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Abstract: The response of a structure during an earthquake depends not only on the structure itself but also on the 

characteristics of the ground motion and the subsoil conditions. The actual behavior of the structure under seismic 

load may significantly differ from what the analysis provides considering the structure to be fixed at base. 

Particularly for soft soils, the foundation input motion during the earthquake differs from the free-field ground 

motion that may exist in the absence of the structure. These interaction effects lead to dynamic responses that may 

differ considerably in amplitude and frequency content from that obtained, when a fixed support is assumed. The 

present study focuses on the quantification of the effect of soil flexibility on the most important design variables in 

the seismic response of chimney structures with raft footing. For the analysis RC Chimney models are considered 

and the soil beneath the structure is modelled using both linear elastic soil models to represent the behavior of the 

soil. The soil structure interface is modelled with tied surface to surface contact. The time history analysis of the 

soil-structure model was carried out using the general FEM software SAP 2000 for ground motions BHUJ. Based 

on the analysis results, it has been concluded that the effect of soil-structure interaction plays a significant role to 

decrease the natural frequency, raft displacement, radial and tangential moments in annular raft 

Keywords: Dynamic Soil-structure Interaction; Seismic Response; Finite Element Method; SAP 2000; Natural 
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1.   INTRODUCTION 

Civil engineering is a system of structures and most of them are in direct contact with ground. When the external forces 

like earthquake and wind load act on these system, neither structure displaced, nor the ground displaced, are independent 

of each other. The process in which the response of the soil influences the motion of the structure and the motion of the 

structure influences the response of the soil is termed as Soil Structure Interaction (SSI).   The effects of SSI are ignored if 

the ground motion of the structure is same as free-field motion when the response is computed. Free-field motion is 

defined as the ground motion that would occur at the level of the foundation if no structure was present. Such idealization 

of base motion for a structure is true only if the supporting medium is rigid. Many design codes have suggested that the 

effect of SSI can reasonably be neglected for the seismic analysis of structures. Most of the design codes use 

oversimplified design spectrums, which attain constant acceleration up to a certain period, and thereafter decreases 

monotonically with period. Considering soil-structure interaction makes a structure more flexible and thus, natural period 

of the structure is increased compared to the corresponding rigidly supported structure. Also the SSI effect increases the 

effective damping ratio of the system. The smooth idealization of design spectrum suggests smaller seismic response with 

the increased natural periods and effective damping ratio due to SSI. With this assumption, it was traditionally considered 

that SSI can conveniently be neglected for conservative design. In addition, neglecting SSI tremendously reduces the 

complication in the analysis of the structures which has tempted designers to neglect the effect of SSI in the analysis. 

1.1 Approach of soil structure interaction 

Two different approaches have been adopted in the past to investigate the problem of soil structure interaction and 

incorporate the effect of soil compliance in the dynamic analysis. 

 The Direct approach 

 The Sub-structure approach 
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1.1.1 The Direct Approach 

In the direct method, the structure and a finite bounded soil zone adjacent to the structure (near field) are modelled by the 

standard finite-element method and the effect of the surrounding unbounded soil (far field) is analysed approximately by 

imposing transmitting boundaries along the near-field/far-field interface. The soil is often discretized with solid finite 

elements and the structure with finite beam elements. Since assumptions of superposition are not required, true nonlinear 

analyses are possible. Many kinds of transmitting boundaries have been developed over the past two decades to satisfy the 

radiation condition, such as a viscous boundary, a superposition boundary, and several others. However, results from 

nonlinear analyses can be quite sensitive to poorly-defined parameters in the soil constitutive model, and the analyses 

remain quite expensive from a Computational standpoint. 

1.1.2 The Sub-Structure Approach 

The substructure method is more complex than the direct method in modelling the SSI system. In the substructure 

method, the soil–structure system is divided into two substructures: a structure, which may include a portion of non-linear 

soil or soil with an irregular boundary, and the unbounded soil.  

Usually a dynamic soil–structure interaction analysis by the substructure method can be performed in three steps as 

follows: 

1. Determination of foundation input motion by solving the kinematic interaction. 

2. Determination of the frequency dependent impedance functions describing the stiffness and damping characteristics 

of the soil-foundation interacting system. This step should account for the geometric and material properties of 

foundation and soil deposits and is generally computed using equivalent linear elastic properties for soil appropriate 

for the in-situ dynamic shear strains. This step yields the so called soil springs. 

3. Computation of response of the real structure supported on frequency dependent soil springs and subjected at the base 

of these springs to the foundation input motion. 

