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ABSTRACT

KEYWORDS: Soil-structure interaction, Inelastic structures, Seismic design, Inelastic seismic
demand, Practical design, Earthquake safety
When a structure is subjected to ground shaking, it is intuitive to comprehend that structural
deformations and underlying soil displacements are inter-dependent. This inter-dependence is
termed as seismic Soil-Structure Interaction (SSI). Upon considering SSI, the system becomes
more flexible and usually exhibits increased damping. A quick glance at the response spectrum
suggests that the structure-soil system attracts lesser seismic force than a similar structure
hypothetically founded on rigid base. As a consequence, ignoring SSI in seismic design is likely
to result in a conservative structural design. However, over the last few decades, this conventional
belief has been challenged by evidences of damaged sites from a number of earthquakes around
the world. Damages to pile-supported structures in 1989 Loma Prieta Earthquake, collapse of
Hanshin Expressway in 1995 Kobe Earthquake, and collapse of certain classes of structures in
1985 Mexico City, 2001 Bhuj and 2015 Nepal earthquakes are some of the notable examples.
Apart from damages observed in these seismic events, recent research have revealed possibilities
of detrimental effects of SSI on seismic response of structures. The significance of considering
SSI in seismic design practice is well-established so far. There has been another finding in the past
that inelasticity tends to diminish the aforementioned beneficial effects of SSI. Since structures in
seismically active regions are designed with a dual strategy of little or no damage during small
events and significant damage but no collapse during large events, inelasticity in structural
response cannot be ignored. As a consequence, there is always a possibility of SSI affecting
structural safety and triggering collapse during an earthquake. Even in cases where beneficial
effects of SSI are not eliminated, there is an opportunity for the seismic design practitioner to
arrive at an economical solution. Whatever be the case, consideration of realistic structural
behaviour in design practice is appreciated and warranted.
However, inclusion of SSI in seismic design is still a rarity. This is because of lack of SSI
guidelines in most seismic codes. Except in United States where seismic SSI design guidelines are
available, prominent seismic design standards around the world suggest conditions for inclusion
iii

of SSI but do not prescribe any guidelines for the same. A number of researchers have attempted
to compute inelastic seismic design force for structures considering SSI. However, most of these
studies consider structures founded on surface. Though there are studies considering embedded
foundations, no quantification of inelastic seismic design force is achieved. Another shortcoming
with all of the past studies is the use of certain specified relationships between height and natural
period of structures. With architectural and structural innovations, modern day structures can no
longer be explained by one or two such relationships. As a result, the relationships developed in
these studies cater to a certain class of structures. There is a third lacuna, related to selection of
parameters in development of procedure to obtain design seismic force. Though a number of
geometrical and material parameters affecting SSI response of structures are identified in the
literature, most studies relating seismic design force with desired ductility consider parameters
such as period ratio (ratio of SSI period to fixed-base period) which may not be known before
obtaining the design. Moreover, period ratio is an SSI output rather than an SSI metric.
The present study evaluates the seismic response of structures supported by moderately embedded
foundations in sites with diverse geologies, considering SSI. Variations in a number of parameters,
viz. non-dimensional frequency (structure-to-soil stiffness ratio), aspect ratio and embedment
ratio, are considered. It is worth mentioning that these parameters comprise of basic geometrical
and material properties of structure, foundation and underlying soil which are well-known before
obtaining the structural design. Moreover, natural period and height of structure are considered
unrelated and any combination of the two can be used.
The soil-foundation system is represented by a discrete lumped-parameter physical model based
on cone models. Considering structure to be idealized as single degree of freedom (SDOF) system
with kinematic hardening, the structure-soil system is modelled using 4 degrees of freedom
(DOFs) in total. This is a classic implementation of substructure approach for solving SSI problems
in time domain. The time history analyses are performed using Newmark γ-β method in time
domain for suites of spectrum compatible accelerograms. Results are analyzed so as to finally
arrive at mean R-µ-T relationship for structures considering SSI. A simplified expression is also
proposed to obtain response reduction factor for structures considering SSI from code-stipulated
response reduction factor. However, since code-prescribed values do not explicitly consider
dependence on design ductility and ignores variation in natural period of structure altogether, this
iv

simplified approach should be restricted to small and non-critical projects. Upon computing
response reduction factor, structural design engineers are able to compute inelastic seismic design
force for a structure considering SSI from elastic seismic design force for the same system. This
brings up a need to obtain elastic seismic design force for a structure including SSI from that for a
fixed-base structure. This is done by defining an equivalent SDOF model for the structure-soil
system. This allows design practitioners to obtain seismic demand on an inelastic structure
considering SSI effects, with little additional effort. The proposed procedure is illustrated with
several worked examples.
A further analysis suggests that in most cases, considering SSI can lead to economical design.
However, for stiff structures, inelastic seismic demand gets enhanced with consideration of SSI.
In such cases, SSI needs to be included in seismic design practice on account of structural safety.
It is suggested to incorporate SSI in seismic design practice, irrespective of change in seismic
demand on account of SSI effects, in order to obtain a realistic structural design.

v

TABLE OF CONTENTS

ACKNOWLEDGEMENTS .......................................................................................................... i
ABSTRACT .................................................................................................................................. iii
TABLE OF CONTENTS ........................................................................................................... vii
LIST OF TABLES ....................................................................................................................... xi
LIST OF FIGURES ................................................................................................................... xiii
ABBREVIATIONS .................................................................................................................... xxi
NOTATIONS............................................................................................................................ xxiii
CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW .......................................... 1
1.1

General Introduction ........................................................................................................ 1

1.2

Literature Review ............................................................................................................. 4

1.2.1

Historical Development of SSI ................................................................................. 4

1.2.2

Significance of SSI ................................................................................................... 4

1.2.3

Approaches to solve an SSI problem ........................................................................ 4

1.2.4

Effect of SSI on inelastic structural response ......................................................... 10

1.2.5

Effect of SSI on strength reduction factor in inelastic structural design ................ 12

1.2.6

Codal provisions on SSI.......................................................................................... 14

1.2.7

Summary of the literature and identification of the research gaps ......................... 16

1.3

Objectives and Scope ..................................................................................................... 18

1.4

Organization of the Thesis ............................................................................................. 20

CHAPTER 2 MODELLING OF STRUCTURE-SOIL SYSTEM ......................................... 23
2.1

Structure-Soil Model ...................................................................................................... 23

2.2

Selection of Model Parameters ...................................................................................... 30

2.3

Summary of the present chapter ..................................................................................... 34
vii

CHAPTER 3 ANALYSIS OF INELASTIC STRUCTURE-VISCOELASTIC SOIL
SYSTEMS .................................................................................................................................... 35
3.1

Inelastic seismic response of structures on fixed bases.................................................. 35

3.2

Inelastic seismic response of structure-soil systems ...................................................... 40

3.3

Displacement Components............................................................................................. 42

3.4

Suites of ground motions used in the study.................................................................... 44

3.5

Validation of the seismic analysis procedure ................................................................. 46

3.6

Summary of the present chapter ..................................................................................... 47

CHAPTER

4

PRELIMINARY

INVESTIGATIONS

ON

SOIL-STRUCTURE

INTERACTION EFFECTS ....................................................................................................... 49
4.1

Inelastic Seismic Design Coefficient ............................................................................. 49

4.2

Force Reduction Factor .................................................................................................. 50

4.3

Displacement Components............................................................................................. 54

4.4

Summary of the present chapter ..................................................................................... 58

CHAPTER 5 RESPONSE REDUCTION FACTORS FOR STRUCTURES CONSIDERING
SOIL-STRUCTURE INTERACTION ..................................................................................... 59
5.1

Relationship between Response Reduction Factor and Design Ductility 𝑹 − 𝝁 − 𝑻.... 59

5.2

Effect of SSI on 𝑹 − 𝝁 − 𝑻 relationship ........................................................................ 79

5.2.1

Normalisation of exponent for structures with SSI against fixed-base structures .. 82

5.2.2

Exponent for fixed-base structures ......................................................................... 82

5.2.3

Definition of soil-foundation factor 𝜆 ..................................................................... 83

5.3

Verification of proposed procedure to compute response reduction factor ................... 91

5.4

Final Comments on the present chapter ....................................................................... 115

5.5

Summary of the present chapter ................................................................................... 116

CHAPTER 6 ELASTIC DESIGN SPECTRUM FOR STRUCTURES CONSIDERING
SOIL-STRUCTURE INTERACTION ................................................................................... 117
viii

6.1

Equivalent Natural Period of Elastic Structures considering SSI ................................ 117

6.2

Equivalent Damping in Elastic Structures considering SSI ......................................... 120

6.3

Elastic Design Spectrum for Structures considering SSI ............................................. 122

6.4

Summary of the present chapter ................................................................................... 123

CHAPTER

7

ESTIMATION

OF

INELASTIC

SEISMIC

DESIGN

FORCE

CONSIDERING SSI ................................................................................................................. 125
7.1

Procedure to compute inelastic seismic design force considering SSI ........................ 126

7.1.1

Elastic seismic design force for structures considering SSI ................................. 126

7.1.2

Inelastic seismic design force for structures considering SSI ............................... 128

7.2

Illustrative Examples .................................................................................................... 130

7.2.1

Illustrative Examples- A: Specified value of design ductility .............................. 130

7.2.2

Illustrative Examples- B: No specification about design ductility ....................... 144

7.3

Evaluation of effect of considering SSI in seismic design practice ............................. 151

7.4

Summary of the present chapter ................................................................................... 156

CHAPTER 8 SUMMARY AND CONCLUDING REMARKS ............................................ 157
8.1

Summary ...................................................................................................................... 157

8.2

Concluding Remarks .................................................................................................... 160

8.3

Limitations and Scope for Future Research ................................................................. 164

APPENDIX A

DIGITIZATION OF PLOTS FOR SWAY AND ROCKING SPRING AND

DASHPOT COEFFICIENTS IN GAZETAS (1991) ............................................................. 167
APPENDIX B

FORMULATION OF EQUATIONS OF MOTION FOR 4-DEGREES-

OF-FREEDOM STRUCTURE-SOIL SYSTEM ................................................................... 173
B.1

4-Degrees-of-Freedom (4-DOF) Structure-Soil System .............................................. 173

B.2

Equation of Motion for Lumped Structural Mass in Horizontal Translation ............... 174

B.3

Equation of Motion for Lumped Foundation Mass in Horizontal Translation ............ 175

B.4

Equation of Motion for Lumped Foundation Mass in Rocking ................................... 176
ix

B.5

Equation of Motion for Internal DOF .......................................................................... 178

B.6

Formulation of System of Simultaneous Equations for 4-DOF Model ....................... 178

REFERENCES .......................................................................................................................... 183
LIST OF PUBLICATIONS ON THE BASIS OF THIS THESIS ........................................ 193

x

LIST OF TABLES

Table 5.1 Target and predicted values of  for structure and structure-soil systems, with varying
aspect ratio and embedment ratio, founded on hard soil sites ...................................................... 87
Table 5.2 Target and predicted values of  for structures and structure-soil systems, with varying
aspect ratio and embedment ratio, founded on soft soil sites ....................................................... 88

 T  for structure-soil systems ........................................ 120

Table 6.1 Natural period multiplier T

Table 6.2 Equivalent damping ratio   for structure-soil systems........................................... 121
Table 6.3 Multiplying factors for obtaining elastic design spectrum for modified damping ..... 123

 T  for structure-soil systems ........................................ 126

Table 7.1 Natural period multiplier T

Table 7.2 Equivalent damping ratio   for structure-soil systems .......................................... 127
Table 7.3 Multiplying factors for obtaining elastic design spectrum for modified damping ..... 127
Table A.1 Dynamic stiffness of embedded raft: Translation along y and rotation about x ........ 168
Table A.2 Radiation damping of embedded raft: Translation along y and rotation about x ....... 168
Table A.3 Coefficients in Eq. (A.1) required to compute dynamic stiffness modifier ............... 170
Table A.4 Radiation damping coefficients  c y , crx  .................................................................. 171

xi

LIST OF FIGURES

Figure 1.1 Graphical representation of the objective of present work .......................................... 19
Figure 2.1 Kinematic hardening behaviour .................................................................................. 25
Figure 2.2 Structure-Soil Model (a) without soil material damping (b) with material damping .. 25
Figure 3.1 Schematic representation of procedure for analyzing structure-soil systems with
inelastic structures ......................................................................................................................... 43
Figure 3.2 Schematic representation of displacement components .............................................. 44
Figure 3.3 Elastic acceleration response spectra for synthetic accelerograms compared against
design elastic acceleration response spectra for (a) hard soil sites (b) soft soil sites, prescribed by
IS 1893-1 (2016) ........................................................................................................................... 45
Figure 3.4 Validation of the seismic analysis procedure against Jarernprasert et al. (2013) ....... 47
Figure 4.1 Inelastic design seismic force coefficient for fixed-base and different SSI systems with
specified values of target ductility ................................................................................................ 51
Figure 4.2 Force reduction factor for fixed-base and different SSI systems with specified values of
target ductility ............................................................................................................................... 52
Figure 4.3 Total lateral displacement relative to the ground and contribution from its components,
viz. structural deformation, footing translation and footing rotation for different SSI systems with
moderately stiff superstructure ( T  1 s) ....................................................................................... 55
Figure 4.4 Total lateral displacement relative to the ground and contribution from its components,
viz. structural deformation, footing translation and footing rotation for different SSI systems with
flexible superstructure ( T  2 s) .................................................................................................... 57
Figure 5.1 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with squat structures   1 on surface foundations   0  in hard soil
 r0

 r0

sites ............................................................................................................................................... 61
Figure 5.2 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with intermediate structures   2  on surface foundations   0  in
 r0

 r0

hard soil sites................................................................................................................................. 62
xiii

Figure 5.3 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with slender structures   3  on surface foundations   0  in hard
 r0

 r0

soil sites......................................................................................................................................... 63
Figure 5.4 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with squat structures   1 on shallow foundations   0.5  in hard
 r0

 r0

soil sites......................................................................................................................................... 64
Figure 5.5 Plots of mean response reduction factor against mean ductility demand (log values) for

h

different SSI systems with intermediate structures   2  on shallow foundations
 r0


e

  0.5  in
 r0


hard soil sites................................................................................................................................. 65
Figure 5.6 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with slender structures   3  on shallow foundations   0.5  in hard
 r0

 r0

soil sites......................................................................................................................................... 66
Figure 5.7 Plots of mean response reduction factor against mean ductility demand (log values) for

h

e

different SSI systems with squat structures   1 on embedded foundations   1 in hard
 r0

 r0

soil sites......................................................................................................................................... 67
Figure 5.8 Plots of mean response reduction factor against mean ductility demand (log values) for

h

different SSI systems with intermediate structures   2  on embedded foundations
 r0


e

  1 in
 r0


hard soil sites................................................................................................................................. 68
Figure 5.9 Plots of mean response reduction factor against mean ductility demand (log values) for
h

e

different SSI systems with slender structures   3  on embedded foundations   1 in hard
 r0

 r0


soil sites......................................................................................................................................... 69

xiv

Figure 5.10 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with squat structures   1 on surface foundations   0  in soft
 r0

 r0


soil sites......................................................................................................................................... 70
Figure 5.11 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with intermediate structures   2  on surface foundations
 r0


e

  0
 r0


in soft soil sites.............................................................................................................................. 71
Figure 5.12 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with slender structures   3  on surface foundations
 r0


e

  0  in soft
 r0


soil sites......................................................................................................................................... 72
Figure 5.13 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with squat structures   1 on shallow foundations
 r0


e

  0.5  in soft
 r0


soil sites......................................................................................................................................... 73
Figure 5.14 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with intermediate structures   2  on shallow foundations
 r0


e

  0.5 
 r0


in soft soil sites.............................................................................................................................. 74
Figure 5.15 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with slender structures   3  on shallow foundations   0.5  in
 r0

 r0


soft soil sites.................................................................................................................................. 75
Figure 5.16 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with squat structures   1 on embedded foundations   1 in soft
 r0

 r0


soil sites......................................................................................................................................... 76

xv

Figure 5.17 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with intermediate structures   2  on embedded foundations
 r0

e

  1 in soft soil sites .............................................................................................................. 77
 r0


Figure 5.18 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with slender structures   3  on embedded foundations   1 in
 r0

 r0


soft soil sites.................................................................................................................................. 78
Figure 5.19 Exponent m T  for structure-soil systems with varying levels of SSI effects (different
values of non-dimensional frequency). Structures are founded on hard soil sites, and have values
of aspect ratio and embedment ratio as shown in each plot. While plots in a row are characterised
by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
....................................................................................................................................................... 80
Figure 5.20 Exponent m T  for structure-soil systems with varying levels of SSI effects (different
values of non-dimensional frequency). Structures are founded on soft soil sites, and have values
of aspect ratio and embedment ratio as shown in each plot. While plots in a row are characterised
by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
....................................................................................................................................................... 81
Figure 5.21 Exponent for fixed-base structures mF T  located in hard and soft soil sites ......... 83
Figure 5.22 Soil-foundation factor  for soil-structure systems with varying levels of SSI effects
(different values of non-dimensional frequency). Structures are founded on hard soil sites, and
have values of aspect ratio and embedment ratio as shown in each plot. While plots in a row are
characterised by variation in aspect ratio, those in a column are characterised by variation in
embedment ratio............................................................................................................................ 85
Figure 5.23 Soil-foundation factor  for soil-structure systems with varying levels of SSI effects
(different values of non-dimensional frequency). Structures are founded on soft soil sites, and have
values of aspect ratio and embedment ratio as shown in each plot. While plots in a row are
characterised by variation in aspect ratio, those in a column are characterised by variation in
embedment ratio............................................................................................................................ 86
xvi

Figure 5.24 Plot of target (shown with markers) and predicted (shown in solid lines) values of soilfoundation factors  against non-dimensional frequency for different combinations of aspect
ratio and embedment ratio. While (a), (c) and (e) plot soil-foundation factors for structures with
surface, shallow and embedded foundations in hard soil sites, (b), (d) and (f) are for those in soft
soil sites......................................................................................................................................... 89
Figure 5.25 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with squat structures   1 on surface foundations   0  in hard soil sites ......... 93
 r0

 r0

Figure 5.26 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with intermediate structures   2  on surface foundations   0  in hard soil sites
 r0

 r0

....................................................................................................................................................... 94
Figure 5.27 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with slender structures   3  on surface foundations   0  in hard soil sites ..... 95
 r0

 r0

Figure 5.28 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with squat structures   1 on shallow foundations
 r0


e

  0.5  in hard soil sites ..... 96
 r0


Figure 5.29 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with intermediate structures   2  on shallow foundations   0.5  in hard soil sites
 r0

 r0

....................................................................................................................................................... 97
Figure 5.30 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with slender structures   3  on shallow foundations
 r0


e

  0.5  in hard soil sites .. 98
 r0


Figure 5.31 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with squat structures   1 on embedded foundations
 r0


xvii

e

  1 in hard soil sites ..... 99
 r0


Figure 5.32 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with intermediate structures   2  on embedded foundations   1 in hard soil sites
 r0

 r0

..................................................................................................................................................... 100
Figure 5.33 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with slender structures   3  on embedded foundations
 r0


e

  1 in hard soil sites 101
 r0


Figure 5.34 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with squat structures   1 on surface foundations
 r0


e

  0  in soft soil sites ........ 102
 r0


Figure 5.35 Response reduction factor so that structure attains specified ductility for different SSI

h

e

systems with intermediate structures   2  on surface foundations   0  in soft soil sites
 r0

 r0

..................................................................................................................................................... 103
Figure 5.36 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with slender structures   3  on surface foundations
 r0


e

  0  in soft soil sites .... 104
 r0


Figure 5.37 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with squat structures   1 on shallow foundations
 r0


e

  0.5  in soft soil sites .... 105
 r0


Figure 5.38 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with intermediate structures   2  on shallow foundations
 r0


e

  0.5  in soft soil sites
 r0


..................................................................................................................................................... 106
Figure 5.39 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with slender structures   3  on shallow foundations
 r0


e

  0.5  in soft soil sites . 107
 r0


Figure 5.40 Response reduction factor so that structure attains specified ductility for different SSI

h

systems with squat structures   1 on embedded foundations
 r0

xviii

e

  1 in soft soil sites .... 108
 r0


Figure 5.41 Response reduction factor so that structure attains specified ductility for different SSI
h

systems with intermediate structures   2  on embedded foundations
 r0


e

  1 in soft soil sites
 r0


..................................................................................................................................................... 109
Figure 5.42 Response reduction factor so that structure attains specified ductility for different SSI
h

e

systems with slender structures   3  on embedded foundations   1 in soft soil sites 110
 r0

 r0


Figure 5.43 Standard error of estimate in response reduction factor for varying ductility values.
h

Non-dimensional frequency  a0  is shown on abscissa. Results for squat structures   1 on
 r0


foundations with varying embedment ratio in different site types are presented. ...................... 112
Figure 5.44 Standard error of estimate in response reduction factor for varying ductility values.
Non-dimensional frequency

 a0 

is shown on abscissa. Results for intermediate structures

h

  2  on foundations with varying embedment ratio in different site types are presented. .. 113
 r0


Figure 5.45 Standard error of estimate in response reduction factor for varying ductility values.

h

Non-dimensional frequency  a0  is shown on abscissa. Results for slender structures   3  on
 r0

foundations with varying embedment ratio in different site types are presented. ...................... 114
Figure 6.1 Natural period multiplier T

T

for elastic structures on different sites, considering SSI

..................................................................................................................................................... 120
Figure 6.2 Modified damping ratio   for elastic structures on different sites, considering SSI
..................................................................................................................................................... 122
Figure 6.3 Procedure to obtain elastic spectral acceleration for structures with SSI (equivalent
natural period: T , equivalent damping ratio:  ) ....................................................................... 123
Figure 7.1 Procedure to obtain elastic spectral acceleration for structures with SSI (equivalent
natural period: T , equivalent damping ratio:  )........................................................................ 127

xix

Figure 7.2 Evaluation of cases without SSI, incomplete SSI and complete SSI consideration for
structures on hard soil sites. While SSI effects increase from top to bottom, inelasticity progresses
from left to right. ......................................................................................................................... 153
Figure 7.3 Evaluation of cases without SSI, incomplete SSI and complete SSI consideration for
structures on soft soil sites. While SSI effects increase from top to bottom, inelasticity progresses
from left to right. ......................................................................................................................... 154
Figure A.1 Schematic representation of foundation geometry ................................................... 169
Figure B.1 Schematic representation of 4-DOF soil-structure system ....................................... 173
Figure B.2 Free body diagram for total displacement of the lumped structural mass relative to the
ground  ut  ................................................................................................................................. 174
Figure B.3 Free body diagram for displacement of the lumped foundation mass relative to the
ground  u f  ................................................................................................................................. 175
Figure B.4 Free body diagram for foundation rotation   ...................................................... 176
Figure B.5 Free body diagram for internal degree of freedom 1  ........................................... 178

xx

ABBREVIATIONS

ATC

Applied Technology Council

BNWF

Beam on Nonlinear Winkler Foundation

DOF

Degree of Freedom

EDP

Engineering Design Parameter

FFM

Free Field Motion

FFT

Fast Fourier Transform

FIM

Foundation Input Motion

HFTD

Hybrid Frequency Time Domain

HSLM

High-Speed Load Model

HTFD

Hybrid Time Frequency Domain

IMFFS

Impedance Functions of FoundationS

MDOF

Multi Degrees of Freedom

NEHRP

National Earthquake Hazard Reduction Program

OpenSEES Open System for Earthquake Engineering Simulation
OWT

Offshore Wind Turbine

PBM

Plasticity Based Macro-element

PGA

Peak Ground Acceleration

SDOF

Single Degree of Freedom

SSI

Soil-Structure Interaction

xxi

NOTATIONS

English Symbols
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xxiv

𝐾0

Stiffness coefficient of existing spring to be augmented

𝐾𝜗

Static stiffness coefficient in rocking

[𝐾]
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1

General Introduction

When a foundation is under influence of vibratory machines or an earthquake, it is intuitive to
comprehend that structural deformations and soil displacements are not independent of each other.
This interdependence of the two during a seismic event is termed as seismic Soil-Structure
Interaction (SSI). Lai and Martinelli (2013) define SSI as a contact problem where stresses along
the structure-soil interface cannot be defined without determining deformations along the same
interface and vice-versa. Wolf (1985) and Jaya (2000) explain the following series of processes by
which soils and foundations affect seismic response of structures.
As seismic waves travel from source to site through rocks and soil media, their characteristics get
modified depending on the frequency content. This modification, called soil amplification effect,
is highly pronounced in the case of river basins and alluvial deposits. Variation in ground motion
records from different sites during Mexico City Earthquake of 1985 is a testimony of this
phenomenon.
Secondly, excavating and inserting foundation block into the site creates a rigid structure-soil
interface leading to scattering of seismic waves. As a result, ground motion experienced by the
foundation is different from free-field motion (FFM) which would have been observed if there was
no foundation. This deviation of modified motion, called foundation input motion (FIM), from
FFM arises out of base slab averaging, embedment effect and pile kinematics. Base slab averaging
is the averaging out of spatially variable ground motion within foundation footprint and often leads
to reduced translational and enhanced rotational components of ground motion. While embedment
effect refers to spatial variation of ground motion in an embedded foundation system, pile
kinematics is due to interaction of piles with wave propagation and is unique only to pile
foundations. Structures founded on deep foundation systems experience FIMs which are a lot more
different from FFM as compared to those founded on isolated shallow footings.
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Finally, overturning moments and transverse shear forces acting at footing base, due to inertial
loads from the structure, cause additional deformations in the soil. This leads to further
modification in base motion, and is pronounced in case of heavy structures such as dams and
nuclear power plants.
The foremost of above three effects is present even in the absence of any built environment, and
is therefore not included in an SSI problem. A wave propagation solution is employed prior to SSI
analysis to consider this effect. Therefore, the latter two of the three effects, respectively termed
as kinematic and inertial, are considered as the two components of seismic SSI.
Conventionally SSI has been believed to be beneficial to seismic response of structures. This belief
is based on the pretext that structure-soil systems usually exhibit elongated natural period and
enhanced damping as compared to their fixed-base counterparts. Considering inelastic response
spectra for 5% damped SDOF systems as proposed by Newmark and Hall (1973), it is apparent
that structure-soil systems attract lesser seismic forces compared to structures assumed to be
founded on rigid base. Over the last few decades, this belief has however been challenged with
evidences of damages caused by earthquakes around the world. Yashinsky (1998) mentions a
number of pile-supported bridge piers which collapsed during 1989 Loma Prieta Earthquake.
Mylonakis and Gazetas (2000) observe that despite structural inadequacies SSI played significant
role in collapse of the Hanshin Expressway Route 3 Fukae section during the 1995 Kobe
Earthquake. Damages to particular structural configurations during 1985 Mexico City and 2001
Bhuj earthquakes also identify SSI to be of significance in triggering structural damage during a
seismic event. As recently as in the 2015 Nepal Earthquake, Badry and Satyam (2017) report
magnified damages in asymmetrical buildings on piled rafts due to SSI. These observations
suggest that the traditional belief of SSI being ever-beneficial does not hold good for all structures
on all soil conditions. It is worth mentioning that recent literature on SSI effects on inelastic
structural behaviour, reported in Section 1.2.4, also signify possibilities of detrimental effects of
SSI. A common observation has been that these effects are more likely to be detrimental for stiff
structures located on soft soil sites.
With rapid and rampant urbanization, finding an adequate site for construction is extremely
difficult and not feasible in many cases. With an ever-high number of bad sites including river
beds, reclaimed lands and landfills, it is very likely that SSI poses an increased threat to structures
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during an earthquake. The hazard gets worse in an urban setting with a possibility of pounding of
neighbouring structures, as observed by Chouw and Hao (2011) during 2011 Christchurch
Earthquake.
Though significance of SSI in structural response during a seismic event is well-established,
incorporating SSI in structural design practice is a rarity. This can be attributed to lack of design
guidelines in most seismic building codes around the world which is evident from Section 1.2.6.
Most of these codes enlist conditions for including SSI in design practice but do not prescribe
guidelines for the same. Inclusion of SSI assumes a lot more significance in design of critical
structures such as dams, nuclear reactors, bridges and buildings housing important institutions.
Critical nature of a structure is assessed depending on its functional significance, construction
costs, importance in post-disaster situations, and/or consequences of failure.
The developing world is today witnessing huge infrastructure development projects including
residential buildings, commercial establishments, industrial structures, bridges and flyovers. With
urban centers experiencing rapid growth in infrastructure development, there has been an urge to
reduce cost of construction. Indian cities are no exceptions. Though SSI has been found to cause
structural damages during a number of seismic events, it is expected that an economical structural
design can be obtained in some of the cases. This highlights the need for properly laid guidelines
for seismic design of structures including SSI which would enable design engineers to possibly
take due advantage of SSI in design practice without embarking into an unsafe territory. The
present study is an attempt in this direction, with an aim to develop a procedure to obtain inelastic
seismic design force for a structure considering its interaction with the underlying soil medium.
Single degree of freedom (SDOF) systems with kinematic hardening is considered as the structural
configuration. The upcoming section reviews literature on different aspects of SSI including
historical development of SSI, its effects on inelastic seismic response of structures, approaches to
solve an SSI problem and existing design guidelines in prominent seismic codes. Gaps in the
literature are identified in order to define objectives and scope of the present work.
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1.2

