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Introduction 
Seismic design codes and standards for nuclear facilities are not available in Bulgaria. The existing facilities 
were designed either without taking into account any seismic loads (Units 1, 2 and partially 3, 4) or 
according the ex-USSR codes and standards (Units 5 and 6). After the 1977 Vrancea (Romania) earthquake 
most of the seismic safety codes for conventional construction as well as the design codes for nuclear 
facilities in Eastern Europe were reconsidered. The program for increasing of the seismic safety of the NPP 
Kozloduy started at that time. Peak ground acceleration 0.1g for the site of the NPP was estimated. Partial 
upgrading of the civil structures was performed and considerable measures for improving the seismic safety 
of the equipment were implemented – snubbers were installed for the primary circuit of Units 1 and 2. The 
snubbers for Units 3 and 4 were installed during the construction as “original design”. 

The seismic safety of Units 5 and 6 is significantly higher. The seismic analyses are performed 
according to the requirements of ПНАЭ Г-5-006-87 in force since 1988. The civil structures are designed for 
peak ground acceleration of 0.1g. 

The paper is presenting some important elements of the procedure for seismic re-evaluation of the units 
of Kozloduy NPP. The analyses and the seismic upgrading of the building structures are discussed. 
 
Methodology and Criteria for Re-evaluation 
The new program for seismic re-evaluation of the Kozloduy NPP started in 1990 with a full-scope site 
conformation project. The projects finished in 1992 and the ground acceleration 0.2g was established as PGA 
of the review level earthquake. In the same year the six-month WANO program for increasing of the safety 
of Units 1 and 2 began. In the frame of this program  an international expert team from IAEA drew up the 
Terms of Reference and Technical Specifications for Seismic Upgrading Design of Kozloduy NPP Units 1 
and 2 (TOR). This document was the basis for the seismic re-evaluations of Units 1 to 4. 

The modernization programs of Units 5 and 6 started at present as well as the plans for future 
investments implied the necessity of development of general rules for seismic re-evaluation and design of 
nuclear facilities in Bulgaria [3]. These rules should be applicable to the Radioactive Waste Storage 
Facilities too, taking into account the specific requirements. In 2000 a specific guideline for seismic re-
evaluation (and design) of nuclear facilities was created within a project reviewed by the IAEA. The 
guideline is based on the documents of IAEA, codes of EC, codes of USA, Germany, Japan and other 
countries with developed nuclear technology. The list of codes and standards used in these guidelines 
comprises more than 150 items. 

The guideline is aimed to help Bulgarian designer to understand and correctly apply the international 
technical documents. That is way most of the applicable code and standards are referred in the document. 
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The document is not aimed to replace the original codes and standards. Emphasis is given to the proper 
selection of the re-evaluation (or design) philosophy and the design codes reflecting it. 

The main goals of the guideline are: 
- to summarize the Bulgarian experience over 10 years of intensive seismic upgrading of all 6 units of 

Kozloduy. 
- to create basis for understanding of the different teams working on seismic projects in Bulgaria 
- to create uniform basis for performing seismic upgrading in Bulgaria 
- to help NPP-K in assessing the actual status and to plan the future actions needed 
The guideline consists of the following parts: 

Part 1. Main principles 
Part 2. Geological and seismological requirements 
Part 3. Seismic safety of civil structures 
Part 4. Seismic safety of piping and equipment 
Part 5. Seismic design and qualification of electrical and I&C equipment 
Part 6. Seismic qualification by dynamic test 
Part 7. Seismic monitoring and control 

 
The Review Level Earthquake 
The NPP Kozloduy is located in a region influenced by different seismic sources – far field sources of 
intermediate depth, shallow far filed and shallow near-field ones. The seismic-tectonic studies of the zone 
320 km around the NPP site defined the characteristics of the review level earthquake (RLE). Those are: the 
maximum acceleration equal to 0.2g and 0.1g for horizontal and vertical components respectively (annual 
probability of exceedance 10-4), and the free field broad band enveloped acceleration response spectra. The 
maximum spectral accelerations are constant within the period range from T=0.1s to T=1.7s. The frequency 
content of the spectra is one and the same for the horizontal and the vertical component. The RLE spectrum 
is shown in Fig. 1 and Fig. 2. The time histories generated to be compatible with the free field spectrum have 
a total duration of 60 seconds and intensive part 15 seconds. 

