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ABSTRACT 

Soil structure interaction due to its significant effect on the response of the structure had already gained importance and 

therefore been incorporated in the Indian seismic code IS 1893 – Part 4:2005. Since the advent of soil structure interaction, 

continuous researches has been done on this topic and hence, the concepts kept on modifying for more realistic results. 

Existing literature have already shown some of the critical parameters that are missing in Indian seismic code. Still, there is 

research gap in this area as some of the other important parameters too need to be included. Due to lack of proper 

geotechnical reports before the start of construction and thereby the misinterpretation of soil properties by the designer 

increases the susceptibility of the structure to failure in spite of including the code specified effects such as soil structure 

interaction. Critical situation occurs when the soft layer is underlying a hard stratum which the designers may misinterpret 

as the hard layer to the full depth due to improper geotechnical reports. Also there is not any guideline in Indian seismic 

code to direct the designers to deal with the heterogeneous soil condition. In this research, a parametric study is carried out 

on a 150 m tall RCC chimney considering the effect on structural response of it by incorporating the effect of different 

conditions of layered soil mass. The results obtained show that soil heterogeneity patterns affect the design forces 

considerably and hence there is a critical need of inclusion of these factors in Indian seismic code. The paper subsequently 

concludes that, if appropriate provisions from some international literatures are properly adopted, a substantial variation in 

the seismic response can be achieved, hence in many cases may result in structural-work cost saving. Overall with this study, 

the paper attempts to address the legitimate concern of design engineers regarding the potential variation in design values, 

especially for the sites when the soft soil underlies a hard stratum.  
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1 INTRODUCTION  

Earthquake force contemplation in design has always 

been given prominence due to its unpredictable nature. 

Earlier soil characteristics were not considered to be of 

significant role in the behavior of structure due to 

ground motion. However, certain devastating collapses 

in the history (e.g. Kobe Earthquake,1995) made it clear 

that soil characteristics have significant role in the 

behavior of structure as much as other factors 

corresponding to the earthquake i.e. source mechanism 

and the geology of the seismic-wave path possess. Soil-

structure interaction (SSI) due to its extensive impact on 

the design parameters has been included in Indian 

Seismic Code IS 1893 (Part 4):2005. This consideration 

during design makes a structure more flexible and 

hence, increases the natural period of the structure 

(Chowdhury and Dasgupta,2008).  Furthermore, SSI 

effect also intensifies the effective damping ratio of the 

system. This assumption of smooth idealization of 

design spectra leads to the consent that SSI can be 

conveniently neglected for conservative design of the 

structure though it is only valid for specific classes of 

structures and soil conditions, such as light structures in 

relatively stiff soil. However, the population rise and 

limitation of land have forced the user to construct a tall 

and stiff structure without concerning about the type of 

soil. Moreover, the increase in natural period of the 

structure due to consideration of SSI is not always 

advantageous as recommended by the simplified design 

spectrums. Soft soil sediments can considerably 

lengthen the period of seismic waves and the increase in 

natural period of structure may lead to resonance with 

long period ground vibrations (Chowdhury and 

Dasgupta,2008). Existing literature (Mittal and 

Gajinkar,2014) has suggested that the formulae 

specified in IS 1893-Part 4 should be modified to take 

damping, effective shear modulus and embedment 

effect into account for more realistic results. The major 

factor which still has not been addressed in the code & 

the related literature is the effect of non-homogenous 

strata. Due to the non-availability of actual geotechnical 

reports or the stabilization of top soil generally tends to 
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neglect the effect of the other types of soil stratum 

present beneath the top soil. This neglection proves to 

be conservative in several cases, however, its effect may 

not be ignored completely. It has been observed that on 

radiation damping and energy dissipation are adversely 

affected by layering. Layer boundaries cause the 

outgoing waves to reflect back. These layers act as 

waveguides, entrapping and reinforcing wave energy 

(Hadijan and Ellsion,1985). Thus, energy disperses 

more gradually than it would have been in an analogous 

homogeneous medium, and damping is effectively 

reduced. Results derived from several existing literature 

(Gazetas,1983; Hadijan and Ellsion,1985) have been 

taken as reference and the above mentioned factor has 

been incorporated in the calculation of effective 

horizontal seismic coefficient. The results obtained 

show the significant influence of the effect of the layered 

stratum on the response of the structure and hence 

highlight the necessity of inclusion of this factor in the 

Indian seismic code for a better earthquake resistant and 

cost effective design. 

