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ABSTRACT 

Foundation rafts are analysed as a plate on elastic foundation with the representation of the 
foundation media using the Winkler idealisation i.e. series of linear uncoupled springs. The elastic 
constant of the Winkler springs is derived using the sub-grade modulus.  However, the Winkler 
approach has limitations due to incompatibility of the deflections at raft-soil interface. The deflection of 
the raft at the point of contact and the deformation of the foundation media at this point of contact are 
incompatible in this approach. This particularly influences flexible rafts and further if the foundation 
media is soil. This paper discusses the analysis of raft, in general, and the analysis of the foundation 
raft for a Spent Fuel pool facility using ‘variable k approach’ where deformations at a node and 
influencing nodes are computed using Boussinesq’s theory.  The limitations stated above are 
overcome in this approach.  Some studies on the sensitivity of parameters were carried out in the form 
of variation of modulii of elasticity of concrete and deformation modulus of soil. Analysis is also 
performed with conventional method using ‘Winkler’ soil springs.   

 It is concluded that the Winkler model does not correctly predict the behaviour of the mat both 
qualitatively and quantitatively and could lead to underestimation of soil pressures  leading  to 
unconservative design. The approach involving soil structure interaction like the one presented here is 
hence recommended for important structures like those involved in Nuclear facilities. 

1.0 INTRODUCTION 
The type of foundation and its design for any structure is based on magnitude of the loads on it 

and the type of founding strata which support it. Conventional methods used so far had to be simple 
because of limitations of computing devices. With the major advances of micro computer technology 
and especially the silicon chip, extensive computer capabilities have become available and affordable 
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to most, thus making complex and otherwise laborious calculations possible with comparatively lesser 
effort and minimises the chances of errors vis-à-vis manual computations. Classical methods like 
Winkler’s approach can now give way to more rational methods like the variable 'k’ approach, 
discussed here. 

2.0 WINKLER SUBGRADE MODEL 
This method was proposed by E. Winkler, which assumes that the soil can be modelled as an 

infinite number of uncoupled linear “soil” springs. The elastic constant of the springs is taken as 
equivalent to the coefficient of subgrade reaction of the soil per unit area. The springs are assumed to 
be able to resist tension and compression. 

 The basic governing equation for this method is: 

pi = k δi 

where 

pi  = applied vertical surface pressure at point i 

δi = vertical surface deflection at point i 

k = a constant having units of force per length cubed. 

 The “soil” spring constant k related to the load-deformation characteristic of the founding 
stratum is commonly termed as the modulus of subgrade reaction. The value of this characteristic has 
been a subject of controversy over the years and various values and methods for determining it have 
been recommended by several renowned geologists such as Terzaghi (1955) and Vesic (1961,  1963).  

The fundamental drawbacks in the Winkler model are: 

a) k is assumed to be constant and independent of the loading intensity and  pattern and 
the geometry of the mat.  

b) Realistic determination of in situ rheological properties of the founding strata is difficult.  

c) Interaction between adjacent springs is ignored, even though there is very definite 
load spreading by vertical shear within an actual soil mass.  

d) Compatibility between deformation of the foundation structure and the founding 
stratum is ignored. 

e) The Winkler model does not correctly predict the behaviour of the mat neither 
qualitatively nor quantitatively when the mat is relatively stiff vis-à-vis the soil. Stress 
concentration which is known to occur at the edges of the mat is not reflected by the 
Winkler’s model.  

Incorporation of the relative stiffness of the mat with respect to the soil is another problem having 
no definite answer.  

The drawback of using Winkler subgrade model can easily be explained by a raft subjected to 
uniformly distributed load. Under this condition the Winkler subgrade model gives uniform settlement 
as shown in Figure below: 
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Thus there are thus two major unresolved issues: 

1. Correct value for k; and  

2.          Accuracy of the model as compared to the actual behaviour of the foundation. 

These two issues can be solved by using the analytical approach which incorporates soil-structure 
interaction. One such method called for the purpose of this paper as ‘variable k approach’ can 
successfully resolve these two issues and can produce more realistic design of the raft. 

3.0 VARIABLE ‘K’ APPROACH 
To overcome the limitations indicated above  the approach referred to as called variable ‘k’ 

approach is used for analysis and design of Nuclear fuel pool raft. 
a) Initially raft is analysed with a uniform value of K at all the nodes  using subgrade 

modulus defined using Vesic’s approach to get deflections and foundation pressures 
under given loading. 

b) Below every node, settlement of various pre-identified layers in the foundation 
medium due to pressures at all the nodes, are calculated using Boussinesq’s equation. 

c) At every node, the settlements of layers of foundation medium below that node are 
summed up. Thus the total settlement of the foundation medium below every node is 
obtained. 

d) The revised modulus of subgrade reaction at any node is calculated by dividing the 
pressure at that node by the settlement of foundation medium below that node. 
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e) Raft is analysed for these revised values of ‘k’. a to d are repeated till the  values of ‘k’ 
in two consecutive cycles converge at every node. 