The seismic review of NPP Kozoduy is performed also for effects of seismic excitations from local 
earthquakes. A zone with a radius of 30 km around the NPP site was subject of the investigation [2]. A 
seismic hazard analysis is carried out using different alternatives for variation parameters such as attenuation 
law, maximum and minimum expected magnitudes, magnitude-frequency relation, spatial distribution of the 
seismicity in the local zone. As a result the mean maximum acceleration due to the local seismicity is 
assessed to be 0.128g and the respective 85% confidence value is 0.162g for seismic level with annual 
probability of exceedance 10-4. Those values refer to the horizontal components of the free field ground 
motion. The acceleration response spectra on the free field of NPP site for local earthquakes are established 
on the basis of acceleration time histories recorded at small epicentral distance. The vertical response 
spectrum due to the local earthquakes is larger than the RLE spectrum and the higher frequency character of 
the near-field ground motion is clearly expressed. The artificial accelerograms generated for local 
earthquakes have total duration of 20s and intensive phase of 2s. Their acceleration response spectra for 5% 
damping are shown also in Fig. 1 (SINTH1, SINTH2) and Fig. 2 (SINTV). 
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Fig1. Free field acceleration response  Fig2. Free field acceleration response  
spectra - horizontal componen spectra - vertical component 
 
Damping and inelastic absorption factors 
Behavior and safety of the structures subjected to seismic actions depend not only on the resistance and 
stiffness of the structural members but also on parameters like ductility and damping. The bigger those 
parameters are the bigger is the reduction of the effective seismic loading. The use of realistic damping 
factors and member ductility is one important feature of the seismic re-evaluation program. 

To provide an appropriate ductile behavior of a reinforced structure it is necessary to ensure: 
(1) Good ductility at curvature in all critical zones;  
(2) Over-strength in the critical zones of the members, loaded in compression (columns) or shear (short 

beams or columns); 
(3) Reinforcement with high plastic deformability; 
(4) Concrete with high strength capacity; 
(5) Ratio of the tensile to yield strength of the reinforcement steel higher than 1.3. 
For steel structures higher ductility factors are permitted for members subjected to flexure and secondary 

structure elements. The ductile behaviour of members subjected to flexure is due to the work (energy) 
invoked by limited plastic deformations. Special zones for energy dissipation by plastification of the beam 
cross sections up to forming plastic hinges could be designed. Usually, these zones are arranged in beams 
near by their connections to the main vertical bearing elements. 

The steel structures usually have a good ductile behavior and the brittle failure is not typical. However to 
prevent brittle failure it is necessary to limit the stress concentration, to avoid high shear combined with high 
tension, not to utilize the material hardening etc. It is recommended to use steel materials with pronounced 
yielding plateaux.  

Table 1 presents damping coefficient values, required by linear elastic analysis, as a function of the 
Demand/Capacity for two response levels [5]. Demand is evaluated by elastic analysis, while Capacity is 
assumed as specified by codes. Response level 2 corresponds to D/C rations higher than 0.5. For generation 
of the floor response spectra the structure’s response may be obtained by damping coefficients for response 
level 1 (level of stress condition 1). Damping coefficients for response level 1 should be used if the designed 
solution is controlled by stability [5]. To assess the existing structures and equipment, damping coefficients 
for response level 2 may be used in elastic analysis apart from the real stress condition reached. 
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Table 1.  Specified damping values 

 Damping (% of critical) 
Type of Component Response 

Level 1 
Response 
Level 2 

Welded and friction bolted metal structures 
Bearing-bolted metal structures 
Prestressed concrete structures 
(without complete loss of prestress) 
Reinforced concrete structures 
Masonry reinforced shear walls 
Wood structures with nailed joints 
Distribution systems * 
Massive, low stressed components 
(pumps, motors, etc.) 
Light welded instrument racks 
Electrical cabinets and other equipment 
Liquid containing metal tanks 
Impulsive mode 
Sloshing mode 

2 
4 
2 
 

4 
4 
5 
3 
2 
 

2 
3 
 

2 
0.5 

4 
7 
5 
 

7 
7 

10 
5 
3 
 

3 
4 
 

3 
0.5 

*  Cable trays more than one half full of loose cables may use 10% of critical damping. 
 

The coefficient Fµ is used for reduction of the seismic loading or force, determined at elastic response of 
a structure. The reduction factor applied as correction of the internal forces obtained by linear analysis 
depends basically on the provided ductility of the structures. It may take into account also other factors 
influencing the real values of the effects. Such factors are: (1) the type of the structure (frame, wall, dual or 
combined) with its specific stress state; (2) the structural material; (3) the arrangement of the structure and 
the level of irregularity; (4) physical parameters of the connections, contribution of non-structural elements, 
etc. 