Literature Review

1.2.1 Historical Development of SSI
Kausel (2010) and Roesset (2013) review the early stage development of SSI. Apart from
kinematic and inertial components of SSI, Roesset also discusses direct and substructure
approaches to solve an SSI problem. A detailed outline of substructure approach is later presented
in Section 1.2.3. Roesset also reports previous works by Reissner and Bycroft, Parmelle, Veletsos
and Wei, Luco and Westman, and Novak in the field of dynamic stiffness of foundations, as well
as effects of stratified deposits, embedment and pile groups on dynamic response of foundations.
Kausel presents a chronological evolution of the field, beginning from fundamental Green’s
function solutions devised by mathematicians and scientists two centuries ago. He reports notable
contributions in field of static SSI by Boussinesq, Steinbrenner, Reissner, Mindlin, Hanson and
others. In 1936, Reissner initiated development of dynamic SSI and was later joined by a number
of researchers including Luco, Bycroft, Housner, Newmark, Veletsos and Whitman.
1.2.2 Significance of SSI
Section 1.1 presents a basic understanding of conventional belief about SSI effects on seismic
response and challenging evidences from various earthquakes. This anomaly suggests a glance at
past studies to understand significance of SSI in response of structures during a seismic event.
These past studies identify superstructure configuration, foundation characteristics and underlying
soil properties (soil modulus and shear wave velocity profile) as factors influencing seismic
behaviour of structures. Ciampoli and Pinto (1995) defined structure-to-soil stiffness ratio and
aspect ratio of structure as factors of concern in this regard. Nguyen et al. (2016, 2017) observed
how foundation characteristics, such as dimensions in shallow footings, and load bearing
mechanisms in pile foundations, affect response of structure-soil systems. Further clarity on
significance of considering SSI in seismic design will be met in sections 1.2.4 and 1.2.5 where
literature on SSI response of inelastic structures are reviewed.
1.2.3 Approaches to solve an SSI problem
Initial attempts at solving an SSI problem, such as Kaynia and Kausel (1991), focused on obtaining
analytical solutions based on Green’s functions. Though these rigorous solutions can
accommodate a wide variety of problems, they couldn’t get much popularity because of involved
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complexities and high computational costs. Anand and Kumar (2016) summarized a number of
analytical formulations for obtaining response of structure-soil systems subjected to base
excitations, along with advantages and disadvantages associated with their implementations. It is
observed that the use of analytical formulations can be challenging in a parametric study where a
number of inputs are varied to comprehend their effects.
A number of researchers have attempted experimental studies on behaviour of structure-soil
systems. Gazetas and Stokoe (1991) validated impedance functions enlisted in Gazetas (1991)
using shake table tests. Boulanger et al. (1999) found reasonable agreement of dynamic p-y
analysis results with dynamic centrifuge model tests over a wide spectra of shaking intensities and
ground motions. Durante et al. (2015) and Hussein et al. (2016) investigated the response of
systems with varying pile configurations using shake table and dynamic centrifuge tests
respectively. Martakis et al. (2017) performed a series of dynamic centrifuge experiments to assess
influence of structural parameters and soil properties on SSI effects, and thereby provided an
experimental dataset which might act as a benchmark for future research and engineering practice.
It is evident that most of the experimental studies on SSI are either shake table tests or dynamic
centrifuge model tests. There have been few full-scale dynamic tests such as that of a portal frame
railway bridge by Zangeneh et al. (2018).
Experimental campaigns are usually expensive and cumbersome, and therefore most research on
assessing behaviour of structure-soil systems have been numerical. As a consequence, a number
of researchers have engaged into devising different numerical modelling strategies to analyze SSI
effects. Far (2017) and Dutta and Roy (2002) reviewed a number of these modelling and
computational approaches for solving an SSI problem. These solution strategies are broadly
categorized as discrete and continuum models, linear and nonlinear analyses, frequency domain
and time domain solutions, and direct and substructure approaches. These broad categories of SSI
solution techniques are elaborated below.
While discrete modelling employs springs and dashpots as interface elements, continuum models
are achieved using either finite element or boundary element methods. Some examples of discrete
modelling of soil-foundation system are Winkler model, Hetenyi’s foundation, FilonenkoBorodich foundation, Kerr foundation and Pasternak foundation. Elastic continuum model,
Reissner foundation and Vlasov foundation are few examples of continuum models. Givens et al.
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(2012) assessed a number of discrete SSI models for Sherman Oaks Building and Walnut Creek
Building considering inter-storey drifts, storey shear distributions and floor accelerations as output
parameters. These models were obtained by removing selected components of a full-fledged
baseline model. NIST (2012) employed these results to arrive at guidelines for incorporating SSI
in analyzing seismic structural response. NIST (2012) also outlines formulations for discrete
element modelling in pile foundations which includes p-y (nonlinear lateral spring) and t-z
(nonlinear vertical springs) relations. Many commercially available computer programs also
employ these spring relations.
Further, based on the nature of elements used to represent SSI, various numerical approaches can
be classified as linear and nonlinear. Nonlinear solutions can cater to various nonlinearities in
structure-soil system which may arise from yielding of structural elements, soil (e.g., liquefaction)
and/or loss of contact between foundation and soil. Most studies consider nonlinearity either in
soil or structure. While Ciampoli and Pinto (1995) and Mylonakis and Gazetas (2000) considered
nonlinear structures, models like continuum models, Beam on Nonlinear Winkler Foundation
(BNWF) models and Plasticity Based Macro-element (PBM) models consider nonlinear soil
subsystem. Raychowdhury and Hutchinson (2009) incorporated BNWF models in Open System
for Earthquake Engineering Simulation (OpenSEES). These models are validated by Thomas et
al. (2005) against centrifuge model tests. PBM models, initiated by Nova and Montrasio (1991),
are relatively new development. However they are not much in practice owing to limited
experimental validation. It is also well known that degradation in soil stiffness during a seismic
event adds to nonlinearity in SSI system. This soil behaviour is accounted by use of a reduced
shear modulus. Kramer (1996) and Darendeli (2001) present modulus degradation curves in this
context.
An SSI problem can be solved either in time domain or in frequency domain. Though most
engineers find time domain appealing, frequency domain solutions are straightforward and easy.
Kaustell et al. (2010) performed a simplified frequency domain SSI analysis of a portal frame
railway bridge subjected to high-speed load model (HSLM) of Eurocode. Frequency domain
solutions involve solution of equation of motion in frequency domain followed by superposition,
and finally inverse of Fast Fourier Transform (FFT) is used to obtain structural response as a
function of time. Though frequency domain solutions are straightforward without involving
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computationally expensive convolution integrals, the inherently assumed linearity makes them not
suitable for inelastic structures. Therefore these solutions cannot be used for problems where one
needs to evaluate inelastic structural response and/or damage inflicted on the structure. As a
consequence, there have been attempts to develop hybrid methods which eliminate complications
of convolution integrals while being able to evaluate inelastic structural response. While Hybrid
Frequency-Time Domain (HFTD) solutions such as Nimtaj and Bagheripour (2013) solve a
reference linear system in frequency domain and apply pseudo-forces as correction to account for
nonlinear behaviour, Hybrid Time-Frequency Domain (HTFD) solutions such as Bernal and
Youssef (1998) solve equations of motion in time domain using frequency independent impedance
functions and consider frequency dependency of these functions via pseudo-forces at every
iteration.
Another classification of SSI solutions mentions direct and substructure methods. While direct
method solves structure-soil system as a whole, substructure method subdivides the system into
various substructures, solves them independently and superimposes their solutions to obtain
structural response. Substructure approach offers a freedom of choice of efficient modelling
strategies for different substructures, and is therefore able to reduce computational cost and rigour.
Since every substructure is solved separately, substructure approaches are better suited for
parametric studies as well. Further, unlike direct methods, kinematic and inertial components are
considered separately in substructure methods using transfer and impedance functions
respectively. Considering frequency dependence of these functions, substructure method has been
traditionally employed in frequency domain. However recent studies seem to have found ways to
apply substructure approach for solving an SSI problem in time domain. Simple physical models,
elaborated later in this section, have been of immense use in this context. It is worth mentioning
that depending on structural configuration, foundation characteristics and soil properties, either
kinematic or inertial component might be much more significant than the other. For instance, in
case of heavy structures founded on rafts, kinematic interaction is insignificant as compared to
inertial interaction. Since the present work utilizes substructure approach for obtaining seismic
response of structure-soil systems, this section elaborates on this approach.
As discussed in Section 1.1, kinematic interaction component is characterized by deviation of
foundation input motion (FIM) from free-field motion (FFM). Transfer function (𝜏), which is
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defined as ratio of FIM (𝑢𝐹𝐼𝑀 ) to FFM (𝑢𝐹𝐹𝑀 ) in Eq. (1.1), represents kinematic SSI. Mylonakis
et al. (2006) and NIST (2012) report a compilation of transfer functions available in literature for
surface and embedded foundations respectively. There is however a lack of such well-calibrated
models for impedance functions in case of pile foundations.



uFIM
uFFM

(1.1)

Inertial interaction is characterized by two major changes, elongation in natural period and
modification in damping of structure-soil system, as compared to those of the structure alone.
Since this component of SSI is considered using impedance functions, determination of impedance
functions is one of the most significant steps involved in substructure method of SSI. These
functions are frequency-dependent stiffness and damping characteristics of a structure-soil system
which relate structural response to any dynamic excitation. Eq. (1.2) presents a normalized form
of impedance function, 𝑆0 in terms of excitation frequency (𝜔
̅). The normalization has been
obtained against static stiffness coefficient (𝐾). 𝑘0 (𝜔
̅) and 𝑐0 (𝜔
̅) are respectively termed as
dynamic stiffness and damping coefficients.
S0  K  k0    i c0   

(1.2)

Impedance functions were initially obtained using boundary element methods or finite element
methods. However since these methods are quite rigorous, their use to obtain impedance functions
is too cumbersome for regular design practice. NIST (2012) addresses this issue by enlisting
impedance functions compiled from literature. While Pais and Kausel (1988), Gazetas (1991) and
Mylonakis et al. (2006) prescribe impedance functions for shallow foundations, Mylonakis (1995),
and Mylonakis and Roumbas (2001) do the same for pile foundations. Damalla et al. (2019)
developed impedance functions for double-D shaped cassion foundations, which are easy to
implement at hands of structural design practitioners. Cone models, initially developed by Ehlers
in 1942, have also been widely used to obtain impedance functions for a variety of foundation
types in homogeneous as well as stratified deposits. Wolf (1994) used cone models to develop
physical models, in order to obtain impedance functions for a variety of situations. These physical
models are simple to implement and yield reasonably accurate results. Another point of interest is
that these models also provide physical insight towards load transfer mechanism and deformation
profile in the problem. Lumping stiffness, damping and inertial characteristics in different entities
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further enhance their acceptability among structural engineers. Jaya (2000) used cone models to
devise a computational tool called Impedance Functions of FoundationS (IMFFS). Further
elaboration on cone models can be found in Anand and Kumar (2018). Khoshnoudian et al. (2014)
and Ayough and Taghia (2017) are among a number of researchers who used cone models in
analyzing structure-soil systems. One of the discrete lumped parameter physical models,
prescribed by Wolf (1994), is employed in present work to obtain impedance functions. As
described later in Chapter 2, this model employs an additional degree of freedom so that all the
spring and dashpot coefficients associated with soil-foundation system are independent of
excitation frequency. This enables the non-linear analysis to be completely performed in time
domain making it attractive and convenient over hybrid approaches mentioned earlier. Use of time
domain analysis and physical insight on load dissipation mechanism are two major factors making
such a lumped-parameter physical model appealing to structural engineers. Though the present
work uses a physical model by Wolf (1994) for embedded soil-foundation system, an effort is
made to digitize some of the plots by Gazetas (1991) for stiffness and damping coefficients. The
digitization and obtained expressions are presented in Appendix A. Anand and Kumar (2020)
presented an investigation on seismic SSI response of elastic and inelastic moment-resisting
framed structures on embedded rafts, using this digitized set of impedance functions. It is observed
that the perceived beneficial effects of SSI on seismic response of structures diminish with
progression of inelasticity in structure. This effect is in tune with observations from other research
outlined in sections 1.2.4 and 1.2.5.
With availability of robust and fast computational platforms, researchers are able to explore SSI
effects on diverse structures, viz. bridges, dams, tunnels, nuclear power plants and offshore wind
turbine (OWT) structures in addition to regular building structures. These analyses are usually
backed by their high cost of construction, post-disaster importance and possible consequences of
failure. While Bigelow et al. (2017) considered SSI in a composite single span railway bridge with
integral abutments, Li et al. (2017) evaluated seismic SSI response of a cable-stayed bridge built
in fault zones. Hatzigeorgiou and Beskos (2010) studied SSI effects on seismic inelastic response
of tunnels using finite element method in time domain. Bhattacharya (2019) observed that load
transfer mechanism and modes of vibrations in an OWT structure are affected by SSI, and
presented existing and new strategies to account for SSI effects in design of these structures.
Abdullahi et al. (2020) performed modal analysis of OWT structures founded on monopile and
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jacket foundations including SSI, and observed significance of including SSI in design practice so
as to select the best suited foundation system. In context to nuclear power plants, Mistry and
Lombardi (2020) observed influence of SSI on seismic performance of a number of non-structural
components of nuclear reactors through case study of a nuclear site in United Kingdom. These
studies on wide range of structures have got a boom over the last decade owing to revolution in
computational platforms. Anand and Kumar (2018) presented a review of some of these
contemporary pieces of research. From the brief discussion outlined above, it can be concluded
that SSI finds its applications in seismic response of almost every structure. Since the present study
attempts to keep its scope inclusive of most general structures, the upcoming sub-section reviews
literature on SSI affecting inelastic seismic response of structures.
1.2.4 Effect of SSI on inelastic structural response
As mentioned in Section 1.1, the conventional belief of SSI being ever-beneficial to seismic
response, based on Newmark and Hall (1973), has been challenged with observations from various
earthquakes and recent studies on inelastic structures on flexible sites. Miranda and Bertero (1994)
found that inelasticity in structures tends to diminish the so-perceived beneficial effects of SSI.
However there was no end to the lack of consensus among researchers on whether SSI deemed to
be included in seismic design.
Ciampoli and Pinto (1995) observed that inelastic structures exhibit a decrease in displacement
ductility demand at an expense of slight increase in total displacement demand. Similar
observations were made by Ghalibafian et al. (2008) as well. However Carlo et al. (2000) reported
that displacement as well as curvature ductility demands witnessed significant increase when
structure-soil system was considered in lieu of structure alone. They studied seismic response of
bridge piers under effect of EC8 response spectrum and five artificial accelerograms. Further,
Nakhaei and Ghannad (2008) observed substantial increase in damage index of stiff structures
located on soft soils. Raychowdhury (2011) pointed out possibility of differential settlement
arising out of SSI, especially in case of heavily loaded footings. Tabatabaiefar et al. (2014)
observed that SSI results in a lowered base shear and an amplified lateral deflection of the
structure. They also proposed an empirical relationship to estimate lateral deflection amplification.
Over the last decade, there have been a number of numerical studies on SSI response of inelastic
structures with varying input and output quantities of interest. Jarernprasert et al. (2013) studied
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SSI response of yielding SDOF systems on elastic half space under effect of sets of accelerograms
representing diverse geology. They observed increase in ductility demands as well as total
displacements implying possible detrimental effects of SSI in case of inelastic structures. In
addition to this, they also evaluated seismic SSI provisions from ASCE (2010) which allow
designers to reduce design base shear and compared performance with a scenario where SSI was
ignored altogether. Whereas reduction in design base shear permitted by ASCE 7-10 (2010) was
found to be non-conservative, ignoring SSI was not pragmatic either. Section 1.2.6 reports SSI
provisions in prominent seismic codes from across the globe, and also discusses how Jarernprasert
et al. (2013) and other contemporary research have contributed in the evolution of available
guidelines. Based on their study, Jarernprasert et al. (2013) proposed a modified seismic design
coefficient for use in seismic design which would enable structures to reach target ductility for
which they are designed. Tabatabaiefar and Fatahi (2014) also observed that ignoring SSI can
result into a catastrophe especially for structures built on soft soils. Aydemir (2013) assessed SSI
effects on structures, exhibiting degradation in stiffness, founded on soft soil sites. She observed
that strength reduction factors for structure-soil systems tend to be smaller than those for their
structural counterparts, implying structural design to be non-conservative if we neglect SSI.
However, since strength reduction factors relate inelastic demand with elastic demand for the same
system, it is possible that beneficial effects of SSI to elastic structural response (based on elongated
natural period and enhanced damping) may still compensate for this lower strength reduction
factor. Aydemir (2013) also proposed simplified expressions to obtain mean strength reduction
factors and mean inelastic displacement ratios of SDOF systems with degrading stiffness. Hassani
et al. (2018) expanded the spectrum to include SSI effects on inelastic displacement ratios of
structures experiencing degradation in both strength and stiffness. It can be observed from above
discussion that strength reduction factors and inelastic displacement ratios are prominent outputs
in most investigations on inelastic SSI response so far. As it would be further clear in Section 1.3,
the present work attempts to obtain inelastic seismic design force and thereby deals with strength
reduction factors. Therefore, a more detailed review of literature on SSI influencing strength
reduction factor for a structure is presented in the upcoming section. It is to be noted that some
seismic codes refer strength reduction factor as response reduction factor or behaviour factor.
These are essentially different names for the same quantity albeit with different nuances. However,
the code stipulated factors do not explicitly include design ductility, and ignore effect of variation
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in natural period of structure completely. The factors proposed in this study explicitly include
design ductility and also consider variation in natural period.
1.2.5 Effect of SSI on strength reduction factor in inelastic structural design
Most seismic codes profess a dual or multiple performance strategy for seismic design practice.
While structures are expected to suffer little or no damage during a low to moderate ground
shaking, significant damages are allowed during a large seismic event provided there is no
collapse. This is based on the reasoning that larger events have a longer return period and a
structure may not experience any such event during its design life. On the other hand, smaller
events are more likely to occur and therefore damage inflicted on structures by such events must
be restricted. Modern seismic codes prescribe different levels of performances, viz. fully
operational, immediate occupancy, life safety and collapse prevention, in this context.
This strategy of seismic design practice is commonly accounted by use of strength reduction factor
which relates inelastic seismic design force to elastic seismic design force. This factor allows a
reduction in seismic design force with an associated increase in structural deformation. Veletsos
and Newmark (1960) and Newmark and Hall (1973) are the founding studies on these factors,
necessarily for fixed-base structures. They proposed formulae for obtaining strength reduction
factors in terms of ductility and natural period of the structure. While the response of short-period
structures are governed by equal energy rule, the response of long-period structures are explained
by equal displacement rule. Equal energy rule implies that the area under a monotonic forcedisplacement diagram for an inelastic structure remains same as that for an elastic structure with
same natural period. Equal displacement rule suggests that the relative displacement is equal in
case of elastic and inelastic structures with same natural period. Based on this proposition, they
arrived at two different formulations for stiff and flexible structures as given by Eq. (1.3).
 2  1 𝑓𝑜𝑟 𝑠𝑡𝑖𝑓𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
R
  𝑓𝑜𝑟 𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

(1.3)

Riddell and Newmark (1979) considered stiffness degradation and proposed new formulae for
strength reduction factors. Further, Lai and Biggs (1980), Riddell et al. (1989) and Vidic et al.
(1992) proposed alternative formulae for strength reduction factors to obtain inelastic spectrum for
structures. Nassar and Krawinkler (1991) obtained inelastic spectrum for SDOF and multi degrees
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of freedom (MDOF) systems considering hardening behaviour in structures. Lee et al. (1999)
considered variation in hysteretic model of structure while obtaining strength reduction factors.
However, all these work assume that the structure is fixed to a rigid stratum.
The effect of flexibility of underlying soil in obtaining inelastic spectrum was first attempted by
Elghadamsi and Mohraz (1987). Miranda (1993) followed up with an extensive study and
computed strength reduction factors for structures founded on rock, alluvium and very soft soil. In
particular for very soft soil sites, these factors were observed to depend on predominant period of
ground motion in addition to natural period of structure. However, both of these studies included
only soil flexibility effects and no consideration to SSI effects were made. Over last two decades,
a number of researchers attempted to include SSI effects while obtaining strength reduction
factors. Aviles and Perez-Rocha (2005) considered SSI effects in evaluating strength reduction
factors for an elastoplastic structural system, using ground motion recorded at a site during 1985
Mexico City Earthquake. Later, Aviles and Perez-Rocha (2011) defined an equivalent ductility
factor for structure-foundation system. This equivalent ductility, in conjunction with equivalent
natural period and damping of the system considering SSI effects, enables seismic design
practitioners to obtain design force. Ghannad and Ahmadnia (2002, 2006) and Ghannad and
Jahankhah (2004, 2007) carried out a number of numerical studies to investigate effect of SSI on
ductility demand and strength reduction factor, and thereby inelastic seismic demands. They
observed that inclusion of SSI can significantly influence seismic demand on inelastic structures.
In order to obtain seismic demand considering SSI, Jarernprasert et al. (2013) also analyzed SSI
response of yielding structures on sites with different geological conditions. An observation
common to Aviles and Perez-Rocha (2005, 2011), Ghannad and co-workers (2002, 2004, 2006,
2007) and Jarernprasert et al. (2013) is that SSI usually results in a lower strength reduction factor.
This is more prominent in structure-soil systems witnessing large SSI effects, viz. stiff structures
on soft soil sites. This is attributed to a possibly reduced hysteretic energy dissipation in structuresoil systems as opposed to their fixed-base counterparts. Eser et al. (2011) observed that this
reduction in strength reduction factor is on an average 13%, and grows as high as 44% in case of
stiff structures on very soft soil sites. These observations imply that ignoring SSI may lead to an
over-estimation of strength reduction factor, possibly resulting in a non-conservative design. Over
the last decade, a few researchers such as Ganjavi and Hao (2012 a,b) and Aydemir and Ekiz
(2013) studied SSI effects on strength reduction factor for MDOF systems. The reduction in
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strength reduction factor was however less significant than that observed in SDOF systems. Since
prominent seismic design methods like response spectrum method are based on SDOF idealization,
the larger reduction in strength reduction factor in case of SDOF systems is of greater significance.
It is comprehensible from above discussion that ignoring SSI in seismic design practice can lead
to non-conservative structural design. Including SSI in design of critical structures such as dams,
bridges, wind turbines and nuclear establishments is of paramount importance. The critical nature
of a structure can be assessed by required construction costs, importance in post-disaster
connectivity and consequences of failure. However inclusion of SSI in structural design practice
is still a rarity. This can be attributed to inadequately laid SSI provisions in most seismic codes.
The upcoming section presents an overview of these codal provisions.
1.2.6 Codal provisions on SSI
It is evident from previous sub-sections that there is a need to include SSI in seismic design practice
especially for critical structures, which warrants seismic codes to prescribe guidelines in this
regard. This section discusses guidelines presently available in some prominent seismic codes.
United States
SSI provisions in United States, or as such globally, started back in 1978 with Applied Technology
Council (ATC) drafting ATC 3-06 (1978). On pretext that SSI results into elongated natural period
and enhanced damping, ATC 3-06 (1978) suggested a reduction in design base shear. However,
this reduction in equivalent lateral force was based on elastic structural response. Further, as
mentioned in previous section, inelasticity experienced by structures diminishes this beneficial
effect of SSI. As a consequence, ASCE (2010) came up with a cap on base shear reduction.
Modified design base shear could no longer be less than 70% of the original value. Later with
evaluation of these guidelines by Jarernprasert et al. (2013) as described in Section 1.2.4, FEMA
P-1050 (2015) drafted by National Earthquake Hazard Reduction Program (NEHRP) expressed a
cap on base shear reduction in terms of response modification factor. Structures with larger
response modification factor (synonymously larger inelastic deformation capacity) are now subject
to smaller reduction in design forces. This provision is now incorporated in ASCE 7-16 (2016).
In addition to equivalent lateral force reduction, ASCE 7-16 (2016) also prescribes a linear
dynamic analysis using either design or site specific response spectrum which has been modified
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for SSI effects. Since kinematic interaction cannot be catered in a linear dynamic analysis,
nonlinear time history analyses with ground motions compatible to site-specific response spectrum
is advised in case of deep foundations with predominant kinematic component of SSI. ASCE 7-16
(2016) also provides response spectral modification factors for kinematic SSI effects caused by
base slab averaging and embedment. Khosravikia et al. (2017) evaluated performance of structures
designed with SSI provisions from ASCE 7-16 (2016)/FEMA P-1050 (2015) and ASCE 7-10
(2010). Though the evolution is pragmatic, they reported scope for improvement in present
guidelines as well.
Europe
As per Eurocode 8/EN 1998-5 (2004), dynamic SSI needs to be considered for structures which
are either slender or are expected to have significant second order (P-delta) effects. Design of
structures founded on deep foundations such as piles and caissons should also include SSI. EN
1998-5 (2004) also mandates considering SSI in design of any structure to be built on a typical
ground type with extremely low shear strength and high plasticity reported by EN 1998-1 (2004).
However, apart from identifying situations for an SSI analysis, Eurocode does not specify any
guideline for incorporation of SSI effects in design practice.
India
IS 1893-3 (2014) and IS 1893-4 (2015) suggest SSI to be considered in design of bridges and
industrial structures respectively if they are to be supported on deep foundations in soft soil
deposits. However neither guidelines nor specialist literature are suggested in this context. Seismic
codes for general buildings and liquid retaining structures, IS 1893-1 (2016) and IS 1893-2 (2014),
do not mention anything about SSI.
Japan
As per JSCE 15 (2007), design of bridge abutments, retaining walls, underground structures and
foundation systems such as piles and caissons must consider dynamic SSI. The interaction can
however be ignored for other structures depending on structural configuration and soil properties.
Overall, the choice of modelling strategy is left to the judgement of structural designer. The
guidelines also mention possible use of direct method of SSI analysis for complicated cases such
as a number of neighbouring structures.
15

New Zealand
Similar to Eurocode, Indian Standard and Japanese guidelines, NZS 1170.5 (2004) does not
prescribe any guidelines for incorporating SSI in structural design practice. This code of practice
suggests use of structural performance factor which depends on material, form, natural period and
damping of structure, and its interaction with ground. Inclusion of foundation deformations when
calculating building deflection is also mandatory but it is often ignored because of lack of guidance
on how to include foundation flexibility.
From above discussion, it is evident that ASCE 7-16 (2016) is the most evolved code of practice
for implementation of SSI in seismic design practice. Other prominent seismic codes, discussed
above, are non-prescriptive. They specify conditions for inclusion of SSI but do not prescribe any
guidelines on these lines. Inclusion of SSI in seismic design practice therefore rests on judgement
and competence of those undertaking the design. It is worth mentioning that absence of such
expertise can render a structure prone to inadequate performance during a seismic event. Another
point of focus would be to strengthen communication between structural and geotechnical
engineers involved with the project. This assumes greater importance in modern cities where good
sites are no longer available and construction on soft soils and landfills are quite common. On
these lines, NIST (2012) presents a checklist for information sharing between structural and
geotechnical engineers, which can be employed with modifications specific to project at hand.
However with all these communication, the crux of the situation still lies in prescribing a set of
well-laid guidelines to include SSI in seismic design.
1.2.7 Summary of the literature and identification of the research gaps
Section 1.2.1 describes the early stage development in the field of seismic SSI which dates back
almost a century. While Section 1.2.2 outlines the significance of SSI effects, Section 1.2.3
explains a wide range of approaches to solve an SSI problem. Among these, substructure approach
is observed to have an advantage over direct approach owing to choice of efficient modelling
strategy, lower computational expense and rigour, ease in obtaining solution and adaptability to
parametric studies. The wide usage of lumped-parameter physical models in recent studies is
outlined as well. While Section 1.2.4 reviews studies on seismic response of inelastic structures
considering SSI, Section 1.2.5 presents literature on SSI influencing strength reduction factor for
structures. It is observed that inclusion of SSI results in a lower strength reduction factor which
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can lead to a non-conservative structural design. Despite advancements in approaches to solve an
SSI problem and significance of considering SSI in seismic design of inelastic structures, SSI has
been rarely included in seismic design practice. It is because of lack of design guidelines in
prominent seismic codes explained in Section 1.2.6.
It is observed in sections 1.2.4 and 1.2.5 that there has been an upsurge in SSI studies over recent
two decades. While some of them focus on effects of SSI on response of structures during an
earthquake, others tend to include SSI in seismic design parameters such as strength reduction
factor. It is worth noting that most of these research have focused on structures with surface
foundations. There are only a few recent studies such as Khosravikia et al. (2017) which consider
SSI response of structures on embedded foundations. However, no quantification of design seismic
forces is achieved. Another point of concern in all these studies on structure-soil systems with
inelastic structures is that they consider structures with specified relationship(s) between their
height and natural period. However, with innovations in architectural and structural configurations,
most modern structures can no longer be characterized by one or two specified relationships. As a
consequence, these studies are not adaptive to the kind of structures being built. There is a third
lacuna which is related to selection of parameters. A number of geometrical and material
parameters influencing response of structure-soil systems are identified in literature. Ciampoli and
Pinto (1995) and NIST (2012) established that among these parameters, ratio of structural stiffness
to soil stiffness is of greatest significance and can be considered as a metric for extent of SSI
effects. Though many numerical studies have considered assessing effect of these parameters on
seismic response of SSI systems, most studies relating seismic design forces to design ductility for
SSI systems have included measures of SSI which are not known before obtaining a structural
design. For instance, the relationship proposed by Jarernprasert et al. (2013) between response
reduction factor and target ductility for structures with surface foundations, in terms of ratio of
natural period of SSI system to that of its fixed-base counterpart, yields acceptable results while
being simple to use. However, the problem is that ratio of SSI period to fixed-base period, called
period ratio, is not known before arriving at the structural design. As a consequence, structural
design engineers are bound to enter a cycle of iterations while arriving at a design incorporating
SSI effects. Moreover, period ratio is an output of SSI effects rather than a direct metric. This
suggests a need for a relationship between response reduction factor and design ductility which
includes SSI effects by means of known geometrical and material parameters.
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The present study assesses SSI effects on seismic response of yielding structures supported on
foundations moderately embedded in a viscoelastic homogeneous soil half-space. A relationship
between response reduction factor (R) and target/design ductility (μ) for structures including SSI
effects is obtained in Chapter 5, which relates inelastic design spectrum with elastic design
spectrum. Since seismic building codes stipulate response reduction factor for inelastic fixed-base
structure, this research aims to enable seismic design practitioners to include SSI in seismic design
without additional effort. Elastic design spectrum for the structure-soil system is obtained in
Chapter 6 by defining equivalent natural period and damping ratio. This is obtained using
equivalent SDOF idealization developed by Wolf (1994) based on cone models. The developments
in Chapters 5 and 6, put together, enables us to arrive at inelastic design spectrum for a structure
founded on flexible base considering SSI. The study considers basic geometrical parameters such
as height of structure, embedment depth and equivalent radius of foundation, and material
parameters such as shear wave velocity of soil, in addition to natural period of structure. This is
meant to assist structural designers in computing design forces without involving iterations which
would have been the case if a parameter such as period ratio has been taken as an input parameter.
It is also worth noting that structural system is modelled as yielding single degree of freedom
(SDOF) system, which is in tune with widely used seismic design procedures such as response
spectrum method.
It is well-established in literature such as Wolf (1985) that structures with shallow and moderately
embedded foundations usually exhibit predominance of inertial interaction as compared to
kinematic interaction. Therefore, the present study considers inertial interaction effects alone and
ignores kinematic interaction effects. For structures with deep foundations, active embedment
depth is to be considered in lieu of total embedment depth, and specialist literature on active
embedment depth such as Syngros (2004) can be useful. Seismic behaviour of such structures are
not covered by results of the present study.
1.3

Objectives and Scope

Based on a review of literature on SSI response of structures in Sections 1.2, it is evident that SSI
may play a significant role in seismic response of structures built on soft soil sites including alluvial
deposits, reclaimed land and landfills. Identification of gaps in research and practice in the previous
section proved helpful in setting up aim of the present work as devising a procedure to obtain
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inelastic seismic design force for a structure including SSI effects, based on familiar and
commonly used geometrical and material engineering design parameters (EDPs). This aim is
graphically represented in Figure 1.1 using a crossroad with the top left quadrant representing
elastic design spectrum for a fixed-base structure presented by all seismic codes around the world.
The bottom left quadrant, comprising of inelastic design spectrum for a fixed-base structure, is
obtained using response reduction factor stipulated in the codes based on structural configurations.
The top right quadrant includes SSI in elastic design spectrum. The bottom right quadrant brings
into inelasticity as compared against the top right quadrant. It is therefore clear that quadrants on
the left involve structures without SSI effects and those on the right include SSI effects. It is to be
noted that response spectrum plots in this graphical representation are symbolic and meant for an
overall understanding. The shape of inelastic spectra are also similar to elastic spectra which is not
practically possible.

