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ABSTRACT  
This paper provides salient features of the Soil Structure Interaction analysis of Nuclear Island 

Connected Building (NICB). The dynamic analysis of NICB is performed on a full 3D model accounting 
for the probable variation in the stiffness of the founding medium. A range analyses was performed to 
establish the effect of variability of subgrade parameters on the results of seismic analyses of NICB. This 
paper presents details of various analyses with respect to the subgrade model, uncertainties in 
subgrade properties, results of seismic analyses and a study of effect of the variability of parameters on 
the results of these analyses. The results of this study indicate that the variability of soil parameters 
beyond a certain value of shear wave velocity does not influence the response and in fact the response 
marginally diminishes. 
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1. STRUCTURAL ANALYSIS OF NICB  
Indira Gandhi Centre for Atomic Research (IGCAR) in India is setting up a 500 MWe Prototype Fast 

Breeder Reactor (PFBR) at Kalpakkam. The Nuclear Island Connected Building (NICB) of PFBR is a 
large Reinforced Concrete Building of size 92.6m X 83.2m in plan as shown in Figure-1, Figure-2 and 
Figure-3. It consists of centrally located Reactor Containment Building which is surrounded by other 
seven buildings, connected monolithically with each other and supported on a common base raft of size 
101.80m X 92.4m.  

The resisting system of the structure consists of shear walls and frames made up of beams and 
columns. The entire building is supported on a common base raft. Response of the structure to various 
static and seismic conditions was evaluated in a rational way considering the effects due to soil-structure 
interaction, coupled and de-coupled secondary systems and fluid-structure interaction. The seismic 
analysis of NICB was primarily focussed on assessment of effects of seismic loading environment in an 
integrated mathematical model, which was developed with all the features necessary to simulate 
influence of various interacting phenomena on the NICB structural system. A separate scheme of 
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analysis and design is followed for the base raft of NICB which involved a non-linear analysis with a 

variable sub-grade stiffness approach based on Boussinesq formulation.  
          

Figure-1  :  3D View of FE Model of NICB 

 
Figure-2  :  Plan Layout of NICB 
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Figure-3  :  Section of NICB 

 
The structural components of NICB viz. RC beams, columns, slabs, walls, raft are designed based 

on the results of Finite Element (FE) analysis. The cross sectional dimensions of various components 
are optimized to achieve overall economy in the design of NICB structure.  

2. FINITE ELEMENT (FE) MODEL   
A comprehensive analytical treatment was planned towards the estimation of structural response to 

seismic event in a single Finite Element Model catering for various interacting structural elements 
directly or indirectly influencing the structural response, ultimately in a complete form, ready for 
subsequent design calculations. The physical structure of NICB is transformed into a mathematical 
model for structural analysis using FE method. The FE model of NICB involves integrated assembly of 
roof and floor slabs, beams, steel trusses, RC walls, columns, raft foundation and underlying rock 
medium. The stiffness modeling involves discretisation of the physical structure using assemblage of 
shell elements for RC walls, RC floors, raft etc and three dimensional beam elements for beams and 
columns in the structure. 

A view of the full FE model of NICB is shown in Figure-1. The FE model has about 130000 nodes 
leading to about 780000 degrees of freedom. The NICB structure is finally discretised into about 72000 
elements which includes 40500 thick shell elements, 8300 beam elements, 1800 thin shell elements, 
600 truss elements, 10000 mass elements and 12000 spring elements. The total dynamic mass of the 
system is 283000 tons. The maximum size of wave front is about 14725.  

3. SOIL STRUCTURE INTERACTION  (SSI) 
A rational evaluation of Soil Structure Interaction during postulated earthquake events is of prime 

importance in various analyses of Nuclear Power Plants. The soil-structure interaction can alter the 
frequencies of vibration of the structure and also it can affect the stresses and displacements in various 
components of the structure. To simulate the soil-structure interaction in the domain of dynamic loading, 
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.  

