(Zone II inside Zone III and, in some specific cases, Zone III inside Zone IV). Every
swallowhole that is directly hydrogeologically connected with the intake structure (spring
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or well), by means of an active karst conduit, and its adjacent surrounding should be
treated as Zone II if the underground flow is faster than 5cm/s.
Another special feature is the changeability of the protection zone category. By
constructing dams and reservoirs, dewatering the temporarily flooded depressions,
plugging the swallowholes, constructing grout curtains, and transferring water toward the
adjacent catchments through tunnels and canals, the hydrogeological and hydrological
situation can be dramatically changed. As a consequence, a previously defined sanitary
protection categorization can be subject to correction. Generally, these structures
ameliorate natural characteristics. As a result, some restrictions can be moderate, that is,
Zone II can be recategorized into Zone III, or Zone III into Zone IV.
The hydrogeological complexity of karst aquifers very often makes unambiguous
boundary determination impossible; because of this, the term questionable zone boundary
should be used.
9.7 WATER QUALITY MONITORING
The protection of springs and groundwater in karst mostly depends on well-organized
water quality control of surface and underground flows. Because of the movement of
contaminants in karst, it is very important to detect their presence in the flow on time.
The contamination process can be frequent or practically continual (waste water from
industry, waste disposal, mining, thermal power plants, long-term use of fertilizers, etc.)
and accidental (traffic and industrial accidents, damage to reservoirs and tanks, etc.).
Because of this, a well-organized monitoring system should be established. In the case
of surface flows, the best locations for water quality control are the inflow and outflow
sections of reservoirs and every important water-gauging station. For groundwater
control, the best locations are ponors, springs, and piezometric bore-holes that have
contact with the conduit zone. A minimum of two samples should be taken each year.
Every accident calls for immediate and frequent sampling. A special monitoring program
should be established to control possible sources of contamination. The basis for this
monitoring program is the register of contaminants.
9.8 PROTECTION PLANING
The regulations on sanitary protection should include directions for protection in the case
of emergency. Directions should contain the following:
• Detection of contamination in water
• Detection of contamination source
• Estimation of the kind and quantity of contaminant
• Information on users
• Suggestions for possible alternative water supply if resurgence is endangered
On the basis of the actual hydrological situation, the position of the contamination source,
and the hydrogeological characteristics of the location, it should be possible to estimate
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the time needed for this contamination wave to reach the intake structure. The regime of
sampling should be frequent.
The owner of the intake structure should have emergency regulations for an
emergency procedure in the case of sudden contamination of potable water.
9.9 CASE STUDY: GROUNDWATER PROTECTION ZONES IN
HIGHLY DEVELOPED KARST (DUBROVNIK AREA)
The interboundary karst aquifers of a few springs (Ombla, Palata-Zaton, Zavrelje, and
Robinson) important for the water supply of the Dubrovnik area (Croatia) are

FIGURE 9.2 Simplified
hydrogeological map of Popovo Polje
and Dubrovnik littoral area:
Groundwater pollution protection
zones are marked with roman numbers.
situated deep in the eastern Herzegovina region (Figure 9.2). This region incorporates the
broad area of the Trebišnjica River catchment.
Outlets of analyzed springs originate on a reverse fault along which the Mesozoic
carbonate complex (dolomite and limestone) overthrusted the autochthonous Eocene
flysch sediments. Only in the case of Robinson Spring is tectonic contact below sea level,
and the spring outlet is developed in overlying Triassic dolomite. The carbonate complex
is strongly fractured and extremely karstified. A deep and thick flysch zone (clayey and
shaley sediments) represents a hydrogeological barrier between the karst aquifer and the
Adriatic Sea. Ombla, Palata-Zaton, and Robinson Springs discharge at sea level, and
Zavrelje Spring at an elevation of 76m.
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The most important zones of concentrated infiltration are situated in Mokro Polje and
along the Trebišnjica River from Trebinje town downstream to the Poljica area in Popovo
Polje. A few hundreds of ponors are registered in this section. Only along the Trebišnjica
riverbed, at Gorica Dam-Poljica, does the swallow capacity of ponors range from
14.4m3/m (in the wet season) to 38.0m3/s (in the dry season). At Dražin Do-Dobromani
swallow capacity varies from 5.5 to 12.1m3/s (see Figure 1.6). A number of largecapacity ponors and shafts are situated outside of the riverbed. Those ponors are active
only during the flood time.
In spite of a number of tracer tests, the exact position of watersheds is not precisely
defined. The hydrogeological situation is too complicated. The position of the watershed
changes permanently as a consequence of the level of the water table. Even in the case of
an enormous number of extensive and long-lasting investigations, the exact catchment in
this region cannot be defined with a high degree of confidence. A particularly
complicated situation exists along the Trebišnjica riverbed and Popovo Polje area. Figure
9.3(A) shows a schematic presentation of Trebišnjica River (surface and underground
flows) in the dry season. The river flow exists only 4 to 6km downstream of Gorica Dam.
The next 60km of the riverbed is dry, and the water table is deep below the riverbed. In
the wet season (Figure 9.3[B]) the river flow is continual until the last ponor zone at the
end of Popovo Polje. All ponors, temporary springs, estavelles, and underground flows
are active, but in some sections the water table never rises up to the riverbed (sections of
permanent leakage due to deep and huge karst conduits). In this section of the Trebišijica
riverbed the common situation is temporary springs situated along the right riverbank and
ponors along the left riverbank. Some of the sinking water flows directly toward the
Ombla spring, but the rest flows in the direction of the downstream part of Popovo Polje.
Some of the groundwater from the northern area of the Ombla catchment flows below the
riverbed directly toward the springs at the seacoast and discharges at Ombla Spring. The
rest of those waters discharges through many temporary springs into the Trebišnjica
River and as surface flow continues downstream. However, some of that water percolates
into the underground and flows in the direction of Ombla Spring.
From a sanitary zoning point of view, the groundwater velocity and the distance
between sinking zone and spring are of primary importance. The average ground-water
flow velocity during the period when the Ombla aquifer is not completely saturated (dry
season) is about 3cm/s, but when it is fully saturated, the velocity is about 7cm/s. From
Popovo Polje near Poljica, the labeled water needs only 75 hours to travel a distance of
18km. From ponors near the Trebinje town (16km), the water needs 69h. It is obvious
that there is not enough time for a self-purification process. On the basis of those results,
including all data collected by geological and hydrogeological mapping and
investigations, the boundaries of sanitary protection zones for Ombla Spring were
determined (Figure 9.2). In natural conditions the area between Trebinje town and
Popovo Polje is declared as Zone II, that is, a zone of immediate protection area,
requiring very severe protection and restriction. The same criteria were used for zoning of
catchment areas for other springs.
With construction of the Hydrosystem Trebišnjica, this situation changed
considerably. Now, a large reservoir, Bileća (1.3 billion m3), upstream of Trebinje town,
protects the Ombla aquifer against inflow of concentrated pollution. Any possible initial
concentration of contaminant from the upper catchments becomes considerably diluted in
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this reservoir. Also, the contaminated plum becomes stretched. All ponors in the
Trebišnjica riverbed are plugged, and the riverbed is covered with a shotcrete blanket.
The river flow is permanent and continuous from Gorica Dam to Hutovo Reservoir
(Figure 9.3[C]). Compared to natural conditions, the zone categorization and proposed
restrictions were considerably relaxed. This part of the catchment area, declared in
natural conditions as Zone II, should be recategorized to Zone III. In Figure 9.2 those
zones are marked as II and III.

FIGURE 9.3 Trebinje and Popovo
Polje area: Simplified model of
groundwater circulation in different
hydrological conditions. (A) Natural
conditions in dry season; (B) natural
conditions after long-lasting, heavy
precipitation; (C) after construction of
Hutovo Reservoir and blanketing of
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the Trebišnjica riverbed with shotcrete.
(1) Temporary spring; (2) ponor
(swallow-hole); (3) estavelle; (4)
direction of underground flow.
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10
Groundwater Tracing Techniques
No theory about the origin of caves is universal: those that
have been put forward have generally claimed to be too
inclusive; almost all of them are partially correct; the all
truth lies sometimes in their combination, sometimes in the
application of a particular one in a particular case.
—E.A.Martel

Injection of radioactive isotope into the
submerged ponor Ponikva, Popovo
Polje, Herzegovina
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10.1 INTRODUCTION
The use of tracers for investigation of “lost waters” dates back to the first century A.D.
when Flavius Josephus, a Roman historian of Jewish descent, referred in War of the Jews
to the method used to find the origin of the Jordan River: “Up to that time, the source of
the Jordan River was not known until Philip Tetrarch Trahonitide proved its origin.
Introducing chaffs in Fijala, they emerged at Panium, the same place that ancient people
believed the source of the river should have been.”
In the past century, a number of tracing experiments were done (more than 300 in
Dinaric karst areas only). A number of karstologists describe the results of tracer tests in
karst regions all over the world [e.g., 1−9].
Tracers are substances that are added to water in order to determine its spatial and
temporal distribution. Tracers are divided into insoluble (solid) and soluble. Insoluble
tracers include bran, sawdust, chaff, yeast fungus, Lycopodium spores, and various
bacteria. Soluble tracers include dyes, radioactive isotopes, optical brighteners, and
inorganic salts. Undoubtedly soluble tracers are preferred over the insoluble ones because
of considerably better tracing characteristics (solubility, potential of detection in high
dilution, and simple sampling).
The most important characteristic of a tracer is its concentration sensitivity. This
sensitivity is the lowest concentration that can be detected with accuracy. For example,
the concentration sensitivity for Na-fluorescein is 1:2×109 (one part of fluorescein in two
billion parts of water). It also means that one gram of dye dissolved in 2000m3 of water
can be positively identified. The concentration sensitivity of some radioactive tracers is
given in Table 10.1 [10].