2 EXISTING PROVISIONS IN INDIAN 

SEISMIC CODE  

Soil structure interaction criteria is specifically included 

in IS 1893 – Part 4:2005, Criteria for earthquake 

resistant design for structures such as Industrial 

structures including stack like structures. Different 

clauses are present in which formulae and methods are 

mentioned. Clause 14 of code mainly deals with the time 

period of vibration of stack like structure. Furthermore, 

methods for calculating design base shear and bending 

moment have been specified in clause 17 of the code. 

Formulae to get horizontal and rocking stiffness have 

been mentioned in Table 12 of the code.  

 

3 SSI PROVISIONS IN EXISTING 

LITERATURE  

Various parameters such as effective damping ratio, 

embedment correction factor and effective shear 

modulus obtained from existing literature (Richart et al., 

1970; Arya et al., 1984; Kramer,2004) and international 

codes (EN 1998-5:2004) have been suggested for 

inclusion in Indian seismic code (Mittal and 

Gajinkar,2014). 

 

4 MODIFIED PROVISIONS FOR PRESENT 

STUDY 

The stiffness (both horizontal and rocking) is 

modified in the present study due to the presence of 

layered strata. The modified formulae and provisions 

have been adopted from Gazetas,1983; Hadijan and 

Ellsion,1985. 

4.1 Static stiffness of circular foundations on a 

stratum-over-half space 

Horizontal stiffness (1 ≤
H

R
< 4) 

KH =  
8G1R 

(2−υ1)
[

1+
R

2H

1+
RG1

2HG2

] 

 (1)

  

Rocking Stiffness (0.75 ≤
H

R
< 2) 

KR =  
8G1R3 

3(1−υ1)
[

1+
R

6H

1+
RG1

6HG2

] 

 
 (2) 

4.2 Elastic stratum on a rigid base  

Horizontal stiffness (
H

R
> 1) 

KH,surface =  
8GR

2−υ
(1 +

R

2H
)   

 (3) 

Rocking Stiffness (4 ≥
H

R
> 1 ) 

KR,surface =  
8GR3

3(1−υ)
(1 +

R

6H
) 

 (4)  

 

4.3 Elastic stratum on a rigid base, embedded 

circular foundation (
𝐃

𝐑
< 𝟐)  

Horizontal stiffness  

 

KH,embedded =  
8GR

2−υ
(1 +

R

2H
) (1 +

2D

3R
) (1 +

5D

4H
)      

 (5) 

Rocking stiffness  

  

KR,embedded =  
8GR3

1−υ
(1 +

R

6H
) (1 +

2D

R
) (1 +

0.7D

H
) 

 (6) 

Here G1 is the shear modulus of upper layer and G2 is the 

shear modulus of lower stratum. H is the depth of the 

top stratum. Suffix 1 & 2 represent the corresponding 

property of top and bottom layers respectively. R is 

equivalent radius of footing. D is the depth of 

embedment.  
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5 PROBLEM STATEMENT 

To check for the response of RCC chimney subjected to 

earthquake force resting on 2-layered soil strata, SSI 

with inclusion of modified stiffness has been included in 

the analysis.  

