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ABSTRACT 
 

This paper addresses results obtained during the study of Steel Ventilation Stacks (SVS), located on the top of 
reactor buildings of WWER-1000MW type NPP and possible measures for their seismic upgrade. The main objective of 
the project was to evaluate the behaviour of the steel structure of the ventilation stacks under site specific seismic 
loading and to determine whether this structure satisfies current international safety regulations. 

The structure of the ventilation stacks consists of steel ventilation tube and auxiliary steel supporting truss. Steel 
ventilation tube foots on the reinforced concrete (RC) plate with thickness of 1.2 m at the top of the auxiliary building 
around the reactor containment’s RC shell. The steel supporting truss foots on the RC cantilever extending from the ring 
of the cylindrical RC shell of the reactor containment. The footings are arranged at different elevations. 

Stacks are evaluated for Review Level Earthquake (RLE) seismic excitation, defined by enveloped floor 
response spectra for both supporting elevations. Dynamic interaction effects, due to multi support seismic excitation, 
were evaluated through relative differential support excitation. 

Three dimensional models with beam and shell elements were created for the static and dynamic analyses of the 
stack structure. Seismic response of the stacks and D/C ratios for structural members and connections, embedded parts 
and anchor bolts were calculated. Overall and local stability of stacks were checked. 

Upgrading concepts for enhancement of seismic behavior and capacity were developed. Response spectra at 
different elevations over the height of the stacks were generated. Full evaluation of the upgraded structures was 
performed. 
 
KEY WORDS:  steel ventilation stacks, reactor building, seismic upgrade, truss, RLE, seismic excitation, response 
spectra, interaction effects, multi support excitation, stability, enhancement 
 
INTRODUCTION 
 

The structure of the Steel Ventilation Stack is located on the top elevation of the Reactor Building. It consists of 
steel ventilation tube and auxiliary steel supporting truss. Steel ventilation tube’s foundation is situated on the upper RC 
plate with thickness 1.2m at the top of the auxiliary building around the reactor containment’s  RC shell. The steel truss 
structure is supported and anchored to the RC corbel, extending from the top edge of the cylindrical RC shell of the 
reactor containment. The total mass of the ventilation stack and the supporting truss is very small compared to the mass 
of the structure of the main building and reactor containment and is evaluated to be 130t. Three dimensional models, 
composed of beam (frame) elements and shell elements are created for the static and dynamic analysis of the steel 
ventilation stack structure on Reactor Building. 

The overall structure of the ventilation stack consists of two concentric steel tubes with inner radius  
R= 1500/800 mm and thickness Th= 10 (12) / 4 mm, respectively, and of auxiliary supporting spatial steel truss. 
General view and sections of the structure are shown on Fig.1 and Fig. 2. 

 
MATHEMATICAL MODELS 
 

Two models are considered in the study. The first one is a beam model, noted as “MODEL”, where all structural 
elements are represented by frame type finite elements, Fig.3. The second model is noted as “DET_MODEL”, where 
the structure of the steel ventilation tube is represented by adequate mesh of shell type finite elements, while the 
supporting spatial truss is formed by frame type finite elements as at the first model, Fig.4. The stiffening rings at 
elevations of connections to the supporting truss structure are modelled also by appropriate beam type elements.



 

2 

 

     
                                              Fig.1                                                                                    Fig.2 
 
Beam Model 

From the presented workshop drawings for the ventilation stacks it is clear that inner steel tube (radius 800mm) 
has significantly lower stiffness than the outer one. Furthermore, considering the presence of longitudinal expansion 
joints, a model of the structure was built, including only the outer steel tube – main bearing element of the stack. The 
presence of the inner tube was taken into account only as mass contribution. 

                                   
                                          Fig.3                                                                        Fig.4 
 

In the beam model, the ventilation stack tube is modeled with frame elements  with respective cross-section and 
with presence of zones of infinite rigidity where connections to the supporting truss elements are available. The 
elements of the supporting spatial truss are modelled by ordinary beam (frame) elements. The aim of creating a beam 
model is to get quick and relatively precise evaluation of the structure’s behaviour, as well as to determine the 
possibilities for upgrade of the structure, if necessary. All beam elements of the supporting truss, excluding the joints to 
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the ventilation steel tube, are axially connected to each other and to the stiffening rings of the ventilation stack tube. 
Special frame elements, possessing infinite rigidity, are created to account for eccentricities of truss elements 
connections with respect to the ventilation stack beam model. All element-to-element connections of the supporting 
truss, excluding the posts and the middle joint of horizontal elements at inverted “V” –type braces, are pinned at both 
ends (having no capacity against moment action). The posts and the middle joints of horizontal elements at inverted “V” 
–type braces are continuous at the relevant joints of the model. All element-to-element connections of the ventilation 
stack frame elements are continuous.  

