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ABSTRACT

KEY WORDS: Multistorey frames, Soil structure interaction, Linear static
analysis, Shock spectrum analysis.

Frames are the most widely used structural system for multistorey

buildings. A building frame is a three dimensional discrete structure consisting of

a number of high rise bays in two directions at right angles to each other in the

vertical plane. Multistorey frames are a three dimensional lattice structure which

are statically indeterminate. Frames sustain gravity loads and resist lateral forces

acting on it.

India lies at the north westem end of the Indo-Australian tectonic plate and

is identified as an active tectonic area. Under horizontal shaking of the ground,

horizontal inertial forces are generated at the floor levels of a multistorey frame.

These lateral inertia forces are transferred by the floor slab to the beams,

subsequently to the columns and finally to the soil through the foundation system.

There are many parameters that affect the response of a structure to ground

excitations such as, shape, size and geometry of the structure, type of foundation,

soil characteristics etc. The Soil Structure Interaction (SS1) effects refer to the

influence of the supporting soil medium on the behavior of the structure when it

is subjected to different types of loads.

Interaction between the structure and its supporting foundation and soil,

which is a complete system, has been modeled with finite elements. Numerical

investigations have been carried out on a four bay, twelve storeyed regular

multistorey frame considering depth of fixity at ground level, at characteristic

depth of pile and at full depth. Soil structure interaction effects have been studied

by considering two models for soil viz., discrete and continuum. Linear static

analysis has been conducted to study the interaction effects under static load.

Free vibration analysis and further shock spectrum analysis has been conducted to

study the interaction effects under time dependent loads. The study has been

extended to four types of soil viz., laterite, sand, alluvium and layered.
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The structural responses evaluated in the finite element analysis are

bending moment, shear force and axial force for columns, and bending moment

and shear force for beams. These responses increase with increase in the founding

depth; however these responses show minimal increase beyond the characteristic

length of pile. When the soil structure interaction effects are incorporated in the

analysis, the aforesaid responses of the frame increases upto the characteristic

depth and decreases when the frame has been analysed for the full depth. It has

been observed that shock spectrum analysis gives wide variation of responses in

the frame compared to linear elastic analysis. Both increase and decrease in

responses have been observed in the interior storeys. The good congruence shown

by the two finite element models viz., discrete and continuum in linear static

analysis has been absent in shock spectrum analysis.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Urbanization with its lustrous and lucrative advantages has been

constantly attracting people towards towns and cities. The facilities available

in urban areas are a major source of attraction and each one tries, somehow to

settle in urban areas. Land availability for providing facilities for residential

and commercial activities has become a major problem. The engineering

solution to this crisis has been addressed through the construction of

multistorey buildings. Besides enjoying the merits of group living, occupants

of multistorey buildings save much of the scarce and usable land. There is

definite savings in the cost, since the foundation is common to all the floors

and the cost being distributed between all the floors. Hence multistorey

buildings are economical compared to individual buildings. There are a few

disadvantages for this building system; for example, stereo — typed designs

and neglect of personal likes or dislikes. Occupant density (persons / unit area)

is much higher in multistorey buildings and disaster management in this

context has to be addressed as a multi disciplinary engineering problem.

Frames are the most widely used structural system for multistorey

buildings. Building frames contains a number of bays and have several

storeys. Frames allow great flexibility in space allocation to meet

functional requirements. Multistorey frame can be of Reinforced Cement

Concrete (RCC), steel or a combination of these two. RCC being durable,

popular and being more economical than steel, is widely used in the

construction of multistorey frames up to 30 storeys. Frames consist of

horizontal and vertical members viz., beams and columns that are integrally

built. The space between the beam — column grid may be with in fills of

conventional masonry or of other types depending on the functional utility

of the building, cost, aesthetics etc. Commonly employed substructures for

l



the multistorey frame are raft slab or piles depending on the soil properties,

mainly safe bearing capacity.

Multistorey frames are a three dimensional lattice structure and the

transverse and lateral loads acting in any location in the frame is canied by the

total frame, rather than the local components; or in other words it is the global

identity of the structure that manages the load; not local contributions. A

multistorey frame is a statically indeterminate structure[3]. Frames sustain

gravity loads and resist lateral forces acting on it. The gravity load on the

frame consists of the dead weight of the structural components such as beams,

slabs, columns etc. and the live load. The lateral loads consist of wind force

and earthquake forces. The analysis of structural frames is govemed by the

provisions of clause 22.4 of IS 456[l9]. The ability of the multistorey frames

to resist lateral forces depends upon the rigidity of the beam - column

joint[44]. When the connections are fully rigid, the structure as a whole is

capable of resisting lateral forces in any direction. At each joint, the structural

members meeting there bear the share of the total load acting at that joint in

proportion to its relative stiffness.

The design of multistorey RCC frames are done conforming to the

specifications given in IS 456 [19] and IS 1893 (part 1) [22]. Most members

require compliance with special detailing specification given in IS ll 3920 [24].

A building frame is a three dimensional discrete structure consisting of

a number of high rise bays in two directions at right angles to each other in the

vertical plane. The vertical members are common to both sets of plane frames

crossing each other. According to clause 6.1.5 of IS 1893 (part l)[22], for

structures having lateral force resisting elements in the two orthogonal

directions only, the design lateral force has to be considered along one

direction at a time, and not in both directions simultaneously.

Static and dynamic analyses are envisaged for the design of

multistorey frames. When the design loads include seismic forces, it becomes

mandatory to conduct modal dynamic analysis in the form of response
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spectrum analysis. In static analysis the loads considered are the gravity loads

and lateral loads consisting of the static equivalent of wind or earthquake

forces. Earthquake loads are incorporated as static equivalents based on the

provisions given in IS 1893 (part 1)[22]. The magnitude of the bending

moments in beams and columns depends upon their relative rigidity.

India lies at the north westem end of the Indo-Australian tectonic plate

and is identified as an active tectonic area. The three chief tectonic sub-regions

of India are the Himalayas along the north, the Gangetic plains in the centre

and the peninsular region in the south. A number of significant earthquakes

occurred in and around India over the past centuries. Some of these occurred

in populated and urbanized areas causing great damage. Many went unnoticed

as they occurred deep under the Earth’s surface or in relatively uninhabited

places. Each of these caused disasters, but also made us to leam about

earthquakes and to advance in earthquake engineering.

Earthquake causes shaking of the ground in all three directions. So, a

building resting on the ground will experience motions at its base. Under

horizontal shaking of the ground, horizontal inertial forces are generated at the

floor levels of a multistorey frame. These lateral inertia forces are transferred

by the floor slab to the beams, subsequently to the columns and finally to the

soil through the foundation system.

There are many parameters that affect the response of a structure to

ground excitations such as, shape, size and geometry of the structure, type of

foundation, soil characteristics etc. When the ground shakes, the base of a

building will swing back and forth, resulting in differential displacements.

Under gravity loads beams of the frame undergo bending, resulting in

stretching and shortening at various locations. Depending on the severity of

earthquake, the seismically induced bending moment may be of much higher

magnitude than that due to gravity loads.

The load from the superstructure is transferred to the surrounding soil

through the foundation which nomially is a raft or pile. The Soil Structure
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lnteraction(SSI) effects refer to the influence of the supporting soil medium on

the behavior of the structure when it is subjected to different types of loads.

Soil — structure interaction can be static when the structure is subjected to

static loads and dynamic, when dynamic loads are acting on the structure.

Even though interaction occurs between the structure, foundation and

supporting soil medium for all types of loading, it is more critical in the case

of seismic loads. Hence the term soil structure interaction has now become

acknowledged along with seismic loads.

The soil structure interaction effects due to seismic loads can be of

three types, viz., soil amplification effect, inertial interaction and kinematic

interaction[54]. During dynamic excitations, the motion of the site in the

absence of the structure and of any excavation (free field response) is

modified. ln general, the motion is amplified resulting in horizontal

displacements that increase towards the free surface of the site. This effect is

called soil amplification effect.

The inertial loads applied on the structure will lead to an overtuming

moment and transverse shear acting at the base. These will cause deformations

in the soil and modify the motion at the base. This type of interaction is called

the inertial-interaction. Excavating and inserting a rigid base into the site

modify free field response, which is the motion of the site in the absence of the

structure and of any excavation. During dynamic excitations, the rigid base

will experience some average horizontal displacement and a rocking

component. This rigid body motion will result in accelerations, which will

vary over the height of the structure. This geometric averaging of the seismic

input motion is referred to as kinematic-interaction.

The motion experienced by a rigid foundation is clearly different from

the free field ground motion[27]. The actual motion may be evaluated in two

steps. First, the foundation input motion is computed which is defined as the

motion which would be experienced by the foundation if both foundation and

the superimposed structure have been massless.
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Computed with due provision for the rigidity of the foundation, the

foundation input motion includes both horizontal and torsional components

even for a purely horizontal free field ground shaking. Kinematic interaction

effect refers to the differences in the structure responses for a foundation input

motion and free field motion at some reference point on the ground surface.

The greater the degree of ground motion incoherence or the plan dimensions

of the foundation in comparison to the length of the dominant seismic waves,

the more important this effect is likely to be.

The actual motion of the foundation is also influenced by its own

inertia, inertia of the structure, and by the interaction or coupling between the

two and the supporting soils. For a structure subjected to a purely horizontal

free field ground shaking, the horizontal and torsional components of the

foundation motion are different from those of the corresponding input motion,

and the actual motion may also include rocking components about horizontal

axes. When considered along with the overturning tendency of the

superstructure, the latter components may be particularly prominent for tall

slender structures and for soft soils. These factors are provided for in the

second step of the evaluation process.

The tenn inertial interaction effect refers to the difference in structural

responses computed for the actual motion of the foundation and the foundation

input motion. The total soil structure interaction is clearly the sum of these

three effects.

The soil is a semi-infinite medium, and for static loading, a fictitious

boundary at a sufficient distance from the structure, where the response is

expected to have died out from the practical point of view, can be introduced.

This leads to a finite domain for the soil in three dimensions.

During seismic excitation, the structure will interact with the

surrounding soil, and influence the seismic motion at the base. The dynamic

response of the structure and the soil have to be studied together, when a
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specified time varying load acts on a structure embedded in soil medium. It is

established that structures can be designed and constructed so as to satisfy

various seismic performance criteria, and the most important among these is

that of preventing collapse during an exceptionally large earthquake. The

response of a structure to ground vibrations is a function of the nature of

foundation soil, materials, form, size and mode of construction of structures;

and the duration and characteristics of ground motion.

The actual interaction of active components of the soil-structure

system is affected by the local soil conditions besides configuration, structural

characteristics of the frame and the type of imposed loading. The structure will

interact with the soil along the embedment, and modifies the seismic motion

of the free field. Kerala lying in the South Westem end of peninsular lndia has

been considered as a place of low seismic activities till recently. But the short

to medium tremors that are felt in different localities in the state and

appearances of geological changes that are very typical of seismic activities, in

the past few years, have made Kerala to be recognized as a seismically active

region.

There are three types of soil identified for the studies presented here. In

general the soils of Kerala are acidic, kaolinitic and gravelly with low water

holding capacity. Climate, topography, vegetation and hydrological conditions

are the dominant factors of soil formation. On the basis of the morphological

features and physico-chemical properties, the soils of the state have been

classified into many types. Both static and dynamic interaction studies have

been perfonned on the three widely available types of soils viz., laterite, sand

and alluvium.

The results from the soil structure interaction studies can be broadly

concluded as (1) effect on the responses of the structure and (2) the effect on

the responses of the soil medium. The effect on the responses of the structure

includes the variations in the moments, shear, displacements etc. of the

structure and the effect on the responses of the soil include the variations in
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the stresses that may or may not lead to liquefaction, settlements, gap
formations etc.

Direct methods or iterative methods are used for soil structure

interaction studies. In direct methods the unknowns will be eliminated one by

one and hence the given system of equation will be transformed into an

equivalent upper triangular system. In iterative methods the solution of the

system of given equations is obtained by successive approximations. For large

system of equations, iterative methods are faster than direct methods. Iterative

methods chosen should be reliable and should converge with uniform

accuracy.

The finite element method is a powerful numerical analysis technique

that has been widely applied in the response estimation of structures. The

method derives its power from the variety of elements such as beams, shells

and springs, that can be combined together to represent complex systems[l O].

It is a discretization technique whereby the structure is divided into pieces or

elements within which the solution is interpolated from nodal degrees of

freedom[4]. Interaction between the structure and its supporting foundation

and soil, which is a complete system, can also be modeled with finite
elements.

Numerical investigations on soil structure interaction of multistorey

frames using finite element method have been envisaged in the present study.

1.2 OBJECTIVES OF THE THESIS

The thesis addresses the soil-structure interaction effects on the

structural behavior of multistorey frames under different loadings and soil

conditions. Static, free vibration and shock spectrum analysis of RCC

multistorey frames using a discrete lattice type finite element model,

considering the static and dynamic loads stipulated in the IS codes and

incorporating the influence of soil structure interaction have been envisaged in

the present study. The objectives can broadly be mentioned as:

7



0 To develop necessary finite element model for the structural behavior

of RCC multistorey frames with pile foundation and founding soil for

linear, free vibration and shock spectrum analysis under different types

of loading.

0 To study the influence of different types of soil on the structural

response of RCC multistorey frames considering soil structure
interaction effects.

I To compare the prediction of stress /displacement response by discrete

modeling and solid modeling of the soils.

0 To study the influence of founding depth in interaction studies for
different soils.

1.3 ORGANISATION OF THE THESIS

The present work deals with three major aspects. (1) Modeling of a

multistorey frame, its foundation and the surrounding soil relevant for soil­

structure interaction studies (2) conducting linear static analysis to study the

interaction effects under static loading (3) conducting free vibration and then

shock spectrum analysis to study the interaction effects under time dependent

loads.

Chapter 1 details the importance of building frames and describes the

load carrying mechanism of multistorey frames. The need for the soil-structure

interaction studies and the efficiency of finite element methods in such type of

studies are addressed. The different types of approaches existing for

evaluating the SSI effects are also detailed. The specific tasks are identified

and obj ectives are defined.

Chapter 2 critically reviews the earlier efforts in the related fields in

the literature and discusses it with regard to the motivation for the present

study.
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Chapter 3 presents the analytical model for the multistorey frame and

unbounded soil domain. The elements used in the modeling are detailed. The

different soil types chosen for the study and their properties are explained. The

different types of analysis to be performed and the types of loading for each

case are discussed.

Chapter 4 deals with the linear static analysis of the chosen frame. In

this study, seismic strength estimates of an earthquake resistant multistorey

frame designed after incorporating recommendations for earthquake resistance

has been carried out. Earthquake loads are considered and soil structure

interaction effects are included by proper modeling of soil.

Chapter 5 deals with the dynamic analysis of the frame- foundation

system. Eigenvalue Analysis which is a free vibration analysis type is

performed to obtain the natural frequency and eigen vectors which are used in

other types of modal dynamic analysis.

Chapter 6 deals with modal dynamic analysis namely Shock Spectrum

Analysis. Here the chosen frame and soil system is subjected to a foundation

shock spectra and the responses are evaluated.

Chapter 7 summarizes the results and presents the conclusions of the

present work. The limitations of this research work and scope for future
studies are also included.
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CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

Multistorey frames are simple discrete structures and their analysis has

been a part of structural engineering ever since. However classical and finite

element analysis of multistorey frames incorporating the modeling of soil and

its interaction with the structure have been in practice for only a few years.

The literature available in this field has been reviewed and presented here.

2.2 SOIL STRUCTURE INTERACTION

Lee and Harrison (1970) have conducted studies on structure —

foundation interaction and proposed two analytical methods for the analysis

of combined footing and two dimensional raft foundation. The methods take

into account the effect of the rigidity of the superstructure on the distribution

of forces and moments transmitted to the foundation. In the first method

rotations and sways at the column foundation junctions have been treated as

unknowns. The superstructure alone has been analysed and the displacements

and rotations obtained at each junctions have been equated to the
corresponding values obtained by considering the foundation to be a beam on

Winkler medium subjected to a system of forces and moments. The second

method involved the successive modification of an assumed contact pressure

distribution. The superstructure and foundation have been treated as a single

compatible unit and column forces and moments were evaluated from a

conventional structural analysis. In the next step, the foundation has been

isolated from the superstructure and structural analysis repeated with a new

estimate of contact pressure distribution. The procedure has been repeated till

acceptable accuracy has been achieved.

Lee and Brown (1972) have conducted a comparative study on a three

bay multistorey frame resting on raft foundation. Interaction studies have been
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done using two models (l) the conventional method using the Winkler

‘spring’ concept assuming the foundation to be rigid (2) the linear elastic

model. An advancement on the conventional method called the ‘soil - line —

method’ which considers the stiffness of the foundation relative to the soil in

addition to the Winkler model and loading for a rigid foundation, when

calculating moments, shearing forces and deflections has also been evaluated.

It has been observed that the difference in maximum bending moment in

foundation by the use of the Winkler model and linear elastic models have

been relatively small, and the maximum moment has decreased when the

flexibility of the foundation increased. It has also been observed that for

structures with more than three bays, the difference in maximum foundation

bending moment is large which necessitates a thorough interaction study.

Krauthammer and Chen (1988) have investigated the relationships

between the type and accuracy of the free field input motion generation and

the resulting effects on the corresponding structures. The general finite

element computer program ADINA has been utilized for obtaining the

numerical information. Three types of free field simulations have been

employed for the analysis of three typical soil-structure configurations namely

no embedment, partial embedment and full embedment. The results have

showed that simulation accuracy is a critical factor in such studies

Gazetas et al. (1993) have outlined a general methodology for a

complete seismic- soil — pile — foundation — structure interaction analysis. A

Beam — on - Dynamic —Winkler foundation simplified model and a Green’s

function based rigorous method have been utilized in determining the dynamic

response of single piles and pile groups. A systematic parametric study has

been conducted on the effect of pile group configuration upon dynamic

impedances of piles embedded in homogeneous as well as heterogeneous

soils. It had been shown that the cross interaction between piles in different

rows controls the dynamic response of a rectangular pile group and that

increasing the number of piles in a line group has very little effect on the

dynamic stiffness and damping factors. It has been demonstrated that the

predictions by the static interaction factor method are acceptable only for

ll



static and low frequency cases and that they may be very conservative or very

unsafe at higher frequencies. It had been concluded that at intennediate and

high frequencies it is better to ignore pile to pile interaction altogether than to

use static interaction factors.

Viladkar et al. (1994) have analysed a plane frame combined footing

soil system subjected to biaxial loading. An isoparametric interface / joint

element has been used to model the interface characteristics of the foundation

beam and the soil medium. It has been observed that interface elements are

essential for understanding the realistic nature of a laterally loaded structure

and that bending moments are not only relieved but also reversed due to the

interacting behavior of the framed structure footing soil system.

Yang et al. (1996) have demonstrated that the condensation technique

in structural mechanics can in reality be employed to fonnulate the soil­

structure interaction problems. The method has been used to calculate the

equivalent seismic forces exerted by the far-field soil on the near-field soil.

Wu (1997) has utilized a single — degree — of freedom replacement

oscillator to represent an SS1 system with SDOF structural model. A

methodology is then proposed to determine the equivalent fixed — base models

of general multi degree of freedom SSI system using simple system

identification techniques in the frequency domain.

Lu (2002) canied out comparative study on the non-linear behaviour of

reinforced concrete multistorey structures. Experimental and numerical

analysis on a scaled model has showed that the distribution of storey shear

over strength is an indicator of the general inelastic behavior of the frames.

Regular base frame, discontinuous-column frame, partially masonry infilled

frame and a wall-frame system have been used for the study.

Osinov (2003) has presented a mathematical model for the defonnation

of soil under irregular cyclic loading in the simple shear condition. The model

incorporated (l) the possible change in the effective pressure in saturated soil
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due to the cyclic shearing, (2) the reciprocal influence of the effective pressure

on the response of the soil to the shear loading and (3) the pore pressure

dissipation due to the seepage of the pore fluid

Kokusho (2003) has focused on the mechanism involved in the void re

distribution and water film effects in layered sand deposits to study the lateral

flow mechanisms during liquefaction. lt has been found that sand deposits in

the field consist of sub layers with different particle sizes and permeability;

and these readily developed water films by post liquefaction void

redistribution at sub layer boundaries.

Takewaki et. al. (2003) have presented a simple and fast evaluation

method of soil structure interaction effects of embedded structure via cone

model. The cone model has been used to evaluate the impedances and the

effective input motion at the bottom of an embedded foundation.