TABLE 10.1
Characteristics of Some Radioactive Tracers
Underground Channel Flow
Isotope

Concentration
Sensitivity Ci/l

Borehole with Casing

Dilution Concentration
Sensitivity Ci/l
1:5×108

Dilution
0.04

1:2×107

Bromine-82

0.002

Iodine-131

0.007 1:1.5×108

0.08 1:1.3×107

Chromium51

0.07 1:1.5×108

0.70 1:1.5×106

According to a calculation made by Filip [10] for 1 million cubic meters of water, 40kg
of Na-fluorescein, 2 Ci Bromine-82, 6 Ci Iodine-131, or 60 Ci Chrome-51 are needed.
Equivalent weight in grams is somewhat less than grams of Bromine-82, or about 25g of
Chromium-51. Iodine weight is negligible since it is prepared with highly specific
activity (without carrier).
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10.2 DYE TRACERS
Dye tracers are most often used for investigation of underground water links in karst. In
addition to the frequently used Na-fluorescein (uranine), other tracers used are rhodamine
B, rhodamine WT, eozine FA, salt (NaCl), Congo red, fuksin, etc. The

FIGURE 10.1 Hydrogeological
scheme of the eastern Herzegovina
Dinaric karst region: Main
underground connections.
most successful karst water tracer at the present time is sodium-fluorescein
(C10H10O5Na2). About 120 dye tests with Na-fluorescein were made during the
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investigations for the multipurpose Hydrosystem Trebišnjica (eastern Herzegovina) using
over 6000kg of this tracer (Figure 10.1).
For dye tests with a small quantity of fluorescein, 1kg of dye requires about 50l of
water. However, a laboratory investigation confirmed that 15 to 21% of fluorescein still
remained undissolved in water after 3 days of dissolution. This investigation also
concluded that under the field conditions about 50% of fluorescein remains undissolved.
In addition, terra-rosa and other clayey sediments that are normally deposited in karst
channels and caves or suspended in water adsorb fluorescein very easily.
In order to increase the solubility of fluorescein, it should first be dissolved in alcohol
(5l alcohol/1kg fluorescein), in ammonia (0.251 ammonia/1kg fluorescein), or in sodiumhydroxide (NaOH). The optimal solution for dye testing is obtained if Na-fluorescein is
dissolved in 7% NaOH with a 1:2 proportion. This means that when 10kg of fluorescein
is dissolved, a solution of 20l is obtained. First, about 1.4kg of solid NaOH should be
added to 20l of water. After its full dissolution, fluorescein powder should be added.
Determination of the optimal quantity of dye for a successful dye test depends on
many factors such as the total quantity of water to be dyed, tracer wave celerity,
branching, sinuosity and position of underground water courses, traveling distance, and
dye stability in relation to the surrounding rock; the majority of these factors is often
completely unknown to the investigator.
Different specialists proposed formulas for the dye quantity considering variable
parameters such as the swallow capacity of ponor, the outflow discharge of a spring, the
shortest distance between ponor and spring, etc. The main application of these formulas
is for determining the approximate quantity of dye to be used in various tests.
Following are some of the most currently applied formulas:
Martel [2] equation: K=L×Q
where K is the quantity of dye in kilograms, L is the distance between the dye test point
and the most remote spring in kilometers, and Q is the total discharge of all springs under
observation in cubic meters per second.
Stepinac [11] equation: K=D(C+Q)
where K and Q are as above, and D is the average distance from the dye test point to all
springs under consideration, in kilometers, and
C=1+Q/5
This equation is valid for Q≤5m3/s and D≥12km.
The best and most unambiguous results are obtained when visual detection of
fluorescein in the sample is possible. A very simple field method for visual detection is
provided by focusing sunbeams through the sample (in a clear glass bottle) by
magnifying glass. In that way the presence of fluorescein can be detected in a
concentration of 1×10−8.
For detection of a very small concentration of fluorescein in water, charcoal grains can
be used to adsorb tracer from water. The tracer may later be released (in laboratory) by a
solution of potassium hydroxide (5%) in ethanol. Also, the granular activated carbon can
be used when rhodamine is used as the tracer.
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A special procedure makes it possible to detect fluorescein in a concentration of
1:1×1011. This process includes filtering of a 5-l sample through paper filters,

FIGURE 10.2 Absorption and
emission spectra of blue (amino G
acid), green (lissamine FF), and orange
(rhodamine WT) fluorescent dyes.
(From Smart, P.L. and Laidlaw, M. S.,
An evaluation of some fluorescent
dyes for water tracing, Water
Resources Res., 15, 15, 1977.)
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followed by an adsorption filter of activated coal. Absorbed fluorescein is separated from
the filter by dipping the filter into a liquid composed of equal parts of 15% KOH and
ephanol solution for 5 to 15 minutes.
Recently, fluorometric techniques have been used, especially in the case of
simultaneous injection for several days. Because of their different spectral properties, the
tracers mixed in the same sample can be distinguished (Figure 10.2).
The quantitative analysis of dye-test results is used to establish the total quantity of
dye discharged at various springs. From the analysis of dye samples and the spring
discharge, the quantity of dye that appears in flows of each spring

FIGURE 10.3 Dye test results of
Zavrelje Spring near Dubrovnik
(Croatia): (1) Outflow discharge
hydrograph; (2) dye outflow graph; (3)
dye intensity graph.
is determined. It is often claimed that results of quantitative analysis make it feasible to
draw conclusions on priority links (strong and weak) of water flows between ponors and
springs.
On the basis of dye intensity, the quantity (in milligrams) of dye discharge in a cubic
meter of water is calculated for each sample. The change in the quantity of dye contained
in one cubic meter of water, which passes the spring in a certain time interval, is shown
graphically as a hydrograph of dye intensity (Figure 10.3). A dye outflow graph
represents the quantity of dye that flows per unit of time (milligrams per second) during
the period of tracer wave passage. For the construction of this hydrograph, it is necessary
to measure the spring water discharge during the outflow of tracer water wave.
To simplify the calculations (Figure 10.4), it is suggested that time should be plotted
along abscissa with a scale of 24mm=1 day, or 1mm=1 hour, and for ordinate, the most
suitable scale seems to be using a division in centimeters. In order to determine a graph,
the results of the sample analysis should be prepared as in Table 10.2.
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TABLE 10.2
Dye Test Form
Sample
Date

Sample
Hour

Spring
Water Level
(cm)

Spring
Discharge
(m3/s)

1

2

3

4

Degree of
Dye
Dye Dilution Intensity
(mg/m3)
5

6

Dye
Outflow
(mg/s)
7

After the graph in Figure 10.4 is plotted, area F1, limited by the intensity graph, and area
F2, limited by the dye graph (given in square centimeters), are determined. The quantity
of dye is calculated using an average intensity Is:

FIGURE 10.4 Dye intensity graph (a)
and dye outflow graph (b).

