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ABSTRACT: Results from the soil - structure interaction analysis of a firth for heavy loads are pre-
sented. The harbour structures are designated for service of Belene NPP site during construction 
and operation. The site is situated on the bank of the Danube river. The region is characterized by 
complicated soil conditions. The bay-chamber and the foundations of the heavy trestle are frame 
structures with retaining walls and buttresses. All underground structures are slurry walls. The 
magnitude and distribution of the earth pressure loads are determined taking into account the influ-
ence of neighboring walls and protection of buttresses. The computations are performed applying 
computer codes using finite-element method. Different types of lateral pressure diagrams are 
analyzed.  
 
RESUME: Les résultats de l’analyse de l’interaction entre les structures portuaires (liman pour des 
charges lourdes) et le terrain environnant sont présentés. Les ouvrages sont destinés à desservir les 
travaux de construction de la centrale nucléaire de “Belene” et son exploitation. Le terrain d’assise 
de la plate-forme située sur la rive du fleuve de Danube se caractérise par des conditions 
géologiques compliquées. La chambre du liman et les semelles de la grue à portique représentent 
des constructions de cadre, incluant des murs de soutènement et de contreforts. Toutes les structures 
souterraines représentent des parois moulées. La grandeur et la répartition de la poussée des terres 
sont déterminées en tenant compte de l’influence des murs adjacents et de la protection des 
contreforts. Les calculs sont réalisées à l’aide d’un programme informatique, par la méthode des 
éléments finis. Différentes diagrammes de la poussée des terres sont présentées. 

1 INTRODUCTION 

Situated on the Balkan Peninsula, Bulgaria develops different type of transportation communica-
tions - highways, railways, waterways and others.  Transportation structures are build up in  regions 
of different  ground conditions such as rocks, gravel, sands (including saturated), clay in different 
consistency and soft soils. Great parts of transport communications are realized by using the water-
ways Danube river and Black Sea. Near the Danube river are situated some important industrial 
structures, such as Nuclear Power Plant “Kozloduy”. Some design and construction work for new 
NPP, situated on the Danube river bank in the Belene region are started several years ago. New 
buildings and harbour structures was designed for the purpose. One of this projects is the firth for 
heavy loads.  
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2 DESCRIPTION OF THE HARBOUR STRUCTURES  

The firth was designated for service of NPP “Belene” site during construction and operation. Ships 
with heavy loads (machines and nuclear fuel) will be unloaded on the firth. It is situated on the right 
bank of the Danube River. The shipping, from the main Danube river bed to the firth, passes 
through Belene branch. For providing minimum shipping water level, the river bed was dredged. 
The total shipping way from the firth to the main bed is 10 km. 
The following structures are involved in the harbour complex:  
− Intake navigation channel; 
− Firth chamber with entrance sector and walls for connection with intake channel’s banks; 
− Trestle for double-girder traveling crane, with 2x5000kN load capacity, perpendicular to the 

chamber; 
− Secondary equipment;  
− Roadway and railway for transport connection situate on the two banks of the chamber. 
The firth chamber has rectangular cross section with dimensions in plan 105.00m/18.00m and 
minimum depth 3.30m. In vertical cross section, the firth is presented as a framed structure, consist-
ing of supporting wall on the face and buttresses on the back, connected with horizontal plate on the 
ground surface. Similar scheme (framed structure and buttresses, connected with horizontal plate on 
the ground surface) is designed for the foundation for the heavy trestle. All underground structures 
are slurry walls. A scheme of the firth framed structure is presented on Figure 1. 
 

 
 
Figure 1. Scheme of the firth structure with average lithological profile.  

3 SITE SOIL CONDITIONS 

The site, under consideration, is situated on the right contemporary terrace of  the river  Danube 
with average surface level of the ground 20,00 - 21,00 m above sea level. The geological structure  



 