The structure of the ventilation steel stack is supported in 3 nodes – one at the foot of steel ventilation stack tube 
at level +47.150 and two nodes at the foots of the supporting spatial truss posts at level +61.000. According to the 
presented workshop drawings the supports are fixed for all 6 degrees of freedom, realised by the means of anchoring 
bolts. 

Determination of the masses, that are used for the dynamic and seismic analysis of the model is based on the data 
reviews of the workshop drawings – sections, locations of the different elements and joints, additional structural 
stiffeners, supporting structural elements, etc. Masses of structural elements that are present in the model are 
distributed, whereas masses of nonstructural ones are lumped at model nodes. 

 
Detailed Model 

The main difference between this model and the beam model is in modelling of the steel tube and connections of 
the supporting truss to it. 

As it is pointed above only the outer steel tube is modeled. The presence of the inner tube is accounted only as 
mass contribution. Ventilation stack steel tube is modelled as a mesh of rectangular finite shell elements with 
corresponding thickness. 

Stiffening plates and ribs, forming reinforcing rings at the levels of connections between supporting spatial truss 
and steel tube, are modelled by the means of appropriate frame polygonal elements. These polygonal elements are 
connected to the respective nodes of the shell elements, forming the outer steel tube. 

All beam elements of the supporting truss are connected to each other and to the stiffening rings of the 
ventilation stack axially.  
 
DYNAMIC CHARACTERISTICS OF THE MODELS AND SEISMIC RESPONSE ANALYSES 
 

Dynamic characteristics 
The first 5 natural modes of the structure compose more than 73% of the cumulative sum of the participating 

mass ratios and are dominant for the response to dynamic horizontal loads (Table 1, Table 2). 
Mode 1 and mode 2 are the first natural modes along minor and major structural axes. Mode 3 and mode 4 are 

the second natural modes along minor and major structural axes. Mode 5 is the first torsional-bending mode around the 
vertical axis.  

From the presented data in Table 1 and Table 2, it can be seen that the differences between the models dynamic 
characteristics are generally negligible. The beam model is used as a basic model for investigation, for static and 
dynamic analysis and for generating of upgrading concepts and their optimization. 

Steel Ventilation Stacks are seismic category I structures. All analyses are done for 4% damping. As the 
response spectra at footing of supporting truss envelope the response spectra at footing of stack tube, the first set of 
spectra are used for the seismic analyses. Instead of multisupport excitation analysis, a single support seismic analysis is 
performed using the enveloped response spectra. Three component (X, Y, Z) statistically independent time history 
records corresponding to the envelope response spectra are generated for the different soil conditions under Reactor 
Building. Influence of the variation of soil characteristics on seismic response of the Ventilation Stack is accounted for 
by analysing the structure for reduced (LB) and increased (UB) soil properties. Best-estimate (BE) low-strain shear 
modulus with scaling factors in accordance with Table 3 is used in the analyses. Analyses for determining of 
forces/stresses in the stack elements are performed with the best estimate soil properties.  

Figure 5 shows an elevation view of the structure with locations at which in-structure response spectra are 
generated. Each location is uniquely identified by its elevation along the height of the stack. These locations are chosen 
as follows: 

• Location 80 – situated at elevation +80000 along height of Steel Vent Stack 
• Location 99 – situated at elevation +99000 along height of Steel Vent Stack 
• Location 118 – situated at elevation +118000 along height of Steel Vent Stack 
• Location 150 – situated at elevation +150000 along height of Steel Vent Stack. 
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Table 1 Characteristics of Beam model – periods and mass participating ratios 
PERIOD

s UX UY UZ UX UY UZ
1 0.963 14.50 27.97 0.00 14.50 27.97 0.00
2 0.908 32.59 16.84 0.05 47.09 44.81 0.05
3 0.384 3.71 7.32 0.00 50.80 52.13 0.05
4 0.374 14.28 7.46 0.04 65.07 59.59 0.10
5 0.333 5.75 10.90 0.00 70.82 70.49 0.10
6 0.248 0.55 0.29 0.00 71.38 70.78 0.10
7 0.247 0.00 0.00 0.00 71.38 70.78 0.10
8 0.247 0.03 0.01 0.00 71.41 70.79 0.10
9 0.247 0.06 0.03 0.00 71.47 70.82 0.10

