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Abstract 

Floods represent one of the greatest direct dangers of natural disasters in Europe. During floods, substantial material damage and 
often even losses of human life may occur. In the Czech Republic both of these were recorded in 1997 and 2002, which were 
catastrophic floods. Among flood measures belong dams of reservoirs and barriers along the rivers, which must be sufficiently 
water-tight. Dam and dam foundation leaks may be affected by the homogeneity of dam and the sealing element. Often there is 
damage to these parts of the dam and thus leakage can take place. These leaks occur mainly due to the age of the dam, uneven 
subsidence, and bad compaction during construction etc. In case of insufficient sealing it is also necessary to secure the dam, 
which can be done only by means of remediation. This paper briefly introduces the technology of remediation of embankment 
dams and summarizes the research dealing with the optimal grout development (with partial replacement of raw materials by 
waste product – fly ash). It is important to choose appropriate material composition and the proper selection of implementation 
technology. The choice of materials, technology of implementation, number and distribution of boreholes are influenced by the 
damage to the dam, the amount of leakages and its composition, which is detected by a ground-penetrating radar survey. 
Mixtures were prepared using clay, lime and two types of fly ash, and the physico-mechanical properties of the designed grouts 
were determined. After selecting the mixture for a given type of dam, before the actual application, it is important to perform 
laboratory and also “in situ” assessment. The most common assessment method on in situ is determining the consistence using 
the Marsh cone. The influence of the fly ash (and its type) addition on the final properties of the grout was observed and assessed.  
Checking the extent of dam grouting is done using a ground-penetrating radar.  
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1. Introduction 

The paper focuses on the technology of remediation of embankment dams and a suitable material composition of 
grouts to lessen or prevent dam seepages and leaks. According to [1], embankments are some of the simplest types 
of dams. As for their occurrence, they are the most frequently encountered type in the Czech Republic. They are 
small dams of such water bodies as ponds, amelioration reservoirs, etc. Dams of this type were constructed between 
the 1960s and 1990s. Due to their age, these dams suffer from leakages and loss of stability. This could be well 
observed during the devastating floods that struck the Czech Republic in 1997 and 2002. In terms of natural 
disasters, floods pose one of the greatest direct dangers not only for this country but for Europe as well. Floods 
cause serious states of emergency during which extensive material damage can occur and often even loss of human 
life. One of the most common structural measures of flood protection are dams of reservoirs and smaller water 
bodies as well as fills along watercourses (so-called levees or floodbanks) that must be waterproof.  In case of an 
insufficient seal, according to [2], remediation can be performed in the “traditional” way or by constructing a 
vertical impervious core down from the embankment crown (see Fig. 1). 

 

 

Fig. 1. Construction of additional vertical sealing element. [2] 

One of the means of embankment dam sealing is grouting performed using several technologies; i.e. traditional 
grouting, grouting using the method SOILFRACT, Prodicon and jet grouting. Given the small size and the frequent 
occurrence of embankment dams, the optimal technology of their remediation was chosen to be tradition grouting. 
The technology was chosen based on an optimisation calculation. Dam damage can exhibit itself through leakages 
that can occur within weeks or months. For this reason, it is necessary to watch the dam closely and secure it if 
needed. A possible measure to prevent dam leakage is remediation using a grouting mixture of a suitable material 
composition. 

A suitable material composition and correct choice of application technology are the key points in embankment 
dam remediation. In terms of appropriate material composition, the factors to consider is the cost, mixture 
stabilisation and its easy entrance into caverns, cracks, etc. In physical terms, an important parameter of the 
materials is above all their fineness. When suitable raw materials have been chosen, the next important step is the 
design of mixtures which must then be tested in fresh as well as hardened state. The optimum composition of the 
mixture for a given type of dam is chosen according to a review of the individual tests. The mixture is applied based 
on appropriately chosen equipment and machinery, local conditions of the dam and on the basis of a geological 
survey. 
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2. Technology remediation of embankment dams 

Dam waterproofing can be performed on the upstream slope or by constructing an additional vertical impervious 
core.  An impervious core is a suitable method for sealing embankment dams. It is also necessary to provide solid 
footing to cores, e.g. by binding it to an impervious foundation. If the dam is based on pervious materials, it is 
necessary to extend the core into the foundation. Recently, a number of methods have been used for additional 
sealing. According to [2], the most suitable technology for embankment dam remediation is conventional grouting. 
This technology, used on a pond embankment during the experiment, comprised creating pillars produced by 
pressure pumping of a mixture of suitable properties in pre-drilled soil. Prior to drilling, it was essential to ascertain 
the number and placement of the boreholes. The type of work in question is a so-called grout curtain. Grout curtains 
have been designed as impervious barriers whose function is to sever the permeable rock of the dam foundation. The 
remediation was laid out as a single-line grout curtain (Fig. 2 (a), Fig. 2 (b)). 