It should be noted that if the structural foundations were perfectly rigid, the solution by substructure approach would be 

identical to the solution by the direct method. Generally, the foundation input motion is assumed to be the same as free-

field motion, i.e. the effects of kinematic interaction are neglected in SSI analysis for most of the common constructions. 

Kinematic interaction should invariably be considered if the structure and foundations to be constructed are very massive, 

rigid and very large.  

2.   METHODOLOGY 

The analysis of super structure-substructure-soil system is carried out by applying time history function with the help of 

software SAP2000; Material-based damping is available for linear and nonlinear direct-integration for time-history 

analysis.SAP2000 is the most suitable stand-alone finite-element-based structural for the analysis and design of civil 

structures. 

2.1 Modeling of soil continuum medium 

It is well known that compared to the structural size in engineering practice, the Earth's crust is vast on the geometrical 

side, and therefore can be treated as an infinite medium on the mathematical analysis side. This poses a challenge problem 

for the conventional finite element method because the modelling domain must be finite in the conventional finite element 

analysis. However, in the present problem the soil is modelled with finite boundary by providing width of soil medium 

equal to the four times the width of annular raft and bed rock is assumed at 30m depth for all chimneys. 

2.2 Procedure of SSI in sap2000 

The Soil-Structure Interaction analysis under earthquake excitation may be carried out in SAP2000 as follows: 

1. Geometrical modelling: The soil-structure model can be generated using SAP2000 software. The interface between 

soil and structure is defined by a tied surface to surface contact and a finite boundary is defined around the truncated 

domain where Soil and Structure defined as a Solid and Shell element respectively. 
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2. Static analysis:  Carry out a static analysis of the soil-structure system with the structure only subjected to gravity 

loading. In order to record the static reactions at the base of the structure, which are to be used in subsequent dynamic 

analysis of the soil-structure system subjected to earthquake excitation. 

3. Transient analysis: Here, the soil-structure system which is subjected to gravity loading are analysed by time history 

analysis. In this method, incremental response of structure is evaluated at each time interval. Response obtained from 

this method is compared with conventional method (IS 11089:1984). 

2.3 Analysis of annular raft foundation 

The foundation is analysed using conventional method as per IS: 11089 – 1984. This is based on the assumption of linear 

distribution of contact pressure. The basic assumptions of this method are 

 The foundation is rigid relative to the supporting soil and the compressible soil layer is relatively shallow 

 The contact pressure distribution is assumed to vary linearly throughout the foundation 

The ring annular raft is analysed from approximately non-uniform pressure distribution to uniform pressure distribution. 

The modified pressure intensity p is given by p1+0.5p2, where p1 is uniform pressure due to dead loads (W) and p2 is 

pressure due to bending (M) effects. 

3.   PRESENT STUDY 

In the present study, soil-structure interaction effect on 200m tall industrial chimney under seismic load is investigated. 

Chimney resting on different types of soil with different slenderness ratios and different raft thicknesses are considered. 

The time history analysis of these chimneys has been done by subjecting the whole system to earthquake ground motion, 

using SAP2000 software. 

3.1 Geometric parameters 

For the present study 200m chimney, of slenderness ratio 7, 12 and 17 are considered [Menon 1997]. And the taper ratio 

(Dt/Db) of 0.6, base diameter to base thickness ratio (Db/Tb) of 35 and top thickness of 0.4 Tb are considered. 

The base of chimney is supported on annular raft foundation with uniform thickness. The outer diameter of the foundation 

has been taken as approximately twice that of base diameter of chimney. The thickness of raft has been varied to check 

the effects of soil structure interaction, for different ratios of 15, 17.5 and 20. Table 1 gives the dimensions and other 

geometric parameters of chimneys considered in this study. 

The structures are assumed to be founded on different soil types varying from lose sand to very dense sand. They are 

represented by elastic continuum; the elastic continuum method is based on elastic modulus of soil. The soil has been 

considered as lose sand, medium dense sand and dense sand, the modulus of subgrade reaction (Ks) in (kN/m
3
) are 5E3, 

10E3 and 100E3 respectively.  