Takewaki(2005) has developed a new critical excitation method for

soil-structure interaction system. The input energy to the soil-structure

interaction system during an earthquake has been introduced as a new measure

of criticality. Two kinds of input energy have been defined, one to the overall

soil-structure interaction system and the other to the super-structure only. The

differences between these two energies indicate the energy dissipated in the

soil or that radiating into the ground.

Tokimatsu et al. (2005) have conducted studies on inertial and

kinematic forces on pile stresses based on large shaking table tests on pile —

structure models with foundation embedded in dry and liquefiable sand

deposits. The horizontal subgrade reaction acting on the pile and the earth

pressure acting on the embedded part of the foundation have been treated as

kinematic forces. An artificial ground motion called Rinkai, produced as an

earthquake in southern Kanto district in Japan, has been used as an input base

acceleration to the shaking table. The maximum values of bending moment

and displacement of the pile and soil has showed considerable variations for

dry and liquefiable sand deposits. The bending moments after liquefaction
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have been considerably larger than that before. The results have showed that if

the natural period of superstructure is less than that of the ground, the

kinematic force tend to be in phase with the inertial force from the

superstructure, increasing the stresses in the piles and if the natural period of

the superstructure is greater than that of the ground, the kinematic force tend

to be out of phase with the inertial force, restraining the pile stresses from

increasing. Further in the study, a pseudo - static analysis based on Beam — on

Winkler — springs method has been conducted to examine its effectiveness in

estimating pile stresses in the large shaking table tests. It has been observed

that the estimated bending moment and deformation of the pile from the

pseudo — static analysis have been in good agreement with the observed values

and hence the method has been suggested for estimating pile stresses and

deformation mode with accuracy.

Yang et al. (2005) have observed that direct integration of the ground

acceleration data is firstly base line — corrected in the time domain using the

latest square curve fitting technique, and then processed in the frequency

domain using a windowed filter to remove the components that cause long

period oscillations in the desired displacement.

Krishna et.al (2006) assessed the liquefaction mitigation of ground

treated by granular piles. Pore pressure generation and dissipation accounting

for both densification and drainage effects of granular piles have been

considered. It has been observed that both the coefficients of volume change

and permeability are affected by densification.

Foundation impedance functions provide a simple means to account

for soil-structure interaction when studying seismic response of structures.

Impedence functions represent the dynamic stiffness of the soil media

surrounding the foundation. Impedence functions have been frequency

dependent and hence it is difficult to incorporate SS1 in standard time-history

analysis software. Safak(2006) has introduced a method to convert frequency

dependent impedance functions into time domain filters. The method has been

based on least-squares approximation of impedance functions by ratios of two
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complex polynomials. Such ratios are equivalent, in the time domain, to

discrete- time recursive filters, which are simple finite difference equations

representing the relationship between foundation displacements and forces.

2.3 SEISMIC SOIL STRUCTURE INTERACTION

Hoshiya and Ishii (l983) have used a stochastic model to evaluate the

kinematic interaction of embedded rectangular foundations by the random

vibration theory. The formulation has been based on the fact that statistical

correlation of ground motions at different points decreases as the distance

between the points increases when components of high frequency are

contained in the ground motion. For the stochastic model, earthquake records

at a large scale inground tank and a foundation, made of cement — mixed soil

improved — ground has been used as examples of deep and shallow embedded

foundations. It has been observed that the foundation slab, which is relatively

stiff compared with the soil, constrain the ground motions and hence short

period components of the ground motion whose wave length has been less

than the dimension of the slab are weakened. Hence the kinematic interaction

effect of the slab has been like a low pass filter on the ground motions.

Neuss and Maison (1984) have presented a matrix formulation to

account for p — A effects in computer seismic analysis of multistorey

buildings. The method has employed a linear solution approach requiring no

iteration which can be used for static and dynamic — elastic analyser.

Veletsos and Prasad (1989) have made a study of soil structure

interaction for seismically excited simple structures considering both

kinematic and inertial interaction effects. The system investigated has been a

linear structure which was supported on a circular mat foundation at the

surface of a homogeneous elastic half space. The structures have been

presumed to have one lateral and one torsional degree of freedom in their

fixed base condition and have been excited by obliquely incident, horizontally

polarized, incoherent shear waves. The temporal variation of the free field

ground motion has been expressed stochastically by a local power spectral
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density function(psd), and its special variability has been specified by a cross

psd function. The response quantities examined included the ensemble means

of the peak values of the lateral and torsional components of the foundation

input motion and the corresponding structural deformations. It has been

observed that like kinematic interaction, inertial interaction may affect

significantly the responses of systems in the medium and high frequency

spectral regions and that the effects of the latter are more important. It has also

been reported that unlike kinematic interaction, which generally reduces

lateral response, inertial interaction may increase the corresponding response

of tall, slender structures in the high frequency region of the response

spectmm. The inertial interaction effects for low frequency structures have

been negligible because such systems consider the half space as a very stiff,

effectively rigid medium. lt has also been observed that reliable estimates of

the effects of kinematic interaction on the peak values of structural response

may be obtained from the knowledge of the corresponding values of the

acceleration, velocity and displacement traces of the foundation input motion.

These quantities may be computed from analysis of the response of the

massless foundation to the free- field ground motion. Insofar as the mean

maximum values of the responses have been concerned, the kinematic

interaction effects due to ground motion incoherence are similar to those due

to wave passage and the two effects may be interrelated.

Guin and Banerjee (1998) have developed a methodology for the

dynamic analysis of soil- pile -— structure system using a generalized coupled

finite element boundary element formulation for the entire problem domain.

The formulation has been done in the frequency domain and the excitation is

defined through a rock outcrop motion causing vertically propagating S­

waves. Linear dynamic analysis has been conducted on two super structural

systems namely, a bridge and a multistory frame. It has been observed that

coupling of the problems facilitates in the preparations of transfer functions

for various degrees of freedom in the structure, including the effects of
interaction.
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Wolf and Song (2002) have formulated a criterion for the presence of

radiation damping in a site. The procedures for the analysis of dynamic soil

structure interaction have been out lined. The procedures have included simple

physical model (cones, spring — dashpot — mass representations) for the soil,

the damping — solvent extraction method, the rigorous forecasting method and

the scaled boundary finite element method.

Spyrakos and Xu (2003) have studied the seismic response of massive

flexible strip foundation embedded in layered soils subjected to seismic

excitation. The foundation has been treated with a finite element formulation,

while the difficulty in modeling the infinite extend of the soil has been

overcome by a boundary element formulation. System responses have been

investigated with the help of boundary element — finite element coupled

formulations by enforcing compatibility and equilibrium conditions at the soil

foundation interface.

Davenne et al. (2003) have developed numerical tools for the modeling

of reinforced structures for the non linear transient analysis of RC structures.

A multifiber beam element has been used to describe the response of structural

components and a macro element to account for soil structure interaction. The

method has been applied for various boundary conditions and incorporating

soil-structure interaction.

Spyrakos and Loannidis (2003) have conducted studies on the effect of

soil structure interaction on seismic analysis and design of bridges. The

significance of soil structure interaction on a model with geometric stiffness

and seismic response of a bridge with integral abutments has been established.

It has been reported that the role of soil structure interaction is of great

importance for the post tensioned modular integral bridge system.

Gen-shu and Jin-qiao (2005) have examined the seismic force and

modification factor R based on elastic-plastic time -— history earthquake

analysis of single degree of freedom systems. The constitutive hysteresis

models that have been used are elastic- perfectly -—plastic, elastic —linearly­
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hardening and bilinear-elastic. It has been concluded that R increases linearly

with ductility and energy dissipating capacity in short period ranges.

Anandarajah et al.(2005) have demonstrated that soil parameters

needed for simplified dynamic analysis of a single pile may be back calculated

from the dynamic response of the pile measured in the field. Two methods

have been proposed, the first based on Winkler foundation approach and the

second based on the equivalent- linear finite element approach, with non

linearity of shear modulus and damping accounted for by employing

degradation relationships.

Wegner et al. (2005) have developed a numerical procedure for three­

dimensional dynamic-soil—structure interaction analysis. Scaled boundary

finite-element method has been used for modeling the unbounded soil and

standard finite element method is used for modeling the structure. The

dynamic response of tall buildings, with multi-level basements, subjected to

seismic excitations including P, SV and SH waves at various angle of
incidence have been arrived at.

Takewaki and Kishida (2005) have developed a method for the

analysis of pile-group effects on the seismic stiffness and strength of buildings

with pile foundations. A continuous model consisting of a dynamic Winkler­

type soil element and a set of pile has been used to express the dynamic

behavior of the structure-pile-soil system. The pile group effect has been

accounted through the influence of coefficients that have been defined for

interstorey drifts and pile-head bending moments. Pile group effect has

reduced the interstorey drift of buildings and increased the bending moments

at the pile head.

2.4 RESPONSE SPECTRUM ANALYSIS

Newmark (1973) has shown that the response of simple systems to

ground motion can be represented by idealizing the linear response spectrum

into constant acceleration, constant velocity and constant displacement
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response for a given damping factor. Browning (2001) has presented a simple

method for proportioning of regular, moderate-rise reinforced concrete

building structures. In this method the member sizes have been selected based

on the demand defined by the displacement spectrum and criteria specified in

relation to different responses.

Ghiocel and Ghanem (2002) have conducted studies on probabilistic

analysis of the seismic soil structure interaction problem. The procedure has

accounted for the uncertainties in the free field input motion, local site

conditions and structural parameters. The uncertain parameters have been

modeled using a probabilistic frame work as stochastic processes. The

earthquake ground acceleration has been represented by a probabilistic

acceleration response spectrum. The procedure has been then applied to the

seismic analysis of a nuclear reactor facility and has been observed to have

good co-relation with other deterministic methods of risk assessment of

hazardous facilities under dynamic loads.

Ambraseys and Douglas (2003) have presented strong motion

attenuation relationships for peak ground acceleration, spectral acceleration,

energy density, maximum absolute input energy for horizontal and vertical

direction and for the ratio of vertical to horizontal of these ground motion

parameters. The equations have been derived using a world wide data set of

186 strong — motion records that have been recorded with in l5 km of the

surface projection of earthquakes with magnitudes 5.8 to 7.8.

Yuan et.al. (2003) have studied the effect of asymmetry and

irregularity of the input seismic waves on the earthquake — induced differential

settlement of the buildings on natural subsoil. It has been concluded that these

are necessary factors that has to be considered in the evaluation for differential

settlement and other problems that have been related to the soil deformation

due to earthquakes.

Chintanapakdee and Chopra (2004) have conducted non-linear

response history analysis on vertically regular and irregular frames to study
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the storey drifts and floor displacements. Drift demands in the upper storeys

have been more sensitive to irregularities in the lower storeys than the

response of lower storeys due to irregularities in the upper storeys. Irregularity

in the base storey or lower storeys has significant influence on the height-wise

distribution of floor displacements.

Boore and Bommer (2005) have suggested methods for processing of

strong motion accelerograms which have been masked and distorted by noises.

It has been important to identify the presence of noise in the digitized time­

history and its influence on the parameters for any application of recorded

accelerograms in earthquake engineering.

Camiel et al. (2006) have investigated the application of the Singular

Spectrum Analysis (SSA) to improve the Nakamura technique. Nakamura

technique has been employed to estimate the dynamic characteristics of

surface layers by measuring solely the tremor at the surface. The SSA has

allowed the time series to be decomposed into different components, like

signal itself, various noise components etc.

2.5 COMMENTS

The incorporation of soil structure interaction effects in the

analysis and subsequent design of multistorey frames has been the subject

of research and, started getting attention in the late seventies. It is
observed that research attention has been focused on the soil structure

interaction effects of high risk structures like nuclear reactors, bridges

etc. However only limited research studies have been carried out on soil

structure interaction effects of multistorey building frames, which are

common, popular and simple in configuration. Soil structure interaction

studies of multistorey frames which generally are provided with pile

foundations, is tedious, voluminous and cumbersome due to the possible

involvement of large number of nodes and finite elements necessary to

model the soil mass. This may be the reason why such analysis are not

addressed and reported in considerable numbers. High rise buildings on
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pile foundations have become part of regular building construction due to

population explosion. From the review of the reported studies it has been

felt that a complete soil structure interaction analysis of multistorey

building frames with pile foundations using appropriate numerical

methods is justifiable.
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CHAPTER 3

FINITE ELEMENT MODELING OF MULTISTOREY

FRAMES WITH SOIL STRUCTURE INTERACTION

3.1 INTRODUCTION

Multistorey frames are subjected to horizontal and vertical loads. Frames

resist loads entirely due to the rigidities of the beam-column connections and

the moment-resisting capacities of the individual members. The load from the

superstructure is transferred to the supporting soil medium through the

foundation. Displacements occur in the soil body due to the loading and their

magnitude depends on the pressure on the foundation.

Pile foundations have been envisaged in the present study. Piles are

structural members used to transmit loads to lower levels in the soil mass. This

load transfer may be by vertical distribution of the load along the pile shaft

(friction pile) or a direct application of load to a lower stratum through the pile

point (end bearing).

For analytical investigations on multistorey frames with soil structure

interaction, the chosen frame and the surrounding soil are to be properly
modeled.

The finite element method is a powerful numerical analysis technique

that has been employed for the analysis presented in this study. The finite

element commercial software package NISA [Numerically Integrated elements

for System Analysis], a general purpose finite element program developed and

marketed by Engineering Mechanics Research Corporation (EMRC) to analyse

a wide spectrum of problems encountered in engineering mechanics has been

used. This program is composed of different types of finite element analysis

modules, which are completely integrated through an interactive graphical

interface ‘DISPLAY Ill’ (Pre & Post-processing)[37]. The DISPLAY III has
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been used for the geometric and finite element modeling of the superstructure

and substructure. A comprehensive library of finite elements is available in

NISA to cover many of the engineering problems. Each element in the library is

identified by two variables NKTP and NORDR. NKTP specifies the element

types and NORDR specifies the element geometries.

In NISA the wave front technique for the solution of the overall finite

element equilibrium equations, which are in the form of simultaneous linear

algebraic equations has been used. In the frontal method, the solution time is

proportional to the square of the wave front size. The frontal technique uses

Gauss elimination method for the solution of the simultaneous linear equations.

Unlike in banded solvers, in frontal technique, the numbering of elements

determines the wave front size. The node numbering sequence does not have

any effects on wave front size. Hence node numbering is of no significance

regarding computative effort.

For the SSI analysis of multistorey frames, the frame- structure and the

pile foundations are modeled using 3D beam elements and the soil by using

discrete elements (springs) or elastic half space continuum elements (solids).

3.2 FINITE ELEMENT MODELING OF RCC FRAMES

Super structure of multistorey frames are 3D lattice structures and

the beams and columns constituting the frame are modeled using 3D beam

elements. The pile foundations are primarily beam-columns and these are also

modeled with 3D beam elements.

The 3D beam element considered in the present study, is a two noded

prismatic element with six degrees of freedom per node. The degrees of
freedom are three translations and three rotations. The formulation includes

stretching and bending effects. Element reference for 3D beam element is given

in Table 3.1 and the geometry and kinematics of the beam element are shown in

Fig. 3.31.
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fReal Constants

Table 3.1 Element Reference for 3D beam element [37]

Element Type l NKTP=12, 3D Beam element

illnalysis Type if  Static, Dynamic  3 if
Degrees of freedom l 6 per node: UX,UY,UZ,ROTX,ROTY, ROTZ

TNORDR Line: 2nodes (NORDR =1) D if i
A : cross sectional area

IYY : moment of inertia about y axis

IZZ : moment of inertia about z axis

Material properties

Isotropic elastic

Young’s modulus, Poisson’s ratio, Mass density

_l

Element output

j_ ,,_

Internal forces ( FX,FY,FZ,MX,MY,MZ) at beam

ends in global co-ordinate system or in local

displacement system and strain energy

Resultant forces and moments at beam ends in beam

local co ordinate system.

Element local stresses, principal stresses and

maximum shear stress at specified points.

Dynamic capabilities Consistent or lumped mass

Eigenvalue, shock spectrum analysis

Nodal loading Concentrated nodal forces in global X,Y and Z

directions and concentrated nodal moments about

global X,Y and Z axes.

Specified non zero nodal displacements UX,UY,UZ

and nodal rotations ROTX, ROTY and ROTZ in

global directions

T Pressure and partially

distributed loading

Uniform or non uniform pressure (force/length) on

top or bottom face of the element.

Ground motion Force due to ground motion (support excitation) in

the global X,Y and Z directions.
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Fig. 3.1 Geometry and kinematics of 3D beam element

3.3 FINITE ELEMENT MODELING OF SOIL

The soil medium in which the piles of multistorey frames are embedded

is treated as a semi-infinite domain. Since the purpose of the analysis is to infer

the mutual influence of surrounding soil and the pile system, it is preferred to

model the soil medium as precise as possible to determine the desired results

depicting the interaction behavior. The volume of computation, both in terms of

unknowns and storage is large for such investigations.

3.3.1 Soil Types

The details of the homogeneous and layered soil considered in the

present study are given in the subsequent sections.

3.3.1.1 Homogeneous Soil

Three types of soil commonly found in Kerala are identified for the

analysis. These are laterite, sand and alluvium[59].

Laten'tes cover about 65% of the total area of the state, occupying a

major extent of the midland and mid-upland regions and are the most extensive

of the soil groups found in Kerala. The laterite of Kerala is typical Kaolinitic

weathering products of gneissic and granitic rocks developed under humid
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tropical conditions. Heavy rainfall and high temperature prevalent in the state

have been conducive to the process of laterisation. The surface soil, which is

reddish brown to yellowish red is mostly gravelly loam to gravelly clay loam in

texture. The plinthite includes quarriable type that breaks into blocks and also

non-quarriable types that breaks into irregular lumps. Laterites are in general

poor in available nitrogen, phosphorus and potassium. They have poor water

holding capacity. They are generally acidic with pH ranging from 4.5 to 6.2.

Sandy soil, as a group occurs extensively in the State. They have been

formed as a result of transportation and sedimentation of materials from

adjacent hill slopes and also through deposition by rivers. These exhibit wide

variation in physico- chemical properties and morphological features. The

development of the soil profiles has occurred under impeded problem with these

soils. These are moderately supplied with organic matter, nitrogen and

potassium and are deficient in lime and phosphorous.

Three main stretches of alluvial soils are identified in Kerala. They are

designated as the Coastal Alluvium, Riverine Alluvium and the Onattukara

Alluvium. Coastal Alluvium occurs along the coasts and are results of recent

marine deposits. The texture is dominated by sand faction with rapid

permeability. These soils are acidic and of low fertility level.

Riverine alluvium occurs mostly along the banks of rivers and their

tributaries. It shows wide variation in its physico-chemical pI'Op6I‘ti6S depending

obviously on the nature of alluvium that has been deposited and the

characteristics of the catchment area through which the river fiows. These are

very deep soils with surface texture ranging from sandy loam to clayey loam.

These are moderately supplied with organic matter, nitrogen and potassium.

These are acidic and poor in phosphorous and lime.

Onattukara Alluvium is confined to the Onattukara region comprising

the Karunagapally, Karthikapally and Mavelikara taluks of Kollam and

Alappuzha districts. They occur as marine deposits extending to the interior

upto the lateritic belt. The soils are, in general, coarse textured with immature
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profiles. In low-lying areas, the water table is high and drainage is a problem.

These soils have very rapid permeability. They are acidic in reaction and are

extremely deficient in all the major plant nutrients.

A political map of Kerala is shown in Fig. 3.2 and the summary of the

site characteristics of the soils is given in Table 3.2.
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Fig. 3.2 Political map of Kerala
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Table 3.2 Site Characteristics of the Soils [59]

District S Type of soil Details of locationl 7' , l _
Thiruvananthapuram Fairly rich brown

loam of lateiite

Sandy loam
Rich dark brown
loam of granite
origin K

Middle part of the district

Western coastal region

Eastem hilly parts of the
district

Kollam Sandy loam

Laterite Soil

Karunagapally & parts of
Kollam Taluk

Kottarakkara,
Kunnathurand parts of
Kollam & Pathanapuram
taluks

Pathanamthitta Clay soil

Laterite soil

Western and Eastem hilly
regions

Parts of Ranni and
Kozhencheri taluks

Alappuzha Sandy loam

Sandy soil

Clay loam with
much acidity

Laterite soil

Karthikapally and parts of
Mavelild<ara taluks.
Cherthala and
Ambalappuzha taluks.

Kuttanad

Chengannur and parts of
Mavelikkara taluks.

