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SYNOPSIS

During construction of the clay core of the embankment dam located in the south o f Poland, field observations and laboratory tests were carried out. In the paper 

an attempt o f including test results in the system of safety evaluation of the dam is presented.

RESUME

Pendant la construction du noyau argileux du barrage localisé au sud de la Pologne, les observations sur place et les essais de laboratoire ont été réalisés. Dans 

l’article, on présente une méthode d ’utilisation des résultats dans un système d ’évaluation de la sécurité du barrage en terre.
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INTRODUCTION

The 55 m high embankment dam is under construction in Czorsztyn, southern 

part of Poland. The dam is composed of coarse gravel shells and clay core 

protected with double layers o f filters (Fig. 1). The dam foundation consists 

of sedimentary rocks, mainly limestone. The particle size distribution curves

Lim estone

Fig. 1 Cross-section o f the Czorsztyn dam

Fig.2 Grain size distribution curves for the dam materials

of dam materials are shown in Fig.2. The clay core construction began in 

September 1990 and by the end of 1992 almost half o f the total height of the 

dam has been completed. During the preliminary stage o f the clay core 

construction, in the first year, the material used was up to 5% wet of 

optimum (Fig.3), which caused difficulties in the compaction process. Silty 

clays with low plasticity Ip =  13% when compacted in the core revealed 

shear planes, the so-called overrolling effect.

WATER CONTENT w , %

Fig .3 Compaction curve for the core material 

(normal Proctor method)

983



This phenomenon as well as the vertical deformations due to high 

compressibility o f the compacted clay, both important features o f the 

behaviour o f the clay core during construction, had to be taken into 

consideration in the system of safety evaluation o f the Czorsztyn dam, which 

is currently under preparation and implementation. The system which is 

based on the knowledge of properties o f the built in materials requires all soil 

parameters to be updated during construction process and consequently the 

predicted behaviour o f  clay core to be corrected.

However, this paper presents an example which shows that not all phenomena 

can be incorporated into the system of safety evaluation o f dam.

VERIFICATION OF THE PREDICTED DEFORMATIONS OF THE 

DAM CORE

aa.

WATER CONTENT, w [%]

Fig.5 Compactive prestress - water content relationship for the clay core

Vertical deformations of the clay core depend on the compressibility o f the 

core material. When analyzing the dam behaviour, the differences between 

predicted and real (effective) compressibility have to be taken into account. 

These differences are clearly visible for the Czorsztyn dam clay core material 

compacted with different water content.

Samples compacted according to Proctor in the laboratory and those taken 

from the clay core (high water content) after compaction with the vibrating 

sheepsfoot roller (weight 112 kN, vibration 23 Hz) display different shape of 

compression curves (Fig.4). A particularly important factor for the correction 

of the predicted deformations o f the clay core is the decrease o f the 

"compactive prestress value" a ’̂  (Lin and Lovell 1981, Nwabuokei and 

Lovell 1985). Prestress value for a given energy of compaction depends on 

the water content o f compacted soil. For the Czorsztyn dam clay core this 

correlation is shown in Fig.5 (Skutnik, 1990).

5?

VERTICAL EFFECTIVE STRESS, &, ¡kPa!

F ig.4 Compression curves of the laboratory and field compacted soil 

samples with different water content

The procedure used for correction o f the predicted deformation of the clay 

core, an important step in the system of safety evaluation for the Czorsztyn 

dam is explained in the example presented in Figs.5, 6 and 7. For two 

water contents w =  15 % and w =  18 %, assumed to prevail in two parts 

o f clay core, the prestress values are evaluated from the curve given in Fig.5. 

The correlation of the deformation modulus E - evaluated on the basis of 

oedometer tests and Poisson’s ratio measured in triaxial apparatus by 

ultrasonic method (Barariski and Wolski, 1985) - to water content is given 

in Fig.6. From this correlation the moduli pertinent for the two assumed 

water contents are estimated. The diagram given in Fig.7 explains how to 

distinguish the overconsolidated and normally consolidated, in terms of 

prestress value, zones of the clay core. The analysis was performed for the 

end of construction stage.
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Fig.6 Deformation modulus - water content relationship for the clay core.
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Fig.7 Distinction between the OC and NC zones o f the clay core, in terms 

of prestress value

The importance o f the correction described in the above example is 

demonstrated in the diagram of stress distribution, computed for different 

moduli (Fig.8).

SHEAR PLANES IN THE CORE

The clay core of the Czorsztyn dam is built of a material with varying water 

content. In the zones where water content exceeds optimum by more than 

3%, shear planes were detected. In F ig.9 a view of the shear plane revealed 

in the test pit excavated in such a "wet" zone is presented.
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Fig.8 Distribution o f  vertical and horizontal stresses calculated for different 

moduli o f the clay core

Fig.9 The view o f shear planes in the test pit in the clay core

The structure developed in a compacted clay is influenced by the shear strains 

induced in the soil due to compaction process (Seed, Mitchell and Chan, 

1960, Seed and Chan 1961). Among others, the induced pore pressure causes 

shear planes. The pore pressure which may develop in the Czorsztyn dam 

clay core during construction can be observed from the laboratory tests 

(Fig. 10) and from model calculations performed with finite element analysis 

(Fig. 11). Triaxial tests o f the clay core with water content w =  18% show 

high excess pore water pressure. The finite element analysis provides the 

isolines o f the excess pore pressure induced by roller when clay with water 

content w =  15% and w -  18% was compacted. It is clearly visible that 

when clay with water content w =  18% is used, the excess pore pressure is 

close to the applied stress, which creates failure conditions.