where Is is the average intensity in milligrams per cubic meter, g is the quantity of dye in
grams represented by 1cm2 on the graph for each gram, F1 if the area between the
intensity graph and the abscissa in square centimeters, and T is the tracer traveling time in
seconds (s).
For one centimeter on abscissa representing 10 hours, and 1cm of the ordinate being
equal to 1mg/m3 or 1mg/s, 1cm2 represents g=36,000s×0.001g/s=36g of dye.
The quantity of outflowing dye can be obtained by
K1=IsΣQ (in kilograms)
where K1 is the quantity of outflowing dye, Is is an average dye intensity, and Q is the
total quantity of outflow water through the spring in the time period equal to the tracer
wave passage time.
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Verification can be made by using the outflow graph and the relationship
K2=gF2 (in kilograms)
The difference between K1 and K2 ranges between 0.01 and 1.0kg.
10.3 COMMON SALT
Salt (NaCl) is also frequently used as a tracer. The solubility of common salt is 328g/l at
18°C. In the coastal region and on islands where the observational points are under the
influence of the sea, this tracer cannot be used.
The presence of this tracer is determined in situ by measuring the electrical
conductivity of water that contains common salt. The salt concentration in water is
determined by MOHR chemical analysis of samples.
10.4 RADIOACTIVE ISOTOPES
Radioactive isotopes have a great potential in investigations of particular hydrogeological
problems in karst. Their simple detection in a very diluted solution and directly in the
groundwater flow give them several advantages over dyes, spores, and other types of
tracers. The basic characteristics of radioactive isotopes are half-life decay, type and
energy of radiation, specific activity, and maximum permissible concentration of isotopes
in potable water (MPC).
The quantity of isotopes needed for experiments varies in a range of 10c3 and the
isotope carrier between 1 and 31. It can be injected into the flow almost instantaneously.
To use the isotopes, it is necessary to obtain permit from the appropriate governmental
agencies, and all springs under sampling must be inspected by qualified specialists. For
the investigation of underground circulation in karst, the isotopes Bromine-82 (Br-82),
Iodine-131 (I-131), Chromium-51 (Cr-51), and Tritium (3H) have been used.
10.4.1 BROMINE-82
Characteristics of this isotope are half-life decay: 35.9 hours, radiation type: gamma rays,
radiation energy: 0.70 MeV, specific activity: 2.9Ci/g, and MPC: 3.0µCi/l.
This isotope is very suitable for investigations of karst underground courses with a
network of cased-in boreholes in a radius of about 5 to 7km from the point of tracer
injection.
For construction of the Hutovo Reservoir in a very karstified and pervious part of
Popovo Polje, Bromine-82 was used to establish the underground position of the karst
system of lost Trebišnjica River channels. Bromine-82 was selected because its half-life
decay does not present any danger for contamination of downstream springs. The isotope
was directly injected into the watercourse through a few large ponors. The total activity
for each test was 300 to 350Ci. All boreholes were continuously observed with a probe
for measurement of gamma radiation. Prior to the injection of the isotope, the natural
radioactivity of each borehole was measured. Detection of the wave was very clear since
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at the moment of tracer passage, the intensity of gamma radiation increased 6 to 10 times
(Figure 10.5).
The results of these investigations are presented in Figures 10.6 and 5.58. Position and
depth of underground flows was clearly identified. In Figure 10.6 two underground flows
at different depths are marked, along the flow (upper cross-section) and perpendicular
(lower cross-section).

FIGURE 10.5 Radioactive diagrams
of boreholes H6 and HB3 at the instant
of wave passage, which contained the
radioactive isotopes Bromine-82 and
Chromium-51: (1) Radioactivity of
labeled water flow; (2) natural
radioactivity.
10.4.2 IODINE-131
The basic characteristics of the Iodine-131 isotope are half-time decay: 8.1 days,
radiation type: gamma rays, radiation energy: 0.36 MeV, specific activity: 10,000Ci/g,
and MPC: 0.02µCi/l.
The half-life decay of this isotope is very convenient for an investigation of slow
underground flows with a grid of cased-in boreholes. Due to the low energy of gamma
radiation, iodine-131 can be safely used in the field because it requires much less
protection than Br-82. Besides the direct measurements of radioactivity in the water flow
by the gamma radiation probe, it is also possible to obtain the total content of the
radioactive iodine in samples. This determination is performed by isotope exchange,
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which enables its detection in the concentration of 1:1×109Ci/l. Laboratory investigations
showed that dolomite adsorbs this isotope at a high percentage rate.
Iodine-131 was used to evaluate the leakage potential in the area of a designed
reservoir (Nevesinjsko Polje, eastern Herzegovina). The reservoir bottom is partially
covered with paleogenic sediments lying over very karstified limestone. When the iodine
was injected, its activity approached 2Ci. An isotope was injected by pouring it directly
into the underground inflow at the ponor entrance. The isotope wave was detected at the
depth 220 to 222m in one of the observed boreholes (Figure 10.7). For three hours the
labeled wave passed completely through the zone controlled by this borehole.

FIGURE 10.6 Position of
underground flows in the area of
Hutovo Reservoir: (A) Natural flood
level; (B, C) large ponors; (D) lower
underground flow; (E) piezometric
boreholes; (F) alluvial deposits; (G)
higher level of underground flow; (K)
cavern; (R) borehole sections where
groundwater flow was labeled with Br82 and Cr-51.
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10.4.3 CHROMIUM-51
The characteristics of Chromium-51 are half-life decay: 28 days, radiation type: gamma
rays, radiation energy: 0.32MeV, specific activity: 2.6Ci/g, and MPC: 20µCi/l.
It is evident that this isotope has favorable tracing characteristics. Its half-life decay is
sufficiently long to enable the performance of extensive hydrogeological experiments
under unfavorable hydrological conditions. For tests that may last more than two days,
Chromium-51 is a more appropriate isotope than Bromine-82, Iodine-131, and Tritium.
From the standpoint of radiological protection, this isotope has a great advantage because
of its low toxicity. The tracer type that is most suitable in the karst conditions is Sc (III)EDTA.

FIGURE 10.7 Change of radioactive
intensity when a water wave
containing the isotope I-131 passed
through the karstified zone located in
the borehole at the depth of 221m: (1)
Tracer radioactivity; (2) natural
radioactivity.
10.4.4 TRITIUM (3H)
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Characteristics of the Tritium (3H) isotope are half-life decay: 12.5 years, radiation type:
beta rays, radiation energy: 5.69KeV, specific activity: 0.5Ci/g·HTO, and MPC:
30.0µCi/l.
In the form of heavy water, this tracer represents an almost ideal tracer because of its
characteristics. It is suitable to work with and convenient for transport because its
maximum energy is 18KeV-a. With an average of 5.69KeV-a, it does not require any
special protection. From the aspect of radiological protection, the tritium quantity, which
can be used in tests, is 1000 times greater than the quantity of Iodine-131. However, the
drawback is the detection of this isotope in flowing water. It cannot be determined
directly during the tests, but requires special laboratory analysis.
Tritium tracers were used successfully in Greece for determination of the discharge of
an underground water course between Partheni Ponor and Binkovi Spring, a distance of
4000m with a water head of 360m and average velocity of 4.7cm/s. Application of a
tritium tracer was described by Burdon and Papakis [13].
10.5 POSTACTIVATED ISOTOPES
Postactivation is one of the possibilities of using the inorganic salts as a tracer. The
working principle consists of tracing the underground flow by the solution of inorganic
salt and then activating the collected samples in the nuclear reactor. Due to radioactivity
produced by the radiation in the reactor, the presence and concentration of a tracer in
samples are obtained. This procedure should always be used for tracing the flows to be
used for a potable water supply, because the contamination with these isotopes is
negligible. This characteristic enables the use of large quantities of isotopes.
This method can be used in simultaneous tracing at several water inflow points of a
karst system, using different salts. Salts of halogen elements are the most suitable for
karst investigations since their adsorption by the limestone and suspended material is
minimal. The most appropriate salts are those of bromine as KBr and NaBr compounds.
Chromium and zinc in an EDTA complex can also be used, but their stability in karst
waters is somewhat less than that of bromine. Potassium bichromate is the most suitable
compound of chromium, but it is quite toxic; therefore, it is not recommended for
investigations in populated areas.
10.6 SMOKE AND GASEOUS TRACERS
While a traditional tracer uses the underground watercourses and part of the aquifer as the
transport media, gaseous tracers are employed for the purpose of evaluation of the
porosity characteristics of the aeration zone above the aquifer.
Absolon performed an experiment with smoke a couple of years before the Second
World War in the Moravian karst in Czech Republic.
The basic principle of this method consists of injecting the smoke or other gases into
the system of karst voids located above the aquifer zone. With the addition of artificial
circulation and by means of the natural air circulation, the tracer is transported to the
remote parts of an interconnected system of karst voids.
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Air is about 1,000 times lighter than water, and thus the forced air current requires
about 30,000 times less energy than would be necessary for establishing the
corresponding water current.
Tracer diffusion in the air is 1000 times higher than in the water. Consequently, the
tracer dispersion through the cavities is higher than through water. Water and air circulate
through the karstified rock toward the points of minimum potential:
h=Z+P/γ=min
In the case of water circulation, the potential minimum is at the lowest elevations, while
in the case of air circulation it is at the points on the ground surface.
The gas tracer used must be lighter than air, easily detectable at the ground surface in
high dilution (radioactive or smelling gases), absorbed by water or water vapor in a
negligible quantity, and if possible, it should be visible (such as smoke in different
colors).
A smoke tracer was used as a successful investigation method for headrace tunnel tube
repairs (Figure 10.8). To identify the cave shape and its interconnections

FIGURE 10.8 Cavern investigation
using a smoke tracer: (1) Tunnel; (2)
collapse; (3) cave, origin as
consequence of collapse; (4) shaft cut
through the lining of the bottom arch;
(5) limestone; (6) cavern contour line
below the tunnel lining; (7) cavern
contour line above the tunnel tube; (8)
connection established by smoke
tracer.
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around the endangered tunnel tube, the army smoke cans were lowered into the cave
through a borehole. The smoke’s appearance from other boreholes showed that the
washing out process formed mutually connected empty space below, at side of, and
above the tunnel tube.
Smoke tracers have been used during investigations of the very karstified bottom of
Hutovo Reservoir (see Section 5.12.20). Two chemical compounds, which produce large
quantities of smoke, were used as tracers. The investigation included the aeration zone,
which was connected to the surface in natural way by ponors or artificially by
piezometric boreholes and large-diameter aeration tubes of (250 to 600mm).
Powerful fans located at the opening of the ponor and at the mouth of the aeration tube
were used in the experiment. The fan capacity of the aeration tube was about 0.24m3/s,
the pressure change being 152mm of water column. Three smoke cans were activated for
the experiment. After strong air ciculation was formed in the system of interconnected
channels within the aeration zone, the smoke mixture was activated. Observations were
made in boreholes, aeration tubes, and on the surrounding terranes. In 10 hours 8000m3
of air was injected underground. The smoke emerged the next day in the borehole about
120m away from injection point (Figure 10.9).
In the case of ponors, three strong fans, with a total capacity of 21m3/s (35KW) were
used. About 350,000m3 of air was injected underground. The emerging smoke was
observed at these points: The nearest point from a borehole was approximately 500m
from the ponor, and the furthest point from an aeration pipe was 1100m away. The
velocity of smoke current from the aeration pipe was 5.5m/s.