Figure 1.1 Graphical representation of the objective of present work
The goal of the present study is to enable seismic design practitioners travel from top left quadrant
(elastic fixed-base structures) to bottom right quadrant (inelastic structures considering SSI). This
has been achieved by taking a path shown by red block arrows. The path from elastic fixed-base
structure to elastic structure with SSI is available in literature. The involved procedure is presented

19

in Chapter 6 along with results ready to be used by design engineers. Laying of the path for
including inelasticity in structure while considering SSI forms the theme of Chapters 2 to 5. This
is done by defining response reduction factors similar to those for fixed-base structures. Since the
first path (Chapter 6) forms a minor segment of the work, it is included after the second path
(Chapters 2 to 5).
On this pretext, the following objectives are defined for the present research.


To model soil-foundation system using simple physical model and structure using adequate
hysteretic model, so as to finally arrive at a multi degree of freedom (MDOF) structuresoil model capable of capturing the SSI effects.



To evaluate inelastic seismic response of structures considering SSI using time history
analyses, and to compare against response of similar structures founded on rigid base.



To devise a procedure to estimate inelastic seismic design force for a structure on flexible
base considering SSI.

The scope of the work is defined as follows:


Since the study models structures using single degree of freedom (SDOF) systems, the
applicability of results depends on how well a structure is idealized as an SDOF system.



The underlying soil medium is idealized as a viscoelastic homogeneous half-space.



The present work analyses structures founded on surface to moderately embedded
foundations. Kinematic SSI effects are therefore ignored in this study.

1.4

Organization of the Thesis

The study carried out is presented in 8 chapters. Chapter 1 starts with an introduction to the
problem as a whole. A comprehensive review of literature on soil-structure interaction (SSI), its
significance, solution methods and SSI guidelines available in prominent seismic codes is
presented. Research gaps are identified so as to define objectives and scope of the present work. It
should be noted that this thesis cites literature which either serve a good fundamental
understanding of SSI as a phenomenon or have implications on objectives, scope and methodology
adopted in the present study. Inquisitive readers are encouraged to have a look at Anand and Kumar
(2018) for a comprehensive state-of-the-art review of seismic soil-structure interaction.
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Chapter 2 outlines the discrete lumped-parameter physical model used to represent soil-foundation
system and the hysteretic model to represent structural behaviour in the present study. The spring
and dashpot coefficients for the 3 degrees of freedom (DOFs) soil-foundation model are reported.
The structure is modeled as a yielding SDOF system making the structure-soil model to be a 4DOF system. Model parameters used in the study are also reported.
Chapter 3 presents methodology used in obtaining seismic response of structure-soil systems with
elastic and inelastic structures, modelled as per Chapter 2. Generation of the ensembles of synthetic
ground motions used for time history analyses is also outlined.
Chapter 4 reports results of a preliminary investigation of SSI effects on inelastic seismic response
of structures. This preliminary study forms the motivation of the present study. However since this
analysis is also performed using model and approach outlined in Chapters 2 and 3 respectively,
results of this analysis is presented after Chapters 2 and 3.
Chapter 5 evaluates seismic response of structure-soil systems with varying degree of SSI effects,
aspect ratio and embedment ratio. A procedure to compute response reduction factor for structures
on flexible bases, considering these input parameters, is devised.
Chapter 6 reports procedure to compute elastic seismic demand for structures considering SSI
effects.
Chapter 7 combines results from Chapters 5 and 6 in order to formulate a procedure to estimate
inelastic seismic design force for structures to achieve desired ductility, considering SSI effects.
Illustrative examples are also provided for convenience of structural design engineers. A brief
evaluation of SSI effects on inelastic seismic demand is also performed.
Chapter 8 summarizes the present work and draws significant concluding remarks based on
previous chapters.
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CHAPTER 2
MODELLING OF STRUCTURE-SOIL SYSTEM

From previous chapter, it is clear that traditionally conceived ever-beneficial effects of soilstructure interaction on seismic response has been challenged over last few decades. Recent studies
and observations from damaged sites during a number of earthquakes have affirmed significance
of including SSI in seismic design. This chapter describes modelling of structure-soil system in
order to evaluate inertial SSI effects on seismic response of structures. While Section 2.1 describes
the structure-soil model, Section 2.2 presents the selection of a number of model parameters.
2.1

Structure-Soil Model

Since experimental investigations on structure-soil systems are expensive and cumbersome, most
studies on SSI effects consider numerical modelling. An outline of various numerical modelling
strategies and their broad classification is presented in Section 1.2.3. Considering advantages
offered by substructure method over direct method, the present study employs substructure
approach to solve the SSI problem. It is also worth mentioning that only inertial component of SSI
is considered in this study. As mentioned in previous chapter, determining impedance functions is
the most critical step in substructure analysis of a structure-soil system.
Though exact solutions for impedance functions are available, they are quite rigorous to be used
in regular structural design practice as they involve solving complicated boundary and initial value
problems in three-dimensional elastodynamics. Wolf (1994) developed simple physical models
based on cone models, to obtain impedance functions for shallow and embedded foundations in
homogeneous and layered deposits. While being simple to implement in a numerical model, they
are fairly accurate as well when compared against exact solutions. Moreover, unlike exact
solutions, these models provide a physical insight towards load transfer mechanism and
displacement field in the problem. These physical models are usually lumped parameter models
where stiffness, damping and inertial characteristics are lumped in different entities. This makes
them highly adaptive to any numerical model which uses d’Alembert’s principle to arrive at
equations of motion. Wolf (1994) also mentions that these simple physical models cannot cover
all possible cases, and therefore they supplement the rigorous methods rather than supplanting
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them. Large projects involving design of complicated critical facilities may therefore require
application of rigorous methods in assessing the associated soil-structure problem. Since this study
is applicable to general structures at large, use of a simple physical model for the structure-soil
system is justified as well as adequate.
The present study utilizes discrete physical model for soil-foundation system comprising of
foundation embedded in viscoelastic homogeneous half-space, prescribed by Wolf (1994). Wolf
(1994) developed this lumped-parameter model based on cone models, and validated it against
exact results obtained by Apsel and Luco (1987) using rigorous methods. The super-structure is
represented by an SDOF system with an effective mass m lumped at an effective height h. As per
widely accepted guidelines such as ASCE 7-10 (2010), this effective height h is taken as 0.7 times
the total structural height H. Choice of SDOF system to represent super-structure is attributed to
the fact that current seismic design methodologies such as response spectrum method are
fundamentally based on SDOF idealization. Most structures are designed to experience inelasticity
when subjected to moderate to severe earthquakes. Progression of inelasticity in a structural system
excited by a cyclic loading or a ground motion is usually defined by a suitable hysteretic law.
Dowrick (2009) enlists some of the popular hysteretic models and mentions that elasto-plastic and
bilinear models are the most commonly used owing to their simplicity and relative computational
efficiency. He also reports that the bilinear hysteretic model is suitable for analyzing response of
most reinforced concrete and steel structures. Therefore, the present study assumes the SDOF
structural system to exhibit bilinear behaviour. Kinematic hardening is used to represent cyclic
structural response during a seismic event. The major reasons behind this choice is inclusion of
Bauschinger Effect. Once a structure exhibiting kinematic hardening reaches yield point in one
direction, the post-yield behaviour is dictated by an increased yield strength in that direction and
an equally reduced yield strength in the opposite direction, thereby keeping the elastic range
constant. This hardening behaviour is schematically presented in Figure 2.1. The post-yield
stiffness is taken as a fraction (𝛼) of elastic stiffness, 𝛼 being 2% in this study.
The structure is supported on a rigid foundation with an embedment depth of e. The foundation
block has mass 𝑚𝑓 and mass moment of inertia 𝐼𝑓 . It is assumed that the foundation is in full
contact with the surrounding soil. The underlying soil medium is considered as a viscoelastic
homogeneous half-space.
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Since the structure is idealized as an SDOF system with horizontal displacement as the only degree
of freedom, there are just two degrees of freedom of concern for the foundation system. These are
translation along the same horizontal direction as structural mass and rocking about a horizontal
axis orthogonal to the plane of horizontal translation. However there is another internal degree of
freedom as well which is explained later in this section. Thus, there are a total of four DOFs
involved in the structure-soil model, one for the structure and three for the soil-foundation system.

Figure 2.1 Kinematic hardening behaviour

(a)

(b)

Figure 2.2 Structure-Soil Model (a) without soil material damping (b) with material damping
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Figure 2.2 (a) illustrates the 4-DOF model used to simulate SSI in the present study. The first DOF
of structure-soil system represents deformation of structure (u). The structure, represented by a
mass m lumped at height h, is supported by a spring with stiffness k and a dashpot with damping
coefficient c. All these values correspond to first mode of vibration, and therefore this
methodology is applicable to structures with sufficiently high first mode participation factor. While
second DOF represents horizontal translation of foundation block (also called sway DOF, 𝑢𝑓 ),
third DOF represents rocking of foundation block (also called rocking DOF, φ). Stiffness and
damping characteristics corresponding to sway and rocking DOFs are functions of foundation
geometry and soil properties. They are adapted from Wolf (1994, pp. 261) in the present study and
are reported in Eqs. (2.1) through (2.7).
The sway spring and dashpot coefficients (𝑘0ℎ , 𝑐0ℎ ) are respectively obtained using Eqs. (2.1) and
(2.2), where a dimensionless parameter 𝛾0ℎ relating the two is empirically expressed as a function
of embedment ratio (𝑒⁄𝑟0 ) in Eq. (2.3). Embedment ratio is defined as depth of embedment divided
by radius of equivalent cylindrical foundation.
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The rocking spring and dashpot coefficients (𝑘0𝑟 , 𝑐0𝑟 ) are computed using Eqs. (2.5) and (2.6)
respectively. Another stiffness quantity 𝑘𝑟 , used in evaluating rocking spring coefficient using Eq.
(2.5), is obtained using Eq. (2.4). A non-dimensional parameter 𝛾0𝑟 relating rocking dashpot
coefficient to rocking spring coefficient is given by Eq. (2.7).
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It is intuitive to comprehend that sway and rocking DOFs are coupled. This coupling is achieved
by connecting sway spring and dashpot at eccentricities 𝑓𝑘 and 𝑓𝑐 respectively, with respect to
rocking DOF entities which are connected at the base of foundation block. This is in accordance
with the assumption that the foundation block is rigid and thereby rocking occurs about the
centroid of the base. Empirical relations for these eccentricities, adapted from Wolf (1994), are
presented in Eqs. (2.8) and (2.9). For the present study, centroid of foundation is assumed at half
of the embedment depth. Foundation mass and mass moment of inertia are therefore lumped at a
height of 𝑓𝑚 equal to half of the depth of foundation base from the soil surface, as shown in Figure
2.2.

fk  0.25e
e
f c  0.32e  0.03e  
 r0 

(2.8)
2

(2.9)

It can be observed that sway and rocking characteristics expressed in above equations do not
depend on frequency of excitation. However it is well-known that soil-foundation response is a
function of excitation function and therefore impedance functions for a soil-foundation system
should be functions of excitation frequency. To model this frequency dependence, an internal
degree of freedom (𝜑1 ) is defined. This allows the model coefficients to remain frequency
independent. This has an immense advantage in enhancing ease and convenience in numerical
modelling of SSI system and its analysis in time domain. This internal DOF is like a moment mass
hanging from the foundation base through a dashpot. It is, therefore, at times also referred as
monkey tail DOF. The dashpot coefficient and moment mass associated with this DOF are
computed using Eqs. (2.10) and (2.11) respectively where two more dimensionless coefficients
(𝛾1𝑟 , 𝜇1𝑟 ) are empirically obtained using Eqs. (2.12) and (2.13).
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(2.13)

It can be observed that dimensionless coefficients involved in computation of various coefficients
for various DOFs are all functions of embedment ratio (𝑒⁄𝑟0 ). A variation in embedment ratio has
therefore been considered in this study.
As the soil medium becomes difficult to compress, i.e. as Poisson’s ratio (𝜈) increases, some
portion of soil beneath the foundation starts moving as a rigid body in phase with the foundation
block. This phenomenon is accounted by adding a trapped mass to the foundation mass for vertical
motion. Similarly, a trapped mass moment of inertia is added to foundation moment of inertia in
the rocking case. In case of horizontal translation and torsion, this phenomenon is not observed.
Since horizontal translation and rocking are the only two dynamic degree of freedom in soilfoundation model in Figure 2.2, trapped mass moment of inertia (∆𝑀𝜗 ) given by Eq. (2.14) is
added to the mass moment of inertia of the foundation (𝐼𝑓 ). A non-dimensional parameter 𝜇𝜗 used
in obtaining ∆𝑀𝜗 is given by Eq. (2.15).
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During a seismic event, a soil-foundation system dissipates energy by two routes, soil material
damping and radiation damping. Radiation damping is the component of damping associated with
generation and propagation of seismic waves into soil medium arising out of motion of foundation
block relative to free-field ground motion. A further reference to Eq. (2.20) can be made where
total damping in SSI system is obtained by combining structural damping, soil material damping
and radiation damping components. The model depicted in Figure 2.2 (a) considers structural
damping by dashpot c, and soil radiation damping by means of sway and rocking dashpots. This
means that soil material damping is yet to be added in order to mimic damping in real SSI systems.
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This is done by applying correspondence principle to introduce Voigt viscoelasticity in the soil
system, as described by Meek and Wolf (1994).
Correspondence principle states that the solution incorporating energy loss due to material
damping (𝜂0 ) can be obtained from the elastic solution by multiplying the elastic constants by a
complex factor (1 + 2𝑖𝜂0 ). This process is depicted in Eq. (2.16). Since wave velocities are related
to square root of corresponding elastic constants, they are affected as shown in Eq. (2.17).
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A further derivation suggests augmenting every spring and dashpot in Figure 2.2 (a) with a dashpot
and a mass respectively. The augmenting dashpot (𝐶𝑎𝑢𝑔 ) and mass (𝑀𝑎𝑢𝑔 ) corresponding to
original spring ( K 0 ) and dashpot ( C0 ) are given by Eq. (2.18). These augmenting entities are
functions of material damping in soil. For complete derivation, Wolf (1994, pp. 89) can be referred.
The final structure-soil model including soil material damping is depicted in Figure 2.2 (b).

  
Caug   2 0  K 0
 0 
 
M aug   0  C0
 0 

(2.18)

It should be noted that this structure-soil model comprises of inelastic structure founded on
viscoelastic homogeneous soil half-space. During a seismic event, soft soil behaviour is likely to
be inelastic. However, it has not been considered as capacity design principles for seismic design
try to preclude collapse by establishing a hierarchy of failure. In this hierarchical framework,
beams are expected to fail prior to columns while beam-column joints, foundation and underlying
soil are expected to have restricted inelasticity so as to prevent collapse of the structure.
Further, for embedded foundations, kinematic interaction turns a horizontal FFM into a twocomponent ground motion. This resulting FIM has a diminished horizontal translational
component and an additional rocking component, compared to originally horizontal FFM. A larger
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embedment ratio enhances the deviation of FIM from FFM. However the present study considers
inertial interaction effects alone. Considering unpredictable nature of earthquakes, it is appropriate
to analyze structure-soil systems with diverse geometrical and material parameters against a suite
of accelerograms. The upcoming section presents variation in these parameters in detail. It will be
evident that considering the non-predictability of seismic events and wide ranges of parameters
considered, ignoring kinematic interaction effects is justified. Further, kinematic interaction effects
are not significant in case of general structures on surface to moderately embedded foundations.
2.2

Selection of Model Parameters

It is evident from the previous chapter that real structures founded on flexible soils respond to a
ground motion differently as compared to their hypothetical fixed-base counterparts. The actual
response is affected by structural configurations, foundation characteristics, underlying soil
properties and characteristics of seismic event. It is worth mentioning that factors contributing to
interplay of structural and soil systems are diverse depending on the complexity of these systems.
For instance, pile kinematics is going to be of greater significance in case of structures founded on
long piles in thick alluvial deposits. On the other hand, spatial difference in ground motion greatly
affects response of mega structures such as bridges and dams. For general structures such as
residential and office buildings, commercial establishments, water tanks and industrial silos
founded on shallow and embedded footings, inertial interaction is found to affect structural
response much more than kinematic interaction. This set of general structures applies to those
bridges as well where response of one pier is not expected to significantly affect that of the other.
Since the present study is aimed at developing guidelines for seismic SSI design of general
structures, it considers effect of inertial component of SSI on seismic behaviour of general
structures. Special structures with complicated geometry and configuration may require a rigorous
modelling of the structure-soil system.
As mentioned in previous chapter, inertial interaction is characterized by elongation in natural
period and modification in damping of structure-soil system, as compared to the structure alone.
These changes, as prescribed by Veletsos and Meek (1974) and Wolf (1985), are presented in Eq.
(2.19) and (2.20).
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Veletsos and Nair (1975) and Bielak (1975) observed that following non-dimensional parameters
control these inertial interaction effects:
1. Structure-to-soil stiffness ratio, ℎ⁄𝑣 𝑇
𝑠
2. Structure-height-to-foundation-width ratio, ℎ⁄𝐵
3. Foundation-width-to-length ratio, 𝐵⁄𝐿
4. Mass ratio, 𝑚⁄𝜌𝑉
0
5. Poisson’s ratio of soil, 𝜐
In the first non-dimensional parameter, the ratio ℎ⁄𝑇 is a measure of lateral stiffness of a structure.
It assumes large values for lateral force resisting systems such as shear walls and small values for
flexible structures such as transmission line towers. On the other hand, soil shear wave velocity 𝑣𝑠
represents stiffness of the soil medium. It is related to shear modulus of the soil by Eq. (2.21).

G   vs2

(2.21)

Thus ℎ⁄𝑣 𝑇 represents ratio of structural stiffness to soil stiffness. Stewart et al. (1999) reported a
𝑠
value less than 0.1 for typical moment frame structures on hard soil and weathered rock sites.
However for braced frame structures, this parameter can range between 0.1 and 0.5. Moreover,
with influence of shear wave velocity, this value is expected to be larger for any structure located
on soft soil deposits as compared to a similar structure located on rocky stratum. A larger value is
associated with a greater period elongation and thereby significant SSI effects. It is worth
mentioning that past literature has concluded that stiffness contrast between structure and soil is
of greater importance than individual stiffness of structure and soil. It is expected that with other
parameters staying intact, different structures founded on different soil conditions will exhibit
similar levels of inertial SSI effects if they have similar stiffness contrast between structure and
soil. NIST (2012) also identifies it as the most important parameter controlling inertial SSI effects.
This factor is termed as non-dimensional frequency ( a0 ) later in the text.
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The second (ℎ⁄𝐵 ) and third (𝐵⁄𝐿) dimensionless parameters are aspect ratios which describe
geometry of structure-soil system. A number of researchers have however preferred to describe
horizontal geometry of system using radius of equivalent cylindrical foundation ( r0 ). In these
studies, parameter ℎ⁄𝐵 is replaced by ℎ⁄𝑟0 and parameter 𝐵⁄𝐿 is left out, while obtaining
equivalent footing radius based on equal area and equal second moment of area in cases of
translation and rocking respectively. Another geometrical parameter 𝑒⁄𝑟0 has also been in use for
structures founded on embedded footings, where e is the depth of foundation. An alternate analysis
can be performed by considering a parameter 𝑒⁄ℎ in lieu of 𝑒⁄𝑟0 . Selecting any two out of three
parameters ℎ⁄𝑟0 , 𝑒⁄𝑟0 , 𝑒⁄ℎ has no practical difference.
The fourth dimensionless parameter, mass ratio, is the ratio of mass of structure to that of soil if it
was present in the same volume as occupied by structure. As the recent research considers radius
of equivalent cylindrical foundation 𝑟0 in lieu of dimensions L and B of rectangular foundation,
mass ratio expressed by Eq. (2.22) is considered in the present study. It can be observed that π
being a constant has been dropped while defining mass ratio. It can be argued that inertial
interaction effects presented in Eqs. (2.19) and (2.20) do not have any dependence on mass.
However defining mass ratio makes inertial interaction effects easy to comprehend in terms of
fundamental characteristics of the system such as natural period of structure and shear wave
velocity of soil. It is also observed by Veletsos and Meek (1974) that variation in mass ratio is
limited and their effect on inertial SSI effects is also modest.

m 

m
 r02 h

(2.22)

Similar to geometrical parameters, another mass-based non-dimensional parameter has been
considered for structures with embedded foundations in recent SSI studies such as Hassani et al.
𝑚
(2018). This is defined as ratio of foundation mass to structure mass ( 𝑓⁄𝑚). In addition to above
parameters, Poisson’s ratio of soil also affects stiffness and damping characteristics of soilfoundation system. It relates transverse strain to longitudinal strain.
With this pretext, following parameters are chosen for assessing inertial SSI effects on seismic
response of structures on embedded foundations.
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1. Structure-to-soil stiffness ratio or non-dimensional frequency, a0 
2. Aspect ratio of structure,

h
r0

3. Embedment ratio of structure,

e
r0

4. Foundation to structure mass ratio,  m 
5. Mass ratio,  m 

h
vs T

mf
m

m
 r02 h

6. Poisson’s ratio of soil, ν
Based on typical values prescribed in Stewart et al. (1999), this study considers five different levels
of inertial SSI, represented by dimensionless frequency ( a0 ) of 0.1, 0.2, 0.3, 0.4 and 0.5. This
range is inclusive of unbraced and braced framed structures, rigid structures like power plant
structures and flexible structures like bridge piers and wind turbine structures. While a nondimensional frequency of 0.5 indicates maximum level of inertial SSI, a value of 0.1 indicates least
interplay between structure and soil. On a general note, a value of 0.5 corresponds to a rigid
structure located on very soft soil site. The aspect ratio of structure (ℎ⁄𝑟0 ) is assumed to be 1, 2
and 3 representing squat, intermediate and slender structures respectively. The embedment ratio
(𝑒⁄𝑟0 ) is assumed to be 0, 0.5 and 1 characterising surface, shallow and moderately embedded
foundations respectively. The other three factors are of relatively lesser significance and thereby
certain typical values are assumed in the study. Based on Nakhaei and Ghannad (2008), foundation
to structure mass ratio (𝛼𝑚 ) is assigned a value of 0.1. Ghannad (1998) mentions that structure to
soil mass ratio (𝛽𝑚 ) varies between 0.4 and 0.6 for regular building structures. Therefore, 𝛽𝑚 is
set equal to 0.5 in the present study.
Two site geologies are considered in the present study- hard and soft soil sites. These site types
conform to rocky/hard (Type I/A) and soft (Type III/C) soil respectively as prescribed by IS 18931 (2016). Poisson’s ratio is considered to be 0.35 and 0.45 respectively for hard and soft soil sites.
On the other hand, shear wave velocity for the two types of sites are assumed to be 500 m/s and
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200 m/s respectively. These values are representative of site description in IS 1893-1 (2016).
Material damping in structure as well as soil is taken as 5% of respective critical values.
2.3

Summary of the present chapter

Based on the literature reviewed in previous chapter, it is evident that substructure approach makes
a numerical study of structure-soil systems convenient and economical. Further it was observed
that use of simple physical models in lieu of exact rigorous methods speeds up the solution while
still being reasonably accurate. This chapter outlined the physical model used and the parameters
considered in this study, in Sections 2.1 and 2.2 respectively.


The superstructure is modelled as SDOF system with bilinear elastic-kinematic hardening
structural behaviour. The post-yield stiffness of the structure is 2% of its initial stiffness.
The main reason behind SDOF idealization of the structure is that most force-based seismic
design methodologies such as response spectrum method are based on this idealization.



The employed physical model for the soil-foundation was developed by Wolf (1994) based
on cone models and validated against exact solutions by Apsel and Luco (1987). Since the
structure has only one DOF (horizontal translation), two DOFs (footing translation and
rocking) are relevant for the soil-foundation system. An internal degree of freedom is
additionally required to account for frequency dependence of soil-foundation impedance.
Soil material damping is included by use of correspondence principle, and therefore the
underlying soil medium is considered as homogeneous viscoelastic half-space.



The structure-soil system has 4 DOFs, one in structure and three in soil-foundation system.



Based on literature, a number of key non-dimensional parameters influencing seismic SSI
response of structures are identified. Non-dimensional frequency (𝑎0 ) is chosen as the
metric for SSI effects, with larger values representing larger SSI effects.



In addition to non-dimensional frequency, variations in aspect ratio and embedment ratio
are also stated. Some other parameters, which do not have significant impact on seismic
SSI response, are assigned values representative of typical general structures.



Two site geologies, along with their properties are also outlined.

Upon outlining the structure-soil model and associated model parameters in this chapter, the next
chapter describes the methodology adopted in the study.
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CHAPTER 3
ANALYSIS OF INELASTIC STRUCTURE-VISCOELASTIC SOIL
SYSTEMS

Chapter 1 presented a review of past research on assessment of SSI effects on the seismic response
of structures with a special emphasis on inelastic structures in Section 1.2.4. It is clear that
conventionally perceived beneficial effects of SSI on seismic response of a structure tend to
diminish as inelasticity progresses in the structure. Research over the past decade have established
significance of including SSI in seismic design on account of expected inelasticity in the structure
under moderate to large seismic events. The soil half-space is however kept viscoelastic since
performance of structures in past earthquakes indicates that severe inelasticity in soil systems leads
to tilting or overturning of structures and should be avoided by higher safety margins in foundation
design. There are two major deviations from elastic response of structures located on fixed base,
one pertaining to inelasticity and other to flexibility of soil-foundation system. This study starts
with the response of inelastic fixed-base structures. Though study of inelastic fixed-base structure
is not new and plenty of resources are available, it forms a base for assessment of SSI effects on
inelastic response of structures during an earthquake. While Section 3.1 assesses seismic response
of inelastic structures, Section 3.2 includes different levels of SSI in the system by varying nondimensional frequency (𝑎0 ). The response is evaluated for different values of aspect ratio (ℎ⁄𝑟0 )
and embedment ratio (𝑒⁄𝑟0 ) as mentioned in Section 2.2. Overall, this chapter outlines the
procedure to obtain inelastic seismic response of structures on both fixed and flexible bases.
3.1

Inelastic seismic response of structures on fixed bases

The structure is idealized as an SDOF system. It can be argued that real structures are surely not
having just one degree of freedom. However this SDOF idealization is chosen because most
seismic design guidelines around the world are formulated for the same. For instance, response
spectrum method used widely for seismic structural design computes design lateral force based on
SDOF structures. It can however be intuitively concluded that applicability of results in this study
depends on how pragmatic the SDOF idealization is carried out by the structural designers.
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Inelasticity in a structural system is numerically represented by a hysteretic model simulating the
lateral load-deformation behaviour. There are a number of hysteretic models such as bilinear,
modified Clough, stiffness degrading and strength-stiffness degrading models. The choice of a
hysteretic model depends on its applicability to the structural system and convenience in
modelling. The present study considers inelasticity in structure using bilinear hysteretic model and
kinematic hardening behaviour with post-yield stiffness as 2% of the initial elastic stiffness. The
hardening behaviour is schematically presented in Figure 2.1. The model chosen balances
simplicity with accuracy in simulating the response of a variety of practical systems. It may be
noted that minor variations in post-yield stiffness and in energy dissipating capacities are not likely
to affect the obtained results significantly when one considers the large uncertainty associated with
the characteristics of the earthquake loading. In order to account for the characteristics of the
earthquake loading history, conservative strength demands are obtained for a set of design
spectrum-compatible accelerograms. In this section the effect of inelasticity on structural response
against sets of accelerograms conforming to diverse geology, as outlined in Section 3.4, are
analysed. The procedure to obtain inelastic seismic response is described below. Since this section
considers structures with fixed base, any form of soil flexibility is ignored in this section.
1. A structure with a certain natural period is selected to be analysed against a set of
accelerograms compatible to design response spectrum for a certain geology.
2. Equation of motion is formulated for the idealized SDOF system, excited with a ground
motion (𝑥̈𝑔 ) from the set, using d’Alembert’s principle. The equation, presented as Eq.
(3.1), is normalized by dividing each term by mass of the structure and using the relations
𝑐 = 2𝑚𝜔𝜂, 𝑘 = 𝑚𝜔2 and 𝜔 = 2𝜋⁄𝑇. This makes it easy to visualize that seismic response
of an SDOF structure is essentially described by just two of its dynamic properties- natural
period (T) and damping ratio (𝜂). Variable 𝑥 in this case is equal to lateral deformation in
the SDOF structure (𝑢), i.e. displacement of the structural mass relative to the ground.

mx  cx  kx  mxg
 4   2 
x
x
 x   xg
 T   T 
2

(3.1)

3. Assuming structure to remain elastic, the normalized equation of motion is numerically
solved using Newmark γ-β method. Ground acceleration between the time steps in ground
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motion data is assumed to vary linearly, and therefore γ and β are taken as 1/2 and 1/6
respectively. The peak structural deformation response 𝑢𝑚𝑎𝑥 is recorded and multiplied
with structural stiffness to obtain peak elastic resisting force in the structure. This peak
elastic resisting force is normalized against seismic weight of the structure (mg). However,
in reality, stiffness of structure is not known explicitly. Natural period of structure (or
equivalently square of circular natural frequency, 𝜔2 = 𝑘⁄𝑚) is known. Hence peak
displacement is multiplied with the square of the circular natural frequency of structure and
then divided by g (9.81 m/s) to obtain normalized peak elastic resisting force 𝐶𝑠,𝐸𝐿 . Thus
𝐶𝑠,𝐸𝐿 =

𝜔2 𝑢𝑚𝑎𝑥⁄
𝑔.