           

Fig. 2. (a) Line grouting, single-line grout curtain; (b) The installation of one of the borehole by rubber hose. 

After the positioning, number and spacing of the individual bores had been determined, drilling was begun. 
Boreholes can be drilled into sand and fine gravel sediments by means of a variety of drilling equipment. Their 
choice depends on the sediment composition – particle size and petrographic composition. The experiment used a 
universal drilling rig (see Fig. 3 (a)). During drilling, it was necessary to remove drill cuttings from the bottom of 
the borehole. This was achieved by a flush which simultaneously cooled the drill bit. The borehole diameter thus 
drilled was 80 mm. Each borehole was 4 m deep and its bottom reached into the dam foundation that required 
grouting. The next step was inserting grouting pipes in to the boreholes; the pipes had a diameter of 40 mm and were 
perforated in the bottom part and had threads on the top end to enable fitting of a valve cap (see Fig. 3 (b)).      

  
Fig. 3. (a) Drilling rig; (b) Fitting and stabilising a grouting pipe. 

 
A simple grout mixing plant Häny IC 325 was used for in-situ mixture preparation. All components were mixed 

in this disintegration equipment together with water. The components were dosed by mass. They were mixed for ca. 
5 min and afterwards the mixture was pumped in the boreholes directly from the mixer. The mixture was transported 
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from the mixer into a respective borehole through a rubber hose. The end of the hose was fitted with a hose nut that 
secured it onto the cap at the end of the polymer pipe inserted in the borehole. After all grouting had been 
performed, the boreholes needed to be finalised. Finalisation involved screwing off the caps that were used for 
filling the boreholes with the grouting mixture. The parts of the pipes sticking above ground were left for 24 hours 
and afterwards cut off. At this time, grouting was considered finished.   

After that time it is necessary to perform a check of the grouting, which is very difficult. Since the degree to 
which the embankment dam has been grouted is so difficult to ascertain, the only means of maintaining quality was 
to pay close attention to the process of grouting itself and, based on prior experience, predict weak point in the 
curtain and reinforce it by drilling boreholes closer together. In case of the dam of the pond erný Nadýma , the 
grouting procedure was monitored by means of electrical resistance measurement. 

3. Grouting mixtures and used materials 

The design of the profile configuration of an embankment dam is significantly influenced by the properties of the 
available building materials and the limitations of their processing, handling and transport. The building material for 
embankment dams must be stable and must not pollute the environment. It must not degrade, dissolve, swell 
excessively or be flammable. The critical properties for the usability of a building material are its permeability, 
shear strength and compactibility. 

Basically all natural soils are suitable, e.g. soil, clay, sand, gravel, rock (of a diameter below 150 mm), freestone 
and washery refuse. Artificial granular materials such as blast furnace slag, granulated slag, fly ash and recycled 
demolition waste are also usable. 

Prior to beginning grouting, particle size distribution of soils is examined according to SN ISO/TS 17892-4 – 
Geotechnical investigation and testing – Laboratory testing of soil – Part 4: Determination of particle size 
distribution [4]. Particle size distribution gives the ratio of certain particle size groups by the total soil amount. The 
granulometric composition of soils is visualised as the particle size distribution curve. The particle size distribution 
curve is drawn in a coordinate system where the particle diameter is plotted on the horizontal axis as a logarithmic 
scale and the percentage of dried soil is on the vertical axis. The key qualitative characteristic of non-cohesive soils 
is the uniformity coefficient Cu that indicates the steepness of the middle section of the particle size distribution 
curve and is defined as (1): 

 