Kottayam Laterite soil

Alluvial soil

Parts of Changanacherry
and Kottayam taluks and
Kanjirappally and
Meenachil taluks.

Vaikom taluk and parts of
Changanacherry and
Kottayam taluks.

Idukki Laterite soil

Alluvial soil

Peermade and Thodupuzha
taluks.

Devicolam and
Udumbanchola taluks.
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Ernakulam Laterite

Sandy loam

Alluvial soil

Muvattupuzha,
Kothamangalam and parts
of Aluva and
Kunnathunadu taluks.

Parur, Kochi and
Kanayannur taluks

Parts of Aluva

Thrissur

Sandy loam

Laterite soil

Clayey soil

Alluvial soil

Parts of Mukundapuram,
Thrissur and Chavakkad
taluks.
Eastern part of Thrissur and
western part of Thalappally
taluks.
Back-water areas of
Chavakkad and
Mukundapuram taluks
Portions of Chavakkad
taluk r_

J

P alakkad Laterite soil
Black soil

Major part ofthe district
Noith-Eastern part of
Chittur taluk

Malappuram Laterite soil

Sandy soil

Interior regions of the
district
Along the coastal belt of
the district

I

Kozhikodei Laterite soil

Sandy soil

Major part of the district
except coastal strip
Coastal strip

Wayanad Laterite soil

Loamy soil

_,,]__ _ _,,, ,
Major part of the district
Valleys in the middle
portion of the district

Kannur Laterite soil

Sandy soil

Major part of the district
except coastal strip
Coastal strip g

Kasargod

J__ 3

Laterite soil

Sandy soil

Major part of the district
except coastal strip
Coastal strip

3.3.1.2 Layered Soil

To study the effect of soil structure interaction in layered soil two

different types of non homogeneous soil media and a homogeneous soil media

are considered which are shown in Fig. 3.3 [25]. For the layered soil medium

LS1, the modulus of elasticity varies from 0.2E5 to O.9ES and for layered soil
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medium LS2, the modulus of elasticity varies from 0.45E, to 0.9ES. The

homogeneous soil medium has constant modulus of elasticity ES. Thus, the

considered range of soil properties is varying from soft soil (LS1) to medium

soil (LS2) and to hard soil (homogeneous).

1.0 Es

0.45 ES ""§'$}'§§§\\ 0.60 ES
-*1-¢-Q-9-;1-§-I-2€-52iE-5:-£2-fl?-:3-I2<Z=<I>=:-E I=-=2! -='.=-=1.
‘E-'5'"-5'11‘,-E‘:-1 “-i‘-Y‘. 4‘.-: ':-:'--5'an-fx‘:4'>:'§fi<‘<':-§<1134':-:5-T
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Fig. 3.3 Configuration of the layered soil mediums(LSl & LS2) and the

homogeneous soil medium

3.3.2 Finite Element Models For Soil

The two commonly used models for soil are the discrete model and the

elastic continuum model. The theory and finite element formulation of these

elements are described subsequently.

3.3.2.1 Discrete Model

In this model, the elastic stiffness characteristics of the soil are

represented by discrete springs. These springs have two end connecting nodes

and one of them is proposed for attachment to the finite elements constituting

the foundation and the other being fixed in the medium. To model an elastic

layer of the soil of uniform stiffness, the discrete spring stiffness is calculated

based on the spacing of nodes on the foundation surface.

3-D Translational spring elements of NKTP=17 and NORDER=l are

used to model the soil in the present study. The geometry and kinematics of the

spring element is shown in Fig. 3.4. The axial displacement is the only degree

of freedom of the spring element.
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The input parameter for the spring element is the axial spring constant ,

the value of which depends on the modulus of subgrade reaction (ks) of the soil

medium. Modulus of subgrade reaction is defined as the ratio of the increment

in contact pressure to the corresponding change in settlement or deformation.

X,UXY K
Y,UY 1

)——> x,ux
z,uz

2

Fi g. 3.4 Geometry and kinematics of spring element

Finite element programs using beam elements require concentrating the

effect of ks to the nodes as springs [7]. The concentration method usually used

is that suggested by Newmark (1943) [35] for a general parabolic variation of ks

vs length. This method is exact for a parabolic curve and very nearly so for a

linear variation of ks, if the node spacings are not very large.

The stiffness of the springs depends on the modulus of subgrade reaction

and it can be computed by using the expression given by Vesié [51].

__ -——_—_—____|-I\n~Q-———1<’.=0.65 <]EsB“ Es (31)Eflf l-H2

where

k’s = ks x B

Es - Modulus of soil

Ef— Modulus of footing
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B — Footing width

If — Moment of Inertia of footing based on cross section

p - Poisson’s ratio

The springs have stiffness obtained from the modulus of subgrade

reaction and based on contributory nodal area. According to Bowels [6] the

accuracy of results can be improved by doubling the stiffness of end springs.

The logic in end spring doubling is that if higher edge pressures are obtained for

footings, then this translates into stiffer end soil springs.

The discrete modeling of soil around the pile is shown in Fig. 3.5 and

element reference for 3D Translational Spring is given in Table 3.3.

A _ r._ oh‘; ¢7.\|.\::i|'
I

independent
jg $p:‘lflQ'5

zliaail

9"‘-' ____, ._._..
segments

Fig. 3.5 Discrete modeling of soil around the pile
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Table 3.3 Element references for 3D Translational Spring

y Element Type NKTP =17, 3- D Translational Spring

Analysis Type Static, Dynamic

Degrees of freedom 3 per node ux, UY,UZ

NORDR Line : 2 nodes (NORDR = l)

Real Constantsj___ . , K : Axialspring constant

Material properties

J

None ( spring stiffness is treated as a real

constant)

Element output lntemal forces (FX,FY,FZ) at the two

ends in global coordinate system (or in

local displacement system, if defined)

and strain energy

Axial force (F X)

1

1 Dynamic capabilities

L 3 S if 3 l
Null matrixiis assumed.

Eigenvalue, shock spectrum analysis

Nodal loading Concentrated nodal forces in global X,Y

and Z direction

Specified non-zero nodal displacements

UX,UY,UZ in global X,Y and Z direction

Tl

F

3.3.2.2 Elastic Solid Model

The elastic solid modeling of soil is done using 8-noded solid

hexahedron (brick) elements. This is an isoparametric 3-D solid element having

three degrees of freedom per node, (Ux, Uy, U2 ).

The geometry and kinetics of 3-D solid element is shown in Fig. 3.6.
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Fig. 3.6 Geometry and kinematics of 3-D solid element

The 3D solid element is an 8 noded isoparametric solid element of
NKTP = 4 and NORDR = l. The element reference for the 3D solid element is

given in Table 3.4. The continuum modeling of soil around a pile is shown in

Fig. 3.7.

r__PilcT» new-~~~0 1; 1 4» 9
=;G  at is '-t 5 4 =r- ~ 1:

J T  T I ii ii 5|
1 i 3;‘?-F  F Dits

¢ai1=~-1» 4|-utility»
Cr~ C U 3 Ii “  2l—-——-1 O

Fig. 3.7 Continuum model of soil around the pile.

Regarding the embedment depth of the pile foundation, two typical

depths are considered for the analysis. One is the characteristic depth of fixity as

per IS 2911 [23], which is the equivalent length of cantilever that gives the

same deflection at ground level as the actual pile and the second one is the full

depth of pile. As per clause 5.5.2 and Tables l and 2 in Appendix C of IS 2911

the first value is obtained as 5 times diameter of the pile.
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Table 3.4 Element references for 3D Solid Element

I Element Type NKTP =4, 3 D Solid element

Analysis Type Static, Dynamic

Degrees of freedom 3 per node UX, UY, UZ

.NORDR I Hexiahedron (brick): 8node (NORDR = l)

I Real Constants None

Material properties

I Isotropic elastic

Young’s modulus, Poisson’s ratio, Mass

density

lTElement output I Internal forces (FX,FY,FZ) and strain energy.

Element stresses at centroid. Element

principal stresses, Von Mises equivalent

stress, maximum shear stress at centroid,

nodal points etc.

Dynamic capabilities

l _
Consistent or lumped mass

Eigenvalue, shock spectrum analysis

Nodal loading Concentrated nodal forces in global X,Yand Z

directions.

Specified non-zero nodal displacements

” UX,UY,UZ in global X ,Yand Z directions.

3.4 ESTIMATION OF LOADS

Analysis of multistorey frames are carried out based on the loads

stipulated in the relevant IS codes. The load combinations specified in the codes

are considered and the critical among them is used in the investigations. The

estimation of static and dynamic loads for static and shock spectrum analyses

are given under subsequent sub headings.

3.4.1 Loads For Static Analysis

The loads considered in the analysis are

(a) Dead Load
(b) Imposed Load
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(c) Static equivalent of earthquake load

Dead load has been calculated based on the unit weight of the

material under consideration as per IS 875 (part l)[20]. For reinforced

concrete members, the density of concrete has been taken as 25kN / m3. The

dead load on the beam includes the load from the slab and the self weight of

the beam.

In the calculation of live load, the provisions given in IS 875 (part II)

[21] considered. The live load is taken as 4 kN /m2 in the bottom eight storeys

and 2 kN /m2 in the rest of the frame.

The static equivalent of the earthquake loads are calculated based on the

provisions in IS 1893 (part 1) 2002 [22].

In static analysis the effects of earthquake are considered as equivalent

lateral forces.

The fundamental natural period of vibration (Ta) in seconds as per clause 7.65

for a reinforced frame building without brick infil panels is given as

T, = 0.075 h °"'5 ......................... ..( 3.2)

and for all other buildings including moment resisting frame buildings with

brick infil panels it is given as,

T.,= 0.09 h/\/d ................ ..(3.3)
where

d - the base dimension of the building at the plinth level, in m, along the

considered direction of the lateral force

h - the height of the building in m.

As per clause 6.4.2 the design horizontal seismic coefficient (Ah) is given by
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ZlSa
Ah = -i‘ ----------------- -­------ -- 3.4)2Rg (

where

Z - Zone factor for maximum considered earthquake and service life of

structure in a zone.

I - Importance factor, depending upon the functional use of the structure

R - Response reduction factor, depending on the perceived seismic

damage performance of the structure

Sa / g - Average response acceleration coefficient.

As per clause 7.5.3 the design seismic base shear (VB) is given as

VB = Ah-W ------------------------- --(3-5)

where

W - Seismic weight of the building frame calculated by taking appropriate

percentages of imposed load specified in Table 8.

The design base shear so calculated is distributed along the height of the frame

as per the expression

W-h-2" ._ ----------------- -- 3.6Qi=VB n ( )
_Z Wjhiz]=l

where

Qi - Design lateral force at floor i,

W; - Seismic weight of floor i,

hi - height of floor i measured from the base,

n - number of storeys in the building.

3.4.1.1 Load Combinations.

As per IS 1893 [22] for structures which have lateral force resisting

elements in the two orthogonal directions only, the design lateral force has to be
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considered only along one direction at a time. The four load combinations to be

considered as per the stipulations of IS code are as follows.

0 1.5 ( DL + IL )

0 1.2(DL+lL¢EL)
0 1.5 (DL 1 EL)
I 0.9 DLi 1.5 EL

where

DL — Dead Load

I L — Imposed Load

EL — Earthquake Load

3.4.2 Loads For Shock Spectrum Analysis

Seismic Loads can be incorporated in the analysis as appropriate time

history data of a real earthquake or by using the response spectrum data for the

earthquake. The seismic load considered in the analysis is given in the form of a

response spectrum. The spectrum specifies the maximum responses that the

input will produce on single degree of freedom systems having various natural

frequencies and damping ratios[12]. The response spectra for 5% damping as

given in IS1893 (part l)[22] considered in the present study is given in Fig. 3.8.

3.0 ~‘——_" ‘At A ' uni‘ T UT ‘-1 7 Ir H I >1‘, ii H_' _‘:
7 Typel (Rock, or Hard Soil)“

Q 25 V _.,..-._ Type I! (Medium Soil) 43 i F   Type 1|l(Sott Soil) yrQ 2.0 ‘l-   I
~; 1.5  \“\_‘-l-"'.__ l
H 0_5 l. M-“"""--it-'l:.1‘Ij;‘;;;;; --------------­

0.0 0.5 1.0 1.5 2-0 2.5 3.0 3.5 4.0
Pericd{s)

$9on Coe 'c cwSpec a Acce e a

Fig. 3.8 Response Spectra for rock and soil sites for 5% damping
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3.5 METHODS OF ANALYSIS

Three basic types of analyses are envisaged in the present study and

these are linear static analysis, free vibration analysis and shock spectrum

analysis. These are described under subsequent subheadings.

3.5.1 Linear Static Analysis

Linear static analysis involves the computation of responses of a linear

system to static loads. This analysis takes into account the dead load, imposed

load and the static equivalent of earthquake load. The loads are calculated based

on the relevant clauses of the respective codes as given in section 3.4.1. The

dead loads and live loads are given as beam loads acting on the elements and

the static equivalent of earthquake load is given as lateral forces acting at the

nodes.

In linear static analysis, the goveming equation is

[K] {d} = [R] ........................................ ..( 3.7)

where

[K] - Global Stiffness Matrix

{d} - Global displacement vector

[R] - Global load vector

Global stiffness matrix is obtained by assembling the element stiffness

matrix and by applying proper boundary conditions. Next the load vector is

assembled and then by solving the equation, the displacements are evaluated.

Using the displacements, the strains are calculated and further stresses are

obtained using constitutive equations.

The output obtained from the linear static analysis includes bending

moments, shear force, displacements and rotations.
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3.5.2 Free Vibration Analysis

Free vibration analysis or eigenvalue analysis deals with the undamped

free vibration of the structure. This analysis does not involve the computation of

response due to any loading, but yields the natural frequencies (eigenvalues)

and the corresponding mode shapes (eigenvectors) of the structure when there is

no dissipation of energy due to damping. A structure with a non-zero initial

condition corresponding to any of the mode shapes will exhibit simple harmonic

motion at the corresponding natural frequency.

Eigenvalue analysis is carried out to get the vibration characteristics of a

structure in terms of its natural frequencies and mode shapes, which may later

be used for the computation of the response in the presence of dynamic loads

and damping.

Conventional subspace iteration method has been used for eigenvalue

extraction. The conventional subspace algorithm uses simultaneous inverse

iterations with a set of vectors until the eigenvalues have converged to within a

specified tolerance. Each iteration is a reduction using a vector subspace and the

reduced eigen problem is solved using the Householder-QR method.

Lumped mass formulation has been used in the analysis. The output

from eigenvalue analysis includes the natural fiequencies, eigenvectors, modal

participation factors, element modal forces and stresses.

3.5.3 Shock Spectrum Analysis

Shock spectrum analysis is a modal dynamic analysis that can be used to

estimate the maximum response of a multi-degree freedom structure to an

arbitrarily oriented foundation shock spectra input [41]. The input for shock

spectrum analysis differs from the other modal dynamic analysis types. The

frequency content of the earthquake motion is described locally, at a point on

the ground surface either by a response spectrum or a power spectral density

function. A response spectrum specification has been assumed in the present
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study. Here instead of directly specifying the ground motion input, the user has

to specify the maximum responses that the input will produce on single degree

of freedom systems having various natural frequencies and damping ratios. The

maximum responses are given in the fonn of a spectrum known as the response

or shock spectrum. The assumption in this analysis is that the excitation is the

same at all support points.

The equation for viscous underdamped system under ground motion

Wj(t) in direction j is [37]

gépp
.8
/‘R

qrjn) = r,., / 0), ¢)e"@’°”“"‘>sin [w,(t-r)]dr .................... ..(3.9)

The peak or maximuiii response is given by

(q,-j )max = l“,j Sdj .............................................. ..(3.10)
in which Sdj is the spectral displacement due to the support excitation given by

Sq: = max [ 1/mr  (Dj (r)e'¢""““‘)sin [oJ,(t-r)]dr]for all t Q
.......... ..(3.11)

sdj is the maximum response of a single degree of freedom system for the given

support excitation. A shock spectrum curve for a certain value of damping may

be defined as the maximum responses of all such single degree of freedom

systems with the given damping and plotted as a function of natural frequency.

Similarly the maximum acceleration S8 and maximum velocity Sv may also be

determined. The three spectral quantities of acceleration, velocity and

displacement are related as

Sdj :s.,»/(0,. 2 sa,/of ............................... ..(3.12)

The analysis has been performed using the acceleration spectrum given

in IS 1893 (part l)[22] for 5% damping. The output generated includes

maximum responses of nodal displacements, stresses and reaction forces.

Complete quadratic combination (CQC) method has been used to combine the

responses of different modes.

The modal participation factor ( Pk) of mode k is given by
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n

Z Wi(I)iki=1 --------- --(3.13)
1>k- 11 _ 2

Z W1 (‘D ik)
i=1

where

(Dik - mode shape coefficient at floor i in mode k and

Wi - seismic weight of floor i

The peak lateral force ( Qik) at floor i in mode k is given by

Qlk = Ak (Dik Pk Wi . . . . . . . . . . . . . . . . . . . . . . . . . . . ...(3.l4)

where

Ak - design horizontal acceleration spectrum value

(calculated similar to Ah )

The peak shear force ( Vik ) acting in storey i in mode k is given by

I1

Vik = Z (Dik ‘ ‘ ' ‘ ' ’ ' ' '
j=i+l

The peak storey shear force ( Vi ) in storey i due to all modes considered

is obtained by combining those due to each as per Complete Quadratic

Combination ( CQC) method as

I’ T
3 g )HPi.7t_- --------- --(3.16)_ .l I7“ — i=1 j=1

where

r - number of modes being considered

pij _ cross- modal coefficient

Xi - Response quantity in mode i

kj - Response quantity in mode j
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Pp: 8@2<1+B>B” --------- -~<w>
" (1+B2)2+4~€’I3(1+l3)2

where

E__ - modal damping ratio, the value of which is to be taken as 5 % of the

critical for reinforced concrete buildings

[3 - frequency ratio ( (Dj / (oi)

0); - circular frequency in the it“ mode

(Dj - circular frequency in the jth mode

If a building does not have closely - spaced modes, then the peak

response quantity ( X ) due to all modes considered shall be obtained using

square root of the sum of the squares as

X =  (7» k)2 --------- --(3.18)
1<=1

where

7t - absolute value of quantity in mode k, and

r - number of modes being considered

3.6 SUMMARY

Finite element modeling of the foundation, structure and soil and the

three types of soil considered in the present study have been discussed.

Provisions for the estimation of loads have been explained and the

recommended load combinations are discussed. The three types of analysis

envisaged in the present study for the soil - sub structure — structure system

have been discussed.

Numerical Investigations on soil structure interaction effects of

multistorey frames have been carried out and discussed in the subsequent

chapters.
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CHAPTER 4

LINEAR STATIC ANALYSIS OF MULTISTOREY FRAMES

4.1 INTRODUCTION

Linear static analysis is concemed with the linear behavior of the

elastic continua under prescribed boundary conditions and statically applied

loads. The analysis has been carried out on a regular multistorey frame in the

present study. Different combinations of dead load, imposed load and seismic

load as per the relevant code provisions have been considered and the critical

values of stresses and displacements are evaluated. Finite element models

have been formulated for the most widely found soil types of Kerala viz.,

laterite, sand and alluvium for different depth of fixity conditions. Two

configurations of nonhomogeneous soil media are considered to study the

effect of soil structure interaction in layered soil. The analysis has been

repeated with and without considering the subsoil to study the soil structure

interaction effects. The details of the analysis are described subsequently.

4.2 DESCRIPTION OF THE STRUCTURE

The frame chosen for the investigations is a four bay twelve storeyed RCC

frame. The plan of the structure is shown in Fig. 4.l and the frame chosen for

the analysis has also been marked in this. Fig. 4.2 shows the elevation of the

frame.

< 6.4 >< 6.4 >,< 6.4 >'< 6.4 >
36$
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I I
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Fig. 4.l Plan of the twelve storeyed building (All dimensions in m)
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The frame selected for analysis is designed as an ordinary moment

resisting frame. Floor height has been prescribed as 3.6m for bottom eight

floors and as 3.0m for the subsequent four floors. It has five columns of full

height at a spacing of 6.4m.The frame has a total height of 40.8m and width

25.6m.