For rigid foundations where the super-structure is idealized as a stick model and the base 
foundation is represented as a single lumped mass parameter system, the Impedance function 
formulated springs and damping coefficients as available in ASCE:4-1998 standard are used for 
representing translation springs and rotation springs. However, in case of NICB, where the system is 
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represented by a full 3D Finite Element Model, the extension of the above method for raft foundation as 
detailed in Arya, Pincus, O'neil is adopted.  

Impedance-function formulation based vertical springs and horizontal springs are idealised at all 
nodes of 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. For idealising these tension-compression springs, a spar element is used 
which is a three-dimensional, uniaxial, tension-compression element with three degrees of freedom at 
each node. Damping is specified for every discrete nodal spring in the form of damping expressed as 
percentage of critical damping.  

4. SUBGRADE MODEL  
Winkler's formulation cannot be directly applied since it does not provide for variation in stiffness due 

to differential subgrade deformation and does not account for spring coupling. Hence, a subgrade model 
based on Winkler's Hypothesis modified with Pseudo-Coupled Concept is used for idealizing the 
foundation medium. The variability in the subgrade modulus is achieved by adopting an iterative 
procedure (called as Variable-K Approach) based on the Boussinesque Formulation. This is to mimic the 
variable subgrade stiffness which develops below the base raft because of the spring coupling due to 
vertical shearing and the resulting load spreading effects.  

In variable-K Approach, an analysis is performed with an initial value of spring stiffness specified at 
all the nodes of raft to obtain pressure at each node. At a given node, effective deformation is worked out 
as a total effect of pressure at all the nodes using Boussinesque Formulation. The revised spring 
stiffness at the given node is the pressure at that node divided by the effective total deformation 
calculated at the node. This procedure is iterated till convergence to arrive at a realistic distribution of 
spring stiffness below the base raft. The base raft is stiffened by walls and columns. The load transfer 
from super-structure to raft takes place through the walls and columns. It was observed that the 
subgrade stiffness mobilized after variable-K analysis is higher below the stiffened loaded portion of the 
base raft.  

For the purpose of static and dynamic analyses, a fixed set of varied springs, obtained as explained 
above, based on gravity loading configuration is used. However for the purpose of analysis of base raft, 
a Non-linear analysis is performed with combined loading on the raft. In this non-linear analysis, the 
super-structure is also included in the model to account for the stiffening effect of the structural elements 
tied to the foundation.  

5. VARIABILITY OF PARAMETERS CONSIDERED 

5.1 Damping Of Founding Medium 

5.1.1 Rocking Motion Of Vibration 
For rocking mode, damping of 7% is specified for stick models. In case of Finite Element Model of 

NICB, the foundation stiffness is in a distributed form of vertical springs at each node of the base raft. 
These vertical springs resist rocking motion. For rocking mode, the damping for vertical springs is taken 
as 7%. The rocking mode of motion about the horizontal axis is excited due to the horizontal excitation. 
Hence, under NS and EW excitations, the damping for vertical springs is specified as 7%.  

5.1.2 Vertical Motion Of Vibration 
For the NICB raft, the value of L/B is approximately equal to 1.0 which gives the value of mass ratio 

Bz for vertical excitation approximately equal to 2.0. This gives the value of geometric damping greater 
than 30% as per Arya, Pincus, O'neil. Hence, the damping in vertical direction is restricted to 30%. 
Though these provisions for damping are for a stick model, the same can be used for an individual 
vertical spring in the Finite Element Model also. The damping for a single spring-mass system based on 
K and M as given by impedance functions is adopted for elemental springs, as used in the Finite 
Element Analysis. These vertical springs do not come under rocking mode under vertical excitation. 
Hence the damping can be specified as 30% under vertical excitation. A study was carried out to assess 
the impact of consideration of damping at 7% for vertical excitation.   
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5.2 Variation In Properties Of Foundation Medium  
SSI analyses have their uncertainties with respect to the parameters which represent the properties 

of the foundation medium. These properties can be density, shear wave velocity, Poisson's ratio, Shear 
Modulus etc. To account for these uncertainties, the analyses are performed by varying the low strain 
shear modulus of the foundation medium between the best estimate value times (1 + Cv) and the best 
estimate value divided by (1+Cv), where Cv denotes the coefficient of variation that accounts for 
uncertainties in the SSI analysis and foundation medium properties.  