                                                                                                 (1) 

d10 – is grain size at 10% passing, d60 – is grain size at 60% passing. 
The coefficient of curvature Cc roughly characterises the shape of the grain size distribution curve: 
 

                    (2) 

Based on an analysis of the dam, a suitable grouting mixture is chosen. There is very high mixture consumption 
during grouting of embankment dams. A variety of mixtures can be used for sealing and consolidating gravel and 
sand – from clay-cement suspensions to chemical mixtures from synthetic resins. If the objective is to be fulfilled 
and stay within budget, the type of mixture must be chosen correctly. The individual mixtures are listed in order 
according to their rheological class and area of use. [5] The use of different mixtures for grouting different 
environments has been examined by a number of authors. Thus, numerous criteria were established, which bear 
smaller or larger differences. 

According to their rheological behaviour, which mainly determines the use of the mixtures, grouting mixtures can 
be divided into (according to [6]): 
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Colloids 
Solutions 
Gaseous emulsions 

3.1. Stable suspensions 

Stable suspensions are those that do not separate by decantation (removal of water). Among stable suspensions 
there are clay-cement mixtures of clay and bentonite, suspensions of clay or bentonite chemically stabilised (sealing 
only) and cement suspensions of very fine cement. The composition of a clay-cement suspension depends on the 
type of clay used. The experiment used GE clay. It is a montmorillonite-illite-kaolinite clay with liquid limit up to 
85%. GE clay contains a substantial amount of sedimentary montmorillonite, illite and kaolinite. Compared with 
traditional bentonite, GE clay differs primarily in the greater amount of fixed potassium in between the layers of 
montmorillonite. This decreases mainly the water sorption properties (swelling).  In the Czech Republic, the most 
important deposits of GE clay are in the Cheb and Sokolov basin. GE clay constitutes the substrate of the currently 
mined bound ceramic clays and constitutes the top layer. The hydrophysical properties and chemical composition of 
the clay is in Table 1 and Table 2. 

     Table 1. Hydrophysical properties of GE clay. 

  Liquid limit Plastic limit Plasticity index 

GE clay 85% 46% 39% 

 Table 2. Chemical composition of GE clay. 

Name Al2O3 Fe2O3 TiO2 SiO2 MgO CaO Na2O K2O 

(%) (%) (%) (%) (%) (%) (%) (%) 

GE clay 24.37 6.53 0.87 54.79 0.72 0.68 0.09 1.44 

3.2. Stabilization of the mixture  

The most frequently used stable mixtures are clay-cement suspensions. They often constitute the filling of 
diaphragm walls. Mixtures can be also made with bentonite clay and cement. The quality of clay-cement mixtures 
used for consolidating non-cohesive soils must meet high requirements. An example can be the use of this mixture 
for grouting in order to seal non-cohesive soils. Cement thus stabilises the mixture thanks to which the components 
do not segregate and strength is increased. Lime (L) can also be used for stabilisation which is what was used in this 
experiment. Lime, contrary to cement, chemically attacks the clay part of the soil. According to [6], stabilisation by 
lime takes place in two stages. In the first stage, ion exchange occurs on the clay surface. In the second stage silicon 
(aluminium) oxide is removed from the lattice. During the reaction, gel is produced that crystallises as an 
interlocked lattice, similarly to cement. The reaction rate depends on clay particle size. 

3.3. Fly ash  

Fly ash is used in grouting mixtures mainly for the purpose of cost reduction. The goal is to substitute the main 
raw material, i.e. clay, with an alternative that performs similarly and is not detrimental to the parameters of the 
mixture. Alternative raw materials are not only less costly but often can even work as a full-fledged clay substitute. 
The experiment used common fly (CA) and FBC (FA) ash produced as a by-product of coal combustion. Fly ashes 
were chosen based on their outlook. They differ mainly in composition that is determined by the type of combusted 
material, temperature and combustion device. Table 3 below shows the chemical composition of the fly ashes. 
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  Table 3. Chemical composition of fly ashes. 