3.0~ . J _ _ l ~ W. . .‘ l‘3.0 3
3.0% T7' dz _3.0 .3.6

II Il3.6 .
l

3.6

3.6 i l n I3 T 3 l
3.6

3.6

3.6 ...__ - » ____i
3'6"?/as TY is 7/KY W<— 6_4 <— 6.4 —><— 6,4  6.4 -—>

Fig. 4.2 Elevation of the multistorey frame
(All dimensions in m)

The cross sectional details of the structural elements of the frame are

given in Table 4.1. The foundation consists of single bored and cast in situ end

bearing piles of depth 20m.
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Table 4.1 Cross sectional details of the structural elements.

Structural Sectional Cross section Material and
elements * dimensions (mm) 0 0  specification t

‘ Beam I 230 x 500 .\ Rectangular 1 Concrete, M25I ' " ' ”'l
Column 750 x 310 Rectangular Concrete, M30 ’(bottom 4 storeys) 0 _ i  _ _

Y Column 650 x 300 t Rectangular . Concrete, M30
L_(storeys 5 — 12) lg 0  if *0 0 0Pile 750 . Circular Concrete, M30 3

The frame shown in Fig. 4.2 has been analysed for three depths of

fixity of piles, for discrete and continuum model of soil, for laterite, sand,

alluvium and layered soil. The details of the models are shown in Table 4.2.
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Table 4.2 Description of the models for Linear Static Analysis

S1 Nomenclature Description Notation?
No
1 LG1 Frame fixed at GL with loads corresponding

to laterite
GLm‘”_

2 LPN l
without SS1

5?“

3 A LPAYI LG1 with pile fixed at characteristic depth

discrete model for soil

LG1 with pile fixed at characteristic depth

anid

At­

_NV\/\_ ‘t
4 r LPBY1 LG1 with pile fixed at characteristic depth and

continuum model for soil

1?”

5 LFNl LG1 with full length ofpile without SS1

§Tt

6 LFAYI LG1 with full length of pile and discrete

model for soil. _/wv\_‘t
1A S

—r

7 LFBY1 LG1 with full length of pile and continuum

model for soil.

Q!-0

CD

8 LG2 Frame fixed at GL with loads corresponding

to sand GLflL7_

9 LPN2 LG2 with pile fixed at characteristic depth

without SS1

was [

55*

10 p LPAY2 LG2with pile fixed at characteristic depth an

discrete model for soil

d

_NVV\_

2A L

—+­

1 l LPBY2 LG2with pile fixed at characteristic depth an

continuum model for soil

d

‘ii

12 LFN2 LG2with full length of pile with out SS1

§tt

l 3 LF AY2 LG2with full length of pile and discrete

model for soil.
_/wv\_

2A‘

—+

14 ‘ LFBY2 LG2 with full length of pile and continuum

model for soil. ta
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15 LG3 Frame fixed at GL with loads corresponding

to alluvial soil l GI“ FL)‘ }
I

I

r

I

16  LPN3 LG3 with pile fixed at characteristic depth

with out SS1

if"

17 ll LPAY3 LG3with pile fixed at characteristicidepth and

discrete model for soil -NW\-.

+

.,  3A l
18 LPBY3 LG3with pile fixed at characteristic depth and

D?

continuum model for soil

19 p LFN3 LG3with inn length of pile with out SS1

fifi

20 LFAY3
‘ .

LG3 with full length of pile and discrete .. _NVV\_ ,model for soil. 3A i

—r

21 LPBY3 LG3with full length of pile and continuum l

Hit

model for soil.

22 LS1 l Frame with typel layered soil represented by

discrete model

—+

_N\NL
1 LS1 P

F23 iiLSBl Frame with typel layered soil represented by  it

T

continuum model T
24 A LS2 Frame with type2 layered soil represented by T

_N\/VLdiscrete model Y LS2

_+

25 T LSB2 Frame with type2 layered soil represented by T

n—t

. LS2continuum model a
4.3 DESCRIPTION OF THE FINITE ELEMENT MODEL

The physical model for the analysis consists of the superstructure, the

foundation and the surrounding soil medium. The superstructure consists of

beams and columns; and is modeled using 3D beam elements described in

section 3.2. The superstructure is defined by a total of 65 nodes and 108

elements and the finite element discretization is shown in Fig. 4.3.
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Fig. 4.3 Distribution of nodes and elements in the structural model.
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Piles constituting foundation structure are modeled using 3D beam

elements. Two types of finite element modeling of the soil has been presented

in this study as mentioned in section 3.3.2 using discrete (spring) and

continuum (solid) elements. The finite element discretization differs based on

the type of finite elements for subsoil modeling.

4.4 LOADS AND LOAD COMBINATIONS

The loads and the load combinations considered in the analysis are

described in the subsequent sections.

4.4.1 Load Considerations

For linear static analysis, the dead load, imposed load and static equivalent

of earthquake load as described in section 3.4.1. has been considered.
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Dead load on beam from 130mm thick slab = 8.409 kN/m

Self weight of beam (230mm x 500mm) = 2.875 kN/m

Imposed load on beams for top four floors = 5.175kN/m
(taking load distribution as 2kN/m2)

Imposed load on beams for bottom seven floors = 10.350 kN/m
(taking load distribution as 4kN/m2)

The total dead load on the beams have been calculated as 11.284

kN/m. The imposed load for the bottom seven floor beams is 10.350 kN/m and

for the top four floors, 5.175 kN/m.

The static equivalent of earthquake load has been calculated as per the

clause 7.5 of IS 1893 (Part l) [22] as described in section 3.4.1.

The fundamental period of vibration (Ta) in seconds is evaluated using

the eqns. 3.2 and 3.3 and the critical one is obtained from eqn. 3.3 and the

value is 0.7257sec.

The design horizontal seismic coefficient (Ah) is given by eqn. 3.4.

Kerala being in Zone Ill, the zone factor (Z) as per Table 2, IS 1893 (Part I)

has been taken as 0.16 representing moderate seismic intensity. Considering

that the upper floors are for residential purposes, the importance factor (I) for

the building has been taken as 2. As per Table 7 the response reduction factor

(R) for the ordinary moment resisting frame has been taken as 3.

Based on extends of occurrence three soil types have been identified

for the analysis. They are Laten'te confirming to Type I, Sand confirming to

Type II and Alluvial soil confirming to Type III designation of IS l893(Part I)

[22].

The average response acceleration coefficient (Sa / g) and the design

horizontal seismic coefficient (Ah) for the three types of soil has been
tabulated in Table 4.3.
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Table 4.3. Average response acceleration coefficient and design
horizontal seismic coefficient for the soil types considered.

Soil l Type as per l Sa /g I Ah

I Considered IS 1893 i
Laterite l Typel l 1.378 I 0.07349
1 Sand Type ll 1.874 0.0999
Alluvium " Type 111  2.301 1 0.1227. _  _ .__ 1 ..._l i
The seismic weight (W) of the building frame has been calculated

taking appropriate percentages of imposed load specified in Table 8, IS

l893[22]. The distribution of lateral forces to each floor for the soil types

considered have been computed and given in Table 4.4.

Table 4.4. Distiibution of lateral forces in (kN) to each floor for the soil
types considered

W 5 5 Alluvium lS611 Type Laterite 1 SandFloor Leve 5 1 p
128 95.6 130.0 159.6

111. 1 82.0 111.5 137.0
1 69.5 94.5” 116.01Q

9 58.0 79.0 97.0

O0

1 47.6 _64.7 79.5"
'1

\l

1 44.0 60.0
T_73.5

1

O1

. 32.0 44.0 1-.. 54.0 1

U1

1 22,5
1

30.5 37.5

-lk

14.8 .1
20.0 24.5

U)

8.0 11.0 14.0

l\J

5.0 51 6.0

H

»3.7
11.0 1 1.25 1.5

4.4.2 Load Combinations

The load combinations as given in section 3.4.1.1 have been

considered in the analysis.

4.5 INPUT PARAMETERS

The input parameters for the linear static analysis include material

properties, boundary conditions, geometric properties and applied loads.
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For beams, columns and piles the material properties to be given are

the modulus of elasticity, density and Poisson’s ratio of concrete. The values

used in the present analysis are shown in Table 4.5a.

Table 4.5a. Young’s Modulus and Poisson’s ratio of concrete used for
structural members

up Member  E. (kN/in’)  ti.
Column T 2.738 X 10’ ‘ 0.25
1 Beam l 2.5 x 107 0.25
Pile 1 2.738 X 107 0.25 1.  . 3 . _ _1 - l

For soils, the elastic properties of the medium have been incorporated

through the spring stiffness K, which depends on the modulus of elasticity (ES)

and Poisson’s ratio (us ) using the procedure described in section 3.3.2.1. The

values used in the present study are shown in Table 4.5b.

Table 4.5b. Modulus of Elasticity and the Poisson’s ratio of the soil types

Soil Type E5 (kN/m2) A pg
Laterite 2.0 x 105 0.3
i Sand ’ 0.6 X 10*‘  0.33
Alluvium 0.15 X 105 0.35 l

For the problem studied herein the soil stiffness is taken constant over

the depth not withstanding the fact that it exhibits a parabolic variation. The

spring constants calculated for a spacing of 2m for the chosen soil types has

been given in Table 4. 5c.

Table 4.50. Spring constants for the chosen soil types

Soil Type Spring constant (kN/m)

A Laterite A 243769.78 AT. - 1 3 - _ 1Sand 67552.73 l
Alluvium  l 15278.84 A
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Geometric properties for the beam elements constituting the finite

element model include shape and cross sectional dimensions for the beam,

column and foundation, details of which are given in section 4.2.

The applied loads as given in section 4.4 are properly incorporated in

the finite element model. Dead loads and imposed loads are given as

uniformly distributed loads over the entire span of beams and earthquake loads

are incorporated as lateral loads acting on the outer nodes of the frame. Trial

runs have been conducted to check the symmetricity of the model by applying

the lateral loads from either side and verified that the model is symmetric.

4.6 OUTPUT FEATURES

Linear static analysis has been conducted for all the cases mentioned

in Table 4.2 for all load combinations mentioned in section 4.5.2 and the

critical values are reported. The output of the linear static analysis includes

bending moments, shear forces, axial forces and displacements at all relevant

points. The output includes the stresses and reactions for the line elements and

stresses and displacements for the continuum elements.

4.7 NUMERICAL INVESTIGATIONS

Linear static analysis has been carried out on the frame shown in Fig.

4.2. for all the cases mentioned in Table 4.2. Lateral loads shown in Table 4.4

has been used in the analysis. Linear elastic analysis has been performed using

NISA and the results are reported.

4.8 RESULTS AND DISCUSSIONS

Results obtained from finite element analysis for the frame with depth

of fixity at ground level, at full depth of the pile and at characteristic depth,

with and without soil structure interaction for different types of soil viz.,

laterite, sand, alluvium and layered soil are given in subsequent sections.
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4.8.1 Effect Of Soil Structure Interaction And Founding Depth
In Laterite

The models LG1, LPNI, LPAY1, LPBYl, LFNI, LFAY1 and LFBY1

are analysed to investigate the effect of soil structure interaction and founding

depth in laterite. The results are presented and discussed in the subsequent

sections. Bending moments, shear forces and axial forces in columns and

bending moments and shear forces in beams are compared. Displacements in

the frame and bending moments in the pile are compared. Stress distribution

in the soil has been studied.

4.8.1.1 Influence of founding depth without SS1

The analytical results of LG1, LPNl and LFN1 are compared to study

the influence of founding depth without SS1 with lateral loads corresponding

to laterite. Models with fixity at ground level, at characteristic depth and at full

depth are studied herein. Maximum values of bending moments, shear forces

and axial forces in columns are reported in Table 4.6a. and the percentage

variations of maximum responses with respect to LG1 are reported in Table

4.6b. The variations along the floor level is shown in Fig. 4.4

Table 4.6a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity without SS1 with
lateral load corresponding to laterite.

Floor
Level

Max values of bending 7
moment(kN m)

Max values of shear Max values of axial
force(kN) force(kN) 7

LG1 LPNI LPN l LGI 4
I

LPN] 1 LFNI 0 L-G 1 1L1jN1 11.F1~11
112­ 109.27 110.80 118.84 47.54 1g 52.02 1 109.38 109.61 1 111.2
U ll 151.24 151.93 154.77 72.64 .46.69 ( 73.09 74.98  1 217.94

5 10 1 187.45 188.13 192.94 97.13 97.58 100.56 326.0 326734 331.8
9­ 225.52 226.22 230.55 1 l9.76__1 120.21 123.08 1 433.84 _ 434.82 441.7
3 -._ 278.9 279.67 283.13 133.47 A 133.84 135.5 1 541.15 1 542.38 17 551.10 1T7 1 295.6 296.63 301.71 150.07 150.46 152.49 649.10 1 649.25 659.7

O\

307.66 309.58 318.29 162.16 0 162.63 164.74 1 757.27 "1 756.7  768.2

(J1

310.94 315.81 337.78 167.39 168.03 171.34 1 894.65 896.02 1898.9 1

-II­

321.81 1__329.89 397.3 176.79 178.28 184.9 1044.87 1 1048.1 1058.9

L4-3

352.12 320.43 500.07 175.22 »
..t

177.46 189.9 1_1193.8 11201.7 1232.41

l\J

415.89 351.89 808.3 170.84 183.86 247.5 1 1335.2 1355.27 1439.3

pi

580.80 317.40 1418.6 157.95 2 152.05 ,_ 146.6 1453.2

1 218.42 1221.8 1

1506.1 1736.8
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Table 4.6b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.6a and % variation with respect to LG1

Iregsponse _ I g  response
Force Configuration 1 Max.value of force % variation

Bending I7 LG1 g l 580.80 5 “ 1
moment 351.89 I -39.4 g_ I1‘ ‘

.7 (Wm) ­
LPN1

. LFN1 1418.6 0 +144.2 W
Shear force LG1 176.79 ll 0 T. . l

* (kN) _I LPNI W 183.86 M +3.9 I
LFNl g 247.5 ‘ +39.9

‘Axial force I KLG1 1 1453.2

(KN) LPN1 I y 1506.1 1
I LFN1 1736.8 +19.5
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Fig. 4.4 Variation of maximum values of (a)bending moment, (b)shear
force and (c)axial force in columns for different depths of fixity
without SSI with lateral load corresponding to laterite.

There is a decrease of 39% for column bending moment when the pile

length is taken as characteristic depth and an increase of 144% when pile is

treated for full length showing that there is 183% increase in the maximum

bending moment in the frame when no soil medium is considered. The
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corresponding variations in shear force are 4% and 40% showing an increase

of 36%. As for axial force it is 4% and 20% giving an increase of 16%. This

may be due to the lowering of the support of the frames and the subsequent

increase in the cantilever action.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.7a and the percentage variations of maximum responses

with respect to LG1 are reported in Table 4.7b. The variations along the floor

level are shown in Fig. 4.5.

Table 4.7a. Maximum values of bending moments and shear forces in beams
for different depths of fixity without SS1 with lateral load
corresponding to laterite.

Floor 3Max values of bending Max values of shear
.Level gmomentfl-;Nm) H  g g force(kN)g ;

LG1 LPN 1 LFN1 LQ1 LPN 1 LFN 1

111 5
112 1 112.47 113.11 117.66 71.64 p

1 71.87 73-Q9

147.23 148.31 154.0 4 82.18% 82.52 1 84.29 1
10 186.57 186.87 191.5 93.87 g 94.25 95.9 1 p¥) ­ 225.25

1

225.54 229.1 106.12 106.20 107.7
8 268.74 269.06 270.3 119.49 119.58 120.6

\I

313.43 313.85 314.45 133.18 133.30 133.79

F.

O\

341.76 342.53 344.6 141.94 142.17 142.9 ‘

£11

360.43 1 362.40 369.79 147.63 148.24 150.5
I

-I}­

367.90 1 373.99 399.51 150.21 152.09 160.23 1

L»)

363.31 378.20
111

442.67 148.97 153.59 174.05 1
1338.96 377.80 550.0 1_l4l.37 153.51 207.91 1

>-'l\J

1 263.41 1 371.32 852.80 117.99 150.95

Table 4.7b. Maximum values of bending moments and shear forces in beams
given in Table 4.7a. and % variation with respect to LG1

Force Configuration 1 Max.va1ue of 1 % variation
1 response ‘ 7 J force response g 91 Bending ‘LG1 367.90
moment 1 LPN1  378.20 1 +2.7
Shear
force
(KN)

LG1
(kNm) LFN1 1 852.80 1 +131.8 11 1 150.21 1 1  in

1 LPN1 1153.59 g A +3.3 it
1 LFN1 297.54 +98.0
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The percentage variation of bending moment in beam is 3% when the

pile length is taken as characteristic depth and 132% when pile is treated for

full length showing that there is 129% increase in the maximum bending

moment when no soil medium is considered. The corresponding variations in

shear force are 3% and 98% showing an increase of 95%. As in the case of

responses in columns this may be due to the lowering of the support of the

frames and the subsequent increase in the cantilever action.

F. _.. ._  _ ..

kl\|m

(KN)

800 —

ofBM

e0 SF

3 600 ‘a l  _ 200 _-- 400

ax. Vau

Max Va ue

M

i <1, \Q 0° b hr q, Q, \Q Qt: lo bl "1,
F100, Lew] ' Floor LcvelIi

."~ —0—l_JGl -u-LPNI --A-—LFN1 -°-L91 —'-LPN1 *-LFN1, .._ 300i ,
1 _ 200 L ' 100 J i0 ' '1 _liIi'_I' 'l——lili‘T' 1"'—l _ 0  ‘ _" "*"Y‘l

a. Bending moment b. Shear force
Fig. 4.5. Variation of maximum values of (a)bending moment and (b)shear

force in beams for different depths of fixity without SS1 with lateral
load corresponding to laterite.

4.8.1.2 Influence of founding depth with SSI using discrete model for
laterite

The analytical results of LGI, LPAYI and LFAY1 are used to study the

influence of founding depth with SS1 using discrete model for soil. Models

with fixity at ground level, at characteristic depth and at full depth are studied

herein. Maximum values of bending moments, shear forces and axial forces in

columns are reported in Table 4.8a. and the percentage variations of maximum

responses with respect to LG] are reported in Table 4.8b. The variations along

the floor level is shown in Fig. 4.6.
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Table 4.8a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
discrete model for laterite

Floor
Level

Max values of bending
moment (kNm)

Max values of shear Max values of axial force
force (kN) (kN)

LG1 1 LPAY1_. LFAY1 LG1 LPAY1 LFAYI LG1 ’LPAY1fLFAYl
12 109.27 135.0 125.82 46.69 61.03 55.92 109.38%; 112.15 111.13
ll 151.24 169.25 161.91 72.64 84.69 2 79.77 217.94 223.69 221.6

187.45 205.02 197.83 97.13 108.96 104.12 1 326.0“ ‘ 334.57 331.48

1

110
9 225.52 243.17 235.95 119.76 1

131.62 126.76 433.84 445.31 441.17

_8 278.9 296.43 289.27 133.47 143.25 139.25 541.15_ 555.5 550.3

-1

295.6 313.49 306.19 [15007 159.94 155.90
1

649. 10 665.04 658.81
1

i

O\

307,66 326.10 318.67 162.16 172.23 168.11 757.27 775.12 767.14

LI!

310.94 330.28 322.7 167.39 177.13
1_.

173.17 894.65 927.12 913.3

-B

321.81 340.22 331.1 176.79 188.39 183.7 1

1044.87 1082.2 1066.5

Lo-I

352.12 362.02 354.8 175.22 186.79 182.2 1193.8 1237.1 1219.3

Ix)

415.89 419.71 411.4 “T 170.84 186.67 181.2 1335.2 1_1386.6 1366.6

%d

580.80 489.46 499.56 157.95 158.98 158.1
1

1453.2 1519.0 1496.1

Table 4.8b. Maximum values of bending moments, shear forces and axial forces
in columns given in Table 4.8a and % variation with respect to LG1

Force

response 1

Configuration 1 Max.va1ue of force 7 % variation
response

Bending
moment
(kNm)

LG1 580.80
LPAY1 489.46 -15.7

777-1

LFAY l 499.56 -13.9
Shear force LG1 176.79

1

LPAYl(kN) .1  .. 188.39 _  6.51 + _
LFAY1 ‘ 183.70 1 +3.9

Axial force MLGI
(kN) i LPAY1 1519.0

% 1453.2 1 +4.5
LFAYI 1496.1 42.9

There is a decrease of 16% for column bending moment when the pile

length is taken as characteristic depth and 14% when pile is treated for full

length showing that there is 2% increase in the maximum bending moment in

the frame when discrete mode] for soil is considered. The corresponding

variations in shear force shows an increase of 7% and 4% showing a decrease

of 3%. As for axial force it is 5% and 3% giving a decrease of 2%. The

maximum variation in column response is only 3%. This validates the concept

of characteristic depth in the design regarding force output.
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Fig. 4.6 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different depths of fixity with SSI
using discrete model for laterite.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.9a and the percentage variations of maximum responses

with respect to LG1 are reported in Table 4.9b. The variations along the floor

level are shown in Fig. 4.7.
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Table 4.9a. Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using discrete model for
laterite.

