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1 ABSTRACT 

Nuclear Island, which consists of a number of safety related structural systems, due to functional requirements 

and optimization of layout considerations, requires integrating them into a single integrated structural system. 

This calls for performing rigorous and time-consuming structural analyses to assess the performance and design 

of such structural systems with reasonably accuracy. It is considered useful to gain from the experiences by 

reviewing, the analysis methodologies and assumptions made in modeling, on a performed, analyzed and 

designed system ,taking into consideration the state-of-art computational facilities. The considerations are to 

improve the structural designs with optimization of cost and reliability of the designed structural systems.  

Experiences gained from engineering and methodologies adopted towards optimization and performance 

assessment for a Proto-type Fast Breeder Reactor (PFBR) under construction at Kalpakkam in India have been 

discussed and possible improvements are brought out. Some of the areas addressed are soil structure interaction, 

modeling of floors, reduction of efforts in analysis etc. 

The paper is concluded with findings from activities performed for PFBR and  scope for further 

improvement in future nuclear installations. 

2 INTRODUCTION 

Prototype Fast Breeder Reactor (PFBR) is the first Reactor of its kind presently under construction at 

Kalpakkam in INDIA. Nuclear Island Connected Building (NICB) is an integrated structure consisting of eight 

buildings, viz Reactor Containment Building (RCB), Steam Generator Buildings (SGB1 & SGB2), Fuel 

Building (FB), Rad Waste Building (RWB), Electrical Buildings (EB1 & EB2) and Control Building (CB) to 

form a single integrated structural system (Figure 1). A 3-D model of NICB is shown in Fig. 2a. 

NICB measures about 92.6m in NS direction and 83.2m in EW direction and a maximum height of 70m. It 

is founded on hard rock (Shear wave velocity = 2600 m/s), about 21.5m below Finished Ground level. The 

integrated FE model with consideration of SSI resulted in a model with about 10, 00, 000 Degrees of Freedom 

(Figure 2b). 

For the above structure, the approaches for analysis and design have been reviewed and suggested 

improvements with respect to following have been brought out in this paper. 

1. Reducing efforts in modeling, analysis and design performed without sacrificing the design interests. 
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2. Appropriate understanding of certain loads and behavior of structure under these loads and improved 

simulation of the structural behavior, so that accuracy of the analysis performed could be improved, and in-built 

conservatism involved in the methodology could be reduced. 

3. Improving the accuracy of the methods, taking into account the current state-of-art computational 

capabilities available 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. General Plot Plan of NICB    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2a . Three Dimensional model of NICB             Figure 2b. FE model of NICB 

 

Aspects with respect to FE modeling approach, soil-structure interaction analysis, modeling of diaphragm 

slabs in the structure and its design aspects, and handling of certain special loads like Shrinkage and Heat of 

Hydration loads have been discussed. Principles and methods adopted in analysis and design of NICB have been 

elaborated and scope for further improvement of the methods has been brought out in this paper. 
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3 EXPERIENCES FROM PFBR AND SUGGESTIONS FOR FUTURE IMPROVEMENTS 

3.1 Salient aspects in the development of the analytical model for analysis and design are as under:  
 

• NICB Structure 

• RC walls, the buttresses integral with outer peripheral walls between EL12-EL30 are discretised 

with 8-noded thick-shell elements having membrane, bending as well as shear-deflection 

capability for stiffness. 

• Floor-slabs of RCB are discretised with 8-node thick-shell elements. 

• The roof-slabs and floor-slabs of non-RCB buildings are modelled to provide diaphragm effect 

with 4 noded thin-shell elements   

• All the Primary Beams and columns are idealised as 3-D elastic beam-elements. 

• Steel-trusses in RCB are included; these are the elements with only axial-stiffness both in 

compression and tension. 

• The NICB structure is finally discretised into about  

• 72000 elements which includes 40500 thick shell elements,  

• 8300 beam elements, 600 truss elements,  

• 1800 thin shell elements,  

• 10000 mass elements and 12000 spring elements.  