4. Once the equation is solved for every ground motion in the set, we have normalized peak
elastic resisting force in the structure for every ground motion. The maximum of all these
values is chosen and is considered as an initial guess for normalized yield strength (Cy) of
an inelastic structure with the same natural period. The corresponding yield displacement
(uy) is calculated as well using Eq. (3.2).
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5. Equation of motion, similar to elastic structure in Eq. (3.1), is formulated for inelastic
structure as well. The only difference lies in stiffness which assumes a value of 2% of
initial stiffness beyond yield point.
6. The equation of motion is numerically solved to obtain maximum structural deformation
(𝑢𝑚𝑎𝑥 ) in the structure. When divided by yield displacement (𝑢𝑦 ) computed using Eq.
(3.2), it gives ductility demand (𝜇) in the structure.
7. At the initial assumed yield level, i.e. at maximum peak elastic resisting force, ductility
demand would be equal to 1 for one ground motion and sub-unity for rest of the ground
motions in the set. Though ductility demand less than 1 may seem impractical at first
glance, it should be understood that ductility demand as a mathematical construct can
assume any real non-negative value. Ductility demands across all the ground motions in
the set are averaged to obtain mean ductility demand (𝜇̅ ) corresponding to the assumed
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level of inelasticity. It is worth mentioning that assumed yield strength of structure is a
measure of inelasticity in structure. The mean ductility demand would be obviously close
to but less than 1 since the initial assumed yield level corresponds to a case where the
structure remains elastic for all the ground motions in the set.
8. Normalized yield strength of the structure is then progressively reduced by 5% of the initial
value. At each assumed yield level, mean ductility demand is obtained by repeating steps
4 to 7. It is worth noting that for first few iterations, mean ductility demand can still be subunity. However it does not mean that the structure remains elastic for all the ground
motions. With increasing progression, mean ductility demand is observed to increase. This
is expected since yield strength of structure is gradually decreasing. Thus, for a structure
with a certain natural period, we have pairs of normalized yield strength and mean ductility
demand at every level of inelasticity. From this set of points, normalized yield strength so
that the structure attains a pre-specified target/design ductility (𝜇 𝑇 ), is obtained by
interpolation. This study considers target ductility values of 1 to 15 which is sufficient to
cover a variety of structures.
9. Force reduction factor (R) is obtained for every value of target ductility (𝜇̅ = 𝜇 𝑇 ). It is
worth mentioning that force reduction factor is defined as mean elastic seismic demand
divided by inelastic seismic demand (𝑅𝜇 =

𝐹𝑦1
⁄𝐹 ). Mean elastic seismic demand (𝐹𝑦1 )
𝑦𝜇

refers to design seismic force such that structure experiences a mean ductility demand of
unity. Inelastic seismic demand (𝐹𝑦𝜇 ) is the force resisted by structure when it attains a
mean ductility demand equal to pre-specified target/design ductility. Therefore, in simpler
terms, force reduction factor is the ratio of inelastic seismic demand for 𝜇̅ = 1 to that for
𝜇̅ = 𝜇 𝑇 , where 𝜇 𝑇 is equal to expected ductility in the structure. It should also be noted that
mean elastic seismic demand is different from initially assumed yield strength of the
structure. While the later refers to a situation where structure remains elastic for all the
accelerograms in the set, the former corresponds to a mean ductility demand of unity. It is
intuitive to comprehend that if the structure has a yield strength equal to mean elastic
demand, it will yield for some of the ground motion records in the set while staying elastic
for others.
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10. The procedure from step 2 to step 9 is repeated for structures with natural period varying
between 0 and 3 seconds. A relationship between R-μ-T is obtained in this way.
11. A similar procedure is followed for the spectrum of SDOF systems excited by ground
motions conforming to a different geology. R-μ-T relationships are thus obtained for
inelastic structures located in varied geologies. These relationships are illustrated in
upcoming chapters.
With this study of inelastic seismic response of fixed-base structures, the next section elaborates
analysis of inelastic seismic response of structures considering SSI effects.
As mentioned above in step 8, inelasticity in structure is accounted by progressively reducing
normalized yield strength of structure by 5% of the initially assumed value. The motive of this
progressive reduction of yield strength of the structure is to obtain a dataset with pairs of response
reduction factor (R) and mean ductility demand (μ) values, so as to obtain value of R corresponding
to certain specified target ductility values (𝜇 = 𝜇 𝑇 ) by interpolation. In the initial run of the
numerical program, a number of step sizes for inelasticity progression such as 1%, 2%, 5% and
10% of the initial assumed yield strength were considered. When progressive reduction of 10%
was considered, the data brackets became too large for a proper interpolation. When yield strength
was reduced in step sizes of 1% and 2% of the initial value, two problems were encountered. The
R-μ dataset was not completely monotonic which implies that interpolation would not be reliable.
Further, the computation time increased manifold. For instance, if we wish to reduce yield strength
by 5% of initial yield strength till it gets to a value of 5% of the initial value, 20 analysis runs are
required. With progressive reduction of 2% and 1% of initial value, 47 and 95 analysis runs are
required respectively. Considering interpolation to be more involved at smaller yield levels (larger
R values), a progressive reduction as percent of terminal value rather than initial value was also
attempted. However, in this case, the step size progressively became too small leading to the same
two issues as observed in case of reduction by 2% and 1% of the initial value. In such cases,
computation time increased even further. Based on these trial runs, it was decided to progressively
reduce normalized yield strength by 5% of the initial value. It should also be noted that past
research following a similar analysis procedure such as Jarernprasert et al. (2013) do not explicitly
mention about the inelasticity progression scheme. It is likely that they also performed similar trial
runs and arrived at a suitable progressive reduction scheme for the yield strength of the structure.
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3.2

Inelastic seismic response of structure-soil systems

Section 2.1 described the development of the 4-DOF discrete lumped-parameter physical model
representing a structure-soil system. The model was schematically presented in Figure 2.2. The
four degrees of freedom comprise of structural displacement, footing translation, footing rotation
and an additional internal degree of freedom. As a consequence, acceleration, velocity,
displacement and force vectors are described by Eq. (3.3), in the same order as listed. The first
elements in acceleration, velocity and displacement vectors (i.e., the first three vectors listed in
Eq. (3.3)) are acceleration, velocity and displacement of the structure-soil system at the point
where structural mass is lumped, all relative to the ground. It should not be confused with quantities
associated with structure alone. Acceleration, velocity and displacement values corresponding to
the structural part can be algebraically obtained using first three elements of the respective vectors.
This computation is outlined in Section 3.3. This study requires structural deformation to be
computed so as to assess yielding in the structure and henceforth ductility demand on the structure.
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The present section outlines the procedure to analyze response of structure-soil systems with
different extents of SSI effects. As mentioned in Chapter 2, non-dimensional frequency ( a0 ) is the
most significant factor influencing inertial SSI effects. Therefore, the present study considers a0
as a metric for SSI effects. Five different levels of SSI are considered as a0 varies from 0.1 to 0.5.
It is worth stressing again that larger values of non-dimensional frequency signify larger SSI
effects which broadly corresponds to rigid structures founded on soft soil sites. Inelasticity in
structural part of a structure-soil system is considered similar to that explained in the previous
section on inelastic fixed-based structures.
1. A certain level of SSI in the structure-soil system is considered by selecting a value of a0 .
The structural part is assumed to have a certain natural period.
2. Equation of motion for the structure-soil system, subjected to accelerograms compatible to
design spectra for a certain geology, is formulated as Eq. (3.4) using d’Alembert’s
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principle. Since the system has four degrees of freedom and thereby X , X ,  X  and

F  are all 4×1 vectors given by Eq. (3.3), Eq. (3.4) forms a system of four simultaneous
g

equations. These equations are obtained by drawing free-body diagrams for every degree
of freedom. The process of equation formulation is elaborated in Appendix B.

 M  X   C  X    K  X    Fg 
 M m  X   Cm  X    Km  X    Fg ,m 

(3.4)

3. Matrices [Mm], [Cm] and [Km], respectively representing normalized coefficients for
inertial, damping and stiffness forces, are therefore 4×4 matrices. While they are
respectively given by Eqs. (B.13), (B.14) and (B.15) obtained after formulating the
equations of motion, displacement, velocity and acceleration vectors are already enlisted
in Eq. (3.3). It is to be noted that matrices [M], [C] and [K] are normalized by dividing
every element in each of them by mass of structure so as to obtain normalized matrices
[Mm], [Cm] and [Km] respectively. This enables us to represent some entities in terms of
non-dimensional parameters instead of calculating their values for every analysis. For
instance, foundation-mass-to-structure-mass (αm) is one such dimensionless parameter
mentioned in Section 2.2, which is assumed to be 0.1 in the present study. Another
advantage is that a number of equivalent quantities, such as T0h , T0r , 0h , 0r and 1r , can
be defined which may be useful in further parametric studies. These dimensionless
quantities are expressed in Eq. (3.5).
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(3.5)

4. The solution procedure mentioned in Section 3.1 from step 3 to step 11 is followed for
structure-soil systems as well. It is worth mentioning that inelasticity in system is met by
replacing structural stiffness by strain-hardening stiffness for the structure beyond yield.
The strain-hardening stiffness is equal to 2% of the initial elastic stiffness. It can be noted
from the matrices in Eqs. (B.12) and (B.15) that though there is a change in structural
stiffness alone, equations corresponding to other degrees of freedom also witness change.
The analysis procedure is schematically presented in Figure 3.1. For analyzing fixed-base
structures in Section 3.1, the procedure is same except for the formulation of equation of motion.
Thus, by the end of this set of analyses, we have R-μ -T relationships for systems with different
SSI levels, located in diverse geologies. Since we have such relationships for systems with
different levels of SSI as well as without SSI (fixed-base structure, from Section 3.1), effect of SSI
metric ( a0 ) is included at this stage into the relationship. This process is better elaborated in
upcoming chapters upon reporting the results. The procedures in Sections 3.1 and 3.2 are repeated
for other values of (ℎ⁄𝑟0 ) and (𝑒⁄𝑟0 ) to consider effect of these geometric ratios as well.
3.3

Displacement Components

Displacement of structural mass in a structure-soil system relative to the ground (𝑢𝑡 ) comprises of
components from structural deformation (u), footing translation relative to the ground (𝑢𝑓 ) and
footing rotation (φ), and is given by Eq. (3.6). This is schematically depicted in Figure 3.2 and can
be devised from the schematic representation for the structure-soil system in Figure 2.2.
For structure-soil systems with different levels of SSI, components of peak displacement of
structural mass, arising out of three sources, are obtained. Apart from this quantitative analysis,
proportion of these displacement components in total displacement is also computed. It is to be
noted that these displacement components are evaluated for only two systems- one with structural
period of 1 second and another with that of 2 seconds- representatives of a moderately stiff and a
flexible superstructure. Since analysis of displacement components is not linked with the aim of
devising a procedure to compute inelastic seismic design force for structures considering SSI, this
analysis for displacement components is performed only as a part of preliminary investigation.
Results of the preliminary investigation on SSI effects are presented in Chapter 4.
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Figure 3.1 Schematic representation of procedure for analyzing structure-soil systems with
inelastic structures
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Figure 3.2 Schematic representation of displacement components
3.4

Suites of ground motions used in the study

Seismic codes of practice around the world typically warrant design engineers to assess structural
design against 3 to 7 ground motions while designing a structure in an earthquake prone region.
However, use of a larger number of ground motions leads to well-defined characterization of
seismic response of structures, and is therefore appreciated. A number of databases such as those
from Pacific Earthquake Engineering Research (PEER) Center, Center for Engineering Strong
Motion Data (CESMD) and National Research Institute for Earth Science and Disaster Resilience
(NIED), containing a large number of strong motion records, are available for perusal. However,
very few moderate to strong earthquakes from Indian region are available in these databases.
Another issue is that among these databases, a large number of strong motion records are obtained
from instrumented structures, morphing the actual ground motion around the natural frequency of
structure. Moreover, these natural records need to be properly scaled in order to achieve
applicability in practice. Considering non-predictable nature of earthquakes, Tang et al. (2016)
concluded that use of spectrum-compatible synthetic accelerograms is considered to be a good
practice for seismic design. Cini (2006) describes and assesses a number of techniques to generate
synthetic ground motion records. However, as they are overly-complicated for use by structural
engineers, a number of open access tools such as SeismoArtif 2018 are becoming popular.
The present study employs 20 artificial ground motions conforming to each of the two different
geologies, viz. rocky/hard and soft soil sites (soil types I/A and II/B respectively), generated using
SeismoArtif 2018 developed by Seismosoft (2018). All the ground motions are far-fault
accelerograms originating from inter-plate tectonic movements as assumed in developing the
design spectrum used. They have a moment magnitude between 7.0 and 8.0 and are therefore in
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moderately severe category. Elastic response spectra of artificially generated ground motions
match closely with design elastic response spectrum for the corresponding site type specified in
the Indian seismic code IS 1893-1 (2016). A maximum tolerance of 10% is allowed while the
elastic spectra matching is performed for SDOF systems with natural period between 0.05 and 3
seconds. Since the present study considers structures with natural period ranging from 0.1 seconds
to 3 seconds, this period range for spectrum compatibility is justified. The elastic response spectra
for all the ground motions in each suite, viz. hard and soft soil sites, are plotted against respective
design elastic spectrum in Figure 3.3. It is evident that spectrum compatibility is acceptable even
for natural period up to 4 seconds, justifying use of these ground motions for structure-soil systems
with effective natural period exceeding 3 seconds as well.

(a)

(b)

Figure 3.3 Elastic acceleration response spectra for synthetic accelerograms compared against
design elastic acceleration response spectra for (a) hard soil sites (b) soft soil sites, prescribed by
IS 1893-1 (2016)
The generated accelerograms are design basis earthquakes for critical structures (Importance factor
of 1.5) located in regions with highest seismicity (Zone V) in India. All the ground motions are
scaled to have a peak ground acceleration (PGA) of 0.36 which corresponds to prescribed value
for Zone V in India. Generation of spectrum compatible earthquakes with same value of PGA
ensures that there is no need to normalize structure strength against strength of ground motion
(m*PGA). The design seismic strength of structure is therefore normalized against seismic weight
of structure (mg). Moreover, since the response is finally assessed in terms of response reduction
factor rather than design seismic force, the peak ground acceleration of ground motions does not
get reflected in the observations. Generation of spectrum compatible synthetic accelerograms in
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this study using SeismoArtif (2018) is initiated by sets of random values for amplitude and phase.
However, if one opts to generate spectrum compatible synthetic accelerograms using natural
ground motion records, it would be more prudent to scale them to mean PGA of those natural
records. In such cases, selection of these natural ground motions needs to be pragmatic in context
to site geology of the problem.
It is also noted that elastic design spectra in most seismic codes are similar, and therefore generated
accelerograms comply well with elastic design spectra in other seismic codes as well. The design
engineer may need to correlate site class between the seismic code being used and the Indian
standard (IS 1893-(1): 2016).
3.5

Validation of the seismic analysis procedure

The structure-soil system is modelled using a discrete lumped-parameter physical model,
described in Chapter 2. The spring and dashpot coefficients in the model were validated by Wolf
(1994) against rigorous values of impedance functions for embedded foundations proposed by
Apsel and Luco (1987). The lumped parameter model was compared against rigorous results for
embedment ratio up to 2, and the agreement was reasonable. Considering that the present study
considers embedment ratio of up to 1, the validation of employed model is not required. The
analysis procedures for fixed-base structures and SSI systems, presented respectively in Sections
3.1 and 3.2, broadly follow those used by Jarernprasert et al. (2013). The structural system in both
studies is represented by SDOF model exhibiting bilinear elastic-kinematic hardening with postyield stiffness 2% of the elastic stiffness. While Jarernprasert et al. (2013) utilizes soil-foundation
flexibility using natural period and damping modification as prescribed by Jennings and Bielak
(1973), the present study uses model developed by Wolf (1994). Both the models are discrete
lumped-parameter models. However, the former applies to structures on surface foundations and
the latter applies to embedded foundations. Surface foundations are obviously subsets of embedded
foundations, with zero embedment depth. The significant difference in the analysis procedure
stems from the choice of parameters. While Jarernprasert et al. (2013) uses ratio of SSI period to
natural period of structure (termed as period ratio) as the metric for SSI, the present study uses
ℎ

non-dimensional frequency (𝑎0 = 𝑣 𝑇) as a measure for extent of SSI effects. Based on an
𝑠

equivalent SDOF model for structure-soil system explained later in Chapter 6, an equivalence
between the two parameters is established. For instance, for structures with aspect ratio of 2
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founded on hard soil sites and having period ratios of 1.2, 1.3 and 1.4, non-dimensional frequencies
(𝑎0 ) are 0.18, 0.23 and 0.27 respectively. Another difference lies in the selection of ground
motions. While Jarernprasert et al. (2013) considered natural accelerograms recorded on hard soil
sites in California, the present study employs synthetic ground motions which are compatible to
design spectrum as illustrated in Section 3.4.
The analysis procedure in Section 3.2 is then used to evaluate normalized seismic coefficient (𝐶̃𝑦 ),
defined in Jarernprasert et al. (2013), for the structure to attain certain desired ductility values for
the case with period ratio of 1.3, aspect ratio of 2 and zero embedment depth. The obtained values
are then plotted in Figure 3.4 against those in Jarernprasert et al. (2013). It is observed that the
present algorithm yields results which are in close agreement with those in Jarernprasert et al.
(2013). The difference is found to be in the range of 5-20% over natural period of structure (T)
ranging from 0 to 3 seconds. This difference is attributed to difference in selection of SSI parameter
and ground motions.

Figure 3.4 Validation of the seismic analysis procedure against Jarernprasert et al. (2013)
3.6

Summary of the present chapter

This chapter presented the procedure to analyse inelastic structures with and without considering
SSI effects.


While Section 3.1 outlines the procedure to analyse inelastic structures on fixed bases,
Section 3.2 establishes the procedure for inelastic structures on viscoelastic homogeneous
soil half-space considering SSI effects. The two analysis procedures are similar except for
the system of four simultaneous equations representing response of structures considering
SSI. This system of equations is obtained in Appendix B using d’Alembert’s principle.
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Section 3.3 presents an understanding of displacement components in total lateral
displacement of lumped structural mass relative to the ground. This understanding helps
one to obtain structural deformation which is used to obtain seismic demand on structure
in Sections 3.1 and 3.2.



Synthetic accelerograms are generated using SeismoArtif 2018 in Section 3.4. Elastic
response spectra of these accelerograms closely match with elastic design response spectra
prescribed by Indian seismic standard for the corresponding site types, with a maximum
tolerance of 10% over natural period range of 0.05 seconds to 3 seconds.



The analysis procedure is validated against results from existing literature. Though there
are some differences in choice of SSI metric and ground motions, the difference is small,
quantitatively in the range of 5 to 20%.

Using the explained analysis procedure, the analysis is first performed for a preliminary study in
Chapter 4 which forms the motivation for a full-fledged numerical study in Chapter 5.
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CHAPTER 4
PRELIMINARY INVESTIGATIONS ON SOIL-STRUCTURE
INTERACTION EFFECTS

It is evident from Chapter 1 that SSI is a complex phenomenon and has the potential to alter
response of structures subjected to ground shaking. It can be beneficial or detrimental to seismic
structural response depending on structural configurations, soil properties and ground motion
characteristics. This chapter reports results of a preliminary investigation of SSI effects on seismic
response of inelastic structures. While the structure-soil system was modelled as outlined in
Chapter 2, the analysis was performed as per the procedure elaborated in Chapter 3. Though the
present study considers variation in a number of parameters (𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 ) influencing response
of SSI systems, this preliminary investigation considers variation in non-dimensional frequency
(𝑎0 ) alone. Aspect ratio (ℎ⁄𝑟0 ) and embedment ratio (𝑒⁄𝑟0 ) are respectively assumed as 2 and 1.
As discussed in Section 3.2, inelastic seismic design coefficient and force reduction factor are
obtained so that the structure attains a certain pre-specified level of ductility. The initial idea was
to examine the response while the structure exhibits ductility witnessed by regular moment framed
structures. Initially, ductility values of 2, 4 and 6 are considered in this context. However, as
elaborated later in the text, structural response related to a ductility level of 12 is also assessed.
The upcoming subsections present inelastic seismic design coefficient, force reduction factor and
displacement components from the preliminary investigation. While the former two are significant
in force-based seismic design practice, an assessment of various displacement components is
performed considering that structure-soil systems are more flexible than the structure alone.
4.1

Inelastic Seismic Design Coefficient

Inelastic seismic design coefficient is defined as ratio of design seismic force to seismic weight of
the structure. Figure 4.1 presents inelastic seismic design coefficient (𝐶𝜇 ) for structures founded
on hard and soft soil sites, such that the structure experiences various pre-specified levels of
ductility. The specified target ductility is mentioned on every plot. In terms of damage inflicted, a

49

structure designed for that assumed ductility will experience 100% damage on a ductility damage
scale if the normalized seismic demand is equal to inelastic seismic design coefficient.
It is evident that plot for 𝑎0 = 0.1 lies very close to that for fixed-base structure for all the ductility
levels considered. This implies that SSI systems with 𝑎0 < 0.1 may be practically assumed as
fixed-base structures to avoid unnecessary complications of SSI analysis. It is observed that
inelastic seismic design coefficient reduces with increase in 𝑎0 . Larger value of non-dimensional
frequency (𝑎0 ) is associated with rigid structures founded on flexible soil medium, and thereby
represents larger SSI effects. This observation therefore confirms the beneficial effects of SSI on
seismic response of structures. It is also evident that plots for inelastic seismic design coefficient
follow a trend similar to elastic design response spectra for various site types prescribed by IS
1893-1 (2016) and shown in Figure 3.3. However, with progression of inelasticity, ordinates
reduce and the flat plateau for stiff structures with 𝑇 < 0.5 s in the elastic spectra disappears.
It is also observed that the aforementioned beneficial effect of SSI diminishes sharply with
inelasticity as the case of target mean ductility of 6 shows negligible change in design forces due
to soil flexibility. Therefore, to examine trend with further inelasticity progression, inelastic
seismic design coefficient for highly ductile system with design mean ductility demand of 12 is
evaluated. It is noted that the seismic coefficients for SSI systems which were lower than those for
rigid base structures for smaller ductility values tend to converge to the rigid base values for larger
ductility. Hence it can be concluded that beneficial effects of SSI diminish with inelasticity. An
inelastic structure founded on soft soil (larger 𝑎0 , greater SSI) deforms less and dissipates lesser
energy than when the same structure is founded on stiff soil (smaller 𝑎0 , little SSI). This gets more
pronounced for structures with large ductility capacity. This effect tends to counteract increased
energy dissipation in underlying soft soil. Thus, with increase in ductility, the structure is unable
to reap the beneficial effects of SSI.
4.2

Force Reduction Factor

Most structural design codes across the world consider effect of inelasticity with a factor which
relates elastic design force to its inelastic counterpart. It is termed differently by different codes,
viz. response reduction factor by IS 1893-1 (2016) and behaviour factor by Eurocode 8 (1998). It
is also usually referred as force reduction factor.
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Figure 4.1 Inelastic design seismic force coefficient for fixed-base and different SSI systems
with specified values of target ductility
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Figure 4.2 Force reduction factor for fixed-base and different SSI systems with specified values
of target ductility
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Figure 4.2 reports force reduction factors (𝑅𝜇 ) for systems with different SSI levels characterized
by variation in 𝑎0 , founded on hard and soft soil sites. The present study defines force reduction
factor as the ratio of mean elastic seismic design coefficient to inelastic seismic design coefficient
corresponding to assumed target ductility. It is emphasized that mean elastic seismic design
coefficient corresponds to a mean ductility demand of unity, and thereby suggests that the structure
does yield for some of the ground motions in the set. On the contrary, elastic seismic design
coefficient would mean that the structure remains elastic for all the ground motions in the set, and
is therefore different from mean elastic coefficient. It is intuitive to comprehend that both are same
if the set has just one ground motion.
It can be observed from Figure 4.2 that including SSI in response prediction results into a lower
force reduction factor. This suggests that if response reduction factor for a fixed-base structure to
achieve a target ductility is used in designing a structure on flexible base, a higher assumed force
reduction will lead to overly reduced seismic strength demand. The so-designed structure might
be unsafe and inadequate to satisfactorily bear the effects of a design basis earthquake. It is also
evident that difference between force reduction factors for SSI system and fixed-base structure
increases with increase in target ductility. This is in line with diminishing of the beneficial SSI
effects with progression of inelasticity in the structure observed in Figure 4.1.
It was observed in Section 4.1 that SSI gives non-detrimental effects on seismic response of
structures. In fact, for a design ductility of 4 or less, structures considering SSI need to be designed
for a lower seismic force as compared to fixed-base structures. In such cases, considering SSI in
design practice would mean an economical design. However, when SSI effect on force reduction
factor is evaluated as in Figure 4.2, a contrasting situation is revealed. It is observed that in order
to experience a certain level of ductility, SSI systems can afford lesser reduction in design forces
as compared to their fixed-base counterparts. This anomaly implies existence of competing
beneficial and detrimental effects of SSI on seismic response of structures.
Another point of concern is presence of peaks in Figure 4.2 where the force reduction factor values
exceed the value of target ductility (𝜇 𝑇 ), occurring for structures with certain natural period, as in
case of structures with target ductility of 2 and 4, founded on soft soil sites. These values of natural
periods possibly correspond to predominant frequencies of soil-foundation system as a whole due
to site amplifications. Since these frequencies are bound to change with foundation configurations
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and site soil properties, it would be prudent to limit the force reduction factor to a maximum of
value of 𝜇 𝑇 . The peaks smoothen and disappear with increase in SSI effects (𝑎0 ) as well as
inelasticity (𝜇 𝑇 ) in the structure. Moreover, these peaks tend to shift leftwards on natural period
axis with increase in SSI effects. Since structure-soil systems have an elongated natural period as
compared to structure alone, they are expected to align if similar set of plots are obtained with SSI
period as abscissa, as demonstrated by Jarernprasert et al. (2013) for the elastic seismic design
force. Though there are simplified expressions for SSI period as given in NIST (2012), SSI periods
cannot be reasonably estimated in an explicit manner in most cases without determining the
seismic response of structure-soil systems. However, the observed shift in plots and tendency to
align observed by Jarernprasert et al. (2013) suggest that it is possible to obtain equivalent SSI
periods using this shift in peak. However, since response of SSI systems cannot be fully understood
just by defining equivalent values of natural period and damping, estimation of SSI period is not
a part of this work. Rather a full-fledged campaign of dynamic time history analyses following the
procedure explained in Chapter 3 should be executed with structure-soil model and associated
parameters outlined in Chapter 2. Results of such a study are presented and further processed in
the upcoming chapter.
It is also well-known that earthquakes impose displacement loading and can render a structure
useless if they impose a large lateral displacement and/or deformation on the structure. It is
therefore a good idea to assess displacements of an SSI system in addition to evaluation of design
seismic forces. However, since the goal of present work is to devise a procedure to estimate
inelastic seismic design force for structures considering SSI, contributions of various components
to total lateral displacement are analysed only for this preliminary investigation.
4.3

Displacement Components

During a seismic event, lateral displacements in a structure-soil system arises out of structural as
well as soil flexibilities. For the SSI model employed in the present study, lateral displacement of
the lumped structural mass relative to the ground (𝑢𝑡 ) arises out of three sources: foundation
translation (𝑢𝑓 ), foundation rocking (φ) and structural deformation (u). This sum is algebraically
expressed in Eq. (3.6) using Figure 2.2 and Figure 3.2. It is decided to assess contribution from the
three displacement components (u, 𝑢𝑓 , 𝜑) to lateral displacement relative to the ground (𝑢𝑡 ) for
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systems with moderately stiff (𝑇 = 1s) and flexible (𝑇 = 2s) superstructures, when subjected to a
particular ground motion from either of the two suites of accelerograms outlined in Section 3.4.