Level (kNm)
Floor Max values of bending moment Max values of shear force(kN)

LG1 i_LP/\Yl 8 LFAYI LG1‘? LPAiY18_lLFAY1 1
12 112.47 130.34 123.00

1

71.64 76.99 74'. 65 5

l.110 147.23 169.9 160.87 82.18 8889.31 86.46
10

I

l 186.57 207.28 198.33 93.87” 100.91 98.10

.9­ 225 .25 244.8 235.83 106.12 112.6 109.84

8 _ . 268.74 285.88 276.9 119.49 125.49 122.68

\J

313.43 327.56 321.28 133.18 138.52 135.69 i

.__J

O‘\

,_

341.76 355.55 349.1 141.94 147.2 144.36
360.43 374.73 368.8 147.63 152.7 .159-13

-t>-an

367.90 385.4 ‘377.68 150.21 156.58 153.5

L»-I

363.31 386.37 375.95 148.97 156.88 153.61

l\-J

338.96 369.25 357.9 141.37 151.53 147.98

pi

263.41 312.88 301.2
1

117.99 133.92 129.5

Table 4.9b. Maximum values of bending moments and shear forces in beams
given in Table 4.9a. and % variation with respect to LG1.

Force

response 1
Configuration = Max.value of %ivariation

force response
Bending LG1 1

367.90
1 moment LPAY1 386.37 1+5
(kNm) 0 LFAY1 377.68 0 +3.~-.6__-. _Shear 1 LG1 150.21
force LPAYI

1 156.88 1 +4.4

1 (kN) K LFAYl 153.61 “+2.2

1

The percentage variation of bending moment in beam is 5% when the

pile length is taken as characteristic depth and 3% when pile is treated for full

length showing that there is 2% decrease in the maximum bending moment

when discrete model for soil is considered. The corresponding variations in

shear force is 4% and 2% showing a decrease of 2%. The maximum variation

in beam response is only 2%. As in the case of responses in columns this

validates the concept of characteristic depth in the design regarding force

output.
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force in beams for different depths of fixity with SS1 using discrete
model for laterite.

4.8.1.3 Influence of founding depth with SSI using continuum model for
laterite

The analytical results of LG1, LPBY1 and LPBY1 are used to study

the influence of founding depth with SS1 using continuum model for lateiite.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 4.l0a. and the percentage variations of

maximum responses with respect to LG1 are reported in Table 4.10b. The

variations along the floor level is shown in Fig. 4.8.

Table 4. 10a Maximum values of bending moments,shcar forces and axial
forces in columns for different depths of fixity with SS1 using
continuum model for laterite

Floor Max values of bending
Level moment (kNm)

Max values of shear Max values of axial force
force (kN) (KN)

LG 1 LPBY1 LPBY1 1 LGl , LPBY1 LPBY1 I 161 LPBY1 LFBY1
12 1109.27 1 125.76 113.56 46.69 55.88 49.08 109.38 111.28 110.0 1

11 I 151.24 161.45 153.7 72.64 1 79.46 74.28 217.94 221.9 219.2,
197.37 189.85 97.13 , 103.81 98.74 326.0 331.94 327.910 1 187.45

9 225.52 1_235.5_ 227.94 119.76 126.46 121.38 433.84 441.8 436.47
8 , 278.9 288.84 281.32 133.47 139.0 134.8 541.15 551.1 544.4

,

J

\.1

T2956 305.8 298.14 150.07 155.65 151.42 649.10 659.7 651.75

O\

_1

307.66
1.

318.42 310.54 162.16 167.8 163.56 757.27 768.2
1

758.8

L11

J 310.94 up 323.04 314.8 167.39 172.9 168.8 894.65 0911.6 898.17

-IA

4321.81 333.14 322.3% 176.79 183.6 178.67_, 1044.87  1064.9 , 1049.4

Lo)

352.12_, 348.55 344.18 175.22 Ll 82.29 177.38 1193.8 1218.3 1200.3

l\.)

415.89 400.17 392.8
I

170.84 183.37 17521 1335.2 1367.4 1346.2 1

%i

580.80 449.62 493.15 157.95 157.05 161.5 1453.2 1502.4 1475.6
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Table 4.l0b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.l0a and % variation with respect to LG1

Force Configuration i Max.value of force 1 %ivan'ation
response g pg p 1 response __Bending p LG1 580.80 l
moment LPBY1  449.62  -22.5(l(N1‘n) l LPBYI 493.15 T -15 T
Shear force 1 LG1 l 176.79  _g H 1(kN) LPBYI 1 183.6 +3.8. LPBYI 178.67 “+1
Axial force LG1  1453.2
(1<1\1) l LPBYI 1502.4  g  +3.3 g l

[LPBYI l 1475.6   +1.5 _ _.
-0- LG1 —I—- LPBYI —a—— LFBYI [ _¢-- 151 -0- LPBYI -¢- LFBY]_ i . “L ___, ._1‘ fq‘   . . -... ­V I V 150 —
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Fig. 4.8 Variation of maximum values of(a) bending moment (b)shear force
and (c) axial force in colunms for different depths of fixity with SSI
using continuum model for laterite

There is a decrease of 23% for column bending moment when the pile

length is taken as characteristic depth and 15% when pile is treated for full

length showing that there is 8% increase in the maximum bending moment in

the frame when continuum model for soil is considered. The corresponding
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variations in shear force shows an increase of 4% and 1% giving a decrease of

3%. As for axial force it is 3% and 1% giving a decrease of 2%.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.l1a and the percentage variations of maximum responses

with respect to LG1 are reported in Table 4.11b. The variations along the floor

level are shown in Fig. 4.9.

Table 4.1 la Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using continuum model for
laterite.

1

Floor
Level . (kNm) (KN)

Max values of bending moment Max values of shear force

JLGI p LPBY1 1 LFBY1 1 LG1 LPBYI LFBYl
12 it 112.47 _122.8 114.8 71.64 174.60 172.16

:11. ’—147.23 160.67 150.7 L 82.18 86.40 1 83-29
10 .g186.57 1 198.13

1

“ 188.3 it 93.87 98.04 94.9
9 225.25 235.64 226.6 106.12 A 109.78 106.7

O0

4 268.74 276.73 , 270.16 119.49 122.61 1 119.9

\J

g. 313.43 1 320.5 314.8 133.18 135.64 133.62

O\

341.76 I 349.05 7 343.3 1 141.947‘ 144.30 142.4 1

L11

360.43 368.3 1 36.2-4 147.63 1159.94 148.23
F­

-l>~

"367.90 377.92 371.28 150.21 153.75 151.2

L.

U-I

1 363.31 1378.29 A 369.62 148.97
1 154.34 150.9

I\)

3 338.96 i 364.61 353.39 141.37 150.06 145.8

j

263.41 318.97 300.59 “117.99 135.34 1129.4

Table 4.1 1b Maximum values of bending moments and shear forces in beams
given in Table 4.1 la and % variation with respect to LG1

Force 1
response .

Configuration Max.value of l % variation  M
9 forceresponse

Bending
moment
(kNm)

LG1 4 367.90
LPBYI 378.29 +2.8
LFBYI 7371.28 +0.9

Shear
force
(KN)

LG1 up 1 150.21
LPBYI l 154.34 T 1 +2.7

l

LFBY1 151.2
1

Y +0.6
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Fig. 4.9 Van ation of maximum values of (a)bending moment and (b)shear

force in beams for different depths of fixity with SSI using continuum
model for laterite.

The percentage variation of bending moment in beam is 3% when the

pile length is taken as characteristic depth and 1% when pile is treated for full

length showing that there is 2% decrease in the maximum bending moment

when continuum model for soil is considered. The corresponding variations in

shear force are 3% and 1% showing a decrease of 2%. The maximum variation

in beam response is only 2%. As in the case of responses in columns this

validates the concept of characteristic depth in the design regarding force

output.

4.8.1.4 Influence of SSI of laterite when piles are fixed at characteristic
depth

The analytical results of LPNI, LPAY1 and LPBYI are used to study

the influence of SS1 using discrete and continuum model for laterite when

piles are fixed at characteristic depth. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 4.l2a and the

percentage variations of maximum responses with respect to LPNI are

reported in Table 4.12b. The variations along the floor level is shown in Fig.

4.10.
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Table 4. 1 2a Maximum values of bending moments, shear forces and axial
forces in columns for different models for laterite when fixed at
characteristic depth.

Floor I
Level

Max values of bending
moment (kNm)

Max values of shear Max values of axial

LPN1 LPAY 1 LPBY1J LPN1 LP AY
1 force (kN) q g  force (kN)

1 ‘LPBY1 ,LPNl LPAY1 1 LPBY1

“T12 _1 110.80 1 135.0 125.76 A 47.54 61.03 55.88 K 109.61 112.15 111.28
1 151.93 1 69._25 161.45 1 73.09 ,7 84.69 79.46 1 218.42 1 223.69 221.9

188.13 A _205.02 197.37 97.58 108.96 ,_l03.8l | 326.73__ 334.57 1 _1331.94
11 g
10 1
9 226.22 243.17 235.5 120.21 5 131.62 126.46 434.82 445.31

1 441.8 J
.8 279.67 296.43 288.84 133.841 ___ g 143.25 139.0 _ 542.38 5 555.5

xi

. 11 296.63 313.49 305.8 150.46 159.94 1 155.65 1 649.25 1 665.04
551.1 g
659.7 1

O\

309.58 1 326.10 318.4 1 162.63
V _....
1 172.23 167.8 756.7 , 775.12 768.2

if 1T315.81g 330.28 323.04 4 168.03 177.13 4 172.9 T89602 927.12 91116

-5511.11

329.89 1340.22 333.14 A 178.28 1 188.39 7 183.6 “10481 1 1082.2 1064.9 1

DJ

1 320.43 1 362.02 348.55 1 177.46 . 186.79 182.29 1 1201.7 1237.1 1218.3 A

l\J

1 351.89 419.71 8400.l7J 183.86 186.67 7 183.37 7 1355.2 A 1386.6 1367.4

M

_1317.40‘ 489.46 .449.62 152.051158.98 157.05 1506.1 1519.0 1502.4 1

Table 4.l2b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.l2a and % variation with respect to LPN1

_gI'§§pOI1Sg€

» Force Configuration I Max.va1ue of force % variation
TCSPOHSQ  if f g

4 Bending
moment
(kNm)

1 LPN1
71 351.89 1 .._

_LPAYl 1
489.46 -539

. LPBY1 449.62 +277

(KN)

Shear force LPN1 183.86

1 LPAYI 188.39 +2.4

1 LPBY1 183.6
1 Axial for

(KN)

CC 1 LPN1 9 1506.1
.-0.1 11  1

1 LPAYI 1519.0
1

1

+0.83

1 LPBY1 1502.4 ‘ "  7112 1

There is an increase of 39% for column bending moment when

modeled using discrete elements and 28% using continuum elements showing

that there is 11% variation in the maximum bending moment in the frame

when two models for soil are considered. The corresponding variations in

shear force is an increase of 2% and 0% showing a variation of 2%. As for

axial force it is 1% and 0% giving a variation of 1%. This shows that even

though both elements are equally good in modeling the properties of soil,

discrete model gives upper bound values for column bending moment.
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Fig. 4.10 Variation of maximum values of (a) bending moment, (b)shear force
and (c)axial force in columns for different models for laterite when
fixed at characteristic depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.l3a and the percentage variations of maximum responses

with respect to LPN1 are reported in Table 4.l3b. The variations along the

floor level are shown in Fig. 4.11.
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1

Table 4. 13a Maximum values of bending moments and shear forces in
beams for different models for laterite when fixed at
characteristic depth

1- - 3
1' V 77 — — —' — — — — ' — 7 — " —— ' i—' — 7 T T — — 7 77 7
.8 Floor l Max values of bending \ Max values of shear force(kN)
1 Level ‘1no1_nent(kl\lm_) _ _ __ _ _

.LPN1 -LPAY1 .LPBY1lI<PN.1 l_LPAY,1 LPBY1

4;

l_l2 1 l_l_3. ll T13034 1122.8 '. 71.87 76.99 74.60

bl

1‘_11 g ._ 1 148.31

4
l

1769.9

.10. 1 186.87 207.28 19813 94_25_ 300 91 98 04

—,L_

79 i 225.54 244.8 lO9 78
L3. _ 1 269.06 285.88

235.64 J°6_2°_ T1126, .
"276 73 , 119_.58_ 1125.49 1

T161167  82.52-  89-31. - 1 8649 _
A: . A‘ . p 7 pi : 7 L . i p p Al .. p . . .122.61

1'7. 1 313.85 _ 327.56_ 320.5 L 133.30 1 138.52 1 135.64

J

‘ 6 T34253 355.55 349.05 "142.17gf147.2 7 1

7

144,30

15 7 l362.40 _374-73,T  ‘ 368-3 T148-24.171527 ‘ 150.04

if .._
13 g

373.99l_ 37

V. 378.20

8541 3 . 377.92 lf152.09 1156.58 _ L
_  386.37 _ 378.29 '9 153.59 9. 156.88

153.75
154.34

l

_. P

.62 _ 3 377.80 369.25 ‘364.61 1153.51 17151.58 1 150.06
1 1 _ _21371.32 312.88 p 318.97 7 l150.95 4133.92 A 7135.34

Table 4. l 3b. Maximum values of bending moments and shear forces in
beams given in Table 4.l3a and % variation with respect to LPN 1

Force Y. Configuration 9* Max.value of 7 77% variation 7 7
119899999  _ _ - - _ forceresponse . _ _ _ - 3

g[1______n___1 1366616 7 LPNI 1 378.20 ‘
" moment LLPAY1 8 _ i_38_6.37

-._ Tr

+2.1 g g
1 (kNm) it LPBYI ‘ 378.29._ 0-0
Shear JLPN_1 _ _._153_.59_ _ _
force FLP‘A\?1‘ 7 7156.88 7 i+2.1 7

1

1

-099 _ JLPBY1 "154-34 l+94 I.

A 450E . .
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The percentage variation of bending moment in beam is 2% when

modeled using discrete elements and 0% using continuum elements showing

that there is 2% variation in the maximum bending moment when two models

for soil are considered. The corresponding variations in shear force are 2% and

0% showing a decrease of 2%. The maximum variation in beam response is

only 2%. This shows that soil structure interaction does not have significant

effects when piles are fixed at characteristic depth.

4.8.1.5 Influence of SSI of laterite considering full depth of piles

The analytical results of LFNI, LFAYI and LFBY1 are used to study

the influence of SSI using discrete and continuum model for latente when

piles are fixed at full depth. Maximum values of bending moments, shear

forces and axial forces in columns are reported in Table 4.l4a and the

percentage variations of maximum responses with respect to LPN] are

reported in Table 4.l4b. The variations along the floor level is shown in Fig.

4.12.

Table 4.l4a Maximum values of bending moments, shear force and axial force in
columns for different models for laterite when fixed at full depth

Level moment (kNm) p  force (kN) force (kN)
FIOOT Max values of bending Max values of shear Max values of axial

1 L-FNI ’1.1=AY1 . LFBY1 LFN1 LFAYI ’ LFBY1 LFN1 LFAYI LFBYl1 7 111.1355.92_ 49.08 g_ 111.2 to ifll0.0
12? 1pp118.841m125.82 113.56 152.0211 221.6154.77 161.791 153.7 174.98 1g ‘74.28 ’221.8 179.77 219.2

H10 192.944 197.83” 189.85 100.561 104.12 198.74 1331.8 “ 331.48 T 327.91 436.47

O0

28313 289.27 281.32 1135.5 139.25 1134.8 '7551.10l550.3 71' 544.4

\J

*9 1230.55 235.95 ,227.94 4123.08 126.76 l2l_.38 p44l.7 1441.17 1. 7 ! '
301.71 306.19 298.14 T15249’ 155.90 1151.42 ’659.7 1658.81 651.75

O3

A_ I . .. _ .1 ~~ — ' — .

LII

H 1318.29 318.67 310.54 1164.741168.11 7163.56 1768.21 767.14 7758.8
898.17 1

3377843227 ‘3148 171.34 173.17 P1688 898.9 1913.3 1

-l>~

1397.3 1331.1 322.3 1184.9 183.7 178.67 11058.9 1066.5 11049.4

W7

1750007173548 344.18 1 189.9 182.2  177.38 l 1232.4 1219.3” 1200.3

808.3 411.4 “3928 247.5 l 181.2 175.21i1439.3 1366.61 if

l\-I

1346.2V‘ r 7 *7 __if 1496.1

L

5 1418.6 499.56_1493.15 1146.6 1 158.1 T 161.5 1736.81 1475.6
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Table 4.l4b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.14a and % variation with
respect to LFN1

Force Configuration Max.va1ue of force % variation
i response it g response
Bending LFN1 1413.6
moment LFAY1 499.56 _g -64.7
(kNm) LFBY1 .__l 493.15 -65.2

force

A (kN)

I Shear ii LFN 1 247.5

LFAY1 183.7 g__1 -25.7
LFBY1 178.67 '27-3

. (kN)
Axial force i LFN1” 1736.8

LFAY1 1496.1 -13.8

LFBY1 1475.6 1'15
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Fig. 4.12 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different models for Iaterite
when fixed at full depth.

There is a decrease of 65% for column bending moment when the full

depth of pile is considered for the two models of soil showing that there is no
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variation in the maximum bending moment. The corresponding variations in

shear force shows a decrease of 26% and 28% giving a variation of 2%. As for

axial force it is 14% and 15% giving a variation of 1%. The maximum

decrease in column bending moment is 65%. This may be due to the effect of

soil structure interaction which reduced the responses in the frame.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.15a and the percentage variations of maximum responses

with respect to LFN1 are reported in Table 4.l5b. The variations along the

floor level are shown in Fig. 4.13.

Table 4.l5a Maximum values of bending moments and shear forces in beams
for different models for laterite when fixed at full depth

Level 1 (kNm)
Floor 1 Max values of bending moment Max values of shear force (kN)

LFN1 LFAY1 LEBY1 1 LFN1 LFAY1 LFBY1
1

12 1 117.66 123.0 1114.8 1 73.09 74.65 72.16

1, 1.1 ­ 154.0
_1

160.87 1150.7 _. 84.29 86.46 83.29
1 10 "1 191.5 198.33 188.3 95.9 98.10 94.9
1 9 1 229.1 5235.83

Ié 226.6 A 107.7 109.84 106.78 1 270.3 276.9 9270.16 1 120.6
1

122.68 119.9

7_ 314.45 321,28
349.7

314.8 _p  133.79 135.69 133.62
1

O\

344.6 343.3 _1 142.9 144.36

L11

369.79 368.8 1 362.4 A 150.5 150.18 148 23

-I>~

399.51 1

1 377.68 Q 371.28"  160.23 1 153.5

_l42.41

151.2

U)

442.67 375.95 369.62 9174.05 1 153.61” 150.9

l\)

550.0 357.9 353.39 1207.91 . 147.98 145.8

l

M

852.8 301.2 129.5 129.49 300.59 1297.54  p

Table 4.1 5b Maximum values of bending moments and shear forces in
beams given in Table 4.1521 and % variation with respect to LFN1

1 Force Configuration Max.value of % variation

H response” 9 9 Lforce response 9
Bending H1 LFN1  1 852.8moment 1 LFAYI  377.68
(kNm) LFBYI 371.28 . -56.4
Shear JLFN1 9 297.54

j F
T-55.7

force  LFAY1 153.61 -48.3
lkN) LFBY1 151.2 -49.1 1
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Fig. 4.13 Variation of maximum values of (a)bending moment and (b) shear

force in beams for different models for laterite when fixed at full depth

There is a decrease of 56% for beam bending moment when full depth

of pile is considered showing that there no variation in the maximum bending

moment when two models for soil are considered. The corresponding

variations in shear force are 48% and 49% decrease showing a variation of

2%. The maximum variation in beam response is 56%. As in the case of

columns this may be due to the effect of soil structure interaction which

reduced the responses in the frame.