In spite o f the existence o f  the shear planes, the overall behaviour o f the 

"wet'' zone does not display any deviation from the standard, predicted 

behaviour of the clay core. Piezometers (electric type) installed in the clay 

core show the pore pressure values close to the ones predicted by means ot 

final consolidation analysis (Fig. 12). The numerical computations have been 

performed by means o f  the program COPRESS elaborated in the Department 

of Geotechnics by R. Kamidski, based on the following assumptions:

- stress - strain relationship for the skeleton:

a ^ - G i w ^ + w ^ )  + ( K - ^ G )  w ^.6  i:( (1)

Fig. 10 CIU triaxial test results for clay samples from the core
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Fig. 11 Isolines o f the excess pore pressure induced by the roller

[ml

Fig. 12 Distribution o f pore pressure in clay core, surface elevation 486.00 

(height 22 m)

- effective stress tensor;

- component o f the displacement gradient;

wü - displacement vector;

h - Kronecker’s delta;

K - bulk modulus;

G - shear modulus.
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- Darcy’s law for the pore water pressure:

Q r k 'u i
(2)

where: q  - component o f the specific discharge vector of pore water; 

U j - gradient o f pore water pressure; 

k - coefficient of permeability.

- Terzaghi’s formula:

a i r a ì i +ò a

where: - total stress tensor.

- the Joselin de Jong storage equation:

5 t  8 1

where: to - volume strain; 

n - porosity;

6 - compressibility o f the pore water.

(3)

(4)

In case o f the Czorsztyn dam, all information concerning the phenomena 

described in this paper (i.e. compactive prestress and shear planes) appeared 

during the dam construction, will be included into the expert system data 

base. However, the degree o f application of these data in the SEED system 

ought to be different. While the overall behaviour of the dam, such as 

settlement and horizontal displacement is satisfactorily monitored by the 

observational equipment, the seepage phenomena, most important in the dam 

safety evaluation cannot be precisely detected. Monitoring of the phreatic 

line, pore pressure and associated earth pressure is performed pointwise in 

selected cross-sections where the instruments are installed. Therefore 

potentially critical phenomena such as internal erosion or hydraulic 

fracturing, which can develop in the core o f the dam even at close distance 

from the monitoring equipment, may not be detected. For this reason the 

evaluation of the dam safety, should take into account not only readings from 

the monitoring equipment but all information concerning history o f the dam. 

Although the expert system is the effective tool, capable o f combining all 

kinds o f information and providing the correct inference, it should be 

emphasized that this important system is only a partial help for dam technical 

staff in decision making. Final decisions always have to be taken by 

experienced engineers.

CONCLUSIONS

- the equilibrium equation:

(5)

where: fj - volume force.

The soil parameters used in the analysis were updated on the basis o f during- 

construction tests.

A comparison of the piezometer readings with computed values (Fig. 12) 

confirms the overall predicted behaviour of the clay core. However, the 

existence o f  the above mentioned wet zones with induced shear planes creates 

a problem of potential internal erosion of clay core. Fortunately, the 

transitive zones designed on the basis o f detailed analysis and model tests 

(Wolski et al. 1970, Sherard 1982, Vaughan 1984, Wolski 1987) are rather 

conservative. For this reason the decision was taken not to remove the "wet" 

zones.

The behaviour o f  the dam during construction process provides an important 

information for prediction of the future functioning of the dam during 

exploitation. Therefore all records and observations gathered on site should 

be included in the system of safety evaluation of the dam.

However, not all phenomena observed during construction can be directly 

used in the system of safety evaluation. Created by shear planes erosive 

potential zones, which if detected must be treated with special care, cannot 

be monitored.

Therefore due to the difficulties with prediction and detection of erosion 

effects in the clay core, the transitive zones have to be designed according to 

conservative filter criteria.
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SYSTEM FOR SAFETY EVALUATION OF CZORSZTYN DAM

The construction of the Czorsztyn dam made the authors develop a system 

which consists o f a constant and comprehensive estimation of dam technical 

state, later called the system for Safety Evaluation of Embankment Dam 

(SEED). The main objectives o f the system after completion of the dam are:

- constant control o f dam behaviour

- the possibility to react more quickly in case o f emergency

- help for dam technical staff in making exploitation decisions connected 

with dam safety.

The main part o f SEED consists o f an expert system capable o f  interpreting 

dam behaviour on the basis o f information collected by automated data 

acquisition system and by technical staff during observation. In order to make 

it function, detailed knowledge of the dam is obligatory. It contains:

- results o f numerical modelling of dam behaviour

- properties and localization of dam materials

- case histories o f dam failures and near-failure situations

- automatic and manual measurements, and

- observations carried out by dam technical staff

An important o f the SEED system is the reference to the dam behaviour 

during construction. By updating the properties o f built in materials and by 

using available measurements the numerical model o f the dam behaviour can 

be corrected.
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