(a)

(b)

(c)

(d)

Figure 4.3 Total lateral displacement relative to the ground and contribution from its
components, viz. structural deformation, footing translation and footing rotation for different SSI
systems with moderately stiff superstructure ( T  1 s)
Figure 4.3 (a) and (b) present total lateral displacement of SSI systems relative to the ground, with
structural natural period of 1 second founded on hard and soft soil sites respectively, as sum of
displacements from the three sources. It is observed that structure-soil systems with greater extent
of SSI (i.e., larger non-dimensional frequency) exhibit larger lateral displacements of the lumped
structural mass. This is expected as larger SSI effect means a flexible system leading to enhanced
displacements. However, structure-soil systems with non-dimensional frequency of 0.5 on soft soil
sites reported a reduction in total lateral displacement relative to the ground. This is attributed to
inability of energy input into structure-soil system during the seismic event owing to very soft
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underlying soil medium. It is to be noted that non-dimensional frequency of 0.5 especially in case
of soft soil sites correspond to a very soft underlying soil half-space which may not be practical.
An assessment of proportion of three displacement components is presented in Figure 4.3 (c) and
(d) for the two different site geologies. It is observed that with increase in SSI, proportion of
structural deformation reduces considerably. While structural deformation contributes over 98%
to the total lateral displacement in case of 𝑎0 = 0.1, it accounts for around 70% and 64% in case
of 𝑎0 = 0.5, respectively for hard and soft soil sites. It is also evident from Figure 4.3 (c) and (d)
that among footing translation and footing rotation, contribution from footing rotation to total
lateral displacement of structural mass in an SSI system is more significant. Footing rotation
accounts for 25-30% of total lateral displacement of system with respect to the ground, when the
non-dimensional frequency is equal to 0.5. With increase in embedment depth, the resistance from
the surrounding soil is likely to impede footing rotation (𝜑). However, considering that the term
(ℎ + 𝑒 − 𝑓𝑚 ) in Eq. (3.6) increases with embedment, change in contribution of footing rotation to
lateral displacement of lumped structural mass with variation in embedment depth cannot be
guessed straightaway. However, this quantification is beyond the scope of the present work.
Figure 4.4 presents results analogous to Figure 4.3, but for a flexible superstructure (𝑇 = 2s) in
lieu of a moderately stiff superstructure (𝑇 = 1s). However the trend is not the same, as structures
on hard soil sites do not show significant changes in total lateral displacement relative to the
ground, with variation in extent of SSI effects. For structures founded in soft soil sites, total
displacement is maximum for the case of 𝑎0 = 0.3. Since structure has a natural period of 2
seconds, a value of 𝑎0 as high as 0.5 would mean an extremely soft soil which is unable to transfer
displacement to the structure during an earthquake. A linkage with the previous case where the
structure had a natural period of 1 second, is that the maxima of the total lateral displacement
would have occurred for a larger extent of SSI effects (larger 𝑎0 ) in case of moderately stiff
superstructure (𝑇 = 1s). For even more flexible superstructure, total lateral displacement is
expected to be maximum for even lower values of non-dimensional frequency (𝑎0 ).
The trend in proportion of three displacement components observed for flexible superstructure
(𝑇 = 2s) in Figure 4.4 (c) and (d) is similar to that observed for moderately stiff superstructure
(𝑇 = 1s) in Figure 4.3 (c) and (d). In either case, structural deformation contributes 98-99% of the
total displacement at top in case of 𝑎0 = 0.1. This is another validation of 𝑎0 = 0.1 representing
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a near-fixed condition for the structural base. The decrease in total lateral displacement relative to
the ground, observed for 𝑎0 = 0.5 in case of hard soil sites and 𝑎0 = 0.4 and 0.5 in case of soft
soil sites, implies a practical upper limit for non-dimensional frequency as 0.5. From the trend of
total lateral displacement in either case, it is also concluded that a near resonance condition is
expected for larger and intermediate values of non-dimensional frequency respectively in case of
moderately stiff and flexible superstructures, especially if they are founded on soft soil sites such
as river basins, reclaimed lands and landfills when there is severe amplification of certain
frequencies in the ground motion.

(a)

(b)

(c)

(d)

Figure 4.4 Total lateral displacement relative to the ground and contribution from its
components, viz. structural deformation, footing translation and footing rotation for different SSI
systems with flexible superstructure ( T  2 s)
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4.4

Summary of the present chapter

A preliminary investigation of SSI effects on seismic response of structures is conducted in this
chapter. Following inferences are obtained:


Inelastic seismic demand reduces with increase in SSI effects. Non-dimensional frequency
(𝑎0 ) of 0.1 represents a case with negligible SSI effects, and therefore systems with 𝑎0 <
0.1 can be considered as fixed-base structures.



Ductility tends to diminish beneficial SSI effect of lower seismic demand. For a design
mean ductility demand of 6, there is hardly any difference between seismic demand
considering and ignoring SSI.



Considering SSI leads to a lower response reduction factor as compared to the case without
SSI. This lowering of response reduction factor further increases with ductility. This
underlines the actual reason behind ductility diminishing beneficial effects of SSI.



For moderately stiff structures, lateral displacement of structural mass relative to ground
increases with increase in SSI effects. However, for flexible structures, similar levels of
SSI effects would mean extremely soft soil. In such situation, the lateral displacement does
not get amplified.



With increase in SSI effects, contribution of structural deformation in total lateral
displacement of structure relative to ground reduces significantly from 98-99% in case of
𝑎0 = 0.1 to around 60-70% in case of 𝑎0 = 0.5.



With increase in SSI, contribution of footing rocking to total lateral displacement of
structure is more significant than that of footing translation. Lateral displacement due to
rocking of foundation accounts for one-fourth of total lateral displacement of structure
relative to the ground in case of 𝑎0 = 0.5.



Non-dimensional frequency of 0.5 may not be practically feasible. A range of 0.1 to 0.5 is
sufficient for studying seismic SSI response.

With this preliminary investigation, significance of considering SSI in seismic design practice is
justified. A detailed analysis of structure-soil systems as described in previous chapters is therefore
carried out, and results are presented in the next chapter. As mentioned towards end of Section 4.2,
assessment of displacement in structure-soil systems is beyond the scope of present work and
therefore has not been included in further chapters.
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CHAPTER 5
RESPONSE REDUCTION FACTORS FOR STRUCTURES
CONSIDERING SOIL-STRUCTURE INTERACTION

It is clear from the previous chapter that considering SSI should be an integral part of a seismic
design procedure. While inelastic seismic demand was observed to be lower for SSI systems
compared to fixed-base structures, SSI systems could afford a lower reduction in design forces due
to inelasticity. An assessment of various components of lateral displacement relative to the ground
revealed that footing rotation turns out to be a significant contributor for systems with larger SSI
effects. It is worth mentioning that rigid structures located on soft soil sites are characterised by
higher values of non-dimensional frequency and thereby larger extent of SSI effects.
This chapter presents the results of a parametric study on seismic response of SSI systems with
inelastic superstructures. The employed model and selection of parameters are described in detail
in Chapter 2 and the procedure for analysis is elaborated in Chapter 3. To summarize, a
substructure approach using a 4-DOF physical model is used to solve the SSI problem in time
domain following Newmark γ-β method. The synthetic ground motions used to analyse the SSI
systems were also presented in Chapter 3. For the sake of convenience of readers, input parameters
whose effects on seismic response of SSI systems are evaluated, are re-listed below.
1. Structure-to-soil stiffness ratio or non-dimensional frequency, a0 

h
, with values of
vs T

0.1, 0.2, 0.3, 0.4 and 0.5 in increasing order of SSI effects.
h
2. Aspect ratio of structure, , with values of 1, 2 and 3 representing squat, intermediate and
r0
slender structures respectively.
e
3. Embedment ratio of structure, , with values of 0, 0.5 and 1 representing surface, shallow
r0
and embedded foundation blocks respectively.
5.1

Relationship between Response Reduction Factor and Design Ductility (𝑹 − 𝝁 − 𝑻)

The primary objective of this chapter is to devise a procedure to obtain inelastic seismic design
force on structures founded in diverse geologies considering SSI effects. As mentioned in previous
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chapter, most seismic codes describe this design seismic force using response reduction factor (𝑅)
which relates inelastic seismic demand to elastic seismic demand. As explained in previous
chapter, the present study considers it as ratio of mean elastic seismic design force to inelastic
seismic design force. Further, unlike code-stipulated values, this study aims to explicitly address
dependence of response reduction factor on design/target ductility and include variation in natural
period of structure as well. In order to empirically relate response reduction factor with design
ductility including effects of non-dimensional frequency, aspect ratio and embedment ratio of an
SSI system, obtained mean force reduction factors (𝑅𝑚 ) are plotted against mean ductility demand
(𝜇̅ ), separately for structural period ranging from 0 to 3 seconds, for different sets of the three input
parameters. Figure 5.1 to Figure 5.9 present these plots for varying input parameters, for SSI
systems in hard soil sites. While each figure corresponds to a certain pair of aspect and embedment
ratios, the six sub-figures contain plots for fixed-base system and five structure-soil systems with
varying values of non-dimensional frequency. It can be noted that first sub-figure, i.e. plot for
fixed-base structure, remains same across Figure 5.1 through Figure 5.9. This is because seismic
response of a fixed-base SDOF structural system depends only on its natural period and damping,
and is therefore independent of aspect ratio and embedment ratio of the system. However, for a
structure founded on flexible base, the structure-soil system is modelled as 4-DOF system
elaborated in Chapter 2. Stiffness and damping coefficients for DOFs in soil-foundation systems
are functions of embedment depth and radius of equivalent cylindrical foundation. Therefore, for
structure-soil systems with a given value of non-dimensional frequency, variations in aspect ratio
and embedment ratio have effects on the seismic demand. Figure 5.10 to Figure 5.18 contain plots
similar to Figure 5.1 to Figure 5.9, for SSI systems founded in soft soil sites. Though the analysis
has been performed for structures with 30 values of natural periods ranging from 0.1 to 3 seconds
at intervals of 0.1 seconds, plots corresponding to only a few selected natural periods are illustrated
for clarity. It is worth mentioning that the plots are obtained with log 𝜇̅ and log 𝑅𝑚 as abscissa and
ordinate respectively. It can be observed that interpolation was performed for every integral value
of ductility from 1 to 15 for obtaining corresponding reduction in design force. Building structures
do not usually exhibit such high ductility capacity as rotational ductility demands in beams become
excessive. However, for cantilever structures such as bridge piers and hinged-base portal frames,
displacement ductility is the same as rotational ductility. In these cases, as observed by Usami and
Kumar (1998) for box-shaped steel bridge piers, ductility values up to 20 are not uncommon.
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(e)

(f)

Figure 5.1 Plots of mean response reduction factor against mean ductility demand (log values)

h

for different SSI systems with squat structures   1 on surface foundations
 r0

soil sites
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Figure 5.2 Plots of mean response reduction factor against mean ductility demand (log values)

h

for different SSI systems with intermediate structures   2  on surface foundations
 r0

in hard soil sites
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Figure 5.3 Plots of mean response reduction factor against mean ductility demand (log values)
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for different SSI systems with slender structures   3  on surface foundations
 r0

hard soil sites
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Figure 5.4 Plots of mean response reduction factor against mean ductility demand (log values)
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for different SSI systems with squat structures   1 on shallow foundations
 r0

hard soil sites
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Figure 5.5 Plots of mean response reduction factor against mean ductility demand (log values) for

h

different SSI systems with intermediate structures   2  on shallow foundations
 r0

hard soil sites
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Figure 5.6 Plots of mean response reduction factor against mean ductility demand (log values)
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for different SSI systems with slender structures   3  on shallow foundations
 r0

hard soil sites
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Figure 5.7 Plots of mean response reduction factor against mean ductility demand (log values)
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for different SSI systems with squat structures   1 on embedded foundations
 r0

hard soil sites
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Figure 5.8 Plots of mean response reduction factor against mean ductility demand (log values) for

h

different SSI systems with intermediate structures   2  on embedded foundations
 r0

hard soil sites
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Figure 5.9 Plots of mean response reduction factor against mean ductility demand (log values)
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e

for different SSI systems with slender structures   3  on embedded foundations   1 in
 r0

 r0


hard soil sites
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Figure 5.10 Plots of mean response reduction factor against mean ductility demand (log values)
h
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for different SSI systems with squat structures   1 on surface foundations   0  in soft
 r0

 r0


soil sites

70

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.11 Plots of mean response reduction factor against mean ductility demand (log values)
h
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for different SSI systems with intermediate structures   2  on surface foundations   0 
 r0

 r0


in soft soil sites
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Figure 5.12 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with slender structures   3  on surface foundations   0  in
 r0

 r0


soft soil sites

72

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.13 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with squat structures   1 on shallow foundations   0.5  in
 r0

 r0


soft soil sites
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Figure 5.14 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with intermediate structures   2  on shallow foundations
 r0

e

  0.5  in soft soil sites
 r0
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Figure 5.15 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with slender structures   3  on shallow foundations   0.5  in
 r0

 r0


soft soil sites
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Figure 5.16 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with squat structures   1 on embedded foundations   1 in
 r0

 r0


soft soil sites
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Figure 5.17 Plots of mean response reduction factor against mean ductility demand (log values)
h

for different SSI systems with intermediate structures   2  on embedded foundations
 r0

e

  1 in soft soil sites
 r0
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Figure 5.18 Plots of mean response reduction factor against mean ductility demand (log values)
h

e

for different SSI systems with slender structures   3  on embedded foundations   1 in
 r0

 r0


soft soil sites
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It is observed from Figure 5.1 through Figure 5.18 that plots for log 𝑅𝑚 versus log 𝜇̅ follow a
generally straight line trend, for all the values of natural periods, in case of any combination of
input parameters. Since inelastic seismic demand observed for a specified mean ductility demand
is normalised against inelastic seismic demand corresponding to a mean ductility demand of unity
to obtain mean response reduction factor for that specified value of ductility, response reduction
factor assumes a value of unity for a target mean ductility demand of 1. As a result, the straight
line fitted for each plot passes through origin, and can be defined by the slope alone. Thus, for
every combination of input parameters, response reduction factor and associated ductility demand
are related by Eq. (5.1) where 𝑚(𝑇) represents slope of plots corresponding to different natural
periods. Eq. (5.1) can be transformed into exponential form as in Eq. (5.2).

5.2

log R  m T  log 

(5.1)

R   m T 

(5.2)

Effect of SSI on 𝑹 − 𝝁 − 𝑻 relationship

Relationship between response reduction factor and desired ductility for structures with varying
natural period considering SSI was obtained in Section 5.1. This section studies effects of input
parameters on 𝑅 − 𝜇 − 𝑇 relationship so as to enable SSI consideration in practice. Figure 5.19
and Figure 5.20 present plots for 𝑚(𝑇) corresponding to fixed-base and SSI systems against the
natural period of structure, respectively for hard and soft soil sites. It is observed that with increase
in SSI effects, there is a decrease in 𝑚(𝑇). Further, it can be comprehended that 𝑚(𝑇) is in fact a
function of input parameters in addition to natural period of structure, and is better represented as
𝑚(𝑇, 𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 ). It is observed from Figure 5.19 and Figure 5.20 that plots for 𝑚(𝑇)
corresponding to the fixed-base structure and systems with different SSI levels follow similar trend
except for a few exceptions such as flexible structures (𝑇 > 2𝑠) with large non-dimensional
frequency of 0.4 and 0.5. Though the stiffest superstructure for which analysis is performed has a
natural period of 0.1 seconds, all these plots for 𝑚(𝑇) have been extended to 𝑇 = 0 where it has
been assigned a value of zero. This is justified because a perfectly stiff structure would exhibit an
infinite ductility for any miniscule reduction in design force. Therefore for any finite value of target
ductility, there is no reduction in design forces, i.e. 𝑅 = 1. Based on Eq. (5.2), exponent 𝑚(𝑇) is
valued at zero for all hypothetical perfectly stiff structures, irrespective of extent of SSI effects.
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Figure 5.19 Exponent m T  for structure-soil systems with varying levels of SSI effects (different values of non-dimensional
frequency). Structures are founded on hard soil sites, and have values of aspect ratio and embedment ratio as shown in each plot.
While plots in a row are characterised by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
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Figure 5.20 Exponent m T  for structure-soil systems with varying levels of SSI effects (different values of non-dimensional
frequency). Structures are founded on soft soil sites, and have values of aspect ratio and embedment ratio as shown in each plot. While
plots in a row are characterised by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
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5.2.1 Normalisation of exponent for structures with SSI against fixed-base structures
The dynamics of a fixed-base SDOF system is governed by only two properties, viz. natural period
and damping ratio, and so the plot for fixed-base structures in any of the cases in Figure 5.19 and
Figure 5.20 does not consider any effect of non-dimensional frequency (𝑎0 ), aspect ratio (ℎ⁄𝑟0 )
and embedment ratio (𝑒⁄𝑟0 ). Therefore, plot for fixed-base structure is used to normalise other
plots corresponding to different SSI levels, in case of hard as well as soft soil sites. This
normalisation helps in separating input variables 𝑎0 , ℎ⁄𝑟0 and 𝑒⁄𝑟0 from 𝑇, as represented by Eq.
(5.3). For a fixed-base structure, 𝑚𝐹 (𝑇) is essentially equal to 𝑚(𝑇). The factor 𝜆(𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 )
thus includes the effects of the other three input parameters, and is termed as soil-foundation factor.
Figure 5.21 presents 𝑚𝐹 (𝑇) for structures in hard and soft soil sites. On the other hand, Figure
5.22 and Figure 5.23 show soil-foundation factors 𝜆 for various cases, respectively for structures
founded on hard and soft soil sites. It is obvious that soil-foundation factor for fixed-base structure
is equal to unity in all cases, irrespective of natural period (T) of the structure. Upcoming subsections 5.2.2 and 5.2.3 attempt to propose expressions for 𝑚𝐹 (𝑇) and 𝜆 respectively.

m  T , a0 , h , e   mF T    a0 , h , e 
r0 r0 
r0 r0 



(5.3)

5.2.2 Exponent for fixed-base structures
Since seismic response of a fixed-base structure is characterised by natural period and damping
only, variation in non-dimensional frequency, aspect ratio and embedment ratio has no effect on
𝑚𝐹 (𝑇) plots in Figure 5.19 and Figure 5.20. Figure 5.21 (a) and (b) present 𝑚𝐹 (𝑇) in case of hard
and soft soil sites respectively. It is observed that plots are similar for either site type, except for
the peak occurring at a larger natural period in case of soft soil sites. It can be noted that these plots
are approximated by piecewise linear segments in Figure 5.21. A closer look suggests that natural
periods at which these segments switch are the same as those in elastic design spectra prescribed
by IS 1893-1 (2016). In simpler terms, for hard soil sites, the piecewise linear segments interchange
at 0.1 and 0.4 seconds. For soft soil sites, these interchanges are considered at 0.1 and 0.67 seconds.
Eq. (5.4) presents expressions for these piecewise linear representations, for hard and soft soil
sites. For medium soil sites, an average of values for hard and soft soil sites obtained from Eq.
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(5.4) may be utilized. It can be seen from Figure 5.21 that the proposed piecewise linear
approximation is suitable. Statistically, fit in case of hard and soft soil sites is characterised by 𝑅 2
values of 0.993 and 0.988 respectively. It can be inferred that the fit is adequate and acceptable.

(a)

(b)

Figure 5.21 Exponent for fixed-base structures mF T  located in hard and soft soil sites

 Hard

 Soil
 Sites
mF T   
 Soft
 Soil

 Sites

T  0.1s
4.589T

0.1s  T  0.4s
1.466T  0.312
0.069T  0.926 T  0.4s

T  0.1s
4.751T

0.807T  0.394 0.1s  T  0.67 s
0.099T  1.002 T  0.67 s


(5.4)

5.2.3 Definition of soil-foundation factor 𝜆
From Figure 5.22 and Figure 5.23, it is observed that 𝜆(𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 ) for different SSI levels can
be approximated as constant valued straight lines. This independence over natural period validates
the point that soil-foundation factor 𝜆 has been obtained by separating 𝑚𝐹 (𝑇) out of 𝑚(𝑇). It can
also be seen that all these plots converge to unity for a perfectly stiff structure (𝑇 = 0). This is
consistent with plots in Figure 5.19 and Figure 5.20 where 𝑚(𝑇) equals zero for perfectly stiff
structure as well as SSI systems with perfectly stiff superstructure. As mentioned earlier, structuresoil systems with flexible superstructures (𝑇 > 2𝑠) and high degree of SSI effects (𝑎0 ≥ 0.4) show
a different trend as they experience increase in 𝑚(𝑇). This corresponds to an increase in soilfoundation factor (𝜆) as well. Therefore, it is pragmatic to approximate λ by a value which is
average of values for natural period ranging from 0.5 to 2 seconds. It is to be noted that an
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underestimation in soil-foundation factor would mean an underestimated value of 𝑚(𝑇), and will
subsequently lead to a lower estimate of response reduction factor for any design ductility value
larger than unity. A lower reduction in design force would result into a conservative structural
design and hence should be acceptable. However, average computed over a natural period range
of 0.5 to 2 seconds is preferred over selecting the minimum of all the values so that the structural
design does not get overly conservative. With this approximation, target 𝜆 values corresponding
to every SSI level are obtained for every considered pair of aspect and embedment ratios. This is
performed for structure-soil systems founded on hard as well as soft soil sites, and these target 𝜆
values are respectively enlisted in Table 5.1 and Table 5.2 against values computed using proposed
expression. Since the expression for soil-foundation factor proposed later in this chapter is
obtained by calibrating against 𝜆 values reported in Table 5.1 and Table 5.2, these values are
referred as target 𝜆 values. It is to be noted that a non-dimensional frequency (𝑎0 ) of zero is
assigned to fixed-base structures as decrease in non-dimensional frequency is associated with
decrease in inertial SSI effects. It is also worth mentioning that dashed lines in Figure 5.22 and
Figure 5.23 represent predicted soil-foundation factors rather than target values with an aim to
verify the adequacy of proposed expression.
From Table 5.1 and Table 5.2, it is observed that 𝜆 reduces sharply with increase in nondimensional frequency. For instance, in case of squat superstructure with surface foundation on
hard soil sites (ℎ⁄𝑟0 = 1 𝑎𝑛𝑑 𝑒⁄𝑟0 = 0), 𝜆 is equal to 0.97 and 0.58 for systems with nondimensional frequency of 0.1 and 0.5, respectively. Since 𝜆 equals unity for a fixed-base structure,
a non-dimensional frequency of 0.1 represents a case of negligible SSI effects. 𝜆 values for every
pair of aspect and embedment ratios are plotted against non-dimensional frequency in Figure 5.24
for hard and soft soil sites. It is clear from all the plots that beyond a non-dimensional frequency
of 0.4, the rate of decline in 𝜆 reduces. Since 𝑎0 = 0.5 represents very large SSI effects which may
not be encountered in practice, it is concluded that this plot tends to saturate at some value of 𝜆.
It is also observed from Table 5.1 and Table 5.2 as well as Figure 5.24 that with increase in aspect
ratio and/or embedment ratio, there is an associated increase in value of 𝜆. However the degree of
dependence is observed to be greater on the aspect ratio as compared to embedment ratio. The
greatest dependence on non-dimensional frequency justifies its merit to be used as an SSI metric.
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Figure 5.22 Soil-foundation factor  for soil-structure systems with varying levels of SSI effects (different values of non-dimensional
frequency). Structures are founded on hard soil sites, and have values of aspect ratio and embedment ratio as shown in each plot.
While plots in a row are characterised by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
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Figure 5.23 Soil-foundation factor  for soil-structure systems with varying levels of SSI effects (different values of non-dimensional
frequency). Structures are founded on soft soil sites, and have values of aspect ratio and embedment ratio as shown in each plot. While
plots in a row are characterised by variation in aspect ratio, those in a column are characterised by variation in embedment ratio.
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Table 5.1 Target and predicted values of  for structure and structure-soil systems, with varying
aspect ratio and embedment ratio, founded on hard soil sites
Squat superstructure
Surface foundation
ℎ⁄ = 1 and 𝑒⁄ = 0
𝑟0
𝑟0

Intermediate superstructure
Surface foundation
ℎ⁄ = 2 and 𝑒⁄ = 0
𝑟0
𝑟0

Slender superstructure
Surface foundation
ℎ⁄ = 3 and 𝑒⁄ = 0
𝑟0
𝑟0

𝑎0

Target

Predicted

𝑎0

Target

Predicted

𝑎0

Target

Predicted

0

1

1

0

1

1

0

1

1

0.1

0.969

0.945

0.1

0.989

0.966

0.1

0.992

0.975

0.2

0.832

0.822

0.2

0.917

0.881

0.2

0.941

0.910

0.3

0.682

0.693

0.3

0.788

0779

0.3

0.841

0.825

0.4

0.590

0.585

0.4

0.664

0.682

0.4

0.735

0.738

0.5

0.578

0.500

0.5

0.582

0.598

0.5

0.659

0.659

Squat superstructure
Shallow foundation
ℎ⁄ = 1 and 𝑒⁄ = 0.5
𝑟0
𝑟0

Intermediate superstructure
Shallow foundation
ℎ⁄ = 2 and 𝑒⁄ = 0.5
𝑟0
𝑟0

Slender superstructure
Shallow foundation
ℎ⁄ = 3 and 𝑒⁄ = 0.5
𝑟0
𝑟0

𝑎0

Target

Predicted

𝑎0

Target

Predicted

𝑎0

Target

Predicted

0

1

1

0

1

1

0

1

1

0.1

0.970

0.945

0.1

0.987

0.966

0.1

0.992

0.975

0.2

0.847

0.822

0.2

0.917

0.881

0.2

0.944

0.910

0.3

0.715

0.693

0.3

0.797

0.779

0.3

0.849

0.825

0.4

0.629

0.585

0.4

0.676

0.682

0.4

0.738

0.738

0.5

0.583

0.500

0.5

0.587

0.598

0.5

0.646

0.659

Squat superstructure
Embedded foundation
ℎ⁄ = 1 and 𝑒⁄ = 1
𝑟0
𝑟0

Intermediate superstructure
Embedded foundation
ℎ⁄ = 2 and 𝑒⁄ = 1
𝑟0
𝑟0

Slender superstructure
Embedded foundation
ℎ⁄ = 3 and 𝑒⁄ = 1
𝑟0
𝑟0

𝑎0

Target

Predicted

𝑎0

Target

Predicted

𝑎0

Target

Predicted

0

1

1

0

1

1

0

1

1

0.1

0.971

0.945

0.1

0.988

0.966

0.1

0.992

0.975

0.2

0.854

0.822

0.2

0.920

0.881

0.2

0.947

0.910

0.3

0.734

0.693

0.3

0.803

0.779

0.3

0.857

0.825

0.4

0.655

0.585

0.4

0.689

0.682

0.4

0.749

0.738

0.5

0.610

0.500

0.5

0.602

0.598

0.5

0.653

0.659
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Table 5.2 Target and predicted values of  for structures and structure-soil systems, with
varying aspect ratio and embedment ratio, founded on soft soil sites
Squat superstructure
Surface foundation
ℎ⁄ = 1 and 𝑒⁄ = 0
𝑟0
𝑟0

Intermediate superstructure
Surface foundation
ℎ⁄ = 2 and 𝑒⁄ = 0
𝑟0
𝑟0

Slender superstructure
Surface foundation
ℎ⁄ = 3 and 𝑒⁄ = 0
𝑟0
𝑟0

𝑎0

Target

Predicted

𝑎0

Target

Predicted

𝑎0

Target

Predicted

0

1

1

0

1

1

0

1

1

0.1

0.971

0.940

0.1

0.990

0.963

0.1

0.994

0.973

0.2

0.835

0.809

0.2

0.924

0.871

0.2

0.947

0.902

0.3

0.671

0.676

0.3

0.797

0.764

0.3

0.855

0.812
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Figure 5.24 Plot of target (shown with markers) and predicted (shown in solid lines) values of
soil-foundation factors  against non-dimensional frequency for different combinations of
aspect ratio and embedment ratio. While (a), (c) and (e) plot soil-foundation factors for structures
with surface, shallow and embedded foundations in hard soil sites, (b), (d) and (f) are for those in
soft soil sites.
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For devising an empirical relationship for 𝜆 as a function of the three input parameters
(𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 ), influence of 𝑎0 is studied at first. In this context, the case of SSI systems with
squat superstructure (ℎ⁄𝑟0 = 1) and surface foundation (𝑒⁄𝑟0 = 0), for both site types shown with
purple circular markers in Figure 5.24 (a) and (b), is considered. For this case, 𝜆 is expressed as a
function of non-dimensional frequency as in Eq. (5.5). Site type factor S needs to be considered
depending on type of soil site where the structure is founded. For hard and soft soil sites, site type
factor is assigned values of 1.0 and 1.1 respectively. Without analysing systems founded on
medium soil sites, it is reasonable to expect that this factor be taken as 1.05.
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Further, effect of aspect ratio is included by considering plots in Figure 5.24 (a) and (b), and
thereby 𝜆 is expressed by Eq. (5.6). This empirical expression comprises effects of nondimensional frequency and aspect ratio of structure-soil system. It is worth mentioning that since
this analysis is performed for aspect ratio values of 1, 2 and 3, it is suggested that this expression
be used for structure-soil systems with aspect ratio less than 5. Beyond this value, the expression
may yield unrealistic results as there would be some more parameters governing response of such
slender high-rise structures. It is also well known that slender high-rise structures exhibit little SSI
effects. Moreover design of such structures is chiefly governed by design against wind loads rather
than seismic loads. Therefore, a restriction on aspect ratio as in this case is not a serious limitation.
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From Table 5.1 and Table 5.2, it is evident that the effect of embedment ratio of foundation block
is so miniscule that it is not worth to consider the effect in this empirical relationship. However,
for very deep foundations (i.e., very high value of embedment ratio), effect of embedment is
expected to be significant. However, in those cases, kinematic interaction would also be of
significant concern. Therefore, since the present study assesses effect of inertial interaction alone,
such structure-soil systems are beyond the scope of present work.
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It is observed from Figure 5.24 as well as Table 5.1 and Table 5.2 that the relationship in Eq. (5.6)
is able to yield soil-foundation factors which are in reasonable agreement with the target values
for various combinations of input parameters. It is also noted that predicted values (shown with
solid lines) are slightly lower than target values (shown with markers). As explained earlier, this
corresponds to a conservative design. The adequacy of proposed expression in Eq. (5.6) is further
clear from Figure 5.22 and Figure 5.23, where proposed values (dashed lines) are plotted against
numerically obtained values (solid lines).
5.3