Name Chemical composition (%) 

SiO2 Al2O3 Fe2O3 SO3 CaO MgO K2O Na2O P2O5 

CA 48.3 22.8 16.6 0.5 3.7 1.73 1.163 0.447 0.177 

FA 27.6 17.5 5.63 7.57 30.4 0.84 0.46 0.33 0.25 

4. Results and discussion 

Given the information above and the requirements for grouting mixtures, a selection of raw materials was picked, 
suitable for use in the chosen technology of embankment dam remediation. These components co-create a mixture 
that has its specific properties. The ratio of the individual phases and their mutual relationship are factors that 
influence the behaviour of the combination of the components as a whole. The properties of newly designed 
mixtures are most commonly determined by means of laboratory tests or in situ. A number of analyses are 
performed in order to determine the key parameters. Laboratory tests can be divided into physical, i.e. determination 
of granulometry, viscosity, filtration coefficient, etc., and mechanical, such as compressive strength, shrinkage, etc. 
The determination of viscosity and compressive strength are the most important. The laboratory test results are in 
the figures below. 

Fig. 4. Dependence of viscosity on water content of mixtures. 

Fig. 4 shows the dependence of viscosity on water content in mixtures based on GE clay and fly ashes. It is 
visible in the figure that as common fly ash (CA) content increased, the required water content decreased. Clay has a 
tendency to bind a greater amount of water. Generally speaking, fly ash increased the rheological properties of the 
mixture. Decantation, which is harmless to an extent, also increased together with the content of fly ash (FA, CA). 
However, in a larger degree it can cause problems in the mixture. Decantation is simultaneously an indicator of 
particle sedimentation. The higher decantation is, the greater the particle sedimentation and mixtures then become 
unstable. Increasing the amount of FBC ash (FA) also brought an increase of the necessary water content. This was 
due to a greater CaO content compared with common fly ash (CA). Mixtures must thus be designed only with such 
amount of fly ash that does not result in worsening of the parameters of the mixture. The mixture with added lime 
exhibited a considerable reduction in mixture workability. However, there was a slight decrease in decantation as 
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well. Specimens containing lime did not exhibit an increase in strength. The optimal lime content in mixture was 
2%.  

 

 

Fig. 5. Dependence of viscosity on water content of mixtures. 

Fig. 5 shows test results of compressive strength of specimens determined after 28 days of curing. Increasing the 
content of common fly ash (CA) brought a decrease in compressive strength. This was due less strong bonds 
between clay and fly ash. The optimal fly ash content in mixture was up to 30%. Increasing FBC ash (FA) content in 
the mixture brought a slight increase in strength. This was due to the above-mentioned CaO content in the mixture 
that carries strength in fly ashes. Specimens containing lime saw a decrease in strength. Lime stabilised the mixture 
but did not contribute to a higher strength. Clay began losing its properties in the presence of lime. This was caused 
by a chemical reaction between lime and the minerals present in clay. 

5. Conclusion 

Tension cracks can occur due to uneven subsidence in an earthen impervious core or in a homogeneous dam. The 
erosion effects that could result in dam failure occur mainly after several weeks or months. It is thus possible, with 
close observation and assessment of water level, to learn soon enough that there are no defects in the impervious 
core. There is also time to take suitable remediation measures if necessary. An analysis of a survey (by means of a 
ground-penetrating radar) can reveal the causes of seepage and probable propagation of voids in the core or in the 
dam. Based on measurement results it is then possible to remove the defects in the impervious core by means of 
remedial grouting.  

During grouting, a clay-cement mixture is most commonly used, prepared from an illite-type clay. Larger clay 
content is desirable in the mixture so that the geotechnical properties of the mixture are close to the geotechnical 
properties of the soils of the impervious core. The experiment used GE clay whose properties make it the main raw 
material for designing grouting mixtures. Due to high mixture consumption during grouting, the financial aspects 
must be taken into account. In order to reduce the price of the grouting mixture, fly ashes can be used as a substitute 
of the primary raw material. However, this can be only to a limited extent, i.e. up to 30% of the clay mass. At this 
amount, fly ash does not cause a worsening of the mixture properties.   

When grouting is being performed, it is necessary to work very carefully and to choose the pressure so as not to 
rupture the impervious core. At the same time, the borehole layout, diameter and spacing depends on the dam 
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damage. Thus it is necessary to perform a ground-penetrating radar measurement prior to designing a mixture so as 
to ascertain the damage to the dam and design the material composition of the mixture based on this. The 
cooperation of the components and their ratio are a suitable prerequisite for a correct remedial grouting of 
embankment dams. 
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