The design internal forces due to seismic excitation shall be determined by dividing the internal forces 
obtained by linear analysis by the reduction factor Fµ given in Table 2. With insignificant correction the 
specified values of the reduction factors are corresponding to the values given in IAEA RU-5869 [4] and 
DOE-STD-1020 [5]. 

 
 

Table 2 Reduction Factors Fµ 

Structural System  
Fµ 

FRAME STRUCTURES  
Reinforced concrete: 
    Columns in flexure and axial compression 
    Columns in shear and/or predominant compression 
    Beams in flexure and axial compression 
    Beams in shear 
    Connections 
Steel: 
    Columns in flexure and axial compression 
    Columns in shear 
    Beams in flexure and axial compression 
    Beams in shear 
    Connections 

 
 
1.25 
1.00 
1.50 
1.25 
1.00 
 
1.25 
1.00 
1.50 
1.25 
1.00 
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Structural System  
Fµ 

SHEAR WALLS 
Reinforced shear walls: 
    In-plane bending 
    In-plane shear 
    Out-of-plane bending 
    Out-of-plane shear 
Reinforced masonry 

 
 
1.50 
1.25 
1.50 
1.00 
1.00 

BRACED FRAMES 
Reinforced concrete: 
    Columns in flexure and axial compression 
    Columns in shear and/or predominant compression 
    Beams in flexure and axial compression 
    Beams in shear 
    Bracing (Steel) : 
        а) tensile 
        б) compression 
    Connections  
Steel: 
    Columns in flexure and axial compression 
    Columns in shear 
    Beams in flexure and axial compression 
    Beams in shear 
    Bracing (Steel) : 
        а) tensile 
        б) compression 
    Connections  

 
 
1.25 
1.00 
1.50 
1.00 
 
1.25 
1.00 
1.00 
 
1.25 
1.00 
1.75 
1.50 
 
1.25 
1.00 
1.00 

METAL LIQUID STORAGE TANKS 
    Moment and Shear Capacity 
    Hoop Capacity 

 
1.25 
1.50 

Notes:  

Fµ refers to reassessment of existing nuclear facilities  
 
Analytical procedures 
The analytical procedures used for the seismic re-evaluation program should provide possibilities for realistic 
and non-conservative solutions. Usually time history analyses are used both for in-structure spectra 
generation and capacity analyses. 

The analyses chain should include realistic definition of the seismic excitation at foundation level, i.e. 
deconvolution of the seismic free field motion is usually performed. The soil characteristics as well as the 
strain compatible soil properties are established experimentally. The equivalent linear method is frequently 
used to account for the soil nonlinear properties. The acceleration response spectra of the transferred to 
foundation level acceleration time histories (both RLE and Local Earthquake) are shown in Fig. 3 and Fig. 4 
(SINTxx indicate the spectra from LE). 

Important feature of the analytical procedure is the use of spatial FE models. The VVER structures 
typically connect elements with very different stiffness and geometry. The rotational response usually is an 
important factor. That is the reason the 3D models to be preferred in the seismic re-evaluation studies. The 
VVER structures are quite complex, several structures of seismic category 1 and 2 are interconnected and 
create complicated spatial systems that should be analyzed together. 
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Fig.3. Deconvolved acceleration response  Fig.4. Deconvolved acceleration response  
spectra - horizontal componen spectra - vertical component 
 

The analyses should take into account the soil-structure interaction. Especially for sites with relatively 
low sear wave velocity (at the Kozloduy site the average shear wave velocity of the surface layers is about 
450m/s) the soil structure interaction may dominate the seismic response. The experience from the 
performed analyses shows that the soil-structure interaction is the most important factor for the 
response/capacity analyses of the VVER1000 units at the Kolzoduy site. Mostly the soil-structure interaction 
is analyzed by using the impedance analysis. 
 
Strengthening techniques 
The type of seismic strengthening of existing structures depends on the available seismic safety. Generally in 
case of small seismic capacity deficiency a local strengthening is performed. Otherwise in case of low 
seismic capacity a global strengthening should be accomplished.  

Local Strengthening 
Local strengthening of a structure is performed when the capacity deficiency is small, e.g., up to about 

20%. Jacketing around an existing component is the most often used technique for local strengthening and 
increase of ductility of RC frame structures. Strengthening of steel structure components can be done by 
welding of additional steel plates or profiles. 

Global Strengthening 
Global strengthening using introduction of new structural subsystems can decrease the available 

irregularities in an existing structure and thus significantly improve its seismic behaviour. The new 
introduced subsystems should be as much as possible regularly distributed, without concentration in few 
places. By this manner will be avoided high values of forces in structural members and connections, e.g. high 
tensile forces due to overturning moments at the foundations. The most often used techniques include: (a) 
introduction of shotcrete, reinforced concrete or steel elements in the empty fields of skeleton structures or 
(b) introduction of complete new subsystems like reinforced concrete shear walls and cores, steel frames or 
trusses, external buttresses on new foundations. 