Table 1.  Geometric parameters of chimney 

Chimney 

Height (m) 200 

Slenderness ratio, H/Db 7 12 17 

Diameter at base Db (m) 29 17 12 

Tapering ratio, Dt/Db 0.6 0.6 0.6 

Diameter at top Dt= 0.6Db(m) 17.4 10.2 7.2 

Base diameter to base thickness ratio, 

(Db/Tb) 
35 35 35 

Thickness at base, Tb 1 0.5 0.4 

Thickness at top, Tt=0.4Tb 0.4 0.2 0.2 

Annular Raft 

External diameter Do (m) 53 29 23 

Internal diameter Di (m) 5 5 4 

Thickness (m) 

Do/t = 15 3.54 1.93 1.53 

Do/t = 17.5 3.03 1.66 1.32 

Do/t = 20 2.65 1.45 1.15 
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Elastic 3D Continuum Model 

4.   RESULTS AND DISCUSSIONS 

A study of three dimensional 200m chimney structure models with different slenderness ratio, with different raft thickness 

of annular raft and resting on three types of soils ranging from vary soft to stiff has been carried out. The structure is 

subjected to acceleration time history of Bhuj earthquake ground motion. Here, the soil is idealized as an elastic model 

and the prescribed ground motion is used for SSI analysis. The variation of natural frequency, deflection of raft and 

structural response for various parameters like tangential and radial moments of annular raft on different types of soil is 

studied. Comparisons are made with those obtained from the analysis of conventional method    (IS 11089: 1984). 

4.1 Variation in natural frequency 

The variation in natural frequency due to the effect of soil flexibility, slenderness ratio and thickness of raft are studied for 

200m chimney models, modelled with annular raft. The structure is assumed to be resting on three different soil 

conditions with modulus of sub grade reaction Ks 5E3, Ks 50E3 and Ks 100E3, modelled using elastic model, and the 

results for H/Db 7 and Do/t 15 are tabulated in table 2. 

Table 2. Natural frequency of 200m chimney with H/Db 7 & Do/t 15 

Mode 

No. 
Fixed base 

Soil-Base 

Ks 5E3 Ks 50E3 Ks100E3 

1 0.9520 0.4027 0.7335 0.7958 

2 0.9520 0.4027 0.7335 0.7958 

3 3.5723 0.4337 1.3713 1.8878 

4 3.5723 0.6730 2.0641 2.8058 

5 3.6913 0.6730 2.0641 2.8058 

 

It is observed here that natural frequency decreases by the incorporation of the soil flexibility. For slenderness ratio of 7 

and raft thickness Do/t 15, a decrease of 58.00% in natural frequency is observed for soil with Ks 5E3, and this decrease 

gradually reduces with increase in stiffness of soil. i.e., 16.40% for Ks 100E3, when compared to fixed base. Here, natural 

frequency decreases by the increase of slenderness ratio of chimney. For soil Ks 5E3 and raft thickness Do/t 15, a 

decrease of 58.00% in natural frequency is observed for chimney slenderness ratio of 7, and this decrease gradually 

increase to 74.60% with the increase in slenderness ratio of 17. As the stiffness of soil increases i.e., for Ks 100E3, a 

decrease of natural frequency 16.40% and 20.57% is observed for slenderness ratio 7 and 17 respectively, when compared 

with fixed base condition. Also, it is observed that natural frequency decreases by the decreases of raft thickness. For, soil 

Ks 5E3 and slenderness ratio of 7, a decrease of 58.00% in natural frequency is observed for thickness of raft Do/t 15 and 

this decrease gradually increase to 59.42% with the decrease in raft thickness Do/t 20. As the stiffness of soil increases 

i.e., for Ks 100E3, a decrease of natural frequency of 16.40% and 19.40% is observed for thickness of raft of Do/t 15 and 

Do/t 20 respectively, when compared with fixed base condition. 
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4.2 Variation of radial moment in raft 

The variation in radial moment due to the effect of soil flexibility is studied on 200m chimney, modelled with annular 

raft. The structure is assumed to be resting on very soft to stiff soils, modelled using elastic model, and the percentage 

variation in radial moment with conventional method are tabulated in table 3. The variation is plotted in  

Figure 1 and figure 2, for H/Db 17 with Do/t 15 and Do/t 20 respectively. 

Table  3: Percentage variation in Radial Moment 

Height 

of 

chimney 

Soil 

Description 

Percentage variation radial Moment (%) 

H/Db=7 H/Db=12 H/Db=17 

Do/t=15 Do/t=17.5 Do/t=20 Do/t=15 Do/t=17.5 Do/t=20 Do/t=15 Do/t=17.5 Do/t=20 

200m 

Ks 5E3 -12.02 -21.31 -34.43 -11.73 -19.26 -33.60 -13.60 -19.70 -22.74 

Ks 50E3 -29.85 -45.68 -45.91 -20.14 -30.11 -36.45 -25.92 -31.66 -40.74 

Ks 100E3 -49.97 -56.17 -68.09 -31.99 -35.41 -43.38 -47.22 -50.42 -72.94 

 

In order to know the effect of thickness of raft, comparisons between Do/t 15, 17.5 and 20 are made for each H/Db ratios 

resting on soil having stiffness Ks 5E3, Ks 50E3 and Ks 100E3 and it is observed that Radial moment decreases with the 

decrease in raft thickness. Also, comparisons are made between chimney of H/Db 7, 12 and 17 for different raft thickness 

and different soil conditions to show the effect of varying slenderness ratio. It is observed that Radial moment decreases 

with increase in H/Db ratio. 