10 0.242 0.02 0.01 0.01 71.49 70.84 0.11
11 0.162 3.95 7.22 0.00 75.44 78.06 0.11
12 0.152 8.11 4.42 0.09 83.55 82.47 0.20
13 0.121 1.19 2.29 0.00 84.74 84.77 0.20
14 0.089 0.66 1.27 0.00 85.40 86.04 0.20
15 0.083 1.92 1.04 1.04 87.32 87.08 1.24
16 0.079 0.78 1.43 0.00 88.10 88.51 1.24
17 0.072 0.13 0.06 73.40 88.23 88.57 74.64
18 0.060 0.23 0.43 0.00 88.46 89.00 74.64
19 0.060 0.45 0.24 0.69 88.92 89.24 75.33
20 0.057 0.15 0.30 0.00 89.06 89.54 75.33
21 0.054 0.29 0.15 0.25 89.36 89.69 75.58
22 0.051 0.00 0.00 0.00 89.36 89.69 75.58
23 0.051 0.04 0.08 0.00 89.40 89.78 75.58
24 0.046 0.22 0.19 0.64 89.62 89.97 76.22
25 0.046 2.89 5.32 0.00 92.51 95.29 76.23

INDIVIDUAL MODE (PERCENT) CUMULATIVE SUM (PERCENT)
MODE

    
 

 
Table 2 Characteristics of Shell model -– periods and mass participating ratios 
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MODE PERIOD INDIVIDUAL MODE (PERCENT) CUMULATIVE SUM (PERCENT)
UX UY UZ UX UY UZ

1 0.988 18.51 27.78 0.00 18.51 27.78 0.00
2 0.915 31.85 20.93 0.04 50.36 48.71 0.04
3 0.377 2.34 9.88 0.00 52.70 58.59 0.05
4 0.360 17.78 3.78 0.03 70.48 62.37 0.07
5 0.337 3.23 10.99 0.00 73.71 73.36 0.07
6 0.248 0.49 0.25 0.00 74.20 73.61 0.07
7 0.247 0.00 0.00 0.00 74.20 73.61 0.07
8 0.247 0.00 0.00 0.00 74.20 73.62 0.07
9 0.247 0.07 0.04 0.00 74.27 73.65 0.08
10 0.242 0.05 0.03 0.01 74.31 73.68 0.08
11 0.168 4.23 7.78 0.00 78.54 81.47 0.08
12 0.156 0.04 0.02 0.00 78.59 81.49 0.09
13 0.156 0.01 0.02 0.00 78.59 81.51 0.09
14 0.154 8.58 4.69 0.08 87.17 86.20 0.16
15 0.136 0.01 0.0023 0.00 87.18 86.20 0.16
16 0.119 1.21 2.15 0.00 88.38 88.35 0.16
20 0.080 0.00 0.00 0.00 90.77 90.84 0.55

32 0.073911 0.3082 0.3748 0.205 91.8654 91.9231 1.1644
33 0.073146 0.1071 0.0714 78.8065 91.9726 91.9944 79.9709

…………………………………………………………………………………………………

 
 

 
Table 3 Soil properties scaling factors 

SOIL CASE SHEAR MODULUS FACTORS 
BEST ESTIMATE 1.00 
LOWER BOUND 0.50 
UPPER BOUND 2.00 

 
 
 

 
                                                                                                  Fig.5 
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Because stack and its supporting truss structure are footed on different elevations and on different substructures 

of the reactor building, they obtain differential movement at the supporting nodes. This effect is accounted for through a 
separate static case, presenting the relative support displacements. Differential movements of support nodes are 
obtained by a two-step integration and normalization of the acceleration time histories. On Fig.6 is shown the 
normalized relative displacement time history used for determination of differential movements.   
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Fig.6 

Load Cases 
Dead load includes the following: self weight of all structural elements, weight of technological elements – inner 

tube, stairs and landings outside structural tube. Total weight of structure is ~1300kN. 
Live load location is only over stair landings along height of structure. They are situated at elevations +78000, 

+118000, +148000. The total area is 16,5m2 and applicable design load is 2 kN/m2 or 33kN total, which is less then 3% 
from the total vertical load. 

Snow design load value is 1 kN/m2 for the WWER type NPP site. It may occur only over stair landings, but not 
concurrently with live load. As far as live load values are higher than that of snow load, live load is only applied. 

Earthquake loads on SVS structure are simulated by acceleration time histories. For extraction of forces, time 
histories for best estimate soil conditions under reactor building are used. Relative displacements of auxiliary versus 
containment buildings are presented with a separate static case.  