In case of the site under consideration, the initial geo-technical investigations indicated a shear 
wave velocity of rock as low as 800 m/s which, on confirmatory tests, went up to 2600 m/s. Hence, a 
wide range of soil parameters is considered in the analyses. The best estimate of low strain shear 
modulus of the founding medium is 47500 MPa. This is the base value for the analyses (1.0K). In 
absence of sufficient soil data, the coefficient of variation is taken as 1.0. Hence, a range analysis is 
performed with shear modulus values of 23750 MPa (0.5K) and 95000 MPa (2.0K). Also, a lower end 
value of 0.15K is considered for academic purpose to study the variation of results at lower K values.  

5.3 Effect of Embeddment  
The effect of embeddment on the free vibration characteristics of the structure and also on the 

earthquake response of the structure is studied. The structure is analysed with and without embeddment 
effect and the results are compared.  

6. DYNAMIC ANALYSES OF NICB  

6.1 General   
The dynamic analyses of NICB include Free Vibration Analysis and Seismic Analyses. The Free 

Vibration Analysis results in the modal frequencies and mass participation of the structure, which 
provide insight into the dynamic characteristics of the structure. The Free Vibration Analysis also forms 
the basis for further seismic analyses. The seismic analysis is performed in two stages – Response 
Spectrum Analysis to determine forces in various components and Time History Analysis to determine 
acceleration history at various points for the purpose of generation of In-structure Response Spectra.  

Analyses are performed for various values of foundation shear modulii viz. 1.0K, 0.5K, 2.0K and 
0.15K as explained in Para-5.2. Impedance function based spring constants are derived based on the 
formulation of ASCE-4-98. The spring constant in a given direction is distributed to all the nodes of the 
base raft by Variable-K approach as explained in Para-3 and Para-4 above. A tension-compression spar 
element is used at each node of the FE model of the base raft. This element has three degrees of 
freedom at each of its nodes.  

Separate design is performed for various components of NICB based on the results of analyses for 
various values of subgrade shear modulus. The envelope of these designs is adopted as the final design 
for the purpose of detailing of the structural components.  

6.2 Results Of Eigen Solution  
Eigen Solution is performed for the FE Model of NICB by using Block Lanczos Algorithm with Sturm 

Sequence check. The analyses are performed with various boundary conditions and stiffness to 
represent the variation of subgrade parameters.   

Initially, a free vibration analysis with fixed boundary condition is performed so as to form a basis of 
comparison with various other analyses based on various spring values. The results of Eigen Solution 
with Fixed boundary condition are presented in Table-1 in the form of predominant modes of vibration. 

Free vibration analysis of spring supported model of NICB is performed with the subgrade stiffness 
of 1.0K and the results are presented in Table-2 in the form of predominant modes of vibration. The 
analyses are also performed for 0.15K, 0.5K and 2.0K as a range analysis. The comparison of results is 
presented in Para-7.1. 

 
 
 
 

Table-1  :  Results of Eigen Solution with Fixed Boundary Condition 
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North-South Direction East-West Direction Vertical Direction SrNo 

Freq 
(Hz)

Modal 
mass 
(tons) 

% 
Modal 
mass

Freq 
(Hz)

Modal 
mass 
(tons)

% 
Modal 
mass

Freq 
(Hz) 

Modal 
mass 
(tons) 

% 
Modal 
mass

1 3.042 69186 33.43 3.042 3645 1.76 7.086 2517 1.22
2 3.195 8152 3.94 3.195 30077 14.53 8.045 7302 3.53
3 3.520 1789 0.86 3.403 1749 0.84 8.060 3318 1.60
4 3.802 3151 1.52 3.520 1774 0.86 8.145 2700 1.30
5 3.878 9281 4.48 3.578 1872 0.90 10.235 6887 3.33
6 3.910 12184 5.89 3.608 41330 19.97 10.295 2789 1.35
7 7.303 2695 1.30 4.451 3529 1.70 11.029 1805 0.87
8 8.516 2021 0.98 4.652 3273 1.58 11.058 1558 0.75
9 8.972 2244 1.08 5.012 13179 6.37 11.741 3979 1.92