Verification of proposed procedure to compute response reduction factor

Upon verifying adequacy of Eq. (5.6) in predicting soil-foundation factors, the computed soilfoundation factors are multiplied with 𝑚𝐹 (𝑇) given by Eq. (5.4), to finally obtain
𝑚(𝑇, 𝑎0 , ℎ⁄𝑟0 , 𝑒⁄𝑟0 ). The design ductility is then raised to the exponent m, as given by Eq. (5.2),
to obtain reduction in design seismic force. Force reduction factor is thus computed for all integral
values of ductility ranging from 1 to 15, and compared against values obtained from interpolation
in the numerical solution. While Figure 5.25 to Figure 5.33 present these comparison plots for
structures with design ductility values of 2, 4, 8 and 12 founded in hard soil sites, Figure 5.34 to
Figure 5.42 present similar plots for those in soft soil sites. While different figures characterise
different pairs of aspect and embedment ratios, various sub-figures represent different SSI levels
ranging from fixity at base to maximum SSI effects.
Subfigures (a) in Figure 5.25 through Figure 5.33 are for fixed-base structures in hard soil sites.
Since seismic response of fixed-base structures is guided by only two parameters viz. natural
period and damping, these plots for fixed-base structures are identical across all combinations of
aspect ratio and embedment ratio. The same is true for subfigures (a) in Figure 5.34 through Figure
5.42 where plots for fixed-base structures in soft soil sites are presented. Since Figure 5.25 through
Figure 5.42 are meant to establish adequacy of devised procedure to compute force reduction factor
for structures considering SSI effects, the scale on the ordinate axes is not kept consistent across
different figures. It is chosen so that all the plots fit and adequately cover the plot area.
It is observed from Figure 5.25 through Figure 5.42 that the proposed procedure to estimate force
reduction factor for structures with different geometrical configurations founded on diverse
geological sites reasonably predicts the reduction in seismic force obtained using numerical
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analysis. It can also be seen that the procedure is highly reliable for structure-soil systems with
non-dimensional frequency (𝑎0 ) up to 0.3 throughout the chosen range of structural natural period
(0 to 3 seconds). For very large SSI effects as characterized by non-dimensional frequency of 0.4
and 0.5 in case of structure-soil systems with flexible super-structures (𝑇 > 2𝑠), the proposed
procedure seems to be yielding results which may not be in agreement with numerically obtained
results. In fact, numerically obtained values of force reduction factor exhibit an abnormal increase.
This is because in case of such a high value of non-dimensional frequency and flexible
superstructure, the soil is extremely soft and is unable to transmit seismic forces to the structure.
As a result, the proposed relationship which assigns a lower force reduction factor than that
obtained through numerical time-history analyses, is expected to yield conservative results and is
acceptable. Moreover, such systems are not readily encountered in practice. For instance, for a 5storey regular building structure with height of 15 metres and natural period of 0.5 seconds to have
a non-dimensional frequency of 0.5, it needs to be founded on a soil with shear wave velocity of
just 60 m/s. Since such extremely soft soil sites are rarely encountered and are even prone to
liquefaction, a regular SSI analysis will not be able to cater such situation. Therefore, devising a
deviation in proposed expressions for such SSI systems may not be worth and relevant.
It is also observed that in most cases, the proposed relationship yields a reduction in seismic force
which is slightly lower than that obtained in numerical analysis. This suggests that the structure
designed against seismic force computed using proposed procedure is expected to be slightly
conservative in most cases. A glance through the plots reveals that force reduction factor reduces
with increase in SSI effects (represented by increase in non-dimensional frequency, 𝑎0 ) which is
in tune with results of the preliminary analysis in the previous chapter as well as past findings
mentioned in Section 1.2.5. It is also observed that force reduction factor increases slightly with
increase in aspect ratio and embedment ratio. With an eye at previous observation with respect to
non-dimensional frequency (a metric for SSI effects), this implies that taller structures and
structures founded on embedded foundations have reduced levels of inertial SSI effects. However,
for structures supported by deeper foundations such as piles, kinematic interaction effects will be
predominant and the total SSI effects may exceed as compared to those in case of structures with
surface foundations. The present study does not consider kinematic interaction effects, and
therefore the scope is confined to moderately embedded foundations with embedment depth not
exceeding radius of equivalent cylindrical foundation (𝑒⁄𝑟0 = 1).
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Figure 5.25 Response reduction factor so that structure attains specified ductility for different
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Figure 5.26 Response reduction factor so that structure attains specified ductility for different

h

SSI systems with intermediate structures   2  on surface foundations
 r0

sites

94

e

  0  in hard soil
 r0


(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.27 Response reduction factor so that structure attains specified ductility for different
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Figure 5.28 Response reduction factor so that structure attains specified ductility for different
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Figure 5.29 Response reduction factor so that structure attains specified ductility for different
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Figure 5.30 Response reduction factor so that structure attains specified ductility for different
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Figure 5.31 Response reduction factor so that structure attains specified ductility for different
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Figure 5.32 Response reduction factor so that structure attains specified ductility for different
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Figure 5.33 Response reduction factor so that structure attains specified ductility for different
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Figure 5.34 Response reduction factor so that structure attains specified ductility for different
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Figure 5.35 Response reduction factor so that structure attains specified ductility for different
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Figure 5.36 Response reduction factor so that structure attains specified ductility for different
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Figure 5.37 Response reduction factor so that structure attains specified ductility for different
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Figure 5.38 Response reduction factor so that structure attains specified ductility for different
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Figure 5.39 Response reduction factor so that structure attains specified ductility for different
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Figure 5.40 Response reduction factor so that structure attains specified ductility for different
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Figure 5.41 Response reduction factor so that structure attains specified ductility for different
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Figure 5.42 Response reduction factor so that structure attains specified ductility for different
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In order to further understand the quality of fit of the proposed 𝑅 − 𝜇 − 𝑇 expression against
numerically obtained results, standard error of estimate (𝜎) is computed for every case considering
𝑅 as dependent variable and 𝑇 as independent variable. Standard error of estimate is defined by
Eq. (5.7), and is a measure of deviation of computed values from numerically obtained values. The
deviation of predicted 𝑅 value from numerically obtained 𝑅 value is squared for every value of 𝑇.
The so-obtained sum of squared errors is divided by number of data points 𝑁 = 31 (number of 𝑇
values), and then square root of this averaged error gives standard error of estimate. In simpler
terms, 𝜎 represents RMS (root-mean-squared) error. On a general note, two-thirds of numerical
data points are expected to lie within a distance 𝜎 either above or below the regression line. If a
band of width 2𝜎 is considered on either side of the regression line, 95% of points are expected.
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Figure 5.43 presents standard error of estimate in response reduction factor for squat structures
(ℎ⁄𝑟0 = 1) supported by foundations of varying embedment ratios (𝑒⁄𝑟0 = 0, 0.5, 1) in hard and
soft soil sites. Figure 5.44 and Figure 5.45 present analogous results for intermediate and slender
structures (ℎ⁄𝑟0 = 2, 3) respectively. It is observed that an increase in ductility generally results
into a larger standard error of estimate. Since larger ductility corresponds to an equivalently larger
response reduction factor, this situation is acceptable. Further, in case of larger SSI effects (greater
values of 𝑎0 ), error increases for most of the cases. This lack of fit in case of structure-soil systems
with 𝑎0 = 0.5 is also observed in 𝑅 − 𝜇 − 𝑇 plots in Figure 5.25 through Figure 5.42 for larger
structural natural periods. Since such large values of non-dimensional frequency are not
encountered in regular practice, this increase in error is not of much significance. With regard to
variations in aspect ratio, embedment ratio and site type, no certain error trend is observed.
Based on a quick glance of these plots, values of 0.25, 0.50, 0.50 and 0.75 are suggested for
standard error of estimate in case of target ductility (𝜇 𝑇 ) values of 2, 4, 8 and 12 respectively. It is
noted that predicted values of response reduction factor are usually lower than those obtained
numerically in most cases, as observed in Figure 5.25 through Figure 5.42. Since this
underestimation in response reduction factor is expected to yield conservative design, it is
concluded that there is no need to define a further lower bound curve for response reduction factor.
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Figure 5.43 Standard error of estimate in response reduction factor for varying ductility values.
h

Non-dimensional frequency  a0  is shown on abscissa. Results for squat structures   1 on
 r0


foundations with varying embedment ratio in different site types are presented.
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Figure 5.44 Standard error of estimate in response reduction factor for varying ductility values.
Non-dimensional frequency  a0  is shown on abscissa. Results for intermediate structures
h

  2  on foundations with varying embedment ratio in different site types are presented.
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Figure 5.45 Standard error of estimate in response reduction factor for varying ductility values.

h

Non-dimensional frequency  a0  is shown on abscissa. Results for slender structures   3 
 r0

on foundations with varying embedment ratio in different site types are presented.
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5.4

Final Comments on the present chapter

The procedure outlined in this chapter enables the structural designer to compute response
reduction factor for structures considering SSI effects (𝑅𝑆𝑆𝐼 ), such that a desired ductility (𝜇 𝑇 ) is
realized in the superstructure. Based on the discussion in Section 5.2, expressions for response
reduction factor, ignoring SSI (considering fixity at base) and considering SSI, are respectively
reported as 𝑅𝑓𝑖𝑥𝑒𝑑 and 𝑅𝑆𝑆𝐼 in Eq. (5.8) and (5.9). Factors 𝑚𝐹 (𝑇) and 𝜆 are obtained using Eq.
(5.4) and (5.6) respectively.

R fixed  TmF T 

(5.8)

RSSI  TmT   TmF T 

(5.9)

However, seismic codes such as IS 1893-1 (2016) prescribe response reduction factors or
behavioural factors for fixed-base structures (𝑅𝑓𝑖𝑥𝑒𝑑 ) based on structural configurations rather
than desired ductility. Moreover, these stipulated factors do not depend on natural period of the
structure. It is recommended to use such period-independent response reduction factors only in
case of small projects where design ductility is usually not prescribed. In case of large projects, it
is advised to estimate design ductility and thereby use 𝑅 − 𝜇 − 𝑇 relationships given by Eqs. (5.8)
and (5.9), for fixed-base structures and structures considering SSI respectively. Further, an
algebraic transformation of Eqs. (5.8) and (5.9) results into Eq. (5.10), which relates the response
reduction factor for structure considering SSI (𝑅𝑆𝑆𝐼 ) with that for fixed-base structure (𝑅𝑓𝑖𝑥𝑒𝑑 )
with the help of soil-foundation factor 𝜆. This eliminates the need to obtain 𝑚𝐹 (𝑇) for the fixedbase structure using Eq. (5.4). However, this also removes dependence of response reduction factor
on design ductility and natural period. Thus for small projects, given code-stipulated response
reduction factor for a fixed-base structure, computing 𝜆 using Eq. (5.6) is enough to obtain its
response reduction factor considering SSI. This relationship reduces the computation, and is
therefore convenient for structural design engineers. However, Eq. (5.10) should not be used if an
estimate for design ductility is known. Moreover, in case of large and/or critical projects, it is
advised to use ductility and period dependent response reduction factors given by Eq. (5.9).



log RSSI
log R fixed
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(5.10)

Using obtained response reduction factor, the seismic design engineer is able to obtain inelastic
seismic demand (𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 ) for such structures from mean elastic seismic demand(𝐹𝑆𝑆𝐼,𝜇̅=1 ).
However, most prominent seismic codes including IS 1893-1 (2016) prescribe elastic design
spectrum for fixed-base structures (𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=1 ). Therefore, in order to arrive at a complete seismic
structural design solution incorporating SSI, the gap between elastic design spectra for structures
ignoring SSI (𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=1 ) and those considering SSI (𝐹𝑆𝑆𝐼,𝜇̅=1 ) need to be bridged. This situation
is depicted in Eq. (5.11), and is addressed in the upcoming chapter.

Required factor:

5.5

Ffixed ,  1
FSSI ,   T



 Ffixed ,  1 
 RSSI 

 F
 FSSI ,  1 
 SSI ,  1 


 RSSI 
Ffixed ,  1

(5.11)

Summary of the present chapter

This chapter presented results of an extensive numerical campaign to study seismic response of
structure-soil systems. The major remarks from the chapter are as follows:


Considering SSI leads to decrease in response reduction factor for the structure to attain a
certain mean ductility demand.



Among three input parameters, influence on SSI response reduces in the order: nondimensional frequency, aspect ratio and embedment ratio.



An expression relating response reduction factor (R), design/target ductility (𝜇 𝑇 ) and
natural period of structure (T) is obtained for structures, considering and ignoring SSI
effects. SSI effects are considered using soil-foundation factor (λ) which is a function of
non-dimensional frequency, aspect ratio, embedment ratio and site type.



A simple expression, directly relating response reduction factor for structures considering
fixed-base and SSI effects using soil-foundation factor (λ), is also prescribed. However,
use of this expression should be restricted to small and non-critical projects.



A need to obtain elastic seismic demand on structures considering SSI effects is also
highlighted. This is addressed in the upcoming chapter.
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CHAPTER 6
ELASTIC DESIGN SPECTRUM FOR STRUCTURES
CONSIDERING SOIL-STRUCTURE INTERACTION

The goal of the present study is to finally arrive at inelastic seismic design force for structures
considering SSI. Using the structure-soil model described in Chapter 2 and analysis methodology
outlined in Chapter 3, a procedure to compute response reduction factor for structures considering
SSI was devised in Chapter 5. This factor relates inelastic seismic demand for structures
considering SSI with their elastic seismic demand. Section 5.4 presents the need to relate elastic
design spectrum for a structure considering SSI with elastic design spectrum for similar structure
with fixity at base. This is the objective of the present chapter.
Since the physical model employed to analyse SSI systems in previous chapters is based on cone
models, it was decided to study the correlation between elastic design spectra for fixed-base and
SSI systems also using cone models. It was achieved by defining an equivalent SDOF system for
the structure-soil system as given by Wolf (1994, pp. 346). As mentioned in Chapter 1, inertial
interaction leads to two prominent changes: elongation in natural period and modification in
damping. Therefore, the equivalent SDOF structure-soil system has natural period and damping
different from the fixed-base SDOF structure. The following two sections present the procedure
to compute equivalent natural period and equivalent damping for the structure-soil system.
Obtained equivalent entities are also reported alongside in a form ready to be used by seismic
design engineers. Since effect of embedment on SSI response has been found to be miniscule in
previous section, this equivalent SDOF representation is based on structures founded on surface.
6.1

Equivalent Natural Period of Elastic Structures considering SSI

The equivalent cyclic natural frequency for structure-soil systems (𝜔
̃) is obtained in Eq. (6.1)
using cyclic natural frequency of fixed-base structure (𝜔) and fictitious cyclic frequencies of soilfoundation system in horizontal translation (𝜔ℎ ) and rocking (𝜔𝑟 ). 𝜔ℎ and 𝜔𝑟 are defined in Eq.
(6.2) as functions of a dimensionless frequency parameter (𝜔
̃0 ), defined in Eq. (6.3). It is to be
noted that 𝜔
̃0 is different from non-dimensional frequency (𝑎0 ) used in previous chapters.
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It can be observed from Eq. (6.2) that 𝜔ℎ and 𝜔𝑟 depend on static stiffness coefficients (𝐾, 𝐾𝜗 )
and dynamic stiffness coefficients (𝑘, 𝑘𝜗 ). These coefficients, along with damping coefficients
(𝑐, 𝑐𝜗 ), are listed below. Terms related to horizontal translation and rocking are respectively
reported in Eqs. (6.4) and (6.5). These expressions, obtained using cone models, are adapted from
Wolf (1994). Damping coefficients are used to compute equivalent damping in the next section.
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𝐴0 and 𝐼0 are respectively equal to the area of foundation block and its second moment of area
about rocking axis. For horizontal translation, appropriate velocity 𝑣 is taken as shear wave
velocity. For rocking mode, it is equal to the compression wave velocity if Poisson’s ratio of soil
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is less than 1/3 or twice the shear wave velocity if Poisson’s ratio of soil exceeds 1/3. This is
because compression wave velocity approaches infinity as soil gets incompressible (Poisson’s ratio
approaches 0.5). Poisson’s ratio in the present work is always taken greater than 1/3. Further, for
incompressible soils, a trapped mass moment is added in rocking mode. 𝜇𝜗 is the coefficient for
𝑧

that trapped mass moment and is expressed in Eq. (2.15). The factor 𝑟0 represents apex aspect ratio
0

of cone in the model. It is given by Eqs. (6.6) and (6.7) for horizontal translatory and rocking
motions respectively.

 z0

 r0
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v
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1     
  
 r0  32
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(6.6)
2

(6.7)

Since 𝜔
̃ is a function of 𝜔ℎ and 𝜔𝑟 which again depend on 𝜔
̃, determination of 𝜔
̃ involves
iterations. The iterations are performed till the equivalent natural period converges for two
significant digits after decimal. The natural period of the structure-soil system (𝑇̃) is then obtained
for all variations in non-dimensional frequency (𝑎0 ) and aspect ratio (ℎ⁄𝑟0 ) of structure-soil
system. As mentioned before, surface footings (zero embedment depth) are considered in this
process. The natural period of structure-soil system (𝑇̃) is then expressed in terms of natural period
of fixed-base structure (𝑇) using a multiplier listed in Table 6.1. This ratio is assigned a value of
unity for fixed-base structures, i.e. cases with 𝑎0 = 0. The natural period multiplier for SSI systems
on hard and soft soil sites, with squat, intermediate and slender superstructures (ℎ⁄𝑟0 = 1, 2, 3),
are plotted in Figure 6.1 against non-dimensional frequency (𝑎0 ). It can be observed that
elongation in natural period is higher for greater SSI effects, characterized by larger 𝑎0 . The
elongation in natural period is slightly higher for slender structures as compared to that for squat
structures. The effect of site geology is observed to be insignificant. Since the variation with 𝑎0 is
non-reversing, a linear interpolation against 𝑎0 between the data points in Table 6.1 would be
adequate. A non-reversing trend with variation in aspect ratio of structure is also observed, and
therefore similar interpolation is recommended against ℎ⁄𝑟0 as well.
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 T  for structure-soil systems

Table 6.1 Natural period multiplier T
Hard Soil Sites

Soft Soil Sites

𝑎0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

0

1.00

1.00

1.00

1.00

1.00

1.00

0.1

1.05

1.06

1.08

1.04

1.05

1.07

0.2

1.19

1.23

1.29

1.16

1.20

1.25

0.3

1.39

1.47

1.58

1.36

1.41

1.51

0.4

1.64

1.77

1.92

1.59

1.67

1.81

0.5

1.91

2.08

2.29

1.85

1.96

2.14

Value of

(a)
Figure 6.1 Natural period multiplier T
6.2

(b)

T

for elastic structures on different sites, considering SSI

Equivalent Damping in Elastic Structures considering SSI

After obtaining natural frequency of structure-soil system (𝜔
̃), equivalent hysteretic damping ratio
for the structure-soil system (𝜂̃) is determined using Eq. (6.8). This equivalent damping in the
system comprises of structural hysteretic material damping (𝜂), soil hysteretic material damping
(𝜂0 ), and viscous radiation damping components in horizontal translation and rocking (𝜂ℎ , 𝜂𝑟 )
evaluated at natural frequency of structure-soil system. As mentioned earlier, material damping
ratio in structure as well as soil is taken as 0.05. Radiation damping components in horizontal
translation and rocking are given by Eq. (6.9) and (6.10) respectively.
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Table 6.2 Equivalent damping ratio   for structure-soil systems
Hard Soil Sites

Soft Soil Sites

𝑎0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

0

0.050

0.050

0.050

0.050

0.050

0.050

0.1

0.059

0.052

0.051

0.058

0.052

0.051

0.2

0.116

0.067

0.056

0.105

0.063

0.055

0.3

0.205

0.090

0.064

0.181

0.082

0.062

0.4

0.286

0.110

0.070

0.258

0.101

0.067

0.5

0.350

0.126

0.075

0.319

0.115

0.072

Value of

The computed equivalent damping values for various cases are listed in Table 6.2. For fixed-base
structures without SSI, equivalent damping is equal to structural damping, and therefore a value
of 0.05 is assumed when 𝑎0 = 0. Figure 6.2 presents equivalent damping ratio for SSI systems on
hard and soft soil sites, with squat, intermediate and slender superstructures (ℎ⁄𝑟0 = 1, 2, 3),
against non-dimensional frequency (𝑎0 ). It is observed that increase in SSI effects results in an
increase in damping of the structure-soil system. Further, SSI systems with squat superstructures
exhibit significantly large damping compared to systems with intermediate and slender
superstructures. This is because of a large foundation surface area available for radiation damping
compared to very low structural damping due to very light structure. Based on Eq. (6.8) which is
essentially a weighted sum of damping components, it is intuitive that large radiation damping in
any system is expected to increase effective damping in the system significantly. Site geology does
not seem to have a prominent effect on change in damping as the trends in both graphs are similar
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in Fig. 6.2. Similar to trend in natural period modifier, the trend in modified damping is also nonreversing with variation in 𝑎0 as well as ℎ⁄𝑟0 . Linear interpolation between values listed in Table
6.2 is therefore recommended against both the parameters. However, for ℎ⁄𝑟0 < 2, the design
engineer may wish to use damping associated with ℎ⁄𝑟0 = 2, in order to finally arrive at a
conservative elastic seismic design spectrum.

(a)

(b)

Figure 6.2 Modified damping ratio   for elastic structures on different sites, considering SSI
6.3

Elastic Design Spectrum for Structures considering SSI

Once equivalent SDOF model for structure-soil system is established using equivalent natural
period and damping ratio, elastic design spectrum for structures with SSI gets established. First,
the elastic design spectrum for modified damping is obtained using multiplying factors reported in
Table 6.3, which are adapted from IS 1893-1: 2002. The multiplying factor for equivalent damping
between the listed data points can be obtained using linear interpolation. Spectral acceleration
value corresponding to elongated natural period is obtained from this modified spectrum. The
procedure is depicted in Figure 6.3. It is worth mentioning that modifications introduced in natural
period and damping do not involve any specified seismic severity zone and importance factor, and
therefore the process applies to any structure on flexible base irrespective of regional seismicity
and importance class. Since elastic spectra for fixed-base structures is quite similar through all
prominent seismic codes, the process is applicable to seismic design process using other seismic
codes as well. The so-obtained spectral acceleration can then be used to compute elastic seismic
demand for the SSI system (𝐹𝑆𝑆𝐼,𝜇̅=1 ). Eq. (5.11) is to be used to compute inelastic seismic demand
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for structure considering SSI effects (𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 ). The overall step-by-step method of evaluating
inelastic seismic design force is presented with illustrative examples in the next chapter.
Table 6.3 Multiplying factors for obtaining elastic design spectrum for modified damping
Damping
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Figure 6.3 Procedure to obtain elastic spectral acceleration for structures with SSI (equivalent
natural period: T , equivalent damping ratio:  )
6.4

Summary of the present chapter

The need to obtain elastic design spectrum for structures considering SSI effects was highlighted
in Chapter 5, and this issue was addressed in this chapter using equivalent SDOF concept adapted
from Wolf (1994). Equivalent natural period and equivalent damping ratio are computed in
Sections 6.1 and 6.2, and are expressed in form of charts and plots. The trend is non-reversing and
smooth, implying linear interpolation to be valid. Elastic spectral acceleration for structures with
SSI effects, is then obtained by modifying the original elastic spectra as discussed in Section 6.3.
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CHAPTER 7
ESTIMATION OF INELASTIC SEISMIC DESIGN FORCE
CONSIDERING SSI

The relationship between response reduction factor and target ductility for an array of structures
with varying natural period, founded on different site types, including SSI was presented in
Chapter 5. The relationship relates response reduction factor for a structure considering SSI (𝑅𝑆𝑆𝐼 )
and that for a hypothetical fixed-base structure (𝑅𝑓𝑖𝑥𝑒𝑑 ) with ductility expected in the structure,
natural period of the structure and a factor for SSI effects (𝜆). This soil-foundation factor (𝜆)
involves a number of EDPs and intuitively assume a value of unity for fixed-base structures. For
simple structures where design ductility is usually not estimated, an expression relating 𝑅𝑆𝑆𝐼
directly with code-stipulated 𝑅𝑓𝑖𝑥𝑒𝑑 using 𝜆 is also presented. However, these code-stipulated
𝑅𝑓𝑖𝑥𝑒𝑑 values do not consider variation in natural period of structure. Moreover, these values are
prescribed based on intended structural configuration and do not explicitly consider design
ductility. Therefore, use of such simplified estimation of response reduction factor should be
restricted to small and non-critical projects. For large and/or critical projects, an estimation of
design/target ductility is highly recommended so that a realistic estimate of response reduction
factor considering SSI (𝑅𝑆𝑆𝐼 ) can be obtained.
Seismic design practitioners will then be able to compute the inelastic seismic design forces for
structures (𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 ) considering SSI, using 𝑅𝑆𝑆𝐼 , provided elastic seismic design force for such
a system (𝐹𝑆𝑆𝐼,𝜇̅=1 ) is given. Elastic seismic design force for structures including SSI effects
(𝐹𝑆𝑆𝐼,𝜇̅=1 ) therefore needs to be obtained using modified elastic design spectrum approach
presented in Chapter 6.
Combining results from previous two chapters, this chapter summarizes the complete step-by-step
procedure to estimate inelastic seismic design force for a structure considering SSI from the elastic
seismic design force for a similar structure, fixed at its base. Relevant equations and tables are
repeated from previous chapters for convenience of readers. The procedure is illustrated with
several design examples for a better comprehension. The illustrative examples are also intended
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to comment on the overall effect of SSI, whether it is beneficial or detrimental. A parameter called
safety-economy parameter is defined to evaluate this effect. A large number of structure-soil
systems are assessed and assessment is followed by some concluding remarks.
7.1

Procedure to compute inelastic seismic design force considering SSI

7.1.1 Elastic seismic design force for structures considering SSI
Step 1: Obtain equivalent natural period and equivalent damping for the structure-soil system with
elastic superstructure, using Table 7.1 and Table 7.2 respectively. For values of non-dimensional
frequency and aspect ratio lying between given points, linear interpolation is recommended to
obtain equivalent natural period and damping in SSI system.
Step 2: Modify the relevant elastic design spectrum for fixed-base structure, prescribed by IS 18931 (2016), using multiplying factors listed in Table 7.3 for equivalent damping in the structure-soil
system. These multiplying factors are adapted from IS 1893-1 (2002). Once the elastic design
spectrum for equivalent damping is arrived, read the value of spectral acceleration corresponding
𝑆

to equivalent natural period of the SSI system ( 𝑔𝑎 )

. This process is illustrated in Figure 7.1.

𝑆𝑆𝐼

 T  for structure-soil systems

Table 7.1 Natural period multiplier T
Hard Soil Sites

Soft Soil Sites

𝑎0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

0
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1.00

1.00

1.00

1.00

1.00

0.1
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0.2
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1.23
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0.3
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1.47
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1.41
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0.4

1.64

1.77

1.92

1.59

1.67

1.81

0.5

1.91

2.08

2.29

1.85

1.96

2.14

Value of
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Table 7.2 Equivalent damping ratio   for structure-soil systems
Hard Soil Sites

Soft Soil Sites

𝑎0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

ℎ
=1
𝑟0

ℎ
=2
𝑟0

ℎ
=3
𝑟0

0

0.050

0.050

0.050

0.050

0.050

0.050

0.1

0.059

0.052

0.051

0.058

0.052

0.051

0.2

0.116

0.067

0.056

0.105

0.063

0.055

0.3

0.205

0.090

0.064

0.181

0.082

0.062

0.4

0.286

0.110

0.070

0.258

0.101

0.067

0.5
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0.126
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0.115
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Table 7.3 Multiplying factors for obtaining elastic design spectrum for modified damping
Damping
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Figure 7.1 Procedure to obtain elastic spectral acceleration for structures with SSI (equivalent
natural period: T , equivalent damping ratio:  )
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Step 3: Obtain elastic seismic design force (𝐹𝑆𝑆𝐼,𝜇̅=1 ) for structures considering SSI, using Eq.
(7.1). This equation is adapted from IS 1893-1 (2016). Since elastic design force is being
computed, response reduction factor (𝑅) is taken as 1. 𝑍 and 𝐼 are respectively zone factor and
importance factor. While zone factor considers seismicity of the region, importance factor is based
on structure’s functional and post-disaster requirements. The computation is similar to that
involved with fixed-base structure except for the use of modified value of spectral acceleration
obtained in Step 2. Other seismic codes may prescribe an expression slightly different from Eq.
(7.1).

FSSI ,  1

 Z   Sa 
  
 2   g  SSI

1
 
I

(7.1)

7.1.2 Inelastic seismic design force for structures considering SSI
Step 4: Using Eq. (7.2), obtain the exponent 𝑚𝐹 (𝑇) relating response reduction factor and
design/target ductility for a fixed-base structure. Since analysis results are available only for hard
and soft soil sites, an average of values for hard and soft soil sites may be utilised in case of medium
soil sites.

 Hard

 Soil
 Sites
mF T   
 Soft
 Soil

 Sites

T  0.1s
4.589T

0.1s  T  0.4s
1.466T  0.312
0.069T  0.926 T  0.4s

T  0.1s
4.751T

0.807T  0.394 0.1s  T  0.67 s
0.099T  1.002 T  0.67 s


(7.2)

Step 5: Use Eq. (7.3) to obtain soil-foundation factor 𝜆 for values of non-dimensional frequency
(𝑎0 ) and aspect ratio (ℎ⁄𝑟0 ) associated with structure-soil system. Site type factor (𝑆) is
considered as 1, 1.05 and 1.10 for hard, medium and soft soil sites, defined as per IS 1893-1 (2016).
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(7.3)

Step 6: Compute response reduction factor for the structure on flexible base including SSI (𝑅𝑆𝑆𝐼 )
using Eq. (7.4), such that the structure attains a specified design/target ductility (𝜇 𝑇 ). This
expression raises target ductility by an exponent given by product of 𝑚𝐹 (𝑇) and soil-foundation
factor 𝜆.