For every load combination, having obtained convergence for the contact of the structure with the 
foundation, the cycle of compatibility of deformation between the node in the soil and the raft is 
ensured.   

The procedure described above is illustrated in Figure 1. 

4.0 ANALYTICAL APPROACH 
The general layout of fuel pool structure analysed in the current work is shown in  Figure 2. The 

fuel pool structure is analysed in two steps. In Step 1 complete structure is analysed with unified three-
dimensional model of the structure including superstructure and raft. In step 2 raft is separated from 
the superstructure and analysed with the superstructure forces to obtain the  forces for raft design.   

Step1: 

The complete Three-dimensional Finite Element model of Spent Fuel Storage Pool is used for the 
analysis. Soil is represented by Tension-compression springs as per ASCE 4-98.   Analysis is done for 
all loads on the structure like DL, LL etc. including earthquake loading and hydrodynamic effect. 
Hydrodynamic effect is taken for Excluding Bottom Pressure (EBP) condition. These loads are 
combined as per the appropriate load combinations, as per ACI: 349. Result of these analyses is used 
for design of superstructure only. 

Step 2: 

Raft and only relevant part of super structure, which affects out of plane stiffness of raft, is 
modelled. Compression-only springs are used to model soil. Forces on nodes at common interface 
between walls and raft are combined as per the respective load combinations, and combined forces 
are applied as loading on raft. Additional pressure due to IBP (Including Bottom Pressure) condition of 
hydrodynamic effect are applied on the raft. This is applied with triangular variation to get the resultant 
couple corresponding to IBP condition. While doing the combination, signs are attached to responses 
from seismic loading by Dominant Frequency Method.   

4.1 Mathematical model for structure above raft 
The structure above raft includes walls of spent fuel pool and other partition walls. All walls are 

modelled using four and three-sided eight nodded structural element ‘Shell93’ of FEMP. Walls are 
defined at their centre lines. 

For the purpose of obtaining design forces for various structural members and joint displacements, 
section properties of the members are based on gross section without considering the contribution of 
reinforcing steel. Shear deflection factor for rectangular sections of beams and columns is taken as 
1.20. The value of torsional inertia is taken as one tenth of [1/3 a3 b(1-0.63 a/b)] for rectangular 
sections (a-smaller dimension; b-longer dimension). The elastic modulus of concrete is taken as 
5000√fck where fck is the characteristic compressive strength of concrete in N/mm2, as per IS: 456-
2000. Poisson’s ratio is considered as 0.17 as per ASCE 4-98. 

4.2 Analytical approach – step 1 

4.2.1    The structure is analysed for static loading using FEM model developed as described above. 

4.2.2    The structure is analysed to arrive at the structural response due to earthquake motion in three 
orthogonal directions (two horizontal and one vertical) simultaneously. Contribution of 
permanent dead loads and live loads is considered while calculating nodal masses. Eigen 
value extraction for determination of frequencies and mode shapes is carried out for all the 
three directions. Seismic analysis is performed by response spectrum method using the 
acceleration response spectra for OBE. Various responses such as displacements and 
member forces are evaluated for each mode of vibration. The member responses, which are 
thus obtained for each mode, are combined using Double Sum Method/ SRSS/ Ten Percent/ 
Grouping Method as applicable to arrive at member forces due to earthquake in each direction. 
Only those modes having frequency upto the cut-off frequency of 33Hz are included in the 

3168



 
modal combination and a missing mass correction for the residual mass is carried out in 
accordance with ASCE-4-98 and Appendix-A of USNRC SRP section 3.7.2 (1989). Analysis 
for Accidental torsion is not required as there are no rigid horizontal diaphragms in the pool. 

4.2.3      Dynamic soil structural interaction 

Soil-Structure Interaction (SSI) effects is considered using impedance function approach as 
per clause no. 3.3.4 of ASCE 4-1998. The Shear wave velocity (Vs) used for calculation of 
Equivalent Soil Spring Constants shall be based on weighted average basis with respect to 
the thickness of soil layers up to 25m depth below founding level. For the spent fuel storage 
structure, the averaged shear wave velocity was 2190 m/sec while the value at the surface 
was 930 m/sec.   

4.2.4      Damping ratios used for Response Spectrum analysis are as follows: 

(a) Soil damping: 

Sr. No. Direction Max. Damping Ratio 

1. Horizontal 20% 

2. Vertical 30% 

(b) The damping factors for RC structures in normal and heavy concrete, adopted in analysis 
for OBE is 4% as per ASCE 4-98. 

(c) Equivalent Modal Damping: Equivalent modal damping are calculated as per ASCE 4-98 
and this is limited to 20%. 

4.3 Analytical approach – step 2 

4.3.1     Soil Structure Interaction Model as describe above is used. Only translational springs (i.e. two 
horizontal and one vertical) are modelled. No rocking and torsional springs are modelled. 
Rotational and torsional DOFs are kept free. Translational spring constants are calculated as 
per ASCE 4-1998 and distributed based on contributory area of the raft node. 