10 9.033 3978 1.92 5.396 2357 1.14 11.793 1999 0.97
11 11.424 2670 1.29 6.584 7534 3.64 11.913 2322 1.12
12 11.454 1851 0.89 6.906 2655 1.28 11.975 1751 0.85
13 11.483 1736 0.84 9.770 1607 0.78 12.152 1847 0.89

  
 

Table-2  :  Results of Eigen Solution for Spring Supported Model (for 1.0K) 
  

North-South Direction East-West Direction Vertical Direction SrNo 
Freq 
(Hz) 

Modal 
mass 
(tons) 

% 
Modal 
mass

Freq 
(Hz)

Modal 
mass 
(tons)

% 
Modal 
mass

Freq (Hz) Modal 
mass 
(tons) 

% 
Modal 
mass

1 2.921 63792 22.48 2.952 6537 2.30 6.095 2842 1.00
2 2.981 19765 6.96 3.121 41741 14.71 7.333 5971 2.10
3 3.121 6102 2.15 3.471 41243 14.53 7.710 4065 1.43
4 3.793 5522 1.95 3.524 3992 1.41 7.732 7018 2.47
5 3.864 15998 5.64 4.440 4092 1.44 7.830 5677 2.00
6 8.477 3225 1.14 4.636 4237 1.49 7.834 3474 1.22
7 8.864 5456 1.92 4.972 13357 4.71 9.522 4107 1.45
8 8.874 3925 1.38 6.494 7703 2.71 9.727 3149 1.11
9 - - - 6.524 3107 1.10 9.854 10273 3.62

10 - - - - - - 9.873 3853 1.36
11 - - - - - - 9.973 2940 1.04
12 - - - - - - 10.061 3044 1.07
13 - - - - - - 10.880 3050 1.08
14 - - - - - - 10.891 6440 2.27

 
After studying the results of free vibration analysis presented in Table-2, the following salient points 

are noted about the free vibration characteristics of NICB:  
In North-South direction, the fundamental frequency of the structure is 2.92 Hz corresponding to the 

first predominant mode with a modal mass participation of 22.48%. A total mass participation of 68.75% 
is obtained in N-S direction with 382 modes upto a frequency of 14.27 Hz. After accounting for 
non-participating mass of the base raft, the total mass participation is 91.45% in North-South direction.  

In E-W direction, two major modes are observed at frequencies of 3.12 Hz and 3.47 Hz giving a 
participation of 14.71% and 14.53% respectively, giving a total participation of 29.24%. A total mass 
participation of 69.75% is obtained in E-W direction with 382 modes upto a frequency of 14.27 Hz. After 
accounting for non-participating mass of the base raft, the total mass participation is 92.25% in 
East-West direction.  

In vertical direction, there is no unique predominant mode. The mode at a frequency of 9.85 Hz 
gives the maximum mass participation of 3.62%. The cluster of modes between frequency of 9.72 Hz to 
10.06 Hz gives a total mass participation of 9.98% in vertical direction. A total mass participation of 
59.50% is obtained in Vertical direction with 382 modes upto a frequency of 14.27Hz. After accounting 
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for non-participating mass of the base raft, the total mass participation is 76.19% in Vertical direction. 
Less mass participation in vertical direction is attributed to the presence of rigid RC walls in the structure.  

7. EFFECT OF VARIATION OF PARAMETERS ON STRUCTURAL RESPONSE  

7.1 Effect Of Variation In Subgrade Stiffness  
The Free Vibration Analysis of NICB is performed for the value of subgrade stiffness equal to 1.0K, 

0.5K and 2.0K. Predominant modes in North-South, East-West and Vertical direction with the subgrade 
stiffness of 0.5K, 1.0K and 2.0K are presented in Table-3.  