 

Figure 1:  Variation of radial moment in 200m chimney of H/Db 17 & Do/t 15 

 

 

Figure 2: Variation of radial moment in 200m chimney of H/Db 17 & Do/t 20 
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From the variations of moments in the raft it is observed that, when the value of subgrade reaction of soil increases the 

radial moment decreases. This is due to the fact that for low values of Ks the raft behaves as a rigid plate, whereas for 

high values of Ks the raft behaves as a flexible plate. 

4.3 Variation of tangential moment in raft 

The maximum moments predicted from SSI method is high at the chimney shell location in the direction ground motion, 

where as in conventional method the maximum moment value is predicted at the innermost radius of raft. It is observed 

here that tangential moment decreases by the incorporation of soil flexibility. In the case of slenderness ratio of 7 and raft 

thickness Do/t 15, a decrease of 54.90% in tangential moment is observed for soil with Ks 5E3. The tangential moment 

gradually reduces with increase in stiffness of soil i.e., 75.39% for Ks 100E3.  

Effect of thickness of raft is investigated by considering Do/t 15, 17.5 and 20 for each H/Db ratio (i.e., H/Db 7, 12, 17) 

resting on soil having stiffness Ks 5E3, Ks 50E3 and Ks 100E3 and  it is observed that tangential moment reduces with 

the decrease in raft thickness, variations are shown in figure 3 and 4. 

Comparisons are made between H/Db 7, 12 and 17 for each Do/t ratios resting on different soil conditions, in order to 

determine the effect of slenderness ratio and it is observed that tangential moment decreases with the increase in H/Db 

value and the percentage variations are shown in table 3. 

From the variations of moments in the raft it is observed that, when the value of subgrade reaction of soil increases the 

tangential moment decreases. This is due to the fact that for low values of Ks the raft behaves as a rigid plate, whereas for 

high values of Ks the raft behaves as a flexible plate.  

Table 4: Percentage variation in Tangential Moment 

Height of 

chimney 

Soil 

Description 

Percentage variation radial Moment (%) 

H/Db=7 H/Db=12 H/Db=17 

Do/t=15 Do/t=17.5 Do/t=20 Do/t=15 Do/t=17.5 Do/t=20 Do/t=15 Do/t=17.5 Do/t=20 

200m 

Ks 5E3 -54.90 -62.98 -70.07 -22.75 -31.10 -41.69 -34.95 -67.42 -72.59 

Ks 50E3 -69.65 -70.98 -79.08 -31.49 -40.76 -52.62 -57.52 -77.94 -78.32 

Ks 100E3 -75.39 -78.11 -82.51 -46.80 -55.85 -66.03 -72.43 -88.80 -89.90 

 

 

 

Figure 3: Variation of tangential moment in 200m chimney of H/Db 12 & Do/t 15 
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Figure 4:  Variation of tangential moment in 200m chimney of H/Db 12 & Do/t 20 

 

 
 

Figure 5: Distribution of raft Radial moment under chimney for H/Db 12 having soil Ks 5E3 and Ks 100E3. 

 

Figure 6:  Distribution of raft Tangential moment under chimney for H/Db 12 having soil Ks 5E3 and Ks 100E3 
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5.   CONCLUSION 

The thesis attempts to study the effect of soil-structure interaction under transient loading for tall chimneys with annular 

raft. This study has been mainly carried out to determine the change in various seismic response quantities due to 

consideration of flexibility of soil, slenderness ratio of chimney and thickness of annular raft.  

Following conclusions were drawn from the present study: 

1. The study shows that natural frequency decreases with increase in soil flexibility and percentage decrease in         

natural frequency decreases with increasing soil flexibility.  

2. For Raft deflection criteria, it is concluded that the Deflection reduces as the stiffness of soil is increased, in other 

words we can say that hard soil medium leads to good seismic response of a chimney structure. 

3. Most of the design codes assumes linear displacement in the annular raft, but in reality SSI plays a major role and 

displacement will always be more under the chimney shield. 

4. The effect of soil-structure interaction plays a significant role in decreasing the radial and tangential moments of 

annular raft when compared with conventional method. 

5. The study shows that increase in slenderness ratio of chimney decreases tangential and radial moment of annular raft.  

6. It is observed that decrease in radial and tangential moments when decrease in thickness of annular raft.   
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