Load combinations 
The seismic category I buildings and structures are analysed and designed to withstand an earthquake with 

characteristics defined for RLE. 
For seismic category I steel structures, the load combinations and applicable criteria can be summarized as 

follows, according to AISC N690 Code[3]: 
 

  DL + To + LL + S + RLE/Fµ  <  Extreme Category strength,     (1) 
Fµ - inelastic energy absorption factor; Fµ=1 due to non-ductile details and design solutions 
 

Strength capacity determination 
In order to investigate the stability of the structures, the capacity of the most important structural members (those 

that transfer the gravity and seismic inertial loads from their application points down to the supports) is evaluated for  
as-built condition of the structure and is compared with the internal forces and moments induced from the gravity and 
seismic inertial loads. 

When load combinations are defined as extreme category load, a stress limit coefficient multiplier, equal to 1.6, 
must be applied to the primary stress limits. Combined stresses (axial compression and bending, axial tension and 
bending) according to [3] are checked. 

For structural elements are determined allowable stresses and slenderness ratios for the SVS structural elements. 
Buckling lengths for the SVS structural elements are determined according to: 

-The boundary conditions of the elements; 
-Their position and function for the overall response of the structure. 
Below is an excerpt of calculated demand to capacity ratios, which show that the stacks are not overloaded under 

prescribed seismic loading.  
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Table 4 Demand to capacities of some structural members 

 
Demand-to-Capacity ratios 

Element Axial tension 
and bending

Axial 
compression 
and bending

0.44 0.70Verticals 
0.45 0.67

Diagonals 0.52 0.58
Horizontals 0.66 0.63
V braces 0.03 0.32

0.17 0.21Horizontals
0.13 0.23
0.33 0.40
0.31 0.36
0.28 0.32
0.29 0.35
0.39 0.43

Stack 
sections 

0.34 0.34
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                 Fig.7 Vertical load for buckling analysis                    Fig.8 Lateral load for buckling analysis 
 

Structure is investigated for buckling under vertical, Fig.7, and under lateral loads, Fig.8. Slenderness ratios are 
determined for these two cases. 
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The investigation,  Fig.7, determines the critical axial load for SVS tube elements. It is Fcr= 159695 kN. 
Similar procedure is used in analysis under lateral load for determination of the critical lateral load. 
Local stability of cylindrical steel tube is also checked. Maximal stresses are less than 2/3 of limit buckling 

stress. 
 
Strength capacity in anchoring structures  
For determining strength of anchorage of steel ventilation stack to Reactor Building interaction curves are 

developed where demand values are also plotted. Supporting truss anchorage strength provides very reliable enveloping 
of demand forces. 
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              Fig.9 Anchorage of SVS structure – main tube                Fig.10 Anchorage of SVS structure – supporting truss 

 
Results of analysis show that the SVS structure is capable of resisting applied combinations of dead, live and 

seismic loads. Only anchoring of the stack could be considered as critical and requires further reevaluation. One very 
efficient way for reduction of forces is to increase the deformation capacity between the support nodes. This can be 
achieved through removal of lowest horizontal truss elements. 

 
CONCLUSIONS 
 
     Static and dynamic analyses were conducted for mathematical model of Steel ventilation stack structure. 
     Several load cases and one basic load combination, referring to  “extreme-category” strength were considered, as 
prescribed by the relevant design code “American National Standard for Nuclear Facilities. Steel Safety-Related 
Structures for Design Fabrication and Erection ANSI/AISC N690 - 1984"[3]. 
     As a result from the static and dynamic analysis of the SVS structure under defined load cases and combinations a 
final design set of forces and moments was obtained. 
     In order to investigate the stability of the building structure of SVS, the capacity of the most important structural 
members (those that transfer the gravity and seismic inertial loads from their application points down to the supports) 
was evaluated for as-built condition and was compared with the design set of internal forces and moments. This 
comparison was accomplished through calculating demand to capacity ratios. 
     Demand to capacity ratios (D/C ratio) are used to present the ability of the structure to withstand a prescribed 
external static and /or dynamic loads. Finally, demand to capacity ratios were obtained for as-built condition of SVS 
structure.  
     Analyzing the values of D/C ratios and considering the influence of different load cases upon the final set of design 
forces, we can observe that all values of D/C are less than unity, except ones at stack anchorage.  
     Main conclusion from the conducted analysis is that the Steel Ventilation Stack structure is too sensitive towards 
differential displacements of its supports. That is, the location of the structural supports upon different building 
substructures and at different elevations is not reasonable engineering decision. 
     One of the ways to solve the problem is to detach the structural connections that transfer (induce) intensive internal 
strains in the SVS tube elements near the footing. Other possible decision may be appropriate strengthening of critical 
structural elements. 
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