It is observed that the modal frequencies are reduced and the mass participation is increased with 
lower subgrade stiffness. With higher subgrade stiffness, the frequencies shift upward and the mass 
participation reduces. The effect is more pronounced for vertical modes of vibration. 

 
Table-3  :  Effect of Variation in Subgrade Stiffness on  

Dynamic Characteristics of NICB 
 

 Freq 
(Hz) 

Modal 
Mass 
(tons)

% 
Modal 
Mass

Freq 
(Hz)

Modal 
Mass 
(tons)

% 
Modal 
Mass

Freq 
(Hz)

Modal 
Mass 
(tons) 

% 
Modal 
Mass 

 0.5K 1.0K 2.0K 
2.877 87458 30.82 2.921 63792 22.48 2.937 37877 13.35 
2.970 3799 1.34 2.981 19765 6.96 2.998 39906 14.06 
3.080 4949 1.74 3.121 6102 2.15 3.144 6972 2.46 
3.788 6928 2.44 3.793 5522 1.95 3.797 4692 1.65 
3.853 12627 4.45 3.864 15998 5.64 3.873 18217 6.42 
8.385 3668 1.29 8.477 3225 1.14 8.915 7755 2.73 
8.459 3914 1.38 8.864 5456 1.92 11.250 3585 1.26 
8.790 5778 2.04 8.874 3925 1.38    
8.807 7206 2.54       

 
 
 

North-So
uth 

Direction 

9.616 4211 1.48       
 0.5K 1.0K 2.0K 

2.949 8834 3.11 2.952 6537 2.30 2.954 5606 1.98 
3.080 50568 17.82 3.121 41741 14.71 3.144 36700 12.93 
3.409 40310 14.21 3.471 41243 14.53 3.503 25897 9.13 
4.435 4248 1.50 3.524 3992 1.41 3.534 19542 6.89 
4.630 4366 1.54 4.440 4092 1.44 4.444 4007 1.41 
4.952 13089 4.61 4.636 4237 1.49 4.639 4166 1.47 
5.870 3271 1.15 4.972 13357 4.71 4.985 13400 4.72 
6.440 2838 1.00 6.494 7703 2.71 6.515 5145 1.81 

 
 
 

East-Wes
t 

Direction 

6.457 8853 3.12 6.524 3107 1.10 6.540 5716 2.01 
 0.5K 1.0K 2.0K 

6.076 4531 1.60 6.095 2842 1.00 7.361 4411 1.55 
7.277 9390 3.31 7.333 5971 2.10 7.785 7400 2.61 
7.588 3881 1.37 7.710 4065 1.43 7.916 9352 3.30 
7.604 6270 2.21 7.732 7018 2.47 9.943 3697 1.30 
7.655 6738 2.37 7.830 5677 2.00 10.020 7233 2.55 
8.862 4044 1.43 7.834 3474 1.22 10.090 2869 1.01 
9.133 3387 1.19 9.522 4107 1.45 10.960 4315 1.52 
9.307 6566 2.31 9.854 10273 3.62 11.270 2944 1.04 
9.379 4694 1.65 9.873 3853 1.36 11.420 3146 1.11 
9.527 3837 1.35 10.061 3044 1.07 11.550 6950 2.45 
9.624 13624 4.80 10.880 3050 1.08 11.730 2987 1.05 

 
 
 
 
 

Vertical 
Direction 

10.570 14015 4.94 10.891 6440 2.27 12.070 2954 1.04 
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The cumulative percentage modal mass participation can be considered as an indicator of the 
dynamic characteristics of the structure. Hence, the cumulative mass participation of the structure in 
North-South direction for various values of subgrade stiffness is presented in Fig-4 to bring out the effect 
of variation in stiffness of subgrade medium on the free vibration characteristics of the structure.  

 

Figure-4  :  Mass Participation in North-South Direction for various values of 
subgrade stiffness 

 
It is observed that the cumulative mass participation reduces with increase in subgrade stiffness 

upto the frequency limits considered. The response for the non-participating mass beyond this 
frequency has been considered with spectral acceleration at this frequency. A similar pattern of variation 
is observed in East-West direction.  