FIGURE 10.9 Hutovo reservoir:
Connections established using smoke
traeer. (1) Shotcrete blanket; (2)
headrace tunnel; (3) borehole; (4)
aeration tube; (5) connections
established by smoke; (6) ponor.
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11
Application of Geophysical Methods in Karst
Karst regions generally present unique water-related
problems.
—R.R.Dilamarter and S.C.Csallany

Large cavern at the grout curtain route,
Salman Farsi Dam, Iran
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11.1 INTRODUCTION
The first use of geophysical methods in karst dates back about 60 years. These methods
have been included as an integral part of complex hydrogeological and geotechnical
investigations for the past 40 years for the needs of electric energy development, for
water supply, and for various other engineering projects [1–9]. In parallel to this general
course of affirmation, geophysical methods’ adjustment to specific karst terranes has also
been improved. During this period much outstanding geophysical work related to
hydrogeological problems in Dinaric karst has been performed. The monograph
Geophysics in the Karst, written by Arandjelović in 1976 [4], has been handled in such a
way as to provide insight into the possible uses to which geophysical methods can be put
to solve diverse geological, hydrogeological, engineering geological, and geotechnical
problems in karst. However, no geophysical method has been developed yet for reliably
determining the spatial position of underground cavities and waterflows, especially in
cases when these karst forms occur at considerable depths but are of no considerable size.
The basic purpose of geophysical methods is investigation of those parts of karstified
carbonate rocks that cannot feasibly be observed directly. Exploration boreholes are
valuable and present a unique technique for evaluation of deeper portions of karst
terranes, but they provide information, which in many cases represents the area in the
vicinity of boreholes. Results of geological boreholes, separated only by several meters,
may be quite different, specifically when related to karst hydrogeological and engineering
geological characteristics. Geophysical methods enable the investigation of a particular
volume of rock mass, delineating zones containing discontinuities, which are always
important in karst investigations.
The base of applied geophysics consists of the solution of the so-called inverse
problem, namely that results of geophysical measurements always provide numerical
physical values. Only correct interpretation of these collected data enables their
transformation into geological characteristics. The most important physical
characteristics of carbonate rocks from the viewpoint of geological aspects of
investigation are electrical resistivity (specific electrical resistivity), electrochemical
activity, rock polarization, rock wave velocity, rock density, rock and water thermal field,
radar wave propagation, very low-frequency wave propagation, and radioactivity of
rocks.
11.2 GEOELECTRICAL METHODS
Geoelectric methods are most often used in karst. Their application is based on the
difference in electrical properties of the geological medium under investigation.
Depending upon these differences, the intensity and type (shape) of electromagnetic
fields change for manmade or natural fields.
For investigation of karst phenomena, one of the geoelectrical methods employed
regularly is the method of electrical resistivity. Electrical resistivity of karstified rocks,
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primarily limestone, changes within a wide range and depends upon many factors. This is
evident on the histogram of the distribution of electrical resistivity (Figure 11.1), which
was prepared by using data obtained in the electrical sounding in the karst region of
eastern Herzegovina Dinaric karst [10].

FIGURE 11.1 Histogram of
distribution of electrical resistivity.
(From Arandjelović, D., Geophysics in
the Karst, Vol. 17 (special ed.),
Geozavod, Geophysical Institute,
Beograd, 1976.)
For solving some special problems, the self-potential method and the charged body
method (mise à la masse) are also used.
The resistivity method is subdivided into two main groups: electrical sounding and
electrical mapping. Problems that are resolved with the resistivity method in karst
terranes include the investigation of permeability of dam sites and reservoirs and the
delineation of underground watershed zones; they usually involve:
• Differentiation between lithological members and determination of their characteristics
• Determination of intensive karstification depths of carbonate sediments, that is, the base
of karstification
• Location of zones disturbed by tectonic and karst processes that may contain caves and
conduits with active underground karst flows
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Electrical sounding is used to measure changes of electric resistivity as a function of
depth beneath a designated point on the surface of the terrane. Commonly encountered
cross-sections of karst rock mass are characterized by four media of

FIGURE 11.2 Geological column in
karst with schematic theoretical
diagram of electrical sounding (a), and
diagrams of electrical sounding (b)
beside two boreholes in the karst of
eastern Herzegovina. (From
Arandjelović, D., Application of
Geophysical Methods in Some
Problems of Engineering Geology,
Vol. 13, Institut des Rescerches
Geologiques et Geophysiques,
Beograd, 1962.)
different resistivity and a “four-layer” curve. In Figure 11.2(a), the geological column of
karstified limestone with the corresponding theoretical curve of electric sounding is
shown; Figure 11.2(b) shows the results of an electrical sounding beside two boreholes in
eastern Herzegovina [11]:
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• The first medium, of a small depth (H1), is composed of intensively karstified and
heavily disintegrated limestone with limited overburden (predominantly terra-rosa),
and electrical resistivity ρ1.
• The second medium, of thickness H2 and resistivity ρ2, is composed of an intensively
karstified limestone above the aquifer zone.
• The third medium, of thickness H3, is positioned below the underground water table and
is less karstified than the first and second mediums, with the electrical resistivity ρ3.
• The fourth medium, of thickness H4, is characterized by nonkarstified and massive
limestone, with the electrical resistivity ρ4.

FIGURE 11.3 Electrical sounding
curves with geological interpretation in
the karst area of the Trebišnjica
Reservoir. (1) Electric sounding; (2)
heavily karstified limestone; (3)
moderately karstified limestone. (From
Arandjelović, D., Geophysics in the
Karst, Vol. 17 (special ed.), Geozavod,
Geophysical Institute, Beograd, 1976.)
It is evident from the general scheme that electrical resistivity for karstified rocks above
the underground water table, (4) in Figure 11.2, is greater than the resistivity of karstified
limestone saturated with water and smaller or equal to the electrical resistivity of
nonkarstified limestones.
In order to solve the complex watertightness problem in the Oymapinar area,
geoelectrical soundings of 400km were made.
Electrical mapping is used to investigate characteristics of a rock mass down to given
depths within the region under investigation. Ogilvy [2] reported a successful application
of this method in identifying the permeable zones, with potential water loss from a
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reservoir in the karst terrane of the upper Ufa River in Russia. He concluded that zones
with lower apparent resistivity coincide with zones of intensive surface karstification
The two described methods may be jointly used. For investigating the permeability
and other hydrogeological characteristics of the Bileća Reservoir in Herzegovina,
electrical sounding and mapping were used. The total area covered by this investigation
was 120km2, with 160km of cross-sections mapped and 600 sounding points used.
Electrical sounding plots indicated the existence of an area with relatively high
electrical resistivity. It was identified as a zone of nonkarstified limestone and dolomite
(Figure 11.3). This identification was confirmed by other investigation

FIGURE 11.4 Contour map for the
base of karstification: (1)
Impoundment limits by the reservoir at
elevation 400m; (2) contours for the
base of karstification in meters; (3)
most probable directions of water
leakage from the reservoir. (From
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Arandjelović, D., A possible way of
tracing groundwater flows in karst,
reprinted from Geophys. Prospect.,
XVII (No. 4), 404, 1969.)
methods: drilling, permeability tests, and electrical logging. Cross-sections obtained by
interpretation of measurement results were used to prepare a map with contours of the
base of karstification [10,11] (see Figure 6.11).
Analysis of the map (Figure 11.4) found that the permeability of the reservoir’s west
abutment was satisfactory because it was blocked by a zone of a relatively high elevation
of the base of karstification, which was higher than the established maximum
impoundment elevation. In the south and southwest portion of the map, the zones with
the base of karstification lower than the impoundment elevation