The chimney height is taken as 150 m with raft diameter 

of 18 m and area of shell 8.5 m2. The time period of 

vibration for the structure fixed at base and the flexible 

base period are computed separately. The damping ratio 

for the flexible base is also calculated and the horizontal 

acceleration coefficient is calculated using the modified 

time period and damping ratio. The stiffness is first 

calculated on the basis of provisions available in code 

and then for comparison, the modified stiffness is 

computed based on formulae as mentioned above. The 

equivalent lateral force static method (clause 17.1, IS 

1893-part 4) of analysis is used to compute the design 

base shear and design bending moment. The parametric 

problem data has been obtained from the text by 

Dasgupta and Chowdhury (2008). The properties of 

different types of soils that are used in study are 

mentioned in Table 1 which is extracted from the paper 

presented by Mehta and Gandhi (2008). 

Table 1 Properties of soil used in the study (Mehta and Gandhi,2008) 

Velocity of Shear 

waves, m/s 
 Soil Type 

 Unit Weight, γ 

kN/m3  
 Poisson's ratio, ν 

 Shear modulus, 

G kN/m2 

 Elastic Modulus, 

kN/m2 

150 Soft Soil 16 0.49 36700 14.95X104 

300 Stiff Soil 20 0.45 183500 25.84X105 

600 Dense Soil 22.4 0.35 822000 50.53X107 

1200 Rock 25.6 0.30 3758900 30.42X107 

6 RESULTS AND DISCUSSIONS  

MS Excel spreadsheet is developed to analyze for 

response variation (shear at the base of chimney) using 

the code specified Equivalent Static Lateral Force 

method for tall chimneys. The below mentioned graphs 

describe the results of analysis for different responses 

and hence illustrate the importance of layered strata 

effect on seismic response of tall chimneys when it is 

struck by a long or a short duration earthquake. 

Figure 1 and 2 depict the variation in shear at the base 

of chimney in the two cases: the first one being in which 

the soil was assumed to be consisting of a dense stratum 

to the full depth or top layer was stabilized using natural 

or mechanical methods making it dense. The second 

case is when the original strata condition was considered 

and the less dense stratum is considered to be underneath 

the dense one. The depth of the top stratum is varied and 

the results derived in the literature have been 

incorporated to make the analysis more realistic. In this 

study, soft stratum is considered below the dense 

stratum. However, the user can input the data of the soil 

type in the Excel sheet as per his requirements and 

consequently results can be obtained.    

 

Fig. 1   Variation in base shear on increase in depth of top strata  
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Fig. 2   Percentage change in base shear at the base on increase in depth of top strata  

It can be clearly observed that if the structure is analyzed 

using the conventional process rather than following the 

realistic method, the percentage base shear variation in 

the two cases comes out to be 20.78% when the depth of 

top (dense) stratum is equal to the radius of circular 

foundation. Furthermore, this percentage difference 

decreases as the depth of the top dense stratum is 

increases. The results of the study are in compliance 

with the fact that the strata role becomes almost 

negligible after depth equal to two times the width of 

foundation.  

7 CONCLUSIONS  

The results of the present study primarily highlight the 

necessity of inclusion of the layered strata effect in soil 

structure interaction analysis. Effect of two-layered soil 

strata is considered in the analysis along with the effect 

of increase in depth of the top stratum. To accentuate its 

significance, effect of the presence of soft stratum 

underneath dense soil is studied.  Noteworthy decrease 

in shear at the base of chimney was observed when the 

effect of soil underneath the top layer is considered 

which further emphasized on the consideration of 

layered strata effect in Indian seismic code. The paper 

subsequently concludes that, if appropriate provisions 

related to the modification in stiffness in case of layered 

stratum, from some international literatures are properly 

implemented, a substantial variation in the seismic 

response can be achieved, hence in many cases may 

result in structural-work cost saving. On the whole, with 

this study, the paper attempts to address the genuine 

concern of design engineers regarding the potential 

variation in design values in both embedded foundation 

and foundation at surface, especially for the sites when 

the soft soil underlies a hard stratum. 
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