 

•   Soil Structure Interaction 

• Lumped parameter model has been adopted  

•  The base raft of NICB has been incorporated in the global FE model using assemblage of shell 

elements, interacting with the foundation base medium at all points of contact. 

• Impedance-function formulation based vertical springs and horizontal springs idealised at all 

nodes of raft are used in analyses. 

• Discrete Spring systems are modelled at every node of the raft. 

• The vertical springs (distributed in plan) resist rocking motion about NS & EW axes besides 

offering vertical stiffness. 

• The horizontal springs resist torsional motion of structure besides offering horizontal stiffness.  

• Tension-compression springs, are idealised using  three-dimensional, uniaxial, tension-

compression element with three translational degrees of freedom at each node 

• A sub-grade model based on Winkler's Hypothesis modified with Pseudo-Coupled Concept is 

used for idealizing the foundation medium.  Winkler’s model does not account variation in 

stiffness due to differential sub-grade deformation and spring coupling 

• The variability in the sub-grade modulus is achieved by  

• Adopting an iterative procedure (called as Variable-K Approach) based on the 

Boussinesque Formulation.  

This is to mimic the variable sub-grade stiffness which develops below the base raft because of the 

spring coupling due to vertical shearing and the resulting load spreading effects.  

• Variation of properties of Foundation Medium: 

• Best estimate of low strain shear modulus of the founding medium is 47500 MPa. 

• Variation considered is 0.5K, 1.0K and 2.0K  
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• Damping 

•  Specified for every discrete nodal spring  in the form of material damping expressed as 

percentage of critical damping. 

• Damping of founding medium  

• Rocking and Torsional motion of vibration  

• Vertical and Horizontal motion of vibration  

 

• Embedment  

•         Study of analysis and design results with and without embedment effects has been performed. 

 

 3.2 Areas addressed  

• Foundation Modelling and Damping 

For NICB models, Winkler’s uniform distribution and variable distribution based on  Boussineq’s  formulation 

for  soil springs were compared and Winkler’s formulation was finally adopted. Embedment effects in soil were 

not considered to be on a conservative side, due to uncertainties involved. It may be desirable to consider its 

effects appropriately to reduce conservatism. Variation analysis was performed varying Soil Stiffness between ½ 

K to 2K, where K refers to the measured soil stiffness value. Effect of variation of vertical and horizontal soil 

damping have been studied. For soil damping, a uniform value of 7% had been adopted in all the three directions 

based on consideration of rocking motions. However, this is a conservative approach. Improved criteria for 

selection of soil damping to be adopted have been brought out in this paper. 

• Modelling of diaphragm slabs 

The diaphragm slabs in FE model of NICB were modeled using thin shell membrane elements. A design 

methodology for the slabs was formulated considering in-plane forces obtained based on Global FE model and 

out-of plane forces / moments obtained based on refined sub-models of respective floors. Findings related to the 

same and suggested improvements with respect to modeling of diaphragm slabs have been brought out. 

• Decoupling effect: 

The computational time involved and the facilities then available warranted for some measures to be 

adopted in modeling, to reduce the time and cost involved while at the same time retaining the accuracy level of 

analysis. Measures like adoption of relatively coarser mesh of diaphragm elements, decoupling certain 

equipments like Steam Generators, usage of equivalent stick models for certain areas like Reactor core, chimney 

on top of SGBs etc, were incorporated. These have been brought out in detail and some additional measures that 

could be incorporated   have been suggested.  

• Drying shrinkage and creep effects 

In NICB, loads due to initial drying shrinkage and creep effects were applied on the entire model as an 

equivalent thermal load. This approach was significantly conservative. Improvements on the same have been 

suggested. Details with respect to above have been elaborated in further paragraphs. 