As part of the global strengthening introduction of new or improved foundations is required for 
implementation of new shear walls, cores, frames, trusses, buttresses, etc., as well as for support of 
strengthened columns . Two principle solutions are possible: (a) deep beams over the existing footings, 
connected to the existing columns and thus making a common foundation structure, and (b) introduction of 
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new foundation body incorporating the existing foundations. In the first case usually no excavation works are 
required; in case of sufficient space and bigger demand, the new deep beams can unify more than two 
foundations. In the second case, excavation works are required but foundation body with larger support area 
can be implemented. In case of weak soil and big loading, micro-piles can be implemented. In case of non-
connected single foundations, especially when the soil is weak, a system of tie-beam foundations should be 
designed to unify the existing single footings.  
 
Implementation: Seismic Upgrading of Main Building, Unit 3 and 4 
As an example of implementation of the methodology for seismic re-evaluation the analyses of units 3 and 4 
are presented below. At present the seismic analyses of all six units of Kozloduy NPP are already performed. 
The seismic upgrades of the auxiliary buildings as pump stations, diesel generators, spent fuel storage, etc. 
are completed. The upgrading of the main building of unit 3 and 4 is under implementation and will be 
finished till end of 2001. 

The Units 3 and 4 of Kozloduy NPP are of type VVER 440-230. Both units are designed in the early 
70’s. They are twin structures. The main building of one unit consists of reactor building, turbine building, 
longitudinal electric building (electric spreading rooms), transverse electric building (motor control center, 
electric spreading rooms) and ventilation center. All those buildings are interconnected in one building 
complex. Unfortunately they have quite different dynamic behavior and the interfaces are very complex [1]. 
All buildings are RC frame structures. Only the reactor compartment is constructed of RC walls. The 
foundations of the frame structures are single footings. The reactor compartment is founded on a reinforced 
concrete mat. The foundation depth is approximately 7m below grade. 

The two most important parts of the main building complex are the reactor building and the turbine hall. 
The longitudinal electric building connects these parts. Attached to the main structure are the ventilation 
center building and the transverse electrical building.  

 

Fig.5. 3D FE Model, Unit 3/4 
 

The turbine hall is monolithic reinforced concrete frame structure. It has 39m span. The roof consists of 
steel trusses covered by heavy RC panels. 

The reactor building is also monolithic reinforced concrete structure. It consists of walls up to the 
elevation 10.5m (reactor compartment). Above that elevation the reactor building is frame structure with 
39m span. The roof is similar to that of the turbine hall. 

The longitudinal electric building connects the reactor building and the turbine hall. It is constructed on 
the columns of both buildings that are connected by prefabricated beams and panels (the floors of the electric 
building). 

The detailed 3D finite element model is shown in fig.5. The model consists of 1345 beam elements and 
2298 plate elements. The RC slabs and walls are modeled by plate elements. The frame structures are 
modeled by beams. The outer wall panels (they are not bearing elements) are modeled only as lumped 
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masses. Attention is paid to represent accurately in the model the actual releases of the prefabricated 
elements. The designed documentation is checked by walk-downs to reflect the as-built status of the 
structures. 

The primary coolant system is modeled by beam elements and introduced in the structure model. This is 
done because of the significant weight of the reactor systems and the possible interaction with the building 
structure. The steam generators are attached to the structure by snubbers. Their dynamic behavior is also of 
interest. 

The soil-structure interaction is modeled by spring-dashpot systems. The seismic excitation on free field 
is transferred to the foundation level by deconvolution.  

The dynamic analysis is performed by the Stardyne 4.0 computer code. In Table 3 the first 10 eigen 
frequencies are presented. 

 
Table 3. Eigen frequencies of the as-built structure model 

Mode Frequency Period Mode Frequency Period 
1 1.46 0.68 6 2.81 0.35 
2 2.37 0.42 7 2.92 0.34 
3 2.54 0.39 8 3.17 0.31 
4 2.58 0.38 9 3.25 0.307 
5 2.69 0.37 10 3.33 0.30 

 
The analysis of the mode shapes is showing that there is intensive rotation of all attached buildings 

(turbine hall, electric building and ventilation center) around the stiff reactor building. There is also intensive 
rotational motion in upper frame part of the reactor building. 