4 8 1 6 Influence of SSI and founding depth on displacements in laterite

The models LG1, LPNI, LPAY1, LPBY1, LFNl, LFAYI and LFBYI

are analysed to investigate the effect of soil structure interaction and founding

depth on displacements in laterite. The maximum values of horizontal and

vertical displacements are reported in Table 4.16. Fig. 4.14 shows the

deflected shapes when the pile is taken for characteristic length, with and

without soil structure interaction.
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Table 4.16 Effect of fixity with and without SSI effect of laterite on
displacements

p (In)

‘C Depth of fixity in Max values of displacement
1 Horizontal Vertical
direction directionl Ground 1 0.1801 I./eVe1  7 g __l g 0.005

Characteristic 1 Without SS1 g L 0.212 0.0056

depth With SSI Discrete model A 0.215 0.022| .1 Continuum lA _ g model g 0 0.207 0.013
l

Full depth p Without SSI-    0-7922 0.0082

1 with ss1 Discrete model ‘A 0.201 0.0130
1 Continuum 0 0.197

g , M modelq
0.0084 1

When displacements are considered, it is observed that the maximum

values of displacement both in the horizontal and vertical direction increases

with depth of fixity for the two models of soil, compared to when the frame is

fixed at the ground level. Maximum displacements with soil structure

interaction effects are reported when the pile length is taken as characteristic

depth. Decrease in displacements for full depth of fixity is due to the restoring

effect caused by the thick soil medium.
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Fig. 4.14 Deflected shapes (a)without and (b)with soil structure interaction

4.8.1.7 Influence of SSI of laterite on bending moments in pile

The variation of bending moments in the pile with and without soil

stmcture interaction is shown in Fig. 4.15. Models LPNI and LPAYI are

compared.

—§— LPN1 —I— LPAY1

04000 2000 2000
5

wGL

10

hbeo

15

Dept

20

-25

Bending Moment

Fig. 4. l5 Variation of bending moments in the pile with and without SSI
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The bending moments in the pile are drastically reduced beyond

characteristic dept when soil structure interaction effects are considered.

4.8.1.8 Stress distribution in soil using continuum model.

The distribution of horizontal, vertical and von Mises stress in the soil

when modeled using continuum elements is shown in Fig. 4.16. The stress

distribution between the middle, intermediate and outer pile are shown.

I -°- H012. stress -'- Venical stress + von Mises stress I

t .
" " 1 n 40­

Fig. 4.16 Stress distribution in laterite

4.8.2 Effect Of Soil Structure Interaction And Founding Depth
In Sand

The models LG2, LPN2, LPAY2, LPBY2, LFN2, LFAY2 and LFBY2

are analysed to investigate the effect of soil structure interaction and founding

depth in sand. The results are presented and discussed in the subsequent

sections. Bending moments, shear forces and axial forces in columns and

bending moments and shear forces in beams are compared. Displacements in

the frame and bending moments in the pile are compared. Stress distribution in

the soil has been studied.

4.8.2.1 Influence of founding depth without SSI

The analytical results of LG2, LPN2 and LFN2 are used to study the

influence of founding depth without SSI. Models with fixity at ground level, at

characteristic depth and at full depth are studied herein. Maximum values of

bending moments, shear forces and axial forces in columns are reported in

Table 4. l7a. and the percentage variations of maximum responses with respect
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to LG2 are reported in Table 4.l7b. The variations along the floor level is

shown in Fig. 4.17.

Table 4.17a Maximum values of bending moments, shear forces and axial
forces in columns for different depths of frxity without SS1 with

lateral loads corresponding to sand.

Floor 1 Max values of bending Max values of shear’ Max values of axial
, Level V moment _(kNm) 1 force (kN) p force (kN)

LG2  LPN2 ,7 LPN2 LG2 LPN2 LFN2 LG2 LPN2 LPN2
’—12148.61 150.68 161.6 '63.50 164.66 70.75 7110.79 111.211113.8 1_ 201.51 202.20 1 207.5

1

96.39 1 97.15 101.1 221.14 222.02 227.4
108 254.62 255.87 262.4 7131.63 132.44 1 136.7 330.76 332.09 340.49 . 305.58 1 306.87 313.6 162.15 1 162.99 167.4 439.98 1 441.77 6452.9
8 376.85 378.191 385.1 180.08 if1__180.73  184.3 548.37  550.61 564.6

_ 1
400.09 401.72 410.5 292-96 203.60 207.4 696.92 696.86 693.7

O\\J

416.94 1 419.31" 433.3 219.72 1 220.23 224.2 5869.36 869.48 866.6

Ln

421.53 427.91 459.7 226.95 1 227.69 233.2 1049.7 1050.5 1050.2

-P

436.82 447.30 540.7 239.89 2 241.79 250.4 1233.8 1237.0 1246.8

L04

2178.16 436.15 680.5 237.85 1 241.54 258.5 1416.41 1425.7 1462.0

l\J

566.03 479.37 1099.0 232.41 1 249.90 336.2 1588.8 1614.5 in 1722.8 Y.

H

790.46 . 430.53 1929.8 214.74 206.73 199.5 1729.8 Ni 800.3 2107.6

Table 4.l7b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.17a and % variation with respect to LG2.

Force Configuration ‘ Max.value of force ‘ % variation
response  g_ _presponS€

Bending
moment

(kNm)

LG2 790.46
LPN2 479.37 8-39.3
LFN2 1 1929.8 +144

Shear
force

(kN) 1
LG2 239.89
LPN2 249.90 +4.1 j
LPN2 I

336.20 +40.1
Axial force
(KN)

LG2 1729.8 1

LPN2
‘. 1800.3 +4.0

m_.

LPN2 _1
2107.6 +21.8

There is a decrease of 39% for column bending moment when the pile

length is taken as characteristic depth and an increase of 144% when pile is

treated for full length showing that there is 183% increase in the maximum

bending moment in the frame when no soil medium is considered. The

corresponding variations in shear force is 4% and 40% showing an increase of

36%. As for axial force it is 4% and 22% giving an increase of 18%. This may

be due to lowering of the support of the frames and the subsequent increase in

the cantilever action.
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Fig. 4.17.Variation in max values of (a)bending moment, (b)shear force and
(c) axial force in columns for different depths of fixity without SS1
with lateral loads corresponding to sand.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.18a and the percentage variations of maximum responses

with respect to LG1 are reported in Table 4. 1 8b. The variations along the floor

level is shown in Fig. 4.18.
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Table 4.l8a Maximum values of bending moments and shear forces in
beams for different depths of fixity without SS1 with lateral loads
corresponding to sand_. V . _, H . . "?

Floor Max values of bending 1 Max values of shear force
Level  moment (kNm) _ g  H g H _g _g_

11.02% , LPN2 LFN2  LG2 gs 1 LPN2 1 LFN2 112 , 132.17 ’W pg 133.10 139.5 77.85 78.18 79.89
p11 i179.37g1180.80188.29 _92.21 g 4
10 230.26 g 231.68. 239.13 1108.07 108.50 1110.8

19 3  1281.38 ‘282.82 A 290.3 _ 124.05 124.50 126.8

92.66 1 94.98“

18 340.15 1338.80 346.5 1141.53 1141.99 1144.3 17 if 401.53 p 160.30
36 A 440.78 441.39 444.0 172.44 ’172.62 1174.8

E 401.68 1 403.9 4 160.34 W 162.3

5  466.93 469.16 477.3 .180.41 1811018484
T4 1477.48 1485.25 519.4 184.07 1186.48 198.4
. to 471.69 491.46 579.3 "182.54

_.. ‘_ .
488.66  217.2 pl
188.8 263.3 1

r—~[\_)L;.)

439.39 491.76 T 727.4 172.45%
4 337.58 48442111384 140.93 185.75 368.6

Table 4.1 8b Maximum values of bending moments and shear forces in beams
given in Table 4.18a and % variation with respect to LG2

Force Configuration  Max.value of '_% variation
I'Q§pOfl_SC W k l_ force response
Bending
moment
(kNm)

LG2 L477.48
. I 1

LPN2 491.76 +2.9

_LFN2 ni 1138.4 +138.4
Shear
force

LG2 184.07
LPN2 188.80 p +2.5

(kN)  1 LFN2 368.60 +100

1

J

1

The percentage variation of bending moment in beam is 3% when the

pile length is taken as characteristic depth and 138% when pile is treated for

full length showing that there is 135% increase in the maximum bending

moment when no soil medium is considered. The corresponding variations in

shear force is 3% and 100% showing an increase of 97%. As in the case of

responses in columns this may be due to the lowering of the support of the

frames and the subsequent increase in the cantilever action.
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Fig. 4.18 Variation of maximum values of(a) bending moment and(b) shear

force in beams for different depths of fixity without SS1 with lateral
loads corresponding to sand

4.8.2.2 Influence of founding depth with SSI using discrete model for sand

The analytical results of LG2, LPAY2 and LFAY2 are used to study

the influence of founding depth with SS1 using discrete model for soil. Models

with fixity at ground level, at characteristic depth and at full depth are studied

herein. Maximum values of bending moments, shear forces and axial forces in

columns are reported in Table 4.l9a. and percentage variations of maximum

responses with respect to LG2 are reported in Table 4.l9b. The variations

along the floor level is shown in Fig. 4.19.

Table 4.l9a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
discrete model for sand.

Floor .Max values of bending ‘
Level moment(kNm)

Max values of shear Max values of axial
force (kN) force (kN)

TLG2  LPAY2 LFAY2 LG2 . LPAX2 LFAY2 1 LG2 1 LPAY2! LFAY
12 148.61 208.94 191.6 63.50 97.12 87.49 A ll0.79__Hi 120.93

11 , 201.51 238.68 224.9 96.39 121.17 112.2 71221.14
I

242.23 236.4

2 ._
118.09

1

10 254.62 290.35 280.14 131.63 155.37 148.52 330.76 362.44 353.7
F9 305.58_, 341.69 1 331.3 162.15 186.52 179.5 439.98 482.49 470.8

O0

g_f376.85 413.09 401.8 180.08 200.37 1 194.0 1 548.37 601.77 5871 1
1

\l

400.09 4 437.21 1
426.5 202.96 223.45 1 217.4

1

696.921 732.19 715.8

O\

416.94_. 455.15 443.8 219.72 1 _240.63 1 234.3 869.36 1 910.79 891.54

U1

421.53 461.33 449.5 226.95 247.13 3 241.0 1 1049.7 1097.5 1075.4 1

-P

1 436.82 ’ 479.62 465.5 239.89 264.48 25713 1233.8 1288.9 1263.7

U0

478.16 501.44 491.7 237.85 261.98 . 255.2 1' 1416.4 1480.4 1451.9

I\J

566.03 1 588.01 573.8 232.41 267.51 i 257.9 1588.8 1665.8 1633.5 '

M

_ j 790.46 632.67 642.54 214.74 213.95 1 213.8 1172918 1830.4 1793.3
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Table 4.l9b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.l9a. and % variation with respect to LG2

+li€§JPOHSQ l
Force Configuration 9 Max.value of force  % variationresponse  _
Bending _LG2 K  790.46 i

p moment B LPAY2 632.67 519.9
F (kNm) i LF_AY2 7542.54 -18.7
H Shear force (LG2 i239.-39
(1<1\1)  LPAY2 5264.48 ’ +10.2 ’

LFAY2 , 257.9 _ +7.5 i
Axial force 1 LG2 M 1729.8  p

' LPAY2(KN) 1830.4 5 +5.8 i
LFAY2 1793.3 _ +3.6

m
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Fig. 4.19 Variation of maximum values of (a)bending moment, (b)shear force
and (c) axial force in columns for different depths of fixity with SS1
using discrete model for sand.

There is a decrease of 20% for column bending moment when the pile

length is taken as characteristic depth and 19% when pile is treated for full

length showing that there is 1% increase in the maximum bending moment in
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the frame when discrete model for soil is considered. The corresponding

variations in shear force shows an increase of 10% and 8% giving a decrease

of 2%. As for axial force it is 6% and 4% giving a decrease of 2%. The

maximum variation in column response is only 2%. This validates the concept

of characteristic depth in the design regarding force output.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.20a and the percentage variations of maximum responses

with respect to LG2 are reported in Table 4.20b. The variations along the floor

level are shown in Fig. 4.20.

Table 4.20a Maximum values of bending moments and shear forces in
beams for different depths of fixity with SS1 using discrete
model for sand.

. Floor A Max values of bending 1 Max values of shear force(kN)
‘Level ._moment(kNm)1 1 1 1 1 1 1 g 1 11% A 1 1 1
, LG2 . LPAY2 1 LFAY2 11.621 1LPAY21 11.1?/1Y2

4 1
1

"12 1 132.17 1 177.42 162.0 1 77.851 91.65 1 86.7
_]1

7 _ F _ _
% 234.09 215.5 11 92.21

.1 __ -.
1 109.37 103.5

111 1179.3710 _ 230.26 A 284.58

_1

“2661 1 108.07 1 125.03

119 7 1281.38 1 335.85 1317.3
_|_

1 124.05 1 141.09 135.27‘
1 119.27

340.15 " 391.89 1 373.3
fi¥_ _
1 141.53 1_1.58-5.9 152.7

1

_1

N8
17 .1. 40.1-53­ 7448191 1 430.2 1 160.30 176.41 170.5

Y

76 1, 1440.78 1487.38 L46 8 .3 172.44
11 1
1‘

1 188.44 11 182.4
1 5 466.93 1511.98

T1

1 180.411 11 96.13 190.0
1.

I 1 477.48 1 556.65
1 492.6
1 510.1 111841.107 _201 .95

.11 _ ­
195.5

.14
3 1 471.69 1334.08 17512.28 ' 182.54 1 2103.01

.1 .
1196.1 .'

1 2 1 11 439.39 7 514.76 _  491.0
_€___1 _

172.45 1 196.99
4% _

1_1819.5

_1 7 1 337.58 1444.01 418.83 17140.93 11 1741.87 1 166.6
1

1

Table 4.20b. Maximum values of bending moments and shear forces in beams
given in Table 4.20a and % variation with respect to LG2

1 response

1

1.

Force Configuration Max.va1ue of % variation
1

1Bending ALGZ 1 _
1 force response I 1 _1 477.48 1

J

4;

moment  LPAY2 _ 534.08
1

'1

..1
1 +11.8 1

~1(kNm)  1LFAY2  7 _1 512.28 17+7.2
11

7 Shear 7 1 LG2 184.07
_‘._

force TLPAY2 1 203.071 1 +10.2 _

9LJ._

MW) - .LFAY2­ 1196.1 1 +6.5

8'1
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Fig. 4.20 Variation of maximum values of (a)bending moment and (b) shear
force in beams for different depths of fixity with SS1 using discrete
model for sand.

The percentage variation of bending moment in beam is 12% when the

pile length is taken as characteristic depth and 7% when pile is treated for full

length showing that there is 5% decrease in the maximum bending moment

when discrete model for soil is considered. The corresponding variations in

shear force is 10% and 7% showing a decrease of 3%. The maximum

variation in beam response is a decrease of 5%. As in the case of responses in

columns this validates the concept of characteristic depth in the design

regarding force output.

4.8.2.3 Influence of founding depth with SS1 using continuum model for
sand

The analytical results of LG2, LPBY2 and LPBY2 are used to study

the influence of founding depth with SS1 using continuum model for sand.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 4.21a. and the percentage variations of

maximum responses with respect to LG2 are reported in Table 4.2lb. The

variations along the floor level is shown in F i g. 4.21.
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Table 4.21a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
continuum model for sand

Floor Max values of bending Max values of shear‘
Le‘/¢l moment (kN m) force (kN) 1 _ 1

Max values of axial force
(KN)

LG2 T LPBY21 LPBY2
1

lLG2 TLPBY2 “L1=13Y2g LG2 1LPBY2 LPBY2
‘ 12 1148.611195.56 161.48 63.50 89.67 70.68 11    3 g,  T ”113.46

11 11 201.51_1 225.99p 31207.43 96.39 113.69 1011332211 9238.69 1226.75
T  110.79 119.18 1i 1- 4..1  136.69 61 1 9 1330.7 357.22 339.2410 254.62 282.46 262.26 131.63’ 150.11 1

9
1

\l

1 400.09" 429.12 408.08 ‘ 202.9 1218.82 4 207.24 ‘T 696.9 _714.18 I 697.8

Ch

1 305.58 333.69 313.30 1 181.12 167.35_1439.98 475.53 451.39
. 7

2

61416.941446.99 _, 425.06 219.7 N 235.74 223.69 869.3 ’889.71 870.5. .1 .. ~ " 1

LIT

3 1421153 454.38 4314312269 242.581231.04 1049 11073.59 1051.3_. .. _ 1. _ ..'"' ._.-  ._ .. 1445.45

-B

1 1 436.82
.7

476.65 A 1239.8 259.41 245.21 11233.81262.57 1236.8

DJ

g_ 478.16_ 476.27 1 466.59 237.85 . 258.02 " 244.73_ 1416.4 1 1453.01 11422.57

l\-7

_ 1790.46 1505.25 1616.38 214.74 213.24 225.52 11819.02 1767.3

jun!

162.15
8 37685140413 1384.35 180.08  195.33  184.23 5483 1593.05 1562.71 1

6 1

1 2
5

9

" 566.03 1 537.61 517.36 1 232.41g1265.97 1 241.37 1 1588.8 1641.18 1 1603.4911  1729.8
Table 4.2lb. Maximum values of bending moments, shear forces and axial

forces in columns given in Table 4.21a. and % variation with
respect to LG2

Force

response
Bending
moment

r

. ! - - 1
. Configuration Max.value of force % vanation 11 p 1 1 response p _ 1 1LG2  1790.461  1LPBY2 537.61  31.91 .

(kNm) LPBY2 616.38 -22 1Shear fo ce 1 LG2 1 1 239.89 _ 1 1 M265.97 1 +108LP BY2(km 1
1 1 1 LFBY2 1 245.21%  +2.2 H 1Axial force LG2 1729.8
. (kN) LPBY2 1" T A1 _ 1 1819.0 +5.1LFBY2 1767.3 +2.1 .

5 51
There is a decrease of 32% for column bending moment when the pile

length is taken as characteristic depth and 22% when pile is treated for full

length showing that there is 10% increase in the maximum bending moment in

the frame when continuum model for soil is considered. The corresponding

variations in shear force is an increase of 11% and 2% showing a decrease of

9%. As for axial force it is 5% and 2% giving a decrease of 3%.
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Fig. 4.21 Variation of maximum values of (a)bending moment, (b)
shear force and (e)axial force in columns for different depths
of fixity with SS1 using continuum model for sand.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.2221 and the percentage variations of maximum responses

with respect to LG2 are reported in Table 4.22b. The variations along the floor

level are shown in Fig. 4.22.

Table 4.22a Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using continuum model for sand.

A Floor ‘ Max values of bending moment Max values of shear force (kN) _
Level 1 (kNm)

LG2
12 A 132.17

l

‘.

LPBY2 1, LFBY2Ml LG2 LPBY2 LFBYZWl 7  7 7 1164.67 140.41 77.85 87.56 79.97
11 479.37 218.53 189.4 92.21 104.46 95.34

.19

1

1

19 230.26 269.12 240.2 108.07 120.17 ; 111.16
1

281.38 320.36 291.3 124.05 , 136.21 127.16

H8 1 340.15 376.40 347.3 l 141.53 153.71 144.65
7 401.53 433.39

1

1 404.1 160.30 171.52 162.40
6 - l

l

440.78 471.79 441.9 172.44 183.52 1 174.23

kl!

466.93 496.77 468.5 K 180.41“ 191.33 1_181.78g

-b

477.48 516.69 483.2 184.07 197.55 187.11
1

1 471.69 523.87 l

486.1
l 182.54

l 199.80 188.0

I\-IUJ

439.39 516.61 1 468.9 172.45 197.53 182.65

Ii

, 337.58 477.15 413.62 [1 140.93 185.24 165.43
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Table 4.22b. Maximum values of bending moments and shear forces in beams
given in Table 4.22a and % variation with respect to LG2

Force . Configuration Max.value of % variation it
response H p  force response  7

4 Bending ' LG2 477.48 1moment LPBY2  l 523.87 ’ +9.7
(kNm) 'LFBY2 281486.101 +1.8 _ ‘1 I1 Shear 1 LG2 18184.07 2. force J 199.80  +l5.73 p_

j(kN) L LLFBY2 l 188.0 “ +2.1
LPBY2

The percentage variation of bending moment in beam is 10% when the

pile length is taken as characteristic depth and 2% when pile is treated for full

length showing that there is 8% decrease in the maximum bending moment

when continuum model for soil is considered. The corresponding variations in

shear force are 16% and 2% showing a decrease of 14%. The maximum

variation in beam response is a decrease of 14%. As in the case of responses in

columns this validates the concept of characteristic depth in the design

regarding force output.
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Fig. 4.22 Variation of Maximum values of (a)bending moment and (b)shear
force in beams for different depths of fixity with SS1 using continuum model
for sand.