RSSI  TmT   TmF T 

(7.4)

For smaller projects where design/target ductility is usually not estimated, 𝑅𝑆𝑆𝐼 can be directly
obtained from 𝑅𝑓𝑖𝑥𝑒𝑑 , as shown in Eq. (7.5). 𝑅𝑓𝑖𝑥𝑒𝑑 is response reduction factor for corresponding
fixed-base structure, obtained from seismic code such as IS 1893-1 (2016), based on structural
configuration and functionality. Since IS 1893-1 (2016) does not include SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 is referred as
𝑅 in its provisions. However, since this approach assumes same response reduction factor for any
value of natural period and does not explicitly consider design ductility, this approach should be
restricted to small and non-critical projects.



log RSSI
log R fixed

(7.5)

Step 7: The elastic seismic design force (𝐹𝑆𝑆𝐼,𝜇̅=1 ) obtained in Step 3 is then divided by response
reduction factor (𝑅𝑆𝑆𝐼 ) obtained in Step 6, to arrive at inelastic seismic design force (𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 ).
This is presented in Eq. (7.6).
FSSI ,   T 

FSSI ,  1
RSSI

(7.6)

Alternatively steps 3 and 7 can be clubbed together using Eq. (7.7).

FSSI ,   T

 Z   Sa 
  
 2   g  SSI

 RSSI 
 I 



(7.7)

The next section presents some illustrative examples based on this procedure to estimate inelastic
seismic design force for a structure considering SSI effects.
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7.2

Illustrative Examples

The present study considers variations in non-dimensional frequency (𝑎0 ) in range of 0 to 0.5 (0
for fixed-base structure and 0.5 for maximum SSI effects), aspect ratio (ℎ⁄𝑟0 ) (1, 2 and 3 for squat,
intermediate and slender superstructures) and embedment ratio (𝑒⁄𝑟0 ) (0, 0.5 and 1 for surface,
shallow and embedded foundations), along with two site geologies (hard and soft soil sites).
Natural period of fixed-base structure is considered to vary from 0 to 3 seconds. This section
presents a total of 9 worked out examples to illustrate the procedure outlined in Section 7.1 to
estimate inelastic seismic design force for structures considering SSI. Every illustrative example
is followed by an assessment of inelastic seismic design force for three cases listed below:
Case 1: SSI ignored completely
Case 2: SSI effects on elastic structure considered; but effect on response reduction factor ignored
Case 3: SSI effects considered as per steps 1 to 7 listed in Section 7.1
Since effect of embedment ratio is found to be minimal and its effects are not included while
formulating soil-foundation factor in Chapter 5, the worked out examples apply to any moderate
embedment depth. For very deep foundations, kinematic interaction is also prominent and results
of this study will not be applicable.
7.2.1 Illustrative Examples- A: Specified value of design ductility
This section contains 6 illustrative examples where design/target ductility is to be estimated by the
structural design engineer before completing the structural design. With this estimated/specified
value of design ductility, the design engineer is able to utilize 𝑅 − 𝜇 − 𝑇 relationship considering
SSI, proposed in Chapter 5. This procedure is illustrated using 6 examples. Examples 2, 4 and 6
have the same structure-soil system as in examples 1, 3 and 5 respectively, but with a different
value for target ductility.
Illustrative Example 1
Consider a hospital structure with natural period, 𝑇 = 1 𝑠, located in a hard soil site in Zone III as
per IS 1893-1 (2016). The structure-foundation-soil system has a non-dimensional frequency 𝑎0 =
0.15 and aspect ratio ℎ⁄𝑟0 = 2. Calculate inelastic seismic design force for the structure
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considering SSI if the structure is to be designed for a design/target ductility of 3, and compare it
with inelastic seismic design force for the fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.145
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 1.145 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.0595
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.9525
Elastic spectral acceleration for structure-soil system = 0.832
Step 3:
Zone III: 𝑍 = 0.16
Hospital structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.16⁄2)∗0.832
𝑊
(1⁄1.5)

= 0.10𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.069 ∗ 1 + 0.926) = 0.857
Step 5:
Soil-foundation factor, 𝜆 =

1

= 0.928

√1+(12∗0.152 ∗1∗(1−0.4∗√2−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 30.857 = 2.563
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 30.857∗0.928 = 2.396
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Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.10𝑊
2.396

= 0.042𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 1 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 1.00
(0.16⁄ )∗1

Inelastic seismic design force for fixed-base structure, 𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 = (2.5632

⁄1.5)

𝑊 = 0.047𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 1.145 s and
damping ratio of 5.95%, but response reduction factor is still considered as 2.563.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.10𝑊
2.563

= 0.039𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −17%

Case 3: SSI effects completely considered (System has a natural period of 1.145 s and damping
ratio of 5.95%, and response reduction factor is 2.396. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.042𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −10.6%

Therefore, inclusion of SSI leads to a 10.6% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 17%. This implies that representing structure-soil system
by an equivalent SDOF system (which is essentially based on assumption of elastic superstructure)
may result into a non-conservative design. Therefore, a proper estimate of response reduction
factor for structure considering SSI is required in design practice.

132

Illustrative Example 2
For the same system in illustrative example 1, repeat the assessment if the structure is to be
designed for a design/target ductility of 6.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.145
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 1.145 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.0595
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.9525
Elastic spectral acceleration for structure-soil system = 0.832
Step 3:
Zone III: 𝑍 = 0.16
Hospital structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.16⁄2)∗0.832
𝑊
(1⁄1.5)

= 0.10𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.069 ∗ 1 + 0.926) = 0.857
Step 5:
Soil-foundation factor, 𝜆 =

1

= 0.928

√1+(12∗0.152 ∗1∗(1−0.4∗√2−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 60.857 = 4.644
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Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 60.857∗0.928 = 4.158
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.10𝑊
4.158

= 0.024𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 1 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 1.00
(0.16⁄ )∗1

Inelastic seismic design force for fixed-base structure, 𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 = (4.644⁄2

1.5)

𝑊 = 0.026𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 1.145 s and
damping ratio of 5.95%, but response reduction factor is still considered as 4.644.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.10𝑊
4.644

= 0.022𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −15.4%

Case 3: SSI effects completely considered (System has a natural period of 1.145 s and damping
ratio of 5.95%, and response reduction factor is 4.158. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.024𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −7.7%

Therefore, inclusion of SSI leads to 7.7% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 15.4%. This implies that representing structure-soil
system by an equivalent SDOF system (which is essentially based on assumption of elastic
superstructure) may result into a non-conservative design. Therefore, a proper estimate of response
reduction factor for structure considering SSI is required in design practice.
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From cases 2 and 3 in above two examples, it is observed that beneficial effects of SSI based on
elastic structural behaviour is curtailed to almost half with inclusion of SSI effects on response
reduction factor. On a closer investigation, it can also be observed that this curtailment is more in
case of a larger design/target ductility (50% for 𝜇 𝑇 = 6 against 38% for 𝜇 𝑇 = 3).
Illustrative Example 3
Consider an office building with natural period, 𝑇 = 2 𝑠, located in a soft soil site in Zone V as
per IS 1893-1 (2016). The building is expected to have an employee strength of 350. The structurefoundation-soil system has a non-dimensional frequency 𝑎0 = 0.35 and aspect ratio ℎ⁄𝑟0 = 2.5.
Calculate inelastic seismic design force for the structure considering SSI if the structure is to be
designed for a design/target ductility of 3, and compare it with inelastic seismic design force for
the fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.60
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 3.20 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.078
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.873
Elastic spectral acceleration for structure-soil system = 0.456
Step 3:
Zone V: 𝑍 = 0.36
Office structure with occupants more than 200: 𝐼 = 1.2
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.36⁄2)∗0.456
𝑊
(1⁄1.2)

where 𝑊 is seismic weight of the structure.
Step 4:
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= 0.098𝑊

Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.099 ∗ 2 + 1.002) = 0.804
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.740

√1+(12∗0.352 ∗1.10∗(1−0.4∗√2.5−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 30.804 = 2.418
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 30.804∗0.740 = 1.923
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.098𝑊
1.923

= 0.051𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 2 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 0.835
Inelastic seismic design force for fixed-base structure,
𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.36⁄2)∗0.835
𝑊
(2.418⁄1.2)

= 0.075𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 3.20 s and
damping ratio of 7.80%, but response reduction factor is still considered as 2.418.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.098𝑊
2.418

= 0.041𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −45.33%

Case 3: SSI effects completely considered (System has a natural period of 3.2 s and damping ratio
of 7.8%, and response reduction factor is 1.923. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.051𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (
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𝐹1

) ∗ 100% = −32%

Therefore, inclusion of SSI leads to 32% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 45.33%. This large reduction compared to 32% implies
that representing structure-soil system by an equivalent SDOF system (which is essentially based
on assumption of elastic superstructure) will most likely result into a non-conservative design.
Therefore, a proper estimate of response reduction factor for structure considering SSI is essential
in design practice.
Illustrative Example 4
For the same system in illustrative example 3, repeat the assessment if the structure is to be
designed for a design/target ductility of 6.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.60
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 3.20 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.078
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.873
Elastic spectral acceleration for structure-soil system = 0.456
Step 3:
Zone V: 𝑍 = 0.36
Office structure with occupants more than 200: 𝐼 = 1.2
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.36⁄2)∗0.456
𝑊
(1⁄1.2)

where 𝑊 is seismic weight of the structure.
Step 4:
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= 0.098𝑊

Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.099 ∗ 2 + 1.002) = 0.804
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.740

√1+(12∗0.352 ∗1.10∗(1−0.4∗√2.5−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 60.804 = 4.223
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 60.804∗0.740 = 2.904
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.098𝑊
2.904

= 0.034𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 2 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 0.835
Inelastic seismic design force for fixed-base structure,
𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.36⁄2)∗0.835
𝑊
(4.223⁄1.2)

= 0.043𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 3.20 s and
damping ratio of 7.80%, but response reduction factor is still considered as 2.418.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.098𝑊
4.223

= 0.023𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −46.5%

Case 3: SSI effects completely considered (System has a natural period of 3.2 s and damping ratio
of 7.8%, and response reduction factor is 1.923. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.034𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (
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𝐹1

) ∗ 100% = −20.9%

Therefore, inclusion of SSI leads to roughly 21% reduction in inelastic seismic design force in this
case. This justifies the inclusion of SSI in design practice where structural designer can take
advantage of SSI to reduce the cost of construction. However, if one includes SSI just by modifying
natural period and damping ratio, the reduction is 46.5%. This large reduction compared to 21%
implies that representing structure-soil system by an equivalent SDOF system (which is essentially
based on assumption of elastic superstructure) will most likely result into a non-conservative
design. Therefore, a proper estimate of response reduction factor for structure considering SSI is
essential in design practice.
From cases 2 and 3 in above two examples (illustrative examples 3 and 4), it is observed that
beneficial effects of SSI based on elastic structural behaviour is largely diminished with inclusion
of SSI effects on response reduction factor. On a closer investigation, it can also be observed that
this curtailment is more in case of a larger design/target ductility (55% for 𝜇 𝑇 = 6 against almost
30% for 𝜇 𝑇 = 3.
Illustrative Example 5
Consider a food storage structure with natural period, 𝑇 = 0.5 𝑠, located in a soft soil site in Zone
IV as per IS 1893-1 (2016). The structure-foundation-soil system has a non-dimensional frequency
𝑎0 = 0.4 and aspect ratio ℎ⁄𝑟0 = 2. Calculate inelastic seismic design force for the structure
considering SSI if the structure is to be designed for a design/target ductility of 3, and compare it
with inelastic seismic design force for the fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.67
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 0.835 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.101
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.798
Elastic spectral acceleration for structure-soil system = 1.596
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Step 3:
Zone IV: 𝑍 = 0.24
Food storage structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.24⁄2)∗1.596
𝑊
(1⁄1.5)

= 0.287𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.099 ∗ 0.5 + 1.002) = 0.952
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.664

√1+(12∗0.42 ∗1.10∗(1−0.4∗√2−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 30.952 = 2.846
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 30.952∗0.664 = 2.003
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.287𝑊
2.003

= 0.143𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 0.5 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 2.5
Inelastic seismic design force for fixed-base structure,
𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.24⁄2)∗2.5
𝑊
(2.846⁄1.5)

= 0.158𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 0.835 s and
damping ratio of 10.1%, but response reduction factor is still considered as 2.846.)
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′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.287𝑊
2.846

= 0.101𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −36%

Case 3: SSI effects completely considered (System has a natural period of 0.835 s and damping
ratio of 10.1%, and response reduction factor is 2.003. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.143𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −9.5%

Therefore, inclusion of SSI leads to 9.5% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 36%. This large reduction compared to 9.5% implies
that representing structure-soil system by an equivalent SDOF system (which is essentially based
on assumption of elastic superstructure) will most likely result into a non-conservative design.
Therefore, a proper estimate of response reduction factor for structure considering SSI is essential
in design practice.
Illustrative Example 6
For the same system in illustrative example 5, repeat the assessment if the structure is to be
designed for a design/target ductility of 6.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.67
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 0.835 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.101
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.798
Elastic spectral acceleration for structure-soil system = 1.596
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Step 3:
Zone IV: 𝑍 = 0.24
Food storage structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.24⁄2)∗1.596
𝑊
(1⁄1.5)

= 0.287𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Exponent for fixed-base structure, 𝑚𝐹 (𝑇) = (−0.099 ∗ 0.5 + 1.002) = 0.952
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.664

√1+(12∗0.42 ∗1.10∗(1−0.4∗√2−1))

Step 6:
Response reduction factor for structure ignoring SSI, 𝑅𝑓𝑖𝑥𝑒𝑑 = 60.952 = 5.506
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 60.952∗0.664 = 3.104
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.287𝑊
3.104

= 0.092𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 0.5 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 2.5
Inelastic seismic design force for fixed-base structure,
𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.24⁄2)∗2.5
𝑊
(5.506⁄1.5)

= 0.082𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 0.835 s and
damping ratio of 10.1%, but response reduction factor is still considered as 5.506.)
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′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.287𝑊
5.506

= 0.052𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −36.6%

Case 3: SSI effects completely considered (System has a natural period of 0.835 s and damping
ratio of 10.1%, and response reduction factor is 3.104. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.092𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = +12.2%

Therefore, inclusion of SSI leads to an increase (12.2%) in inelastic seismic design force in this
case. The change is enough to suggest that structural design obtained ignoring SSI may prove to
be non-conservative. Unlike previous examples, this example establishes significance of including
SSI in design practice based on structural safety. However, if one includes SSI just by modifying
natural period and damping ratio, the reduction in inelastic seismic design force is 36.6% compared
to conventional fixed-base design. This will most likely result into a non-conservative design as in
the previous example. Therefore, a proper estimate of response reduction factor for structure
considering SSI must be done in design practice.
It can also be noticed from illustrative examples 1 to 6 that inelasticity in structural response leads
to reduction in potential beneficial effects of SSI arising out of elongated natural period and
enhanced damping. As observed in illustrative examples 5 and 6, this diminishing of potential
beneficial effects even paved way to potential detrimental effects of SSI. It is worth noting that the
structure-soil system in examples 5 and 6 is a stiff structure founded on soft soil sites, as opposed
to moderately stiff structure on hard soil sites in examples 1 and 2 and flexible structure on soft
soil sites in examples 3 and 4. This implies that including SSI assumes a greater significance when
a stiff structure is founded on a soft soil site. This is in tune with observations by a number of
researchers such as Mylonakis and Gazetas (2000). In other words, possible detrimental SSI effects
can be observed in case of a large stiffness contrast between the structure and the underlying soil,
where the former is a lot stiffer compared to the latter. This stiffness contrast is characterized by
non-dimensional frequency (𝑎0 ) in the present work.
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7.2.2 Illustrative Examples- B: No specification about design ductility
In small and non-critical projects, it may not be feasible to estimate design/target ductility. In such
cases, code-stipulated 𝑅𝑓𝑖𝑥𝑒𝑑 values can be replaced by 𝑅𝑆𝑆𝐼 , in order to include SSI effects. This
procedure is illustrated using 3 examples. Examples 7, 8 and 9 consider similar structure-soil
systems as in 1, 3 and 5 respectively. However, the design ductility is not specified. Structural
configurations are provided so that 𝑅𝑓𝑖𝑥𝑒𝑑 values can be directly obtained using IS 1893-1 (2016).
For large and/or critical projects, design/target ductility should be estimated, and estimation of
design force should follow examples 1 to 6. The rationale behind this recommendation is presented
in Chapter 5 as well as Section 7.1.
Illustrative Example 7
Consider a hospital structure with natural period, 𝑇 = 1 𝑠, located in a hard soil site in Zone III as
per IS 1893-1 (2016). The structural configuration is described as reinforced concrete ordinary
moment resisting framed (OMRF) structure. The structure-foundation-soil system has a nondimensional frequency 𝑎0 = 0.15 and aspect ratio ℎ⁄𝑟0 = 2. Calculate inelastic seismic design
force for the structure considering SSI, and compare it with inelastic seismic design force for the
fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.145
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 1.145 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.0595
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.9525
Elastic spectral acceleration for structure-soil system = 0.832
Step 3:
Zone III: 𝑍 = 0.16
144

Hospital structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.16⁄2)∗0.832
𝑊
(1⁄1.5)

= 0.10𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Since target ductility is not prescribed, estimation of 𝑚𝐹 (𝑇) is not required.
Step 5:
Soil-foundation factor, 𝜆 =

1

= 0.928

√1+(12∗0.152 ∗1∗(1−0.4∗√2−1))

Step 6:
Reinforced concrete OMRF structure: 𝑅𝑓𝑖𝑥𝑒𝑑 = 3
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 100.928 log10 3 = 2.772
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.10𝑊
2.772

= 0.036𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 1 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 1.00
Inelastic seismic design force for fixed-base structure, 𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.16⁄2)∗1
𝑊
(3⁄1.5)

= 0.040𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 1.145 s and
damping ratio of 5.95%, but response reduction factor is still considered as 3.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.10𝑊
3

= 0.033𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (
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𝐹1

) ∗ 100% = −17.5%

Case 3: SSI effects completely considered (System has a natural period of 1.145 s and damping
ratio of 5.95%, and response reduction factor is 2.772. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.036𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −10%

Therefore, inclusion of SSI leads to 10% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 17.5%. This implies that representing structure-soil
system by an equivalent SDOF system (which is essentially based on assumption of elastic
superstructure) may result into a non-conservative design. Therefore, a proper estimate of response
reduction factor for structure considering SSI is required in design practice.
Illustrative Example 8
Consider an office building with natural period, 𝑇 = 2 𝑠, located in a soft soil site in Zone V as
per IS 1893-1 (2016). The building is expected to have an employee strength of 350. The structural
configuration is described as steel special moment resisting framed (SMRF) structure. The
structure-foundation-soil system has a non-dimensional frequency 𝑎0 = 0.35 and aspect ratio
ℎ⁄ = 2.5. Calculate inelastic seismic design force for the structure considering SSI, and compare
𝑟0
it with inelastic seismic design force for the fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.60
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 3.20 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.078
Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.873
Elastic spectral acceleration for structure-soil system = 0.456
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Step 3:
Zone V: 𝑍 = 0.36
Office structure with occupants more than 200: 𝐼 = 1.2
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.36⁄2)∗0.456
𝑊
(1⁄1.2)

= 0.098𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Since target ductility is not prescribed, estimation of 𝑚𝐹 (𝑇) is not required.
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.740

√1+(12∗0.352 ∗1.10∗(1−0.4∗√2.5−1))

Step 6:
Steel SMRF structure: 𝑅𝑓𝑖𝑥𝑒𝑑 = 5
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 100.740 log10 5 = 3.290
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.098𝑊
3.290

= 0.030𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 2 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 0.835
Inelastic seismic design force for fixed-base structure,
𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.36⁄2)∗0.835
𝑊
(5⁄1.2)

= 0.036𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 3.20 s and
damping ratio of 7.80%, but response reduction factor is still considered as 5.)
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′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.098𝑊
5

= 0.020𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −45.55%

Case 3: SSI effects completely considered (System has a natural period of 3.2 s and damping ratio
of 7.8%, and response reduction factor is 3.290. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.030𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −16.67%

Therefore, inclusion of SSI leads to 16.67% reduction in inelastic seismic design force in this case.
This justifies the inclusion of SSI in design practice where structural designer can take advantage
of SSI to reduce the cost of construction. However, if one includes SSI just by modifying natural
period and damping ratio, the reduction is 45.55%. This large reduction compared to 16.67%
implies that representing structure-soil system by an equivalent SDOF system (which is essentially
based on assumption of elastic superstructure) will most likely result into a non-conservative
design. Therefore, a proper estimate of response reduction factor for structure considering SSI is
essential in design practice.
Illustrative Example 9
Consider a food storage structure with natural period, 𝑇 = 0.5 𝑠, located in a soft soil site in Zone
IV as per IS 1893-1 (2016). The structural configuration is described as ordinary braced framed
(OBF) structure. The structure-foundation-soil system has a non-dimensional frequency 𝑎0 = 0.4
and aspect ratio ℎ⁄𝑟0 = 2. Calculate inelastic seismic design force for the structure considering
SSI, and compare it with inelastic seismic design force for the fixed-base structure.
Step 1:
𝑇̃

Natural period multiplier, 𝑇 = 1.67
Equivalent natural period of SSI system with elastic structure, 𝑇̃ = 0.835 𝑠
Equivalent damping ratio of SSI system with elastic structure: 𝜂̃ = 0.101
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Step 2:
Multiplying factor for elastic spectrum considering modified damping = 0.798
Elastic spectral acceleration for structure-soil system = 1.596
Step 3:
Zone IV: 𝑍 = 0.24
Food storage structure: 𝐼 = 1.5
Elastic seismic design force, 𝐹𝑆𝑆𝐼,𝜇̅=1 =

(0.24⁄2)∗1.596
𝑊
(1⁄1.5)

= 0.287𝑊

where 𝑊 is seismic weight of the structure.
Step 4:
Since target ductility is not prescribed, estimation of 𝑚𝐹 (𝑇) is not required.
Step 5:
1

Soil-foundation factor, 𝜆 =

= 0.664

√1+(12∗0.42 ∗1.10∗(1−0.4∗√2−1))

Step 6:
Steel SMRF structure: 𝑅𝑓𝑖𝑥𝑒𝑑 = 4
Response reduction factor for structure considering SSI, 𝑅𝑆𝑆𝐼 = 100.664 log10 4 = 2.511
Step 7:
Inelastic seismic design force for structure considering SSI, 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 =

0.287𝑊
2.511

= 0.114𝑊

Assessment:
Case 1: SSI ignored completely (System has a natural period of 0.5 s and damping ratio of 5%.)
Elastic spectral acceleration for fixed-base structure = 2.5
Inelastic seismic design force for fixed-base structure,
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𝐹1 = 𝐹𝑓𝑖𝑥𝑒𝑑,𝜇̅=𝜇𝑇 =

(0.24⁄2)∗2.5
𝑊
(4⁄1.5)

= 0.1125𝑊

Case 2: SSI effects on elastic structure considered (System has a natural period of 0.835 s and
damping ratio of 10.1%, but response reduction factor is still considered as 4.)
′
Inelastic seismic design force, 𝐹2 = 𝐹𝑆𝑆𝐼,𝜇
̅ =𝜇𝑇 =

0.287𝑊
4

= 0.072𝑊
𝐹2 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = −36%

Case 3: SSI effects completely considered (System has a natural period of 0.835 s and damping
ratio of 10.1%, and response reduction factor is 2.511. It is the same as computed above in step 7.)
Inelastic seismic design force for structure considering SSI, 𝐹3 = 𝐹𝑆𝑆𝐼,𝜇̅=𝜇𝑇 = 0.114𝑊
𝐹3 −𝐹1

Percentage change in design force with respect to Case 1 = (

𝐹1

) ∗ 100% = +1.33%

Therefore, inclusion of SSI leads to a slight increase (1.33%) in inelastic seismic design force in
this case. The change is so small that even ignoring SSI would not affect design significantly.
However, it shows that there can be situations where SSI can increase the inelastic demand. There
is a possibility of SSI being detrimental to structural response during a seismic event if SSI is not
included in design practice. Unlike previous two examples, this example establishes significance
of including SSI in design practice based on structural safety. However, if one includes SSI just
by modifying natural period and damping ratio, the reduction in inelastic seismic design force is
36% compared to conventional fixed-base design. This will most likely result into a nonconservative design as in the previous example. Therefore, a proper estimate of response reduction
factor for structure considering SSI must be done in design practice.
Above illustrative examples enable researchers and seismic design practitioners to comprehend
the procedure proposed to obtain inelastic seismic demand on a structure considering SSI. Based
on above examples, it is deduced that SSI should be included in seismic design practice. While it
can be beneficial and yield economical solutions in most of the cases, situations might arise where
ignoring SSI may result in unsafe structural design (examples 6 and 9). In either case, seismic
design should be practised incorporating SSI. If SSI effects on natural period and damping of
elastic structure is considered and its effect on response reduction factor is not considered, it is
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highly likely that resulting structural design will be non-conservative. It has been observed in
practice that owing to lack of proper guidelines in seismic codes, some designers tend to use this
method. The reduction in cost of construction associated with this method is very luring, but the
structure is in fact awaiting a seismic event for its failure. Such design practice should be avoided
at all costs. The upcoming section evaluates the three cases in above illustrative examples, for a
variety of structure-soil systems.
7.3

Evaluation of effect of considering SSI in seismic design practice

This section evaluates effect of considering SSI in seismic design practice. Observations from
illustrative examples in previous section form the motivation behind this study. Structure-soil
systems evaluated in this study have aspect ratio ℎ⁄𝑟0 = 2. Three values of non-dimensional
frequency (𝑎0 ) are considered, viz. 0.1, 0.3 and 0.5. Structures with natural period ranging between
0 and 3 s, founded in both hard and soft soil sites are examined. Two values of design/target
ductility (𝜇 𝑇 = 3, 6) are considered. It is to be noted that these ductility values are associated with
structural deformations, and not total lateral displacement of structure-soil system. The three cases,
assessed in Section 7.2, are examined for every structure-soil system. For convenience, they are
termed as ‘Without SSI’, ‘Incomplete SSI’ and ‘Complete SSI’.
Case 1: Without SSI: SSI ignored completely
Case 2: Incomplete SSI: SSI effects on elastic structure considered using equivalent SDOF
concept; but effect on response reduction factor ignored
Case 3: Complete SSI: SSI effects considered as per steps 1 to 7 listed in Section 7.1
Inelastic seismic design force is calculated for each of the three cases. They are respectively
denoted as 𝐹1 , 𝐹2 and 𝐹3 . Since 𝐹1 is the inelastic seismic design force for the fixed-base structure
ignoring SSI, inelastic seismic design forces for other two cases (𝐹2 , 𝐹3 ) are normalized against
𝐹1 . This non-dimensional parameter is defined as safety-economy parameter (𝛤), and it represents
whether considering SSI would mean increase in seismic demand or possible reduction in cost of
construction. A value of 𝛤 greater than 1 for the case with SSI means that the structural designer
needs to incorporate SSI in design on grounds of structural safety. On the other hand, a value of 𝛤
less than 1 implies that considering SSI can make the structure economical. In either case,

151

structural designers are expected to include SSI in practice so that the design is based on realistic
structural behaviour as closely as possible.
Figure 7.2 and Figure 7.3 present 𝛤 for various structure-soil systems in hard and soft soil sites
respectively. To start with, results with complete SSI consideration (shown in green) are assessed.
It is observed that 𝛤 is less than 1 for most systems. It implies that SSI consideration leads to a
reduction in inelastic seismic design force for most cases and thereby results in economical
structural designs. This effect is observed to increase with increase in SSI effects characterised by
an increase in non-dimensional frequency (𝑎0 ). On the other end of the spectrum, the closeness of
𝛤 to unity in case of 𝑎0 = 0.1 implies that SSI in systems with 𝑎0 < 0.1 can be ignored.
However, for stiff structures, considering SSI is likely to enhance inelastic seismic design force.
For such structures on soft soil sites, say for the case with 𝑎0 = 0.5 and desired ductility of 6 in
structure, inelastic seismic demand considering SSI may go as high as 1.25 times that ignoring SSI
(Figure 7.3 (f)). In such cases, ignoring SSI is very likely to jeopardise structural safety. This
observation is in tune with the previous findings that SSI may turn detrimental in case of stiff
structures on soft soil sites. It can also be inferred from shape of elastic design spectra where
elongation in natural period in the plateau region does not lead to reduction in design force.
However, a lower response reduction factor for structure with SSI as compared to that for fixedbase structure would lead to enhanced demand. Similar findings are expected for highly flexible
structures as well with 𝛤 increasing with natural period, for the case considering SSI. However,
𝛤 > 1 is not witnessed till a natural period of 3 seconds. It can again be visualised from the elastic
design spectra where reduction in design force with increase in natural period slows down
exponentially to finally saturate to a constant value for systems with natural period beyond 4
seconds (IS 1893-1: 2016). The simultaneous lowering of response reduction factor however does
not exhibit such slow down, finally leading to a situation where inelastic seismic demand would
be higher if SSI is considered. Therefore the complete phenomenon can be described as a tussle
between two effects: (i) beneficial effect of SSI arising out of elongated natural period and
enhanced damping, and (ii) detrimental effect of SSI on account of lowered response reduction
factor. While the first effect is expected to reduce the seismic demand, the second effect tends to
increase the seismic demand.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.2 Evaluation of cases without SSI, incomplete SSI and complete SSI consideration for
structures on hard soil sites. While SSI effects increase from top to bottom, inelasticity
progresses from left to right.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.3 Evaluation of cases without SSI, incomplete SSI and complete SSI consideration for
structures on soft soil sites. While SSI effects increase from top to bottom, inelasticity progresses
from left to right.
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For cases where considering SSI reduces seismic demand, it is observed that this reduction
increases with increase in SSI effects (increase in 𝑎0 ). For structures to be designed with a target
ductility of 3, this reduction is around 30% and 25% for hard and soft soil sites in case of reasonable
SSI effects (𝑎0 = 0.3) which grows to roughly 50% and 42% for hard and soft soil sites in case
of very large SSI effects (𝑎0 = 0.5). It is pointed out in Chapter 5 that 𝑎0 = 0.5 may not be
encountered in regular practice. At the same time, for stiff structures whose seismic demand is
enhanced upon including SSI, demand is slightly aggravated by increase in SSI effects. Moreover,
this increase in seismic demand gets restricted to very stiff structures as SSI effects (𝑎0 ) increase.
With increase in design/target ductility (𝜇 𝑇 ), overall reduction in inelastic seismic demand on
account of SSI is considerably diminished. This gets reflected by an upward shift in the green plot
in Figure 7.2 and Figure 7.3 as design ductility changes from 3 to 6. As a result for 𝜇 𝑇 = 6,
reduction in design force is around 23% and 15% for hard and soft soil sites in case of reasonable
SSI effects (𝑎0 = 0.3), and roughly 35% and 25% for hard and soft soil sites in case of very large
SSI effects (𝑎0 = 0.5). It should be noted that these values correspond to relatively flat portions
of plots in Figure 7.2 and Figure 7.3. For stiff structures to be designed for a ductility of 6, inelastic
seismic demand considering SSI is very high compared to that ignoring SSI. The demand is as
high as 1.25 times that for the fixed-base structure in case of 𝑎0 = 0.5 and 𝜇 𝑇 = 6. From this trend
in inelastic seismic demand with change in design ductility, it can be expected that there can be a
very large reduction in design force for 𝜇 𝑇 = 2. If designed for a very low seismic demand, the
structure may not perform to its intended functional requirements and may not be serviceable
enough. It is therefore suggested that limit on such reduction in design forces be imposed. While
ASCE 7-10 (2010) limits this reduction to no more than 30%, ASCE 7-16 (2016) prescribes limit
based on response modification factor which is based on structural configurations. Though these
limits sound pragmatic, there is a scope for improvement as observed by Khosravikia et al. (2017).
A variety of performance metrics such as total lateral displacement, total drift, inter-storey drift
and foundation rocking need to be identified and evaluated, in order to arrive at a cap on reduction
in inelastic seismic demand originating from SSI. This forms a scope for future research with a
performance based seismic protocol incorporating SSI effects as a deliverable.
At times, structural designers tend to include SSI in seismic design practice by defining an
equivalent SDOF model for the structure-soil system. However, such equivalent systems as shown
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in Chapter 6 are for elastic structures considering SSI effects, and do not consider attenuated
response reduction factor observed in Chapter 5. This case is evaluated as ‘Incomplete SSI’, and
is shown by red-coloured plots in Figure 7.2 and Figure 7.3. As described earlier in this section,
overall SSI effects on seismic demand in case of inelastic structures are results of a tussle between
its beneficial and detrimental effects. This ‘Incomplete SSI’ approach considers the beneficial
effect and ignores the detrimental effect of SSI. From Figure 7.2 and Figure 7.3, it is observed that
this process always tends to excessively reduce inelastic seismic demand. Such a reduced design
force is likely to result into a non-conservative structural design. With increase in extent of SSI
(larger 𝑎0 ) and increase in target/design ductility (𝜇 𝑇 ), deviation of design force from realistic
situation gets severely amplified. This is evident from the gap between green and red plots which
increases with increase in 𝑎0 and 𝜇 𝑇 . Despite the design practitioner having a good intent to design
the structure realistically, lack of SSI guidelines in seismic codes forces him/her to build a failure
trap for the structure. Since the observation holds true for all the structures with varying degrees
of SSI effects (𝑎0 ) and inelasticity (𝜇 𝑇 ), it is concluded that such design practice should be avoided
at all costs. This situation puts emphasis on importance of obtaining response reduction factor
considering SSI (𝑅𝑆𝑆𝐼 ) in addition to just defining an equivalent SDOF model for structure-soil
system, and therefore the present work adds merit to the seismic design practice. Given a choice
whether to consider SSI by just modifying natural period and damping or to ignore SSI altogether,
it is suggested to ignore SSI so as to obtain conservative design in most cases.
7.4

Summary of the present chapter

Combining results from Chapters 5 and 6, this chapter devises a step-by-step procedure to estimate
seismic demand on inelastic structures considering SSI effects. SSI effect on inelastic seismic
demand is then briefly evaluated. Following concluding remarks are obtained:


The roadmap is to first obtain elastic seismic demand on structure considering SSI effects,
and then apply computed response reduction factor to obtain inelastic seismic demand.