The seismic effects are computed by time history analysis. The three components of the strong motion 
are applied simultaneously. The modal superposition technique is used. In the analysis 350 modes are 
computed. The activated modal mass is about 90 percent of the total mass. The material damping used is 
0.07. The radiation damping is introduced for each footing. The modal damping is a composite one. For 
capacity analysis only the maximal computed effects are used. 

The seismic effects (the member forces) are combined with the static one. The most unfavorable 
combination is aimed. In most of the cases these combinations are very conservative, e.g. maximum bending 
moments from static and dynamic analysis are added while the axial forces from the static analysis are 
reduced by the normal forces from dynamic excitation. 

The capacity assessment is performed according to the Bulgarian standard for reinforced structures 
(limit state concept). The nonlinear reinforced concrete behavior is accounted by introducing member 
ductility. The typical member ductility for columns is 1.25 and for beams 1.5. No ductility is allowed for ties 
and connection. Generally all the outer column rows are overloaded. The deficiency in the stiffness is 
presented both in longitudinal and transversal direction. The computed displacements at several control 
points are bigger than the available gaps of the expansion joints, i.e dynamic impact between adjacent 
structure is possible. All these results are the reason for the proposed seismic upgrading. 

Three different approaches are used for upgrading of the structure. The first approach is based on the 
local strengthening of elements with low capacity. It means in most of the cases to add more material, i.e. to 
increase cross section or inertia moment of the element. Usually this could be realized by jacketing of the 
existing elements or by introducing new elements acting with the existing ones simultaneously and in the 
same way, e.g. a parallel beam or column. Usually this approach is not very effective. 

The second approach is based on the understanding of the global seismic behavior of the structure. By 
adding new elements it is aimed to improve the unfavorable response modes. Basically by adding new 
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elements a better load path is achieved, the overloaded elements are unloaded and the not fully utilized 
elements are additionally loaded. This approach could be very effective. 

The third approach is especially important for prefabricated structures. Usually they have RC elements 
of good quality. The loading capacity of those elements can not be used thoroughly because of the bad 
implementation of the element joints. The local improvement of the joints would contribute for better 
dynamic behavior of the whole structure. 

A general view of the model of the upgraded structure is presented in fig.6. 
The most unfavorable mode of seismic response for the main structure is the rotation of all the attached 

buildings along vertical axis going through the virtual center of stiffness, which is located in the reactor 
building. Because of this predominant feature of the response the most important upgrading are the new 
diagonal braces in the column rows placed at the periphery of the structure. Although these upgrading could 
not change the character of the response they contribute very much for improving the seismic safety of the 
frame structures. The second major upgrading is the roof connection between turbine hall and reactor 
building. 

The aim of these new elements is also to help resisting the rotation response of the structure, to create 
continuity in the roof disk, to reduce the horizontal shear force in the columns of reactor building due to 
response of turbine hall. Improving the joints of the prefabricated elements of the longitudinal electric 
building increases the effect of these upgrading. Detail of the upgrading is shown in fig.6. The improvement 
(upgrading) of the joints is proposed also for the transversal electric building and for the roof-to-column 
connections in the reactor building and turbine hall. The first 10 eigen frequencies of the upgraded structure 
model are presented in table 4.  

 

Fig. 6.Upgraded Structure model 
 
The first natural frequency is increased from 1.46Hz to 2.1Hz. This is the only significant shift in the 

frequencies. Although the seismic upgrading is very limited (it is about 300t steel) the effect on the seismic 
capacity is significant. After the implementation of the upgrades there is no deficiency in capacity or in 
structure deflections. 
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Fig. 6. Detail: Upgrading of roof between turbine hall and reactor building 
 

Table 4. Eigen frequencies of the upgraded structure model 
Mode Frequenc

y 
Period Mode Frequenc

y 
Period 

1 2.1 0.47 6 2.91 0.34 
2 2.43 0.41 7 3.16 0.31 
3 2.56 0.39 8 3.23 0.309 
4 2.66 0.37 9 3.33 0.30 
5 2.88 0.35 10 3.39 0.29 

 
Conclusins 
The paper describes some features of the methodology applied for seismic upgrading of civil structures at the 
site of NPP Kozloduy. The essence of the methodology is the use of as-build data, realistic damping and 
inelastic reduction factors.  
As an example of seismic upgrading the analyses of unit 3 and 4 are presented. The analyses are showing 
that for effective seismic upgrading detailed investigations are needed in order to understand the significant 
response modes of the structures. In the presented case this is the rotation of the attached flexible structures 
to the stiff reactor building. Based on this an upgrading approach is applied to increase the seismic resistance 
for the predominant motion. The second significant approach applied is the strengthening of the 
prefabricated element joints. Although it is very simple it allows use of the available element capacity. 
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