4.8.2.4 Influence of SS1 of sand when piles are fixed at characteristic
depth

The analytical results of LPN2, LPAY2 and LPBY2 are used to study

the influence of SS1 using discrete and continuum model for sand when piles
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are fixed at characteristic depth. Maximum values of bending moments, shear

forces and axial forces in columns are reported in Table 4.23a. and the

percentage variations of maximum responses with respect to LPN2 are

reported in Table 4.23b. The variations along the floor level is shown in Fig.

4.23.

Table 4.23a Maximum values of bending moments, shear forces and axial
forces in columns for different models for sand when fixed at
characteristic depth

Level i moment (l<Nm) 0 force (kN) (kN)
Floor Max values of bending 1 Max values of shear Max values of axial force

1

. . _ ., I | . . >~ '—~
1 1 LPN2 LRAY2 1 LPBY2  LPN2 LPAY2  LPBY2  LPN2 LPAY2 1 LPBY2
' 12 7_ 9150.68 1 208.94‘ "195.56 164.66 1 97.12 89.67 1 120.93 119.18

97.15
1 0 0  111.21,111    222.02 242.23 1 238.69502.20.238.68 225.99“ 0121.17 113.69  0

110 255.87 290.35 282.46_ _, .. __ . . I 11 132.44 155.37 150.11  332.091 362.44 1 357.22
r 475.53H 9 1 306.87 1 341.69 A 333.69% 162.99  186.52 181.12 441.77 1 482.49lg 8 1gp , 378.191413.09 0,404.13  180.73 200.37  195.331 550.61 601.77593.05

401.72 437.21 1429.12 203.60 223.45 218.82 696.861

xi

0 M 1 0,    732.19 714.18
-1’

910.791 419.31 1 455.15” 446.99 1_220.23 240.63 235.74  869.48 .

O'\

889,71.. ,_ .1I. _ .

£11

447.30 479.62 1237 0

-lb

476.65 . 241.79 1 264 48 25941 12889 1262 57

LA

1436.151501.441476.27 241.54 261.98 258.02 1425 11480.4 1453.01

7127.91 1461.33 454.381 227.691_247.13, 1242.58 1 1050.5 1097.5  1073.59,.,.1,.’.

l\J

479.37 1_588.01  537.61 1249.90 1 267.51 1 265.97 11614.5 1665.8 1641.1 8

430.53 632.67 505.25 206.73 . 213.95 7213.24 1800.3! 1830.4 1

i

. 1819.02

Table 4.23b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.23a and % variation with respect to LPN2

I Force Configuration 1 Max.value of force 1 % variationresponse 1 response 41 3 . ~ 7" ‘ 7’ "7 0 * 7 '0 _  itBending LPN2 479 37
moment LPAY2

. (kNm) 1 LPBY2
632 67
537.61

+319,+12.1  g_1 249.90 1LPN2Shear force 1
1 (kN) LPAY2 1+7.0,267.51

LPBY2  265.95 7 ‘+6.4Axial £6166  LPN2  1800.3 1
(kN) ‘0 , LPBY2 0  +1.01830.4 3 1  1 +1.61 1819.02 1LPAY2

There is an increase of 32% for column bending moment when discrete

elements are used and 12% using continuum elements showing that there is

20% variation in the maximum bending moment in the frame when two

models for soil are considered. The corresponding variations in shear force are

an increase of 7% and 6% showing a variation of 1%. As for axial force it is

2% and 1% giving a variation of 1%. This shows that when the two models are
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considered in modeling the properties of soil, discrete model gives upper

bound values for column bending moment.E .._ ._ .  .. .. _ _ .­
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Fig. 4.23 Variation of Maximum values of (a)bending moment,(b) shear force
and (c)axial force in columns for different models for sand when
fixed at characteristic depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.24a and the percentage variations of maximum responses

with respect to LPN2 are reported in Table 4.24b. The variations along the

floor level are shown in Fig. 4.24.
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Table 4.24a Maximum values of bending moments and shear force 1n beams
for different models for sand when fixed at characteristic depth.

; Floor A Max values of bending moment
Level g (kNm)

Max values of shear force (kN)

LPN2 LPAY2 ‘ LPBY2 LPN2 LPAY2 1 LPBY2W _._1
‘ 12 133.10 177.42 1? 164.67 78.18 91.65 87.56

.11 1 180.80 234.09 218.53 92.66 Y 109.37 10446
10 231.68 284.58 269.12 108.50 1 125.03 120.17
9 282.82_ 335.85 320.36 124.50 it 141.09 136.21

8 338.80 391.89 376.40 141.99 1 158.59 153.71

1

\J

401.68 448.91 433.39 160.34 8 176.41 171.52

O‘\

441.39 1 487.38 T471 .79
1

172.62 0188.44 183.52

LII

T46916 511.98 496.77 181.10 196.13 191.33

1

-B

485.25 530.65 516.69 7 201.95 197.55

DJ

491.461 p 534.08 523.87
186.48
188.66 203.01 199.80

l\J

491.76 514.76 516.61 188.8 196.99 197.53

|._;

484.42 444.01 477.15_ 185.75 1174.87g__185.24L

Table 4.24b Maximum values of bending moments and shear forces in beams
given in Table 4.24a and % variation with respect to LPN2

TCSBQDSB g

Force 2 Configuration  Max.value of 2 1°/6 variationéi if
force response

Bending
moment

1 (kNm)

LPN2 1 491.76___
1

1 LPAY2  534.08 +8.6
LPBY2 523.87 i+6.5

Shear
1 force

1 LPN2 188.80
J LPAY2 203.01 +7.5 _.

(kN) LPBY2  it 199.80 p_ 5‘ +5.8[ii
A'­,­­
i
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Fig. 4.24 Variation of Maximum values of (a)bending moment and (b)shear
force in beams for different models for sand when fixed at
characteristic depth.

The percentage variation of bending moment in beam is 9% when

discrete elements are used and 7% using continuum elements showing that
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there is 2% variation in the maximum bending moment when two models for

soil are considered. The corresponding variations in shear force are 8% and

6% showing a decrease of 2%. The maximum variation in beam response is

only 2%. This shows that the type of soil model does not have significant

effects when piles are fixed at characteristic depth.

4.8.2.5 Influence of SSI of sand considering full depth of piles

The analytical results of LFN2, LFAY2 and LFBY2 are used to study

the influence of SS1 using discrete and continuum model for soil when piles

are fixed at full depth. Maximum values of bending moments, shear forces and

axial forces in columns are reported in Table 4.25a. and the percentage

variations of maximum responses with respect to LFN2 are reported in Table

4.25b. The variations along the floor level is shown in Fig. 4.25.

Table 4.25a. Maximum values of bending moments, shear forces and axial
forces in columns for different models for sand when fixed at
full depth

Floor Max values of bending ‘
Level 1 moment(kNm) 4  force(kN)M 1 1 force( )

Max values of shear Max values of axial1 kN
1 LPAY2 1 LFBY2 11 LFN2 LFN2 LFAY2 13LFBY2 1 LFN2 1 LFAY2 LFBY2

12 161.6 191.6 1 161.48 70.75 877.49 70.68 113.8 118.09 1 1 13.46
111 207.5 7224.9 7207.43 1 101.1 112.2 101.13 227.4 236.4

-_1
226.75

i716 262.4 280.14 262.26 1 136.7
1___

1 148.52 1 136.69“ 340.4 353.7 339.24

1 9 1 313.6 331.3 167.4 7179.5 167.35 1 452.9
1

1 470.8 451.39

O0

385.1 401.8
313.30_
384.35 184.3 194.0 564.6

1

587.1 562.71

\I

1

410.5 426.5 408.0811 1 207.4 1 184.23207.24 693.7 715.8 697.8

O\

1 1 433.3 443.8 425.06 224.2
1217.4

234.3 223.691 866.6 870.5

U1

1 459.7 449.5 431.43 233.2 241.0 231.04 1050.2
4114 891.54

1 1075.4 1051.3

-IA

540.7 465.5 445.45 1 250.4 257.3 245.21 1246.8
1 1263.7g1 1236.8

U)

680.5 491.7 466.59 1 258.5 1255.2 244.73 1462.0 1 1451.9 1422.57

l\J

1099.0 1 573.8 517.36 336.2 257.9 241.37 1722.8 1633.5 , 1603.49

i

1929.8 642.54 ’616.38 199.5 213.8 225.52 2107.6 1793.3 1767.3 _
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Table 4.25b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.25a and % variation with respect to LFN2

Force Configuration ‘TMax.value of force “V6 variation A
vg_I°€SpOl1S€ N g A __| I'CSpOI1S€
Bending
moment
(kNm)

LLFN2 1929.8
LFAY2 A 642.54 in -66.7 T
LFBY2 616.38 -68.0

M Shear

force

. (kN)
l

' LFN2 A 336.2

P LFAY2 257.9 -23.2
LFBY2 1245.21 A l -27.0  .

" (RN)

Axial force 1 LFN2 2107.6
1

1 LFAY2 1 1793.3 -l_4.9
LFBY2 1 1767.3 ,-16.1

BM kNn

. " 2500

Max. Va ue 0

Floor Level Floor Level
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Fig. 4.25 Variation of maximum values of (a)bending moment, (b)shear force
and axial force in columns for different models for sand when fixed
at full depth.

There is a decrease of 67% for column bending moment when the full

depth of pile is considered using discrete model and 68% using continuum

giving 1% variation in the maximum bending moment. The corresponding

variations in shear force show a decrease of 23% and 27% giving a variation

of 4%. As for axial force it is 15% and 16% giving a variation of 1%. The
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maximum decrease in column bending moment is 68%. This may be due to

the effect of soil structure interaction which reduced the responses in the

frame.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.26a and the percentage variations of maximum responses

with respect to LFN2 are reported in Table 4.26b. The variations along the

floor level are shown in Fig. 4.26.

Table 4.26a Maximum values of bending moments and shear forces in beams
for different models for sand when fixed at full depth

Floor Max values of bending moment Max values of shear force (kN) 1 17 Level 1 (kNm) 7 7 1 1
g 7 1_LFN2 ;HLFAgY2 ‘LFBY2 LLFN2 LFAY2 1 LFBY2
12 139.5 162.0 777,140.41 79.89 686.7 779.97 1
11 7188.29 _215.5

1266.1
189.4  94.98“ 1103.5  195.34240.2 2 ‘110.8 119.2 111.16710 239.13

290.3 it 317.3 291.3 1 1 126.8
‘_

135.27 127.169

“T8 1 346.5 123733 347.3 7 144.3 152.7 144.65

\l

1 _ 1 403.9 430.2 404.1 162.3 170.5 162.40

O\

1 444.0 _1 468.3 g 441.9 174.8
.1

182.4 174.23

U1

477.3 7‘ 492.6 468.5 184.8 190.0 181.78

-R

1 519.4 151041 483.2 1
1 1-1

198.4
1

195.5 187.11

DJ

1579.3 512.28 486.1 _; 217.2
1

196.1 188.0

[Q

A 727.4 A 491.0 468.9 263.3 1 189.5 182.65

+1

71138.4 1418.83 77413.62
V­

368.6
1 166.6 165.43

Table 4.26b Maximum values of bending moments and shear forces in beams
given in Table 4.26a and % variation with respect to LFN2V .

Force Configuration Max.value of % variation
response _ K K 1 force response

1

Bending
moment
(kl\Im)

LFN2 1 1138.4 1 1
1

LFAY2 512.28 1 -55.0 1
LFBY2 486.1 7 -57.2 7 _1

7Shear 1 1
force
(KN)

LFN2 368.6

LFAY2 196.1 -46.7
LFBY2 188.0 -48.9
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Fig. 4.26 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different models for sand when fixed at full depth.

There is a decrease of 55% for beam bending moment when full depth

of pile is considered using discrete model and 57% using continuum model

showing 2% variation in the maximum bending moment when two models for

soil are considered. The corresponding variations in shear force are 47% and

49% decrease showing a variation of 2%. The maximum variation in beam

response is a decrease of 56%. As in the case of columns this may be due to

the effect of soil structure interaction which reduced the responses in the
frame.

4.8.2.6 Influence of SSI and founding depth on displacements in sand

The models LG2, LPN2, LPAY2, LPBY2, LFN2, LFAY2 and LFBY2

are analysed to investigate the effect of soil structure interaction and founding

depth on displacement in sand. The maximum values of horizontal and vertical

displacements are reported in Table 4.27. F i g. 4.27 shows the deflected shapes

when the pile is taken for characteristic length, with and without soil structure

interaction.
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Table 4.27 Effect of fixity with and without SSI effect of sand on
displacements

Depth of fixity Max values of displacement
_ (m)

Horizontal
direction

Vertical
direction

Ground
Level

0.24 0.006

Characteristic Without SSI
depth

0.289 0.0066
With SSI Discrete model 0.383 0.079

Continuum 0.3418
model

0.0391

Full depth Without SSI 1.0785 0.0098
With SSI Discrete model 0.31 l 0.035

Continuum 0.2967
model

0.0155

'* F "———l;-==*=~—
‘—“*"T "r—"*-P-*—­‘1"‘_" ‘Tl ‘L "  |l .|1l4—+%#—‘i1
't—-"—"'ri-l'i‘~l +*_l . .
..   J--7 .._.,._.._....=.

K 7 ‘l ~ .~ I| ||\ |l

ii ill‘???
a.Without SSI b.With SSI

Max.horizontal displacement:0.289m Max. horizontal displacement:0 383m
Max. vertical displacement:0.006m Max.vertical displacement: 0.079m

Fig. 4.27 Deflected shapes (a)without and (b)with soil structure
interaction in sand.

values of displacement both in the horizontal and vertical direction increases

with depth of fixity for the two models of soil, compared to when the frame IS

When displacements are considered, it is observed that the maximum
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fixed at the ground level. Maximum displacements with soil structure

interaction effects are reported when the pile length is taken as characteristic

depth. Decrease in displacements for full depth of fixity may be due to the

restoring effect caused by the thick soil medium.

4.8.2.7 Influence of SSI of sand on bending moment in piles

The variation of bending moments in the pile with and without soil

structure interaction are shown in Fig. 4.28. Models LPN2 and LPAY2are

compared.

—§— LPN2 —I— LPAY2

O

-3000 -2000 -1000 1000 2000
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ow GL
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Fig. 4.28 Variation of bending moments in the pile with and without SSI

The bending moments in the pile are drastically reduced beyond

characteristic dept when‘ soil structure interaction effects are considered.

4.8.2.8 Stress distribution in soil using continuum model.

The distribution of horizontal, vertical and von Mises stress in the soil

when modeled using continuum elements is shown in Fig. 4.29. The stress

distribution between the middle, intermediate and outer pile are shown.
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Fig. 4.29 Stress distribution in sand

4.8.3 Effect Of Soil Structure Interaction And Founding Depth
In Alluvial Soil

The models LG3, LPN3, LPAY3, LPBY3, LPN3, LFAY3 and LFBY3

are analysed to investigate the effect of soil structure interaction and founding

depth in alluvial soil. The results are presented and discussed in the

subsequent sections. Bending moments, shear forces and axial forces in

columns and bending moments and shear forces in beams are compared.

Displacements in the frame and bending moments in the pile are compared.

Stress distribution in the soil has been studied.

4.8.3.1 Influence of founding depth without SSI

The analytical results of LG3, LPN3 and LFN3 are used to study the

influence of founding depth without SSI. Models with fixity at ground level, at

characteristic depth and at full depth are studied herein. Maximum values of

bending moments, shear forces and axial forces in columns are reported in

Table 4.28a. and the percentage variations of maximum responses with respect

to LG3 are reported in Table 4.28b. The variations along the floor level is

shown in Fig. 4.30.
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Table 4.28a Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity without SS1 with
lateral loads corresponding to alluvial soil.

1 F1001‘ 1 Max values of bending 1
Le‘/61 2 moment (kNm)

Max values of shear] Max values of axia11

LG3 1 LPN3 1 LFN3
force (1(N) 2 force (kN) gLG3 3LPN3 LFN3 TLG LPN3

F .
LFN 3

,12 12 182.48_ 185.02 198.4 __\ 77.97 _ 79.3 86.8 1112.0 112.5 116.0 1
11 .2464 1 247.7 _ 254.8 118.37 1 119.3 124.2 223.81 225.1 232.3 1
10 T3126711314.19 322.2 1 161.64 . 162.6 167.9 334.8 336.7 347.7
9 , 375.24 376.8 1 385.1 200.1 445.2 447.7

.l_

1

T8 T46274 1 464.4 472.9 1 221.09 221.9
205.59

1226.3 592.3 591.8
1 462.5
T­586.7

1 491.02

Q

493.18 504.1 249.07 249.9 254.7 1775.9 775.4 769.6
510.87 ‘ 514.53 1 532.02g 269.10 2 270.0 275.3 974.6 974.19 968.37 1

(.I|O’\

W _A 516.47_1 524.88 56415 1 278.12 1 279.5 286.3 1183.1 1183.5 1180.4

-B

,535.50 548.55 1 664.0 294.10 296.3 307.5 1396.3 1399.5 1408.5 T

L»)

586.56 535.65 836.0 291.87 1

199.1 X

if 1

296.6 317.6 1607.7 1618.3 1659.5

Ix)

A 695.19 588.71 1349.3 285.39 307.2 412.6 . 1806.9 1837.5 1966.7
970.84 1

j

527.8 1 2369.9 263.7 253.7 245.0 1967.6 1 2053.2 2426.6

Table 4.28b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.28a and % variation with
respect to LG3

1 1 1
Force

response

1 if 10 "81Configuration Max.value of force /6 variation

LG3 970.84
A | I'€SpOIlS€ _‘ . .. 2­ 1 1 T

moment LPN3 588.77 -39.4 g_
(kNm) 1 LFN3 2369.9 +1441

Bending

rShear fo ce J LG3 294.10
(KN) LPN3 307.2 g 1 +4.4

. _ l LFN3 412-6 +402
Axial force A LG3 1967.6(KN) LPN3 2053.2 +4~_3

LFN3 2426.6 _  +23-3

increase in the cantilever action.
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There is a decrease of 39% for column bending moment when the pile

length is taken as characteristic depth and an increase of 144% when pile is

treated for full length showing that there is 183% increase in the maximum

bending moment in the frame when no soil medium is considered. The

corresponding variations in shear force is 4% and 40% showing an increase of

36%. As for axial force it is 4% and 23% giving an increase of 19%. This may

be due to the lowering of the support of the frames and the subsequent
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Fig. 4.30 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different depths of fixity without
SS1 with lateral loads corresponding to alluvial soil.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.29a and the percentage variations of maximum responses

with respect to LG3 are reported in Table 4.29b. The variations along the floor

level are shown in Fig. 4.31.

Table 4.29a Maximum values of bending moments and shear forces in
beams for different depths of fixity without SS1 with lateral
load corresponding to alluvial soil.

Floor
Level

T Max values of bending T Max values of shear 161667
moment (kNm) \ (kN)g
LG3 LPN3 1 LFN3 LG3 LPN3 1 LFN3121 149.13 _1 150.5 158.4 83.21 83.6 85.7

ill 207.06 208.7 1217.8
1

1 1 100.85 101.3 1104.19
gl 0 269.42 1271.1 7 280.1 _120.29 120.8  123.5

1

1

p 9 332.27 334.0 1 343.1
1

1

139.94 140.47 143.2

8 . 401.61 1 402.7 1412.1 161.4 161.9 164.8

\J

477.3 7 477.2 1 482.6
1

7.
183.62 ‘. 183.76 186.8 1

O\

525.82 . 526.29 17531.9 198.63 198.7 202.2

(J1

558.34 7560.8 _1 571.0
.1

1 208.55 209.3 214.5
1

->­

571.6 A 580.8 624.5 213.14 3216.0 231.2
1

L.»-I

564.86 588.81 1 698.1
1

1 211.4 1 1 218.8 254.3

l\J

525.77 5 589.79 1 880.2
-1

1

199.19 219.2 31 1.0
1

i

401.39 581.72 , 1384.2 160.67 ‘. 215.6 459.9
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Table 4.29b. Maximum values of bending moments and shear forces in beams
given in Table 4.29a. and % variation with respect to LG3

Force 1Configuration I Max.value of I%van'ation I
response  g force response  W I
Bending _LG3 1571.6  I
moment LPN3 589.79 +3.l% I T‘

H (kNm) J LPN3 3 1384.2 J +142.1' Shear I LG3 i213.14 1
force LPN3 g 219.2 1 +2.8%
(kN) TLFN3 .4599 it g 1115.7%i I 1

kNm

bl‘ kN
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Fi g. 4.31 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different depths of fixity without SSI with lateral
load corresponding to alluvial soil.