FIGURE 11.5 Contour map of equal
resistivity, for AB=550m: (1)
Equiresistivity contours; (2) limits of
the reservoir impoundment for the
elevation of 400m. (From
Arandjelović, D., A possible way of
tracing groundwater flows in karst,
reprinted from Geophys. Prospect.,
XVII (No. 4), 404, 1969.)
were identified; therefore, it was assumed that eventual water loss from the reservoir
might occur through these zones. Electrical mapping for this area was performed with a
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Schlumberger electrode array: AB=550m, MN=50m, and the measuring step 1=50m.
Results are shown as a map of apparent resistivity in Figure 11.5.
The zones of the lowest apparent resistivity on this map were interpreted geologically
as the zones with the most extensive tectonically damaged and karstified carbonate
sediments.
Circular electrical sounding (sounding from a point in a number of azimuths) can be
used to determine the apparent rock resistivity in various directions. Directions of
intensive tectonics or karstification always show lower electrical resistivities than the
solid rock. Results of these investigations are presented in the form of a

FIGURE 11.6 Circular electrical
sounding graph in four different
azimuth directions at one point in the
Dinaric karst: (C, D) General
directions of karstification. (From
Arandjelović, D., A possible way of
tracing groundwater flows in karst,
reprinted from Geophys. Prospect.,
XVII (No. 4), 404, 1969.)
graph, which is actually a family of elliptical curves, with the longer axis direction
coinciding with the most intensive karstification or fracturing (Figure 11.6).
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The charged body (mise à la masse) method can be appropriate to determine the route
of active karst conduits (concentrated groundwater flows) away from a ponor
(swallowhole) or in the hinterland of springs. This method was successfully applied in the
case of Spring Oko base flow identification (Figure 11.7). Spring Oko (see Chapter 3)
underground flow was charged by installing one electrode directly into the spring water
and another at “infinity,” that is, at a sufficiently great distance to obtain negligible
influence in the sphere of measurement (around the first

FIGURE 11.7 Results obtained by
applying the mise à la masse method in
detecting the karst conduit of Spring
Oko: (1) Spring Oko; (2) position of
underground flow; (3) profile of
gradient potential measurements; (4)
gradient potential; (5) River
Trebišnjica. (From Arandjelović, D.,
Geophysics in the Karst, Vol. 17
(special ed.), Geozavod, Geophysical
Institute, Beograd, 1976.)
electrode). Measurements of potential gradients along six parallel profiles, perpendicular
to the supposed underground flow, were carried out. The position of underground flow is
indicated on the base of extreme points of potential gradient.
For shallow underground channels, the best results can be obtained by the mise a la
masse method by taking measurements at different times and by pouring electrolyte
(NaCl) into the underground flow. An example is presented in Figure 11.8 [12]). To
determine the position of leakage pathways in the left bank of Gorica Reservoir,
systematic electrical investigation around the swallowhole area was executed. The
investigations were aimed at defining the direction and depth of leakage conduits to be
grouted and losses from the storage reservoir to be prevented. The dashed lines represent
the values of the induced potential prior to electrolyte adding, and the full lines represent
the equipotential lines of the induced potential plotted on the basis of measurements
made 12 hours after intensive salination of the sinking water took place.

Application of geophysical methods in Karst

287

As is evident from Figure 11.8, several anomaly zones could be distinguished by the
presence of underground flows at a shallow depth (down to 50m). These measurements
repeated several times at different time intervals gave matching values.
11.3 GEOPHYSICAL LOGGING OF BOREHOLES
Geophysical logging of boreholes includes investigation of physical characteristics of the
rock (or its parameters along the borehole wall). Analysis of geophysical logs can provide
data useful for many different groundwater and geotechnical projects

FIGURE 11.8 Determination of
groundwater flow direction by
applying the mise à la masse method:
(1) Gorica Dam; (2) Trebišnjica River;
(3) swallowhole; (4) direction of
leakage pathways; (5) equipotential
lines before electrolyte injection; (6)
equipotential lines after electrolyte
injection. (From Arandjelović, D.,
Geophysical monitoring in the
hydrogeological investigation of the
karst, 48th Meeting of EAEG,
Ostende, Belgium, 1986.)
such as well construction design, underground flow detection, dam site investigations,
grout curtain maintenance, and monitoring of reservoir leakage.
More than 15 kinds of geophysical logs are available for borehole investigations, but
in karst the best results are obtained using the following methods: caliper, gamma,
gamma-gamma, neutron, temperature, flow meter, televiewer, radar, and resistivity
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logging. It has been confirmed that selected logging techniques should be an integral part
of drilling core logging. Including the results of geophysical logging data, the geological
core logs (Figure 11.9) are modified and as such assumed to be a more realistic
representation of the actual field conditions. The best results are obtained by comparing
different logging methods applied in the same hole (Figure 11.10).
Radioactive logs (gamma, gamma-gamma, and neutron) have a considerable
advantage over most other logging methods because they may be made in either cased or
open, liquid or air-filled holes.

FIGURE 11.9 Core log adjusted by
results of gamma-gamma logging: (1)
Dolomite with interbedded limestone;
(2) tectonic breccia; (3) crushed
limestone; (4) cavern filled with
clayey-sandy materials; (5) cavern
filled with clay; (6) empty cavern.

Application of geophysical methods in Karst

289

Gamma (natural) logging can be successfully used to determine shale or clay content, that
is, to determine faults, mylonite zones, and cavities filled with clayey deposits. The
natural gamma activity of clay-bearing sediments is much higher than that of limestone
or dolomite.
The main uses of gamma-gamma logs are locating cavities and measurement of bulk
density and porosity of rock. Gamma-gamma logging may be used to control grouting
quality by comparing logging results made prior to grouting with the postgrouting log.
Neutron logs can be used for the measurement of total rock porosity below the water
table. Also, this logging method can be used to distinguish gypsum and anhydrite, which
are very inconvenient rocks for dam foundation and grouting

FIGURE 11.10 The relationship of
eight different geophysical logs to
karstified rock: (1) Surface layer; (2)
poorly fractured limestone; (3)
compact sandy limestone; (4) shaley
limestone; (5) cavern; (SP)
spontaneous potential log; (G) natural
gamma log; (LN) resistance log using
long probe; (SN) resistance log using
short probe; (GG) gamma-gamma log;
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(D) caliper; (NN) neutron-neutron log;
(T) temperature log. (From Stevanović,
Z., Dragišić, V., and Špadijer, S.,
Application of Geophysical Logging in
Hydrogeological Investigations:
Eastern Kučaj, in 13th Yugoslav
Geological Congress, Vol. 5,
Hercegnovi, Yugoslavia, 1998.)
procedures. Gypsum and anhydrite both emit very low-intensity natural-gamma radiation,
but anhydrite gives a high neutron count rate, and gypsum gives a low neutron count rate
[6].
11.4 GEOTHERMAL EFFECTS AS A CONSEQUENCE OF
WATER CIRCULATION THROUGH THE KARST CONDUITS
In low-transmissivity rocks, where water percolates slowly through the thin fissures, the
water temperature is always in thermal equilibrium with the rock temperature, that is, the
temperature field is stationary. However, in a karst aquifer including active conduits, the
thermal field is more or less disturbed. A very distinct temperature difference between the
rock and water in the karst aquifer is a basis to apply a geothermal method for karstconduit detection.
In principle, the terrestrial heat flow density (q) is obtained by taking the product of
the thermal conductivity (λ) and the temperature gradient (∂T/∂z) so that
q=λ ∂T/∂z(mW/m2)
with depth (z) increasing downward (q>0).
Generally, the boreholes display a distinct and continuous thermal gradient variable
with depth. However, the rock mass around a karst channel forms a low-temperature
anomaly. As a consequence of such an anomaly, an inverse thermal gradient exists in the
upper portion of the karst aquifer (q<0). The inverse temperature gradient, measured in
piezometric boreholes, indicates an active karst conduit. A normal thermal gradient
(increasing of temperature with the depth) is reestablished in the borehole sections below
the conduit zone.
In the solid Mesozoic limestone of southern France, mean thermal gradients vary in
the range of 1.2 to 2.5×10−2°Cm−1 [14]. In some karst aquifers close to gas and oilfields
(Zagros karst, Iran) the thermal gradient is more than 3×10−2°Cm−1.
The influence of the seasonal climate cycle in karstified limestone can reach a depth of
approximately 25m.
The process of rock-mass cooling can be conductive or convective. Cooling by
conductive process is very slow due to thermal diffusivity of carbonate rock (which is
about α=10−6m2/s) and thermal conductivity (which is about λ=2.8W/m2K). Cooling by
the convective process is much more effective than conductive transfer of heat.
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Thermal conductivity in carbonate formations is 5 times greater, and diffusivity is 15
times higher than water flowing through the karst conduit. The thermal conductivity of
the Triassic limestone in the Dinaric karst varies in the range of 2.75±0.25W/m2K. For
Eocene flysch, it varies 1.54±0.08W/m2K [15]. Values of heating or cooling of the rocks
depend on:
• Heating source magnitude (quantity of groundwater flow), Q
• Thermal conductivity of the rock, λ
• Distance between the source of heating or cooling and the point of measurements
• Thermometric conductivity (diffusivity) constant:

χ=λ/γ·c(γ, rock density; c, specific heat [J/kg K])
• Time (how long the rock was under influence of groundwater flow), t
The magnitude of the anomaly decreases reciprocally by the square of distance.
Compared with rock volume, the source of cooling or heating (karst conduit flow) is
very small. Therefore, the measurement point should be close to the source or
measurement equipment should be very sensitive.
The fast groundwater seasonal inflows through the open karst conduits provoke
modification of the thermal field strictly in the conduit section. This modification creates
a local and temporal thermal anomaly (Figure 11.11). The general thermal gradients are
stable in time on either side of the thermal deviation [16].
According Ravnik and Rajver [17], the three basic types of geotherms can be
qualitatively distinguished according to the sign of their temperature gradients:
• Normal type, δT/δz>0°
• Inverse type, ∂T/∂z<0°
• Adiabatic type, δT/δz=0°
All three types of geotherms are diagnostic for certain structures and for special
hydrothermal and hydrogeological cases.
On the basis of research results of ground temperature field and gradients in the
several karst areas in China, Chengjie [18] distinguished five types of temperature logs
(Figure 11.12):
1. Straight line: Very common in cold water geothermal fields, conformable to general
positive gradient
2. Parabola curve: Upper section conformable to positive gradient, encountering hot
water at lower part; temperature high and stable
3. Logarithmic curve: Upper section conformable to positive gradient, encountering hot
water at the lower part; temperature increases rapidly
4. Positive abnormal: A conduit; the temperature of recharging water is high
5. Negative abnormal: A conduit; the temperature of recharging water is low
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11.4.1 INVESTIGATION PROCEDURE
The following investigation procedure is suggested:
• For thermal measurements along a borehole, instruments with minimum accuracy
±0.1°C and resolution ±0.01°C should be used.
• Distance between boreholes should be <50m.
• To prevent convective movement along the borehole, a diameter of <116mm is
suggested.
• Deep boreholes can be cased.
• Thermal measurements can be started 2 months after drilling of the last borehole is
finished. That time is suggested for the surrounding thermal field stabilization.
• For the thermal stabilization, the measurement time at one point is 6 to 8 minutes.
• Duration of measurements should be short. Every rainfall in the close catchment area
can disturb the aquifer thermal field.
• Thermal probes should be calibrated before and after measurements.
• The multiple sensor borehole thermometers can obtain the best results, with thermal
sensors along the multiconductor cable every 10m. In that case characteristics of all
sensors must be equal. The measuring instrument should be on the surface.

FIGURE 11.11 Thermal profiles
modified for seasonal discharge: (A)
Measurements of temporary natural
flow velocities in borehole, between
two karst channels at high water. This
downward flow provokes the
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modification in the thermal profiles.
(B) Thermal profiles modified by
groundwater recharge. (1) Low water;
(2) inter recharges: cold water
infiltration; (3) summer recharge:
infiltration by warmer water. (From
Drogue, C., Geothermal gradients and
groundwater circulation in fissured and
karstic rocks, J. Geodyn., 4, 1985.)

FIGURE 11.12 Geothermal curves.
(From Chengjie, Z., A study of
geothermal field and karstic leakage in
karstic area, in Proceedings of the IAH
21st Congress, Geological Publishing
House, Beijing, China, 1988.)
11.4.2 OMBLA SPRING: THERMAL MEASUREMENTS FOR
UNDERGROUND FLOW DETERMINATION
An example of temperature measurements in the area of Ombla Spring apparently shows
a useful application of the thermal methods for karst conduit investigations. Numerous
piezometric boreholes have been drilled along the exploratory adit behind the large spring
zone and perpendicular to its assumed direction. Thermal measurements were performed
every 5m along the boreholes [15]. All the thermographs showed an inverse temperature
gradient, that is, a negative thermal anomaly. This indicates cooling of the rock in
response to the karst flow.
The rock formations in the vicinity of karst flows have thermal diffusivities and
respond only slowly to temperature variations of the water in channels. Consequently, the
original water temperature hardly changes due to the high specific-heat capacity and
mobility of the water and the low thermal conductivity of the rocks surrounding the
channels [17]. The distribution of the temperature field depends on the geometry and
thermal properties of rock masses and other components of Ombla Spring area. With
increasing distance from the channel and flowing water (cooling source), the rock
temperature slowly rises.

Water resources engineering in Karst

294

The shape of isotherms and analysis of the thermal field (Figure 11.13) [19] indicate
two very clear thermal anomalies. Both anomalies show the position of the karstic
conduits occurring about 65 and 150m below sea level, respectively. Thermographs
changed by the karst conduit flow [20] clearly indicated the position of groundwater flow
to be very close to borehole P-5 at a depth of 65 to 70m, P-M1 at a depth of 50m, and P130 at a depth of 130 to 140m (Figure 11.14).
Repeated measurements in all boreholes supported the assertion that the surrounding
thermal field did not change with time. Also, these data indicate very low porosity out of
the anomaly. Deep in the cave (karst channel explored by a speleologist) the water
temperature was 12.36°C, while in the spring outlet it was 12.40°C.
11.4.3 TEMPERATURE MEASUREMENTS FOR
DETERMINATION OF WATER LOSSES FROM BUŠKO BLATO
RESERVOIR
Sinking of water with a different temperature than the temperature of the ground-water
can be used to identify an underground flow and its location if there is an

FIGURE 11.13 Thermal field along
the Ombla underground dam axis: (1)
Boreholes drilled from the surface; (2)
karst channels and caverns; (3) level of
the underground storage; (4)
exploratory gallery; (5) isotherm
(T°C); (6) boreholes drilled from
gallery; (E3) Eocene flysch; (T3)
Triassic dolomite; (J, K) karstified
limestone.
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FIGURE 11.14 Thermograms along
the boreholes P-5 and P-130, near the
karst channel. (From Ravnik, D. and
Rajver, D., Thermometric
Investigations for Underground Dam
Ombla: Dubrovnik (Phase I and Phase
II), Report, Geological Survey,
Ljubljana, Slovenia, 1989.
Unpublished.)

FIGURE 11.15 An example of
thermal measurements for leakage
control from a reservoir: (1) Borehole;
(2) Quaternary clayey-sandy deposits;
(3) Cretaceous very karstified
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limestone; (4) grout curtain; (5)
reservoir level in winter; (6) reservoir
level in summer; (7) filtration zone
during winter; (8) filtration zone
during winter and summer; (w) winter
measurements; (s) summer
measurements. (From Borić, M., The
use of groundwater temperature
changes in locating storage leakages in
karst areas, in 6th Yugoslav
Symposium, Hydrogeology and
Engineering Geology, Portorož,
Yugoslavia, 1980.)
existing system of boreholes in the area. Borić [20] concluded from 4 years of
experiments that there was definitely a thermal effect of lost water from the Buško Blato
Reservoir (Bosnia and Herzegovina) on the underground water in the perimeter region of
the reservoir. This method was based on the assumption that considerable seasonal
reservoir water-temperature variations, from 4 to 22°C, can produce a change in a
relatively constant temperature (9°C) of underground water.
Very extensive thermal effects may be established in the zone of underground flow
located about 100m from the point of water sinking. During the summer season when
water temperature in the reservoir was 16 to 18°C, one flow zone with temperature
between 12 and 16°C was determined in boreholes. Outside of this flow zone the
temperature was constant, at 9.5°C. After grout curtain execution, thermal measurements
indicated filtration through the same grouted sections (Figure 11.15).
During the winter period when water temperature in the reservoir dropped to 4 to 5°C,
the temperature within the flow zone was between 5 and 7°C. Outside of this zone, at
greater depths, the water had a constant temperature of 8.5°C. The temperature logs
clearly show an almost horizontal, or low down-gradient, dispersion of warmer water
(summer) through the grouted section, thus permitting the identification of a pervious
window in the existing curtain. In winter the recorded anomaly at the same section is a
consequence of cold-water seepage. Favorable conditions for this method are periods of
low water level in the reservoir when the temperature difference of the reservoir water
along the water column is at a minimum.
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FIGURE 11.16 Thermal log of
borehole 43. (From Chengjie, Z., A
study of geothermal field and karstic
leakage in karstic area, in Proceedings
of the IAH 21st Congress, Geological
Publishing House, Beijing, China,
1988.)
11.4.4 MAOTIAOHE 4TH DAM: GEOTHERMAL
MEASUREMENTS
The Maotiaohe Reservoir was created in 1970 by constructing a double arch dam, located
on the Maotiaohe River, China. The dam is founded on thick, massive Lower Permian
limestone and Middle-Upper Cambrian dolomite. The geological structure is very
complex, and karst is well developed. The deepest karst features are 250m beneath the
riverbed level [18]. The river-valley rock masses at the dam site are very porous, and
great amounts of water percolate underground.
During the investigation campaign many deep holes were drilled. Comprehensive
research included very detailed geothermal measurements. The inverse thermal gradient
in borehole 43 (left abutment) indicated a large and active karst channel at a depth of 75
to 79m below the storage level. According to Chengjie [18], the log diagram shows a
“negative abnormal gradient” (Figure 11.16). At this depth, the temperature gradient in
the borehole abruptly dropped from 3.4 to 5.6°C/10 m. Based on systematic temperature
logging in 20 boreholes (during flood season), isothermal lines were determined (Figure
11.17). The isoline depressions indicated the zones of dispersed leakage, whereas the
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summits indicated locations of concentrated leakage flows, that is, the presence of karst
channels.
Based on thermal measurements, the grout curtain parameters were established.
Different grouting techniques were applied in the isoline depression zones (conventional
grouting) and in the summits (karst channel plugging technology).
A successful application of thermal measurements, at the Ataturk Dam site, is
presented in Section 5.12.33. Also, the groundwater isotherms in plans and crosssections
complement the piezometric evaluation and help in the interpretation of the Višegrad
Dam groundwater flow regime.