3.3 Effect of SSI parameters on structure 
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Lumped Parameter based approach has been adopted for soil modeling in NICB. Evaluation of certain soil 

parameters like soil damping, sub-grade stiffness of soil, consideration of embedment effect, distribution of soil 

stiffness etc were the  key areas of concern that were addressed while performing SSI analysis (K V 

Subramanian et. al.(2005)) 

In NICB, horizontal and vertical soil springs were modeled, to resist the translational and vertical motions 

of the structure.  Soil springs also help in resisting Rocking and Torsional movements since they are distributed 

over the area of the raft. These springs are evaluated as specified in ASCE.4-98 (ASCE(1998) (Section 3.3) 

limiting their damping values to 7%, 20% and 30% under rocking, horizontal and vertical directions 

respectively. Thus, for the springs, while resisting rocking / torsional movements of the structure, the damping is 

restricted to 7%, and while resisting motion in vertical and horizontal directions, the damping is restricted to 

30% and 20% respectively. A study was performed to determine the effect on structural response, of using 7% 

damping for the vertical springs while resisting both vertical and rocking motions. Based on the study it was 

observed that for NICB which is founded on a Hard Rock, the maximum increase in structural response under 

vertical motion was 6% (Figure 3). However, though this may not be significant for the structure, the effects are 

significant in lift-off calculations and raft design. It was observed that it would be prudent to adopt 30% 

damping under vertical seismic event wherein the soil springs would resist vertical motion and 7% damping 

under horizontal seismic events wherein the springs would resist rocking motion. However a composite damping 

value evaluated based on weighted average of 30% damping value in case of vertical motions and 7 % damping 

in case of rocking motion could be adopted, based on total energy associated with vertical and rocking modes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of damping in Vertical Springs on Vertical Seismic Reaction-NICB. 

 

The effect of uncertainty involved in sub-grade stiffness adopted, on the structural response, has been 

evaluated by a range analysis in which the sub-grade stiffness was varied between ½ K to 2K. Three sets of 

analyses were performed adopting soil stiffness as ½K, K and 2K and the results were compared. It was 

concluded that the variation in sub-grade stiffness causes a maximum change in base shear of 6% and in 

displacement of 13%. These variations are in-significant as they could be taken care by margins in design 

(Figure 4). 
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Figure 4: Comparison of Base Shear of NICB for Various Values of Sub-Grade Stiffness. 

 

 The structure considered has a total embedment of 18m. Structural response with and without embedment 

effects had been evaluated and it was found that there was no significant effect of embedment on the free 

vibration characteristics and a meager effect of 4% on the dynamic response of the structure (Figure 5).  

Two approaches were compared for distribution of soil stiffness below the raft,. In Winkler’s distribution 

based approach, the total stiffness was distributed among the different soil springs uniformly based on their 

contributory area (Soil stiffness to be adopted is evaluated  based on Vesic’s equation for static loading 

conditions and impedance functions as furnished in ASCE-4-98, for seismic loads). The other approach involves 

incorporating variable distribution of soil stiffness below the raft based on pressure acting below. To start with, 

uniform distribution of soil stiffness was assumed. This is refined in the next iteration. Based on the pressures 

obtained below, deformation at each soil-spring point is determined based on Boussineq’s approach. It was 

found that most of the soil stiffness was concentrated near the stiff super structure elements like walls and 

columns. Comparing the results obtained with respect to maximum bearing pressure   below the raft, lift-off   

and maximum moment  below the raft and super-structure’s response, between the two approaches (Winkler’s 

uniform distribution and Boussineq’s variable distribution), it was found that the effect of considering variable 

stiffness on the structural response was not so significant, considering the rigorous efforts it calls for and 

practicality of adopting this approach in structural design problems. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effect of Embedment on Mass Participation in N-S Direction for NICB. 