727 

consists of two lithological deposits - clayey sandy on the top, and gravel sandy underneath. These 
deposits cover the Quaternary deposits, which consist  of marl clay of big thickness (Germanov & 
Kostov, 1994).  
The clayey sandy deposit contains from the top downwards the following soil types:  
− Fat soil, presented by silty clay and sandy clay; 
− Clay, yellow to tan and brown, predominantly sandy clay and silty clay;  
− Clay dark brown to black, containing in some sections organic matter; less than 5 %,  
− predominantly silty clay;  
− Clay, grey to grey-green, predominate sandy clay;  
The clayey soils are mainly in plastic consistency (0,50<Ic<0,75), and their thickness is from 0,9 to 
7,8 m; 
− Fine grained clayey sands. The thickness of this deposit varies in a large scale, and in  some sec-

tions reaches 4,0 m. In some places the sands are more fine and more clayey and look like clay; 
− Fine-grained and silty sands, with thickness up to 6,3 m. These sands are located under the water 

table and potentially tend to liquefaction under dynamic excitation.  
The gravel-sandy deposit involves the following soil types: 
− Sands, usually medium-grained with gravel, uniformly located, with maximum thickness up to 

5,3 m. 
− Gravel, medium-grained, with sands content, and thickness up to 10,00 m (average  

6,20 m).  
Average lithological profile through the firth is shown in Figure 1. 
The hydrogeological conditions of the site are characterized by a high water table. The ground wa-
ter is accumulated in sandy-gravel deposits, and in the period of the Danube water level raises the 
water table rise and reaches the natural surface of the ground.  
The basic design geotechnical characteristics (g - unit weight; j - angle of friction; c - cohesion; E0 - 
modulus of deformation; K - coefficient of subgrade reaction), evaluated after results from labora-
tory and in situ tests are given in table 1.  
 

   Table.1. 
 

No Type of soils γ 
kN/m3

ϕ0 c 
kPa 

E0

MPa 
K 

MN/m4

1. Silty clay 21.1 16 10 7.5 35 
2. Fine grained clayey sands 12.0 21 5 10.0 50 
3. Medium grained sands 10.7 26 0 20.0 70 
4. Gravel sands 12.0 29 0 30.0 100 
5. Gravel 13.0 32 0 40.0 150 

4 BASIC CONDITIONS AND MODEL FOR SOIL-STRUCTURE INTERACTION ANALYSIS 

Static analysis of such type of structures includes the following verifications: 
− loss of overall stability, including bearing capacity, failure by sliding and failure due to structural 

movement, taking into account soil structure interaction; 
− dimensioning of the concrete or reinforce-concrete structure.   
The static scheme for calculation of the internal forces depends on the type of the structures and 
their stiffness. For framed harbour structures, the type of the static scheme is accepted depending on 
the ratio (Dimitrov, 1983) dc/t (dc  - reduced height of rectangular section, depending of the width 
and inertial moment; t - depth of the wall foundation). If the ratio dc/t≤0.06, the slurry wall could be 
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considered as elastic structure, fixed in the soil; if the dc/t>0.06, the wall is considered as rigid 
structure free supported of the soil. 
The static calculation of the frame could be made by using approximate methods or fine element 
methods, taking into account soil structure interaction. In these cases, soil is considered as elastic or 
elasto-plastic medium. The main loading is earth and water pressure actions. 
The magnitude and distribution of the earth pressure are determined taking into account the influ-
ence of the neighboring walls - the unloading action and arched effect due to the friction. Coeffi-
cient of the earth pressure is determined  by using conditions of  the Rankine’s theory. Arch effect 
is evaluated on the base of the Yanssen’s solution (Venkov, 1977). Two operational states for dif-
ferent water level are considered. The total earth pressure and water pressure, acting on the wall 
under seismic excitations is calculated by considering the conditions of limit equilibrium of the base 
of the pseudo-static model. The design earth pressure diagrams are presented on Figure 2. 
 

 
 

A earth pressure (Jansses’s solution); b. active earth pressure; c.hydrostatic pressure; d.summary 
diagrams 
Figure 2. Earth pressure and water pressure diagrams on the firth frame. 
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Figure 3. Modeling of the soil-structure interaction. 
 

Elastic restrain in the soil is modeled by horizontal and vertical elastic supports. Coefficients of 
elastic resistance (coefficient of subgrade reaction) are nonlinear with the depth, depending on the 
type of soil. The static scheme, accepted earth pressure loads, and maximum bending moment dia-
gram, calculated by using computer code based on the finite elements method are shown on the Fig-
ure 3. 

5 CONCLUSION 

The framed structures constructed as slurry walls are effective for high and heavy loaded harbour 
structures. A possibility for application of the pseudo-elastic model for earth pressure evaluation 
and static analysis is demonstrated in the paper. 
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