FIGURE 11.17 Maotiaohe dam site,
isothermal lines. (From Chengjie, Z.,
A study of geothermal field and karstic
leakage in karstic area, in Proceedings
of the IAH 21st Congress, Geological
Publishing House, Beijing, China,
1988.)
11.5 BOREHOLE RADAR METHOD
11.5.1 BOREHOLE RADAR TECHNIQUE
The borehole radar technique uses electromagnetic waves concentrated in a short pulse (2
to 10m) to obtain information about fracturing and karst porosity (caves and channels,
empty or filled with water or clay). Radar wave propagation is sensitive to the electric
properties of the rock.
The Swedish ABEM borehole radar system RAMAC works, principally, in the
following manner:
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• For single-hole measurements, the transmitter and receiver are located in the same
borehole. The transmitter-receiver array is moved along the bore-hole and
measurements are made at fixed intervals (Figure 11.18). The distance between the
transmitter and the receiver is constant. The result is displayed in the form of a
diagram in which the position of the probes is shown along one axis and the
propagation distance along the other.
• In a cross-hole measurement the transmitter and receiver are placed in different
boreholes. Moving one antenna stepwise, one carries out the measurements and takes
measurements at every stop until the bottom of the borehole is reached. The other
antenna is then moved one step further, and the first antenna is moved up the hole,
taking measurements again at every stop.
The main technical characteristics of the RAMAC/GPR borehole radar system are:
• Antenna frequency: 100 and 250MHz (fully digital antennas)
• Maximum depth of borehole (optical fiber length): 1000m
• Maximum operating pressure: 100 bar
• Outer diameter of transmitter/receiver: 48mm

FIGURE 11.18 The principle of the
borehole reflection radar and the
characteristic patterns generated by
plane and point reflectors: (1)
Borehole; (2) point reflector (cavity);
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(3) fracture, fractured zone; (4) direct
wave; (5) radar rays; (6) reflection
from point (cavity); (7) reflection from
planar surface; (8) travel time
(distance) from borehole. (From Niva,
B., Results from Borehole Radar Tests
in Ombla Tunnel, unpublished report,
ABEM AB Borehole Geophysics,
Mala, Sweden, 1990.)
11.5.2 OMBLA SPRING RADAR INVESTIGATIONS
The results of measurements performed in the tunnel behind the Ombla Spring (Croatia)
are presented in Figure 11.19. Four boreholes were measured including a total of 663m
surveyed borehole length [21].
There are two main types of reflections in radar images: Linear ones can normally be
caused by fractures in carbonate rock mass. Pointlike or three-dimensional features such
as cavities are displayed as hyperbolic reflections. This will also be the case for a
horizontally lying channel filled with water. From a dipping channel, the reflection point
changes depending on the dip and strike angle. Therefore, this will cause a complicated
reflection pattern.
The radial detection range of RAMAC/GPR is between 15 and 20m. The main
problem was to detect the azimuth of reflection.
11.6 ELECTROMAGNETIC VLF METHOD
The VLF (very low frequency) method has become very successful in detecting cavities
and underground flows. A VLF electromagnetic field makes it easy to penetrate deep into
karstified rock mass. The frequency range is from 15 to 30kHz. A number of military or
navigational transmitters radiate VLF fields, inducing secondary VLF fields in
underground structures with a good electric conductivity. The presence of water in karst
conduits improves electrical conductivity.
The interpretation technique is based on discrete linear filtering of VLF data [22].
Filtering the same data for various depths would give an idea about the change of current
density with depth. Areas with high current density correspond to good conductors. The
conductor dip can also be determined.
Various VLF instruments (which respond to different parameters of the total field) are
used in geophysical practice: U.S. Geonics EM-16, Russian SDVR-3 and Swedish
WADI. In the past few years this method has frequently been used to define near-surface
morpho-structural karst phenomenon and groundwater prospecting in the fractured and
karstified zones [23–25].
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FIGURE 11.19 Radar image of
borehole P-130. (From Niva, B.,
Results from Borehole Radar Tests in
Ombla Tunnel, unpublished report,
ABEM AB Borehole Geophysics,
Mala, Sweden, 1990.)

FIGURE 11.20 An example of VLF
measurements at Opaćica Spring: (1)
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Real component; (2) imaginary
component. (From Glavatović, B. and
Dubljević, V., Some examples of
electromagnetic VLF method
application on the karst of
Montenegro, in Geophysical
Symposium, Proceedings, Beograd,
Yugoslavia, 1996.)
The WLF (WADI) instrument incorporates two antennas, one horizontally and one
vertically oriented. When measuring, it records the ratio (expressed as a percentage) of
the strength of the vertical field component in relation to the strength of the horizontal
field component. Since the primary field emitted from transmitters is horizontal, it is
evident that a normal reading in the vertical antenna, in areas with no anomalies, will be
zero [23]. WADI and other VLF instruments are portable and easy to operate.
Theoretically, the maximum investigation depth may reach 250m, but practically the
investigation depth in karstified rock mass, using a VLF method, can be about 60m [25].
This method provided very satisfactory results in the case of Opaćica Spring karst
channel detection (see Section 3.2.11).
Electromagnetic VLF investigations were applied along the profiles perpendicular to
the estimated direction of the karst channels, that is, the direction of underground flows.
In Figure 11.20, results of measurements are presented as follows:
1. Data of imaginary and real components
2. Results of processing of discrete linear filtration for the depth of 30m

FIGURE 11.21 Anomaly shape at
vertical 2-D cross-section: (B-1)
Unproductive well; (W-1)
investigation borehole, located on the
base of VLF measurements; (W-2)

Application of geophysical methods in Karst

303

abstraction well. (From Glavatović, B.
and Dubljević, V., Some examples of
electromagnetic VLF method
application on the karst of
Montenegro, in Geophysical
Symposium, Proceedings, Beograd,
Yugoslavia, 1996.)