 

 

  For structures founded on hard rock with a shear wave velocity of about 2000-2500 m/s, the effect on the 
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structure, of possible variability in soil stiffness evaluated based on measured parameters, is meager. The 

embedment effects also play a meager role in affecting the structural response.(Figure 5) 

 It is recommended a value of 7% for soil damping could be adopted under horizontal seismic conditions, 

since the springs also resist rocking/ torsional movements. However, under vertical seismic conditions, it would 

be prudent to adopt a higher damping value of 30%.   A composite weighted damping, weighted based on energy 

associated with vertical and horizontal modes could be adopted.  Variable distribution of stiffness below the raft 

based on Boussineq’s approach gives more realistic results compared to uniform distribution of stiffness based 

on Winkler’s approach; however, the differences in structural response are not so significant for the additional 

efforts involved and hence Boussineq’s approach is not recommended However, while the above conclusions are 

drawn for rocky strata, this needs to be studied for other types of strata encountered.  

Three Dimensional model of soil using brick elements could be adopted and results compared with those 

obtained based on Lumped Parameter model. This is from the angle of reduction in conservatism involved and 

adoption in cases of other types of strata. 

3.4 Consideration of Diaphragm slabs and their seismic design criteria 

Diaphragm slabs play a key role in affecting the behavior of structures when their plan area / size become large    

(K V Subramanian et. al. (2007)). These distribute the horizontal shear forces generated during seismic event, 

between the different vertical elements and aid the different vertical elements to behave integrally under seismic 

events due to their high in-plane rigidity. Further under thermal expansion, they aid in tying the different vertical 

elements together. 

It was found that under such actions, significant in-plane forces are transferred to the diaphragm slabs, 

which reduces their moment carrying capacity and induces considerable in-plane tensile and shear forces in the 

slab elements. Under vertical seismic motion and gravity loads, the slab system (including slab and secondary 

and primary beams) resist the out-of-plane shear and bending forces.  

A two stage approach was adopted for NICB, wherein, in the Global FE model of NICB, the slabs were 

modeled using thin shell (membrane elements), which has only in-plane resistance and the primary beams and 

columns were modeled. This reduces the size of Global FE model as the slabs can be modeled relatively coarser. 

In the second stage of analysis, sub-models of different floors were generated individually, and analyzed for 

gravity loads and vertical seismic loads. All the minor openings and secondary beams are modeled in this stage 

along with primary beams and slabs. Columns are modeled for half the floor height above and below the floor 

considered in the sub-model. 

The in-plane forces in the slabs as obtained from global FE model (in-plane tensile and in-plane shear 

forces), and out-of-plane forces obtained based on sub-models of floors (out-of-plane shear and bending forces) 

are correlated based on zoning (i.e., physical location of the element in global and sub-models). For the 

combined effect of in-plane and out-of plane forces, the slab elements are designed.  

The approach as adopted in NICB, gives a rational way of considering the effect of slabs in imparting 

diaphragm action, in considering these diaphragm forces in the design of slab elements and also in reducing the 

size of overall global model. It was observed that an increase in reinforcement of about 70% of the original 

reinforcement provided was required on considering the diaphragm forces in the design of slab. This aspect 

needs to be considered while deciding the thickness of slab elements  
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  Incorporating the flexural stiffness of slab in global FE model may be examined with the current 

computational capabilities available. Studies can determine whether such a refinement is essential from practical 

design considerations. This can reduce conservatism.  

3.5 Efforts to Reduce size of model and implications 

In such large integrated structures, it is worth-while to take measures to reduce the size of structural model, 

which will have a positive impact on  

1) Computational time and resources required for performing analysis, 

2) Better control in managing the quality of the structural model made and in better understanding of the 

structural model, 

3)  Measures like decoupling certain possible areas / equipments from the global model where feasible   

Many of the components / equipments have been decoupled from the global FE model, based on the criteria 

as given in ASCE-4-98. Some of the notable components include Steam Generators,   and Air Heat Exchangers 

(AHX) in SGB, etc. Using appropriate decoupling criteria, these components have been either directly lumped as 

masses over the floor beams, or they have been modeled as equivalent stick elements with attached masses (for 

example, core of the Reactor Assembly (RA) has been modeled as an equivalent stick). 