The effect of variation of subgrade stiffness on the free vibration characteristics in Vertical direction 
is presented in Fig-5.  
 

Figure-5  :  Mass Participation in Vertical Direction for various values of subgrade 
stiffness 
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Response Spectrum Analysis of NICB is performed with different values of subgrade stiffness viz. 
1.0K, 0.5K and 2.0K. A comparison of base shear of the NICB structure in the direction of excitation for 
SSE and OBE in the three directions NS, EW and Vertical is presented in Fig-6. It is observed that the 
variation in the base shears is within ± 6%.  
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Figure-6  :  Comparison of Base Shear of NICB for various values of subgrade 

stiffness 
(Unit : kN) 

 
 
A comparison of deformation of the NICB structure in the direction of excitation for SSE and OBE in 

the three directions NS, EW and Vertical is presented in Fig-7. It is observed that the variation in the 
displacements is within ± 13%.  
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Figure-7  :  Comparison of Deformation of NICB for various values of subgrade 

stiffness 
(Unit : mm) 
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7.2 Effect Of Embeddment On Seismic Response Of Structure  
The Nuclear Island Connected Building is embedded in the surrounding soil for a depth of 18.0m. To 

study the effect of embeddment due to the surrounding soil, the Free Vibration Analysis of NICB is 
performed considering the embeddment effect. This is presented in Fig-8. It is observed that the free 
vibration characteristics are not influenced by embeddment.  

 

 
Figure-8  :  Effect of Embeddment on Mass Participation in North-South Direction 

 
Effect of embeddment on the base shear of the NICB structure in the direction of excitation for SSE 

in the three directions NS, EW and Vertical is presented in Fig-9. It is observed that the variation in the 
base shears is within ± 4%.   
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Figure-9  :  Comparison of Deformation of NICB for Embeddment Effect 
(Unit : mm) 

3130



 

 Copyright © 2005 by SMiRT18 
 

Effect of embeddment on the deformation of the NICB structure in the direction of excitation for SSE 
in the three directions NS, EW and Vertical is presented in Fig-10. It is observed that the variation in the 
displacements is within ± 3%.   
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Figure-10  :  Comparison of Deformation of NICB for Embeddment Effect 
(Unit : mm) 

 

7.3 Effect Of Damping In Vertical Springs  
Analysis for vertical excitation is performed with 30% and 7% damping for vertical springs and the 

total vertical reaction under SSE and OBE earthquakes is presented in Fig-11. The variation in the 
vertical reaction is within 6%.  
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Figure-11  :  Effect of Damping in vertical springs On Vertical Seismic Reaction  

(Unit : kN) 
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8. CONCLUSION  
While formulating a scheme of a seismic analysis of a complex structure like NICB, it is necessary to 

consider dynamic characteristics of the structure with precise definitions of geometry, masses, stiffness 
and damping and a proper modeling of Soil Structure Interaction effects so as to derive a rational 
estimate of structural responses under seismic conditions. For the case under study and for the given 
soil conditions, the effect of variability of parameters discussed above can be concluded as under:  

1. With a shear wave velocity of 2600 m/sec, the subgrade is very stiff. A variation in the stiffness of 
the subgrade causes only 6% change in the base shears and a maximum of 13% change in the 
displacements. Such a variation is not of consequence for all practical purposes. This variation in the 
responses can be accounted for by a suitable margin in design.   

2. The effect of consideration of embeddment on the response is only marginal with a maximum of 
4% change in the responses.  

3. Reduction in damping from 30% to 7% results in an increase in the vertical seismic response by 
about 6%. This, when treated as resulting in tension, can be quite sensitive with respect to foundation 
raft design where this results in lift-off. As damping under vertical excitation for soil springs as 7% is quite 
conservative, such an assumption leads to undue conservatism. Hence, damping for vertical springs 
should be considered as 30% under vertical excitation.  

The results of this study indicate that the variability of soil parameters beyond a certain value of 
shear wave velocity does not influence the response and in fact the response marginally diminishes in 
terms of displacements and stress resultants in different elements of the structural system.  
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