FIGURE 11.22 Shape of VLF field:
Equivalent current density at 12m of
depth, along three profiles above the
known karst channel. (From
Glavatović, B. and Dubljević, V.,
Some examples of electromagnetic
VLF method application on the karst
of Montenegro, in Geophysical
Symposium, Proceedings, Beograd,
Yugoslavia, 1996.)
Figure 11.21 shows the results of the interpretation of equivalent electric currents in the
form of a two-dimensional cross-section for a 40-m depth. Based on the above analysis,
the location of the borehole W-1 was selected. The karst channels filled with water were
discovered at three different elevations (see Section 3.2.11). Electromagnetic (VLF)
profiling above the empty karst channel (frequency of 20.2kHz) is presented in Figure
11.22. The profile direction is perpendicular to the karst channel.
Bozzo et al. [24] present a very instructive example of an integrated analysis of
geophysical methods, including VLF. The aim of the investigations was to define
morpho-structural characteristics of the surface karst structures—dolines (sinkholes)—in
the karst area of the Turbigle Basin, Liguria, Italy. The dolines are developed in the
Middle Triassic limestone formations (Figure 11.23). The map of the VLF data
interpretation (Figure 11.24) shows the shape (contour lines) of the
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FIGURE 11.23 Turbigle Basin site:
Schematic plan of the investigated area
and position of the survey lines. (1)
Cave; (2) ponor; (3) contour line; (4)
VLF and magnetic measurements; (5)
electrical measurements; (6) refraction
seismic measurements. (From Bozzo,
E., Lombardo, S., and Merlanti, F.,
Geophysical studies applied to nearsurface karst structures: The Dolines,
Ann. Geofis., XXXIX (No. 1), 1996.)
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FIGURE 11.24 Turbigle Basin site.
Map of the VLF (%) in phase
component. (From Bozzo, E.,
Lombardo, S., and Merlanti, F.,
Geophysical studies applied to nearsurface karst structures: The Dolines,
Ann. Geofis., XXXIX (No. 1), 1996.)
doline. The conductivity contrast is due to the thickness and conductivity variation of the
infield deposits.
11.7 GEO-BOMB METHOD
The idea for this method [25] is based on the hypothesis that through karst channels with
flow capacities of several cubic meters per second, an activated spherical geobomb of
specific gravity approximately equal to 1g/cm3 (as water) can travel long distances. The
geo-bomb should contain enough explosive to produce a seismic wave easily detectable
on the ground of the terrain.
The geo-bomb is encased in heavy plastic material able to withstand rock shocks and
pressures along its journey through karst channels. To contain enough plastic explosive,
the battery, detonator, and activating time mechanism should have a diameter of about
10cm. The precise detonation device should not deviate more than 1 to 2 seconds from
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the setup time within a 2-hour period even though it is subject to vibration at all times
and to the shakes that cannot be avoided as the bomb travels through karst channels.
A set of geophones is used on the surface of the terrain for detection of the explosive
detonation. Geophones are set up in two perpendicular directions and connected to a
standard seismometer (seismograph). Activation time for each geobomb is different. By
locating the explosion, position of the active karst channel (at one point) is detected.
Two generations of geo-bombs were tested. Between 1970 and 1974, many
construction problems related to the geo-bomb itself as well as some problems associated
with its lowering into the inundated ponors were resolved. The first-generation geo-bomb
had a diameter of about 15cm and a conventional clock mechanism. The secondgeneration geo-bomb has a diameter of about 10cm and an electronic clock mechanism
(Figure 11.25). The calculation of the hypocenter (location of explosion) can be
analytical or graphical. A simplified graphical calculation is presented in Figure 11.26.
Experiments performed thus far proved that this method can be successfully used in
karst investigations. A successful experiment was organized by launching a few geobombs into the ponor Pasmica in Fatničko Polje (Herzegovina). The maximum
swallowing capacity of the ponor was 25m3/s. The results of this experiment were
confirmed several years later during the excavation of the intake structure for the tunnel
Fatničko Polje-Bileća Reservoir. The karst channel was located at the location of the last
geo-bomb explosion.
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Glossary
aeration pipe Large diameter pipe, built through the alluvial cover, down to the ponor
system in paleorelief, for evacuation of the confined air from the aeration zone.
autopurification Degradation of organic materials and elimination of bacteria by
underground filtration and contact with the rock matrix.
bathtub grouting Forming impervious boundaries by a combination of vertical, inclined,
and subhorizontal grouting screens.
base of karstification Transition zone below which there is no karstification.
cave Natural opening formed in the soluble rocks below the surface of the ground, large
enough for human entry.
cavern Underground opening in soluble rock, similar to a cave. Sometimes used for manmade chamber underground.
cavernous A rock texture in which the soluble rock contains openings of a generally
small size.
cave system An underground network of passages, chambers, or other cavities.
chimney Nearly circular shaft rising upward from the ceiling of a cave, tunnel, or
grouting gallery.
collapse See subsidence.
consolidation grouting Strengthening an area of rock mass by injecting grout mass.
corrosion See solution.
cut-off Impervious construction by means of which water is prevented from passing
through the pervious rock in the dam foundation or reservoir bank.
cut-off wall A wall of impervious material (e.g., concrete, asphaltic concrete, steel
piling) built into the foundation to reduce seepage under the dam or through the
reservoir bank.
diaphragm wall Thin cut-off wall made of impervious material.
doline (sinkhole) Closed, ellipsoidal or round, flat-bottomed or funnel-shaped depression
that may be several hundred meters wide and a few hundred meters deep.
dry valley A valley without a stream, due to downward migration of a stream into the
underground. The valley bottom is usually irregular and pitted with dolines, dry
ponors, etc.
estavelle Opening in karstic terrain that acts as a discharging spring during high
groundwater table and as a ponor when the groundwater table sinks.
funnel See chimney.
groundwater level Water level measured in a piezometric borehole.
grout curtain A vertical or inclined zone in rock mass, usually thin, into which grout is
injected to reduce seepage.
grouting gallery A concrete gallery constructed on the foundation level, excavated
below the dam foundation or in the abutments for drilling and grout-mix injection.
half-life decay The time required for one half of the radioactive atoms to decay.
headrace tunnel A free-flowing tunnel or open channel that conveys water to the upper
end of the penstock.
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holokarst Well-developed karst with no surface run-off or streams. Extensive subsurface karst features and surface topography, from karrens to poljes, are developed.
hydraulic conductivity The volume of water at the existing kinematic viscosity that will
move in a porous medium in unit time under a unit hydraulic gradient through a unit
area.
hydraulic fracturing Creating new fractures or enlargement of existing fractures when
pressure of water or grout mix in the borehole section exceeds the critical pressure.
inject To force a suspension or fluid by pumping into joints or caverns.
intermittent spring Spring with variation in discharge, so that it is seasonally dry. Also a
temporary spring or periodical spring.
inverted filter Layered filter zone with reverse succession in the sense of flow.
karst This term unites specific morphological, hydrological, and hydrogeological
features and porosity caused by a combination of limestones, dolomites, gypsum,
halite, conglomerate, and other soluble rocks. Those features include karrens, caves,
dolines, ponors, sinkholes, caverns, lost rivers, estavelles, submarine springs, and
underground watersheds.
karstification Multitude of geological processes that destroy soluble rocks, thus forming
unique morphological features and specific types of porosity and a specific
hydrogeological environment.
karren Channels or furrows on limestone surface formed by corrosion.
karst polje See polje.
karst shaft A vertical or steep-sided karst channel formed by solution or erosion of
vertical or subvertical joints.
Lugeon unit Water permeability unit defined as a quantity of water received by rock
mass per 1m of borehole length at a pressure of 10 bar, in 1min.
packer Rubber seal used to isolate a section of a borehole in order to perform a water
permeability test or to prevent injected grout from an isolated section percolating in
the hole.
piping A process whereby a cavity or small conduit is developed in an unconsolidated
soil due to progressive sediment removal by seepage water.
polje Flat-bottomed land of closed basins, covered with arable land. Complex
hydrogeological characteristics include intermittent springs, ponors, estavelles, lost
rivers, and temporary floods.
ponor Hole or opening where a surface river, stream, lake, or reservoir water flows either
partially or completely underground into the karst ground-water system.
positive cut-off Cut-off ending in an impervious geological unit.
retardation capacity See storage capacity.
section Length of borehole being individually grouted (common length is 5m).
self-purification See autopurification.
shotcrete Concrete pneumatically placed on the rock surface (jet concrete).
shot drill holes A core drill generally employed in rotary-drilling boreholes of less than
7.62cm to more than 1.8m in diameter in hard rock, using chilled-steel shot as the
cutting medium. Also called adamantine drill, calyx drill, and chilled-shot drill.
sinkhole See doline.
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solution Chemical action of water containing carbonic acid (also humidic, nitric, and
other acids) on limestone and dolomites, causing partial solution and related chemical
changes in the rock.
specific permeability Permeability of rock mass expressed in l/min/m′/0.1 bar.
split spacing Procedure used for systematic reduction of grout holes by halving the initial
distances (primary, secondary, tertiary, and quaternary holes).
storage capacity Volume of water that an aquifer system releases or takes into storage
per unit surface area per unit change in head
subsidence Sinking or settlement of the land surface due to several processes, mostly by
erosion and piping as a consequence of groundwater fluctuation in consolidated
material deposited above the karstified bedrock. Human activities (mining, man-made
reservoirs, groundwater extraction, etc.) play a key role in inducing or enhancing
subsidence (collapse) processes. Much rare collapse occurs as the result of breakdown
of cavern roofs, if the cavern is shallow with large diameter.
suffosion Removal of sediment by mechanical and corrosional action of underground
water.
swallowhole See ponor.
tailrace The tunnel, canal, or conduit that conveys discharge from the turbine to the river.
terra-rosa Insoluble residuum of a reddish-brown color left behind when carbonate rocks
weather.
thixotropy Property of suspension of particles of equal electric charge to develop weak
mutual bonds resulting in reversible gel when at rest and become liquid when shaken.
transmissivity Dependent on the thickness of the aquifer and its hydraulic conductivity.
In a karst aquifer, transmissivity depends on the size and distribution of karst channels.
travertine Calcium carbonate deposited from solution in ground and surface waters,
when equilibrium of soluble bicarbonates is lost due to changes in temperature and
chemical characteristics. The soft and porous variety is called calcareous tufa.
Travertine forms the stalactites and stalagmites in caves.
vauclusian spring Large karst spring (after la Sorgue en Vaucluse, France) characterized
by a stream surging up from a siphon. Artesian springs are also sometimes termed
vauclusian.
vug A small cavity in calcareous rock that may be lined with crystals.
vuggy porosity Porosity due to vugs in calcareous rock. Lenticular or rounded cavities
from intercrystalline to decimeter size. The vugs are partially connected, partially
isolated or disconnected.
water pressure test Procedure for determination of the water permeability of rock mass
in a section of borehole, so-called Lugeon (packer) test expressed in Lugeon units. See
Lugeon unit.
water table Surface of a body of unconfined groundwater at which the pressure is equal
to atmospheric pressure.
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