Modeling of diaphragm slabs has been performed using thin shell membrane elements and adoption of a 

two stage analysis approach.   

While the size of the Global analysis problem has been reduced, these components are required to be dealt 

with separately by means of sub-models. While performing sub-model analysis, the effects of differential 

displacement profile obtained in the Global model imposed on the sub-model (in case of components with 

multiple supports on the Global model) and localized effect of actual behavior of sub-model on the design of 

supporting elements of the components in the Global model are to be considered. For example, in case of a 

component supported by means of eight support points over a considerable span of 5-6 m, the differential 

displacement obtained between the eight support points in the displaced profile of the global model has to be 

imposed in the sub-model and the resulting stresses are to be considered in the design of the component in 

combination with the stresses due to other direct loads. Due to these aspects, considering an equipment for sub-

modeling or to include it in the main model has to be judiciously decided, since   modeling every component in 

the Global model will result in un-manageable size of Global model. 

  Selection of elements and decision on size of elements to be used in the model are based on accuracy 

required and are to be judiciously performed. Though usage of higher order elements gives a higher accuracy in 

results, they increase the size of problem considerably, taking into account that, the overall matrix storage space 

required will be proportional to square of number of degrees of freedom involved.  

In NICB, Eight nodded thick shell elements have been used for idealizing walls and raft. Size of element 

adopted is generally around 1.5 to 2m. Further attempts are being carried out to make a convergence study by 

varying the element sizes in different zones of a structure so as to arrive at optimal element size to be adopted in 

different zones. 

Usage of super elements and dynamic condensation techniques can be attempted in reducing the time 

consumed in dynamic analysis problems.  
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3.6 Drying Shrinkage and Creep Effects 

Drying Shrinkage and Creep effects play a major role in affecting the stresses in structural elements in case of 

large structures due to stress built up. This effect is generally applied in structures in the form of equivalent 

thermal load (AERB-SS-CSE-1 (2001)). In case of NICB, an equivalent temperature drop of 10-14 degrees 

calculated based on cross-sectional dimensions of different elements, had been applied in the FE model. 

Temperature load was applied in all the elements of the model simultaneously, and the resulting element forces 

were used in load combinations for purpose of design. Since in actual construction conditions, the structure will 

be constructed in stages with significant time gap between different stages, it would be apt to go in for a 

construction-stage analysis for drying shrinkage loads. In NICB, construction stage analysis has been adopted 

for designing the critical components of the structure as a construction stage loading in critical RC elements with 

thickness of order 1-1.5m, like Reactor Vaults, Containment wall etc.  

4  CONCLUSIONS 

Salient aspects with respect to FE modeling, structural analysis and design of large Nuclear Power plant 

structures have been brought out with experiences gained from analysis and design performed for NICB.  

 

Major conclusions drawn for similar activities in future include  

 

1) Winkler’s based uniform distribution of soil springs is observed to give considerably accurate results 

with lesser efforts compared to Boussineq’s formulation. Hence for similar structures like NICB with similar soil 

conditions, Winkler’s formulation could be adopted. 

2) Variational studies in Soil Stiffness value is not observed to have any significant change in the analysis 

and design results in such structures founded on Hard rock. 

3) Embedment effect is not found to affect the behavior of the structure significantly. 

4) Criteria of adopting soil damping based on a weighted average between 7% and 30% as suggested in 

the paper could be adopted. 

5) In case of diaphragm slabs they have to be modeled, and the seismic in-plane forces have to be taken 

into consideration for design. Effect of modeling the flexural stiffness of the slabs has to be evaluated.   

6) Efforts to reduce the size of Finite Element model had been brought out.  Suggestions with respect to 

usage of super-elements and reduced-order elements / identifying optimum size of elements to be used had been 

brought out. 

7) Construction stage analysis has been suggested for drying-shrinkage loads based on actual construction 

schedule, which will help in reducing conservatism involved. 
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