4.3.2     The final member forces due to earthquake are obtained by combining the responses in three 
orthogonal directions using 100-40-40 method of combination. These member forces due to 
earthquake are combined with the member forces due to other loads, using appropriate load 
factors. 

4.3.3     Hydrodynamic analysis is performed to take into account pressures induced on pool walls due 
to movement of water in the pool during earthquake. Element forces due to hydrodynamic 
effect are added to element forces due to seismic excitation in respective direction.  

5.0 RESULTS 
The results of the studies have been expressed in the form of graphs for a typical condition and 

along a defined grid line. Gridline 5 is chosen for comparison. Figure 3 shows results of variable ‘k’ 
approach in the form of common plot of displacement, bearing pressure, soil spring stiffness and soil 
reaction for a critical load combination involving static and accidental temperature load cases and 
Figure 4 is a plot of the bending moment about the X-axis (‘My’) for the same combination.   

Figure 7 is a plot of displacement and bearing pressure for a load combination involving static and 
seismic load cases and Figure 8 is plotted to show the variation in the bending moment for the same 
load combination.  

6.0 SENSITIVITY STUDIES 
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The static load case and the load combination of static load cases with accidental temperature was 
selected to carry out sensitivity studies. 

6.1  Winkler Vs Variable ‘k’ approach 
Raft is also analysed using conventional Winkler approach, and results compared. Figure 6 is a 

plot showing displacements by the two methods for a purely static load combination. From the graph, 
the difference in the predicted displacements between the two approaches is evident. The variable ‘k’ 
approach predicts the behaviour appropriately ensuring the compatibility of deformations at the raft 
soil interface. Hence the stress results predicted from Winkler could lead  to unsafe design. 

The results of the load combination involving static and accidental temperature by Winkler 
approach in the form of a common plot of displacement, bearing pressure, soil spring stiffness is given 
in  Figure 5. Figure 3 results can be compared with the same. 

The maximum moment about X-axis ‘My’ along Grid 5 for the above mentioned load combination 
is 73.24kNm and 63.18kNm by Variable ‘k’ approach and Winkler approach respectively . 

From Figures 3 & 5, it is evident that the magnitude of maximum values of reactions and bearing 
pressures are comparable. However, the variation across the width of the raft is not correctly predicted 
by the Winkler model. This will result in under-estimation of bending moments. Under-estimation of 
displacements by Winkler model is clearly visible in Figure 6. 

6.2 Variability of parameters   
ASCE-4 indicated studies to be carried out for variability of parameters. In the lumped mass 

representation of Structure foundation interaction, where impedence function defined equivalent 
foundation springs are evaluated the low strain soil shear modulus is varied between the best estimate 
shear values and a factor defining the coefficient of variation (Cv) (1 ±  Cv). However this is essentially 
in dynamic analysis.  In ACI 336.2R-88, an analysis of variability of parameters is called for between 
one-half to five/ten times the furnished value. This could be easily adopted in the Winkler approach 
where no compatibility of deformation between the mat and the subgrade is ensured. However, when 
an analysis ensures such a compatibility, such large variation in  parameters was considered 
impractical and studies for sensitivity in the parameters restricted to in the form of variation in modulii 
of elasticity of concrete (Ec) and deformation modulus of soil (Es).  

Separate analyses and iterations to arrive at the final value of spring constant ‘k’ were carried out 
for a +10% variation in the values of Ec and Es for the above mentioned load combination. Figure 9 is 
a plot of displacement for the various cases. It can be seen from the graph that though there is slight 
variation in quantities of deformation, qualitative shape of the deformation remains the  same.  

The maximum value of displacement in the four cases in Figure 6 varies between 0.97mm and 
1.18mm. The maximum value of displacement for full values of Ec and Es is approximately 1.05mm 
which is between the two extremities, i.e. the mean of the maximum values of displacement by varying 
Ec and Es is about 2.3% more than the value of displacement using full values of E. 

7.0 CONCLUSIONS 
The conclusion that can be drawn from the above studies are enumerated as under: 

a)   Conventional methods like those using Winkler subgrade model for the soil, have lot of limitations     
and cannot predict the behaviour of founding strata correctly. The pressures and moments are 
underestimated at various zones in the raft in the Winkler model. 

b) With the availability of fast and powerful computers, conventional methods can easily be replaced 
by more rational iterative methods like variable ‘k’ approach. 

c) The case study presented in this paper indicates that iterative method as discussed is practicable 
and rational method. This method can be made common practice for analysis of raft for important 
structures especially where loading is asymmetric and complicated. 
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d) Design of raft using variable ‘k’ approach is also resilient to the practical  variation in properties of 
concrete and soil as considered. The qualitative deformed shape of raft  is not affected, hence the 
design  bending moment and shear forces used for design of raft remains unaffected.  
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Figure 1a : Variable ‘k’ Approach – Flowchart 
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Figure 1b : Pictorial Representation of the Iterative Process 
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Figure 2 : Plan showing Raft of Spent Fuel Storage Facility 
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