The procedure is illustrated by several worked examples for an enhanced comprehension.



Considering SSI usually leads to reduction in design seismic forces, except for stiff
structures where seismic demand is enhanced. It is recommended to consider SSI in seismic
design practice, on grounds of either structural safety or economical design.
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CHAPTER 8
SUMMARY AND CONCLUDING REMARKS

8.1

Summary

The analyses were performed using Newmark γ-β method in time domain so as to consider
inelasticity in the structure. Structural inelasticity is realised by modelling structure as an SDOF
system with kinematic hardening. The soil-foundation model used was validated by Wolf (1994)
against rigorous values obtained by Apsel and Luco (1987). The seismic analysis procedure is
validated against results of Jarernprasert et al. (2013). The algorithm used in the present study was
found to be in reasonable agreement with existing results. The difference was of the order of 520% over natural period range of 0 to 3 seconds. This difference stems from differences in choice
of SSI parameter and ground motions.
A number of geometrical and material parameters affecting SSI response of structures are
identified in literature. This study considers effects of non-dimensional frequency (𝑎0 ), aspect ratio
(ℎ⁄𝑟0 ) and embedment ratio (𝑒⁄𝑟0 ) on seismic SSI response of structures located in sites with
diverse geologies. Literature suggests that non-dimensional frequency (𝑎0 ) representing a ratio of
structural stiffness to soil stiffness is a good metric for inertial SSI effects. The present study
considered a range of 0.1 to 0.5 for 𝑎0 where a higher value represents larger SSI effects. While
aspect ratio is assumed as 1, 2 and 3 representing squat, intermediate and slender structures,
embedment ratio of 0, 0.5 and 1 represents surface, shallow and embedded foundations. From a
preliminary investigation of response of structures to seismic excitations considering SSI, it was
observed that though SSI leads to a reduction in inelastic seismic demand, response reduction
factor for structure-soil systems is lower than that for fixed-base structures. This is of concern as
an assumed higher value of response reduction factor may lead to a non-conservative design.
Since most seismic design codes advocate a dual philosophy of no or little damage during low to
moderate ground shaking and damage but no collapse during a large event, they utilise the ability
of structure to sustain deformation without significant increase in resisting force. This property of
a structural system is called ductility, and is derived from material ductility, section ductility and
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member ductility. Most seismic codes following a force-based design, utilise ductility in structure
by use of response reduction factor which relates inelastic seismic demand to elastic seismic
demand. It is the ratio of elastic seismic design force to inelastic seismic design force. However,
these factors are stipulated by codes based on structural configurations, and do not consider
variation with natural period of structure. The relationship between code-prescribed response
reduction factor and design ductility is also not explicit. Upon analysing results of the parametric
study, the present work proposed a relationship between response reduction factor and design
ductility (actually 𝑅 − 𝜇 − 𝑇) in terms of parameters influencing inertial interaction effects, viz.
non-dimensional frequency, aspect ratio and embedment ratio. The dependence of response
reduction factor on natural period of structure was also considered. For small and non-critical
projects, estimation of design/target ductility prior to design may not be feasible. For such cases,
the proposed 𝑅 − 𝜇 − 𝑇 relationship was algebraically transformed to devise an expression
relating response reduction factor for structures considering SSI with that for corresponding fixedbase structures, with help of a factor encompassing SSI effects. However, this simplified approach
should be restricted to small and non-critical projects. For large and/or critical projects,
design/target ductility should be estimated by the design engineer in order to utilize the proposed
𝑅 − 𝜇 − 𝑇 relationship. Though there are previous studies which have evaluated response
reduction factor for structure-soil systems, the present study adds following values to research and
design practice:
1. Most of the past studies on estimating seismic demand including SSI effects are for
structures with surface foundations. The present study considers structures with moderately
embedded foundations. However, the present study confirms that embedment does not
have a large impact on response reduction factor for structures on moderately embedded
foundations. For deep foundations, kinematic interaction effects would be significant and
therefore results of the present study are not applicable.
2. Another improvement over the recent development is relating response reduction factor
with design ductility using basic geometrical and material parameters which are known
before obtaining a structural design. For instance, Jarernprasert et al. (2013) proposed
relationship between response reduction factor and target ductility for structures with
surface foundations, in terms of ratio of natural period of SSI system to that of its fixed158

base counterpart. The expressions are simple and the results are acceptable as well.
However, the problem is that ratio of SSI period to fixed-base period is not known before
arriving at the structural design, and this renders their expressions not directly useful for
design practitioners. The present study considers basic geometrical parameters such as
height of structure, embedment depth and radius of equivalent cylindrical foundation, and
material parameters such as shear wave velocity of soil and natural period of structure.
3. All the available studies relating response reduction factor with design ductility tend to
address seismic behaviour of a certain type of structural configuration by considering
relationship(s) between natural period and height of the structure. However, owing to
innovations in architectural and structural configurations, structures in today’s world are
not governed by one or two such relationships. This makes such studies not useful for a
large majority of structures. The present study allows the design practitioner to input height
and natural period of structure independently, and therefore the study caters to all forms of
structures. The applicability however depends on how well the structure is idealized as an
SDOF system.
The computed response reduction factor enables the structural design engineer to obtain inelastic
seismic design force for a structure considering SSI from elastic seismic design force for the same
structure considering SSI. Elastic seismic design spectrum for structure considering SSI was
obtained by defining an equivalent SDOF model for the structure-soil system. This spectrum
enables one to obtain elastic seismic design force for a structure considering SSI from that for its
fixed-base counterpart. Thus, by combining outcomes of Chapters 5 and 6, the structural design
engineer is able to include inelasticity as well as SSI effects so as to finally estimate seismic design
force for inelastic structures considering SSI effects. The procedure was compiled in Chapter 7
followed by a number of illustrative examples for a better comprehension. In short, the main
deliverable of this research is to enable structural design practitioners to obtain a good estimate of
seismic demand on an inelastic structure considering SSI effects, with minimum additional effort.
With this summary of the present study, Section 8.2 outlines major conclusions which are expected
to be of interest to seismic design practitioners and researchers in domain of earthquake
engineering. Limitations of the present study and scope for future research are then outlined in
Section 8.3.
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8.2

Concluding Remarks

Based on developments in previous chapters (4 to 7), following concluding remarks are made:


SSI leads to a reduction in inelastic seismic design force, and thus poses beneficial effects
to seismic response of structures. However, these beneficial effects tend to diminish with
structural inelasticity. For ductility of more than 6, there is hardly any reduction in seismic
demand. This is because of the reduced hysteretic energy dissipation in structure owing to
SSI effects which tends to nullify benefits of energy dissipation in underlying soil.



An assessment of force reduction factor suggests a lower force reduction in the case of
structure-soil systems as opposed to fixed-base structure. With increase in extent of SSI
effects, force reduction factor decreases. This implies that if a structure is designed with
force reduction factor considering fixity at base, the structural designer might possibly
consider a design force which is lower than seismic force the structure may experience
during a design basis earthquake. The difference between force reduction factors, for fixedbase structure and structures including SSI effects, further increases with increase in
design/target ductility. This is in line with previous remark that beneficial effects of SSI
diminish with inelasticity in the structure.



A non-dimensional frequency of 0.1 corresponds to an almost full fixity at the foundation
level as structural deformation contributes towards 98-99% of total lateral deflection of
structure-soil system relative to the ground. Inelastic seismic demand for SSI system with
𝑎0 = 0.1 is also very close to that for fixed-base structure. On the other hand, a nondimensional frequency of 0.5 corresponds to a very stiff structure on an extremely soft soil
which may not be practically feasible. Hence a range of 0.1 to 0.5 for non-dimensional
frequency is sufficient for studying response of structures considering SSI.



With increase in non-dimensional frequency and thereby extent of SSI effects, contribution
of structural deformation towards lateral deflection of structure-soil system relative to the
ground reduces drastically. For 𝑎0 = 0.5, structural deformation leads to a mere 60% of
the total lateral deflection. Among two other contributors viz. footing translation and
footing rotation, footing rotation is more significant as it accounts for over one-fourth of
total deflection relative to the ground, in case of 𝑎0 = 0.5.
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Among the three input parameters considered, variation in non-dimensional frequency
affects seismic SSI response of structures to the maximum extent. It is then followed by
variation in aspect ratio. Embedment ratio has the least degree of effect on seismic SSI
response. This work considers surface, shallow and moderately embedded footings with a
maximum embedment ratio of 1. For deep foundations, effect of embedment ratio would
have to consider active depth rather than total depth. However, since deep foundations
show significant kinematic interaction effects and this study ignores kinematic SSI,
structures on deep foundations are not covered by the present study.



An expression relating response reduction factor (𝑅), design/target ductility (𝜇 𝑇 ) and
natural period of structure (𝑇) is obtained for structures, considering and ignoring SSI. The
relationship is presented in Eq. (8.1), with factors 𝑚𝐹 (𝑇) and 𝜆 in exponent given by Eq.
(8.2) and (8.3) respectively. Non-dimensional frequency (𝑎0 ), aspect ratio (ℎ⁄𝑟0 ) and site
type factor (𝑆) are various parameters required to obtain soil-foundation factor (𝜆). Effect
of variation in embedment ratio (𝑒⁄𝑟0 ) on soil-foundation factor is negligible, and is
therefore not included in proposed expression. For fixed-base structures (SSI ignored), 𝑎0
is zero leading to 𝜆 = 1. This procedure yields response reduction factor values in close
agreement with numerically obtained results. In most cases, the proposed method (Eq. (8.1)
to (8.3)) slightly underestimates response reduction factor resulting into a possibly
conservative design.
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An expression relating response reduction factor for structures considering SSI (𝑅𝑆𝑆𝐼 ) to
that for structures with fixed-bases (𝑅𝑓𝑖𝑥𝑒𝑑 ) prescribed by seismic codes such as IS 18931 (2016), directly with help of soil-foundation factor 𝜆, is proposed in Eq. (8.4). However,
this simplified approach eliminates dependence of response reduction factors on natural
period of structure. Moreover, the relationship between response reduction factor and
design ductility is masked and is not explicit, as code-stipulated values for 𝑅𝑓𝑖𝑥𝑒𝑑 are based
on structural configurations rather than design/target ductility (𝜇 𝑇 ). It is therefore advised
to restrict use of this simplified expression to small and non-critical projects. For large
and/or critical projects, design ductility should be estimated in order to utilize Eq. (8.1) to
(8.3).




log RSSI
log R fixed

(8.4)

Elastic seismic design force for a structure considering SSI can be obtained by defining
equivalent natural period and damping for the structure-soil system enlisted in Table 7.1
and Table 7.2.



A procedure to estimate seismic demand on inelastic structures incorporating SSI effects
was proposed along with illustrative examples. This procedure enables structural design
practitioners to incorporate SSI in regular seismic design practice without considerable
additional effort. The structural design engineer needs to obtain elastic seismic demand for
equivalent natural period and damping given by Table 7.1 and Table 7.2 respectively, and
then apply response reduction factor computed using Eq. (8.1) to (8.3) to obtain inelastic
seismic demand.



In most cases, it is observed that inclusion of SSI in design practice leads to reduction in
inelastic seismic demand. However, for stiff structures, considering SSI results into an
enhanced seismic demand. It is because elongation in natural period is unable to reduce
seismic demand owing to the plateau in the response spectra till 0.4 seconds for hard soil
sites and 0.67 seconds for soft soil sites. At the same time, a lower response reduction
factor arising out of SSI consideration leads to an increase in the seismic demand.
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For cases where considering SSI reduces seismic demand, it was observed that this
reduction increases with increase in SSI effects (an increase in 𝑎0 ). For structures to be
designed with a target ductility of 3, this reduction is around 30% and 25% for hard and
soft soil sites respectively in case of reasonable SSI effects (𝑎0 = 0.3) which grows to
roughly 50% and 42% for hard and soft soil sites respectively in case of very large SSI
effects (𝑎0 = 0.5). At the same time, for stiff structures whose seismic demand is enhanced
by inclusion of SSI, the demand is further aggravated by increase in SSI effects. Moreover,
with increase in SSI effects, this increase in seismic demand gets limited to very stiff
structures.



With increase in design/target ductility, reduction in inelastic seismic demand on account
of SSI diminishes considerably. As a result for 𝜇 𝑇 = 6, reduction in design force is around
23% and 15% for hard and soft soil sites respectively in case of reasonable SSI effects
(𝑎0 = 0.3), and roughly 35% and 25% for hard and soft soil sites respectively in case of
very large SSI effects (𝑎0 = 0.5). The comparison is clear when read along with previous
remark for the case with 𝜇 𝑇 = 3. For stiff structures to be designed with target ductility of
6, inelastic seismic demand considering SSI is very high compared to that ignoring SSI. In
case of soft soil sites, the demand goes as high as 1.25 times that for the fixed-base structure
in case of 𝑎0 = 0.5 and 𝜇 𝑇 = 6.



Large reductions in inelastic seismic demand need to be checked by introducing limiting
caps based on whether the structure is able to meet desired performance levels related to
total lateral displacement, total drift, inter-storey drift and foundation rocking.



The change in inelastic seismic demand due to inclusion of SSI is explained by coining a
parameter 𝛤 as safety-economy parameter which is defined as ratio of inelastic seismic
demand considering SSI to that ignoring SSI. While a value greater than unity means
considering SSI is important for structural safety, a sub-unity safety-economy factor
suggests SSI to be considered from a point of economical construction. In either case, SSI
should be included in seismic design practice to arrive at a realistic structural design.



SSI consideration in seismic design practice should not be restricted to definition of
equivalent SDOF system with equivalent natural period and damping for the structure-soil
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system. It is observed that this process leads to an overly reduced seismic demand which
may lead to non-conservative design. Given two options of ignoring SSI or considering it
by just defining equivalent SDOF system, it is suggested to ignore SSI so as to obtain
conservative structural design for most cases.
8.3

Limitations and Scope for Future Research

The present work devises a procedure to incorporate SSI in seismic design practice with marginal
additional effort. Structures supported on moderately embedded foundations in sites with diverse
geologies are considered. The limitations of the work are outlined as follows:


This study considers inertial interaction effects on seismic response of structures.
Kinematic interaction effects are ignored. This implies that results of the present study do
not apply to structures such as nuclear power plant structures and dams which have
significant kinematic interaction effects owing to their massive size and stiffness.



The study is restricted to structures founded on moderately embedded foundations. For
structures on deep foundation systems such as piles, embedment effect is likely to have
significant effect on soil foundation factor 𝜆. For the present case, the effect was negligible
and therefore no contribution of embedment depth was considered in soil-foundation
factor. In such cases, kinematic interaction is also expected to be significant.



Aspect ratio of structure-foundation system is taken as 1, 2 and 3. Therefore results of this
study may not apply to high-rise structures. However, past research such as Stewart et al.
(1999) suggests that SSI effects are negligible in case of tall structures. Moreover, design
of high-rise structures is mostly governed by wind design considerations rather than
seismic design.



This study considers foundation to be embedded in viscoelastic homogeneous soil halfspace. For structures to be founded on stratified deposits or when site soil material
behaviour is known with a confidence, a detailed SSI analysis may be needed.



Response reduction factor considered in the present study accounts for ductility but does
not consider over-strength in the structure. If the structural designer is able to reliably
estimate system over-strength and thereby response reduction factor owing to over164

strength, both the reduction factors (due to over-strength and ductility) should be multiplied
to obtain the response reduction factor to be used in the design process.
The present work is a first step towards inclusion of SSI in seismic design guidelines (in context
to India in particular), as it enables structural design engineers to obtain seismic demand
considering SSI effects. However, as observed in Chapter 7 and further listed as a concluding
remark in Section 8.2, a limit needs to be introduced on reduction in seismic demand originating
out of SSI effects. In this regard, following scope for future research is suggested:


An evaluation of various performances metrics related to total lateral displacement, total
drift, inter-storey drift and foundation rocking, with a performance-based seismic SSI
design protocol as a deliverable.



A probabilistic evaluation of the so-developed SSI design protocol, including probability
of variation in various input parameters, so as to compute probability of structure meeting
strength as well as serviceability requirements.

With these investigations, a robust set of seismic SSI guidelines can be developed and added to
seismic codes such as IS 1893-1 (2016).
Considering that the present study considers inertial interaction effects alone, the devised
procedure to estimate seismic demand is not applicable to a structure with significant kinematic
inertial interaction. In this context, following future work is suggested:


Evaluation of seismic soil-structure interaction response of a variety of structures with an
aim to develop a framework to quantitatively evaluate significance of kinematic and
inertial interaction effects.

This proposed study is likely to yield a quick idea on relative significance of kinematic and inertial
components of SSI for a given structure-soil system under a specified seismic excitation.
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APPENDIX A
DIGITIZATION OF PLOTS FOR SWAY AND ROCKING SPRING
AND DASHPOT COEFFICIENTS IN GAZETAS (1991)

The present work employs a discrete lumped-parameter physical model by Wolf (1994) presented
in Chapter 2. However, a number of SSI studies on structures founded on shallow and embedded
footings use impedance functions prescribed by Gazetas (1991). A number of entities are presented
in form of plots which are easy to use to obtain springs and dashpot coefficients. However, for a
numerical study, these plots are to be used multiple times which is cumbersome. Therefore, for
ease of researchers using impedance functions prescribed by Gazetas (1991), this appendix
digitizes plots which are to be used to obtain sway and rocking spring and dashpot coefficients.
Since most SSI studies model structure as an SDOF system, digitization of stiffness and damping
coefficients for sway and rocking modes is adequate. The symbols and notations used in this
appendix may vary from the main text as this is a secondary work which derives entities from
Gazetas (1991). For instance, though defined in a similar manner, dimensionless frequency (𝑎0 )
in this section is not same as non-dimensional frequency in the main text. In any such
inconsistency, notations used in this section are defined alongside and they shall apply to this
section alone. If there is some notation used in this section without being defined, a quick reference
to Gazetas (1991) should be made as this section is a mere aid for the plots presented in the article.
Gazetas (1991) describes dynamic stiffness as a product of surface static stiffness, embedment
modifier and dynamic stiffness modifier. Total damping is taken as sum of radiation and material
damping components. Coefficients related to dynamic stiffness and radiation damping for both
degrees of freedom, prescribed by Gazetas (1991) are summarized in Table A.1 and Table A.2
respectively. Figure A.1 presents a schematic representation of foundation block in order to define
geometrical parameters in this section.
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Table A.1 Dynamic stiffness of embedded raft: Translation along y and rotation about x
Translation along y
Surface Static
Stiffness
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Rotation about x
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Digitized to Eq. (A.1) and Table A.3
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𝑧𝑤 = Depth to centroid of effective sidewall contact
𝐴𝑤 = Sidewall-soil contact area = Product of 𝑧𝑤 with perimeter of footing
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a0 
= Dimensionless excitation frequency
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Table A.2 Radiation damping of embedded raft: Translation along y and rotation about x
Translation along y

Rotation about x
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1

4

Figure A.1 Schematic representation of foundation geometry
Dynamic stiffness modifier (𝛼𝑗 ) is a function of dimensionless frequency (𝑎0 ), and also depends
on foundation geometry given by ratios (𝐷⁄𝐵 ) and (𝐿⁄𝐵 ). Upon digitizing, dynamic stiffness
modifier is expressed in Eq. (A.1) as a cubic polynomial in dimensionless frequency. In order to
incorporate effect of (𝐷⁄𝐵 ), coefficients p, q, r and s are expressed as polynomials in (𝐷⁄𝐵 ), and
are reported in Table A.3. Since dynamic stiffness modifier equals unity for static case (𝑎0 = 0),
s is always equal to 1. Effect of (𝐿⁄𝐵 ) is to be considered by means of linear interpolation.

 j  pa03  qa02  ra0  s

(A.1)

Radiation damping coefficients ( c y and crx ) are functions of dimensionless frequency ( a0 ) and
footing aspect ratio (𝐿⁄𝐵 ). Radiation damping coefficients are also expressed as polynomials in
dimensionless frequency in Table A.4, for specified values of (𝐿⁄𝐵 ). For other values of (𝐿⁄𝐵 ),
radiation damping coefficients are obtained by linear interpolation. Upon obtaining these radiation
coefficients, radiation damping components can be calculated using expressions in Table A.2. For
the static case (𝑎0 = 0), radiation damping coefficients ( c y and
components can be obtained directly using Table A.2.
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crx ) vanish, and radiation damping

Table A.3 Coefficients in Eq. (A.1) required to compute dynamic stiffness modifier
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Coefficient
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p
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 D
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Table A.4 Radiation damping coefficients  c y , crx 

cy or crx

L
 
B

cy

1

0.0574a02  0.1676a0  0.8933

2

0.0845a03  0.2794a02  0.13a0  1

4

0.1755a03  0.4817a02  0.078a0  1.2259

6

0.1a03  0.1385a02  0.4227a0  1.456

10

0.2145a03  1.0606a02  1.8192a0  1.9371

1

0.0171a02  0.3a0

2

0.0643a02  0.4115a0

4

0.096a02  0.4821a0

6

0.1226a02  0.5444a0

10

0.1465a02  0.6a0

crx

Expression in terms of

171

a0

APPENDIX B
FORMULATION OF EQUATIONS OF MOTION FOR 4DEGREES-OF-FREEDOM STRUCTURE-SOIL SYSTEM

B.1

4-Degrees-of-Freedom (4-DOF) Structure-Soil System

This appendix demonstrates the formulation of equation of motion for 4-DOF structure-soil system
using d’Alembert’s principle. Figure B.1 presents a schematic representation of 4-DOF structuresoil system. It is exactly the same as the structure-soil model depicted in Figure 2.2, and has been
repeated for easy reference.

Figure B.1 Schematic representation of 4-DOF soil-structure system
In order to formulate equations of motion for the structure-soil system, one needs to draw freebody diagrams corresponding to each degree of freedom and then assemble them appropriately.
As mentioned in Chapter 2, the four degrees of freedom comprise total displacement of lumped
structural mass relative to the ground (𝑢𝑡 ), displacement of lumped foundation mass relative to the
ground (𝑢𝑓 ), rotation of lumped foundation moment (𝜑) and an additional internal degree of
freedom (𝜑1 ). The external DOFs, i.e. former three of the four DOFs, are geometrically related by
Eq. (3.6), and the same is schematically depicted in Figure 3.2. Free-body diagrams for these
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degrees of freedom are drawn from Figure B.2 through Figure B.5. Corresponding equations of
motion are formulated based on d’Alembert’s principle, given by Eq. (B.1) for an SDOF system
excited by a ground motion.
mx  cx  kx  mxg

B.2

(B.1)

Equation of Motion for Lumped Structural Mass in Horizontal Translation

From Figure B.2, it is observed that stiffness, damping and inertial forces act in a direction opposite
to that of displacement of the lumped structural mass. In line with Eq. (B.1), dynamic equilibrium
corresponding to degree of freedom representing total displacement of lumped structural mass
relative to the ground (𝑢𝑡 ), is expressed in Eq. (B.2). It is normalized against structural mass and
further transformed algebraically into Eq. (B.3) for convenience in assembling the four equations
of motion. Vectors  X  ,  X  and  X  are expressed in Eq. (B.4) and are same as Eq. (3.3). While
normalizing, a few equivalent natural periods and damping ratios are defined in Eq. (3.5), and are
repeated in Eq. (B.5) for easy reference.

Figure B.2 Free body diagram for total displacement of the lumped structural mass relative to the
ground  ut 
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(B.5)

Equation of Motion for Lumped Foundation Mass in Horizontal Translation

Figure B.3 presents schematically forces associated with foundation translation relative to the
ground (𝑢𝑓 ). Using d’Alembert’s principle, equation of motion for system subjected to ground
acceleration (𝑢̈ 𝑔 ) is expressed in Eq. (B.6). Upon normalization and algebraic simplification, Eq.
(B.7) is obtained. It should be noted that 𝛼𝑚 is the ratio of foundation mass to structural mass.

Figure B.3 Free body diagram for displacement of the lumped foundation mass relative to the
ground  u f 
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(B.6)
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Equation of Motion for Lumped Foundation Mass in Rocking

Based on free-body diagram of moments shown in Figure B.4, dynamic equilibrium for third
degree of freedom, i.e. foundation rotation, is established in Eq. (B.8). This equation is normalized
and expressed in vector form, in Eq. (B.9).

Figure B.4 Free body diagram for foundation rotation  
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B.5

Equation of Motion for Internal DOF

Figure B.5 presents free-body diagram of moments in relation to the last DOF which is the internal
DOF. Since this additional mass moment attached to foundation block through a dashpot-mass
system physically looks like a tail, it is also referred as a monkey tail. It is worth mentioning that
this DOF is employed to include frequency dependency of soil-foundation impedance without
expressing springs and dashpots for other DOFs in soil-foundation system as functions of
frequency. Eq. (B.10) presents the equation for dynamic equilibrium, which on normalization and
simplification yields Eq. (B.11).

Figure B.5 Free body diagram for internal degree of freedom 1 
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Formulation of System of Simultaneous Equations for 4-DOF Model

Eqs. (B.3), (B.7), (B.9) and (B.11) present equations of motion corresponding to the four DOFs of
the structure-soil system, viz. total displacement of the lumped structural mass relative to the
ground, displacement of the lumped foundation mass relative to the ground, rotation of the
foundation block and rotational deformation in monkey tail respectively. In order to obtain the
system of equations representing dynamic equilibrium of 4-DOF soil-structure system, these
equations are assembled. The assembly is nothing unusual as vectors  X  ,  X  ,  X  and  Fg 
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are the same in all these four equations, and are given by Eq. (B.4). Upon assembly, we obtain the
normalized equation of motion as Eq. (B.12) where matrix coefficients [Mm], [Cm] and [Km] are
expressed in Eqs. (B.13) through (B.15). Eq. (B.16) presents the normalized force vector  Fg , m 
due to input ground motion. It is to be noted that the normalization is performed against structural
mass because dynamics of any system is a function of its natural period rather than depending
directly on its mass or stiffness. In other words, two SDOF systems with different values of
stiffness and mass but same value of natural period will respond similar when subjected to a ground
acceleration.

 M m  X   Cm  X    K m  X    Fg ,m 
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