The percentage variation of bending moment in beam is 3% when the

pile length is taken as characteristic depth and 142% when pile is treated for

full length showing that there is 139% increase in the maximum bending

moment when no soil medium is considered. The corresponding variations in

shear force are 3% and 116% showing an increase of 113%. As in the case of

responses in columns this may be due to the lowering of the support of the

frames and the subsequent increase in the cantilever action.

4.8.3.2 Influence of founding depth with SS1 using discrete model for
alluvial soil

The analytical results of LG3, LPAY3 and LFAY3 are used to study

the influence of founding depth with SS1 using discrete model for alluvial soil.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial
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forces in columns are reported in Table 4.30a. and the percentage variations of

maximum responses with respect to LG3 are reported in Table 4.30b. The

variations along the floor level is shown in Fig. 4.32.

Table 4.30a. Maximum values of bending moments, shear forces and axial
forces in colunms for different depths of fixity with SS1 using
discrete model for alluvial soil.

F100r Max values of bending
Level moment(kNm)

Max values of shear Max values of axial
force(kN) W H 1force(kN)

LG3 LPAY3 LFAY3 1LG3 up 1 LPAY3 LFAY3 LG3 LPAY3
1

LFAY3
182.48 1 278.72 265.5 1 77.97 131.61 124.2 7 112.0 pp“ 131.06 128.3712

11 246.4 299.58 290.0 118.37 1 153.85 148.98 223.8 1 263.5 258.02

.10 312.67 369.74 361.9 161.64 1 199.52 _1 194.33 334.8 394.58 386.29
_9~ 375.24 1432.85 424.9 199.1 238.0 232.6 445.2 1 525.4 514.36

8 . 462.74 T1 221.09 1 252.46 248.15 592.3 p_ 655.43 641.4

\-1

1 491.02
1518.60 1510.9

1550.45 542.1 1 249.07 1 281.77 277.2 775.9 1 814.7 804.9

O\

510.87 572.84 563.8 269.10 303.02 298.3 974.6 A 1020.1 1008.5

LII

516.47 1581.15 570.5 g 278.12 310.70 306.12 1183.1 if 1235.7 1222.2

-B

535.50 611.26 593.4 1 294.10 334.09_ 328.25 1396.3 1 1457.5 1441.2

OJ

586.56 618.02 626.2 7291.87 1 330.82 324.6 1607.71.168055 1660.1

l\J

695.19 1726.30 750.7 A 285.39 1 346.19 333.7 1806.9 1898.9 1870.1

pgl

970.84 1 707.38 833.5 1__263.7_ 257.73 257.8 1967.6 1 2099.3 2051.3

Table 4.30b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.30a and % variation with respect to LG3

_response
1 Force Configuration Max.va1ue of force % variation

p response
Bending
moment

L03 970. 84
1 LPAY3 1 726.30

1 W 1-25.1 ’
(kNm) 1 LFAY3 833.50 I

I

1. 14.1  1
(1<1\1

Shear force LG3 294.10 1

LPAY3 346.19 +l7.7
LFAY3 333.70 +13.4

Axial force LG3 1967.6
l

(RN) 1 LPAY3 2099.3 +6.6
LFAY3 2051.3 +4.2 8

There is a decrease of 25% for column bending moment when the pile

length is taken as characteristic depth and 14% when pile is treated for full

length showing that there is 11% increase in the maximum bending moment in

the frame when discrete model for soil is considered. The corresponding

variations in shear force shows an increase of 17% and 13% showing a

decrease of 4%. As for axial force it is 7% and 4% giving a decrease of 2%.

The maximum variation in column response is 11% increase in bending
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moment. This may be due to the fact that alluvial soil is weaker than laterite

and sand; and the concept of characteristic depth cannot by strictly followed in

this case.
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Fig. 4.32 Variation of maximum values of (a)bending moment,(b) shear force
and (c)axial force in columns for different depths of fixity with SS1
using discrete model for alluvial soil.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.3la and the percentage variations of maximum responses

with respect to LGI are reported in Table 4.3 lb. The variations along the floor

level are shown in Fig. 4.33.
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Table 4.31a Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using discrete model for
alluvial soil

L12

1 L

149.13

Floor Max values of bending Max values of shear force {kN)
1 Level 1 moment (kNm) 1

G3 1LPAY3 LFAY3 LG3 1LPAY3”1LFAY3
223.14 210.9

‘ .; 83.21 105.85 101.99

111 295.06 280.5 100.85
1

128.41 1 123.85
T10

IJ 9

269.42
1 332.27

1 207.06 1
1
1 356.8

419.98
1 342.3
1 405.4

120.29
139.94

147.5
167.34

143.03
162.79

.21
1

3. 401.61
1 488.93 161 .4

F 188.87
1
1 184.31

477.3 559.2
l

474.38
_544.5 183.62 210.83

1.

__l

O\\1

17525.82 607.0 591.8 198.63
1

225.78
_206.21
" 221.02

558.34 638.1 622.1 235.49 7 230.47

-D-»U1

1 571.60 663.6 644.7 213 14 243.45
1

1

U-I

564.86 671.97 647.8
1

"1

, 208.55

211.4
' 1

1 246.07
1 237.5
1 238.52

l\-)

1 525.77 658.40
F .

620.7 199.19 241.85 230.07

'15

1 401.39_
1

591.16 521.6 160.67 1 220.81 1 199.05

Table 4.3 lb. Maximum values of bending moments and shear forces in beams

1

given in Table 4.31a. and % variation with respect to LG3

._Force 3 Configuration 1 Max.va1ue of T1 5/6 variation
response 1_1_ 1 1_ forceresponse
Bending LG3 571.60 __1 _
moment LPAY3 1 671.97 1 +17.5

1_(kNm) TLFAY3  647.80 +13.3
1

Shear LG3 in 213.14
1 force LPAY3 . 246.07 +15.4

(1<1\1) 1LFAY3 1 238.52 1 it 1 +12
J
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Fig. 4.33 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different depths of fixity with SS1 using discrete
model for alluvial soil
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The percentage variation of bending moment in beam is 18% when the

pile length is taken as characteristic depth and 13% when pile is treated for full

length showing that there is 5% decrease in the maximum bending moment

when discrete model for soil is considered. The corresponding variations in

shear force is 15% and 12% showing a decrease of 3%. The maximum

variation in beam response is 5%. As in the case of responses in columns this

may be due to the fact that alluvial soil is weaker than laterite and sand; and

that the concept of characteristic depth cannot by strictly followed in this case.

4.8.3.3 Influence of founding depth with SS1 using continuum model for
alluvial soil

The analytical results of LG3, LPBY3 and LFBY3 are used to study

the influence of founding depth with SS1 using continuum model for alluvial

soil. Models with fixity at ground level, at characteristic depth and at full

depth are studied herein. Maximum values of bending moments, shear forces

and axial forces in columns are reported in Table 4.32a. and the percentage

variations of maximum responses with respect to LG1 are reported in Table

4.32b. The variations along the floor level is shown in Fig. 4.34.

Table 4.32a Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
continuum model for alluvial soil

Floor 1TMax values of bending ~lMax values of shear if 1 ifMax values of axial
Levfil J moment (kNm) force (kN) force (kN)

LG31 1LPBY3 LFTBY31
1

LG3 LPBY3 L LFBY3 LG3 LPBY3 1 LFBY3
112‘5 182.48 , 275.54 22.4-5 77.97 ‘ 129.83 101.3 112.0 131.7 1 122.0

295.36 , 268.5 118.374 152.67 133.8 [. 223.8 1 265.0 244.9
1.

J1 _ 246.4 7
10 ’ 312.67 367.86 337.5 161.64 198.27 178.1 334.8 1 397.0 366.6

V9 , 375.24 431.0 400.4 199.1 236.7 17216.0 445.2 g528.8 1 488.1 1

8 7462.74 7516.92 487.2 221.09 7251.4 234.7 592.3 1 659.7 608.4

\l

491.02 549.04 517.3 249.07 280.7 263.3 775.9 W 794.6 |_
510.87 572.7 1 539.1 269 1 1 302.0 283.9

1

974.6 7 1 996.7 966.9

UIC\

516.47 585.5 548.6
- 9

278.12 310.1 292.6
1

1183.1 1 1209.5 : 1174.8

-{>­

, 535.50 630.55
- 1

575.3 294,10 A 334.0 312.2 1396.3 J 1430.3 1 1389.1
1'

K»)

586.56_ \_631.10 574.6 291.87 1 333.1 312.5 1607.7 11656.4 , 1605.3“

I\>

695.19 681.79 A 602.1 285.39 358.7 308.5 1806.9 1889.4 1820.1 1

|-I

1 970.84 697.14 607.81__ __ 263.7 1261.21_. 286.8 1967.6 _1 2135.3__. 2025.6 5 .1
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Table 4.32b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.32a. and % variation with respect to LG3F r __ _
, Force Configuration Max.value of force % variation
_response 1 pg  regponse 11 Bending LG3 1 970.84 9  9 9
. moment LPBY3  697.14 1 -28 1 ‘O

1 (l(N1T1) l LFBY3  607.80 ‘ -37.3 11 _ _ _
l Shear force LG3 p 294.10(kN) T LPBY3 358.70 up +219 l0 LFBY3 _. 312.50 ‘+6.2 14 Axial force . LG3 1967.6 1
(kN) LPBY3 1 2135.3 l +8.5 9

1 LFBY3 2025.6 0 +2.9

r. _.. -. . _ _- .--- l
A -o—LG3 —l—LPBY3 -—a—LFBY3 _ O0 "-1113 +1-PBY3 +LFBY3_  _  n __ _ _ It .__ A 4 __ __. _  _.  ._l- . 350 ~ 11 ‘Owl 2 . _ 300 - ll =-- 800 lb 250 "1 "4001' ' . 1501 l'_ ' I00-1
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Fig. 4.34 Variation of Maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different depths of fixity with SS1
using continuum model for alluvial soil

There is a decrease of 28% for column bending moment when the pile

length is taken as characteristic depth and 37% when pile is treated for full

length showing that there is 9% increase in the maximum bending moment in

the frame when continuum model for soil is considered. The corresponding

variations in shear force are an increase of 22% and 6% showing a decrease of
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16%. As for axial force it is 9% and 3% giving a decrease of 6%. When the

soil medium is modeled using continuum elements the responses in the

columns have reduced when the depth of pile is taken from characteristic

depth to full depth. This may be due to the fact that continuum elements are

more suitable to describe the concept of characteristic depth in alluvial soil.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.33a and the percentage variations of maximum responses

with respect to LG1 are reported in Table 4.3 3b. The variations along the floor

level are shown in Fig. 4.35.

Table 4.33a Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using continuum model for
alluvial soil

1 Floor 1 Max values of bending moment 1 Max values of shear force (kN) 1Level i (kNm) 1 1
1_.  . .4 . ~ ‘ -~ . ‘ ­

l 12 LG3 =LPBY3 1 LFBY31 LG3  1LPBY3 TLFBY33 11768 1 To149.13 H 1 216.84 83.21 103.7 91.1
ll 207.06 1 286.98 239.2 100.85 125.8 110.8

.19 .1 269.42
332.27

1348.7 7
1 411.97

9 1 301.3 1
364.3_

iv p. 9
_l 39.94

1202 144.9
164.7

130.1
149.9

3­ 401.61 480.99 1433.2 1 161.4 186.3 171.4
T

\1

477.3 551.43
1

503.2p _l83.62 208.3 193.2
1

O\

25 82 8 599.66 _ 550.3 198.63
1

9 1 223.4 207.9
1

1

U’!

1

1

5 .
558.34 8 A 632.43 581.0 208.55 233.6 217.5

-lb

571.6 663.50 605.2 ‘ 213.14 243.3
1

1 225.1

U)

1

564.86 it 684.65 614.6 21.1.4 249.9 1228.1

l\.)

525.77 707.79 607.8
.__1

199.19 257-2 225.9
1 1 1

Ii

401.39 733.20 576.1 160.67 _1 265.2
1

216.2

Table 4.33b. Maximum values of bending moments and shear forces in beams
given in Table 4.33a and % variation with respect to LG3

presponse
Force 1 Configuration  Max.va1ue of 1*°l/6 variation W

force response

(kNm

1Bending 1 7
moment 1

LG3 571.60

LPBY3 733.20 +28.2__1 0 1
LFBY3 614.60 +7.5

Shear
force

(KN)

7 11.03 213.14

1

LPBY3 265.20 +24.2
LFBY3 228.10 +7.0
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Fig. 4.35 Variation of maximum values of (a)bending moment and (b)shear
force in beam for different depths of fixity with SSI using
continuum model for alluvial soil.

The percentage variation of bending moment in beam is 28% when the

pile length is taken as characteristic depth and 8% when pile is treated for full

length showing that there is 20% decrease in the maximum bending moment

when the depth of pile is taken from characteristic depth to full depth. The

corresponding variations in shear force are 24% and 7% showing a decrease of

17%. The minimum variation in beam response is a decrease of 17%. As in the

case of responses in columns this validates the concept of characteristic depth

in the design regarding force output.

4.8.3.4 Influence of SS] of alluvial soil when piles are fixed at
characteristic depth

The analytical results of LPN3, LPAY3 and LPBY3 are used to study

the influence of SS1 using discrete and continuum model for alluvial soil when

piles are fixed at characteristic depth. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 4.34a. and the

percentage variations of maximum responses with respect to LPN3 are

reported in Table 4.34b. The variations along the floor level is shown in Fig.

4.36.
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Table 4.34a. Maximum values of bending moments, shear forces and axial
forces in columns for different models for alluvial soil when
fixed at characteristic depth

F1001‘ A Max values of bending Max values of shear 1T Max values of axial
L<‘=\’6l 1 mgoment(kNm) 1 force(l;§I) g 1 force(kN)LPN3 1 LPAY311 LPBY3 1 LPN3  1LPAY3 1 LPBY3 1'"LP1~13 LPAY3 1 LPBY31 .1. .

112 1, 185.02g1278.72 275.54 179.3 131.61 129.83 1112.5 131.06_ _ i _ 1 _ _ 1 131.7
225.111 247.7 1299.58 295.36 1119.3 153.85 177152.671 1263.5 265.0

—1'

1T10 1314.19_1 369.74 A 367.86 1 162.611 199.52 198.27 1336.7 1394.58. 1 . 397.0

238.0 1 236.7 71 g 447.7 _525.4 1 528.8. 1 __._9 _376.8 1432.85 1431.0 1200.1
118 11464.4 1g518.60 g516.921221.9 252.46 251.4 1591.8 655.43 659.7

\J

493.181550.45 549.04 1249.9 A 281.77 17280.7 if 775.4 814.7_ .. 1 _ , . 2 1 _1__. 1. .. 7 . 794.6

1 1 514.53 1572.84 572.71270.0 1303.02 302.0 1974.19_1T1020.1

O\

996.7 '
1235.7

(J1

1—1209.5_T524.88 581.15 585.5 1279.5 310.70 1 310.1 1183.5
1 548.55 1 611.26 630.55 1 296.3  334.09 334.0 . 1399.5 1 1457.5

4>~

1430.3i T if 330.82  g 1 21680.5

U)

1656.4 "1M Z g 535.65 . 618.02 1 631.10 1 296.6 1 73333.1  1618.3
1_ j 588.77 1 726.30 681.79 1 307.2 T 346.19 1358.7 1 1837.5 T18989 1 1889.4

17527.8 1707.38 1697.14 1253.7 257.73 1261.2 2053.2 2099.3

r—~t\J

2135.3

1

Table 4.34b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.34a and % variation with
respect to LPN3

Force if iTConfiguration “Max.value of force % variation
Lresponse g K g 7 p__response g W 1Bending LPN3 588.77 J T 1

moment LPAY3 . 726.30 g 1 +23.3
(kNm) 1 LPBY3  697.14 +18.4 1__ ., .. ‘> _.

1811661 £6166 LPN3 1307.20 1(kN) 11 LPBY3 1 358.701LPAY3 g 1 346.19 g 1+12.6
1

416.7_ , _ _ 7 1. _  _ 1
A1161 £6166 TLPN3 12053.2 1(kN)  LPAY3 2099.3 A +2.2 1LPBY3 1 2135.3 +3.91 _. . L .1.

There is an increase of 23% for column bending moment when discrete

elements are used and 18% using continuum elements showing that there is

5% variation in the maximum bending moment in the frame when two models

for soil are considered. The corresponding variations in shear force show an

increase of 13% and 17% giving a variation of 4%. As for axial force it is 2%

and 4% giving a variation of 2%. This shows that even though both elements

are equally good in modeling the properties of soil, discrete model gives a

higher value for column bending moment and has to be considered in the

design.
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Fig. 4.36 Variation of maximum values of (a) bending m0ment,(b) shear force
and (c)axia1 force in columns for different models for alluvial soil
when fixed at characteristic depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.35a and the percentage variations of maximum responses

with respect to LPN3 are reported in Table 4.35b. The variations along the

floor level are shown in Fig. 4.37.

Table 4.3 Sa. Maximum values of bending moments and shear forces in
beams for different models for alluvial soil when fixed at
characteristic depth

’ Floor Max values of bending moment My Max values of shear force (kN) 511 Level  p_ (l<Nm) p pp _ p 1
1  LPN3 ' LPAY3 1 LPBY3 4 LPN3

F . . _
112’ 150.50 1223.14“ 216.84 83.60 105.85

. _LPAY3 J LPBY3. F .103.70
208.70 ‘T 295.06 239.20 101.30 128.41 125.80

"T1

271.10 13356.80 301.30 120.80 J 147.50 144.90
1 334.00 " 419.98 7‘ 364.30 140.47 . 167.34 164.70

111110 '
[98 1 402.70 488.93 *g1&4p33.20 161.90 188.87 186.30

1

1

1 7 _477.20
526.29

‘ 559.20
607.00

1

-1

503.20
550.30

183.76

198.70
210.83
225.78

208.30
223.40

116
1\5

4 580.80 663.60 605.20 216.00 A 243.45

1

560.80 1638.10 1581,00 1209.30 1235.49 233.60
243.30

1

588.81 A 671.97
I.

614.60 218.80 1 246.07 249.90
2 589.79 658.40 1

1.

607.80 219.20 241.85 257.20
581.72 ‘ 591.16 576.10 215.60 1 220.81 265.20
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Table 4.35b. Maximum values of bending moments and shear forces in
beams given in Table 4.35a. and % variation with respect to LPN3

Force ' Configuration i Max.value of 0 % variation l
response _  force response
Bending
moment
(kNm)

l LPN3 K 589.79
1 ii T l
|__..

LPAY3 671.97 +13.9 A
LPBY3

_l
__J614.60 1+4-2

' l
Shear
force

(KN)

LPN3 219.20 l ..
LPAY3 i 246.07 ,+l2.2
LPBY3 265.20 0 l +20.9

kNm

§

--¢
?'

Bl»

q—p

-oq

F; in _._ LPN3. + LPAAY3 + LP“!-3Y3‘ A + LPN3 + LPAY3 + LPBY3 _;

N

Max Vaueo

‘é §

- 200-_

0‘r——r' i'-**'—-r "|ir%—"l

F k

. <.._|. ,-.

auei SVMax

c/_'-7i'“"‘Cii“'“'oc>'8<:>8<:>S
__l

_i

._ i'_'*.il_ "l 'Tlili"l" T?l?li'l"fiil

|2|||()9g7(,5432|- l2lll09876543ZlFloor Level  l-loor Level ._.. __ . .. - _ _.. _ mm -.___... -___--.-.   ....J
a. Bending moment b. Shear force

Fig. 4.37 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different models for alluvial soil when fixed at
characteristic depth.

The percentage variation of bending moment in beam is 14% using

discrete model and 4% using continuum model when pile length is taken as

characteristic depth showing that there is 10% variation in the maximum

bending moment when two models for soil are considered. The corresponding

variations in shear force are 12% and 21% showing a variation of 9%. The

maximum variation in beam response is 10%. This shows that soil structure

interaction increases the responses in beams in both models when piles are

fixed at characteristic depth.

4.8.3.5 Influence of SSI of alluvial soil considering full depth of piles

The analytical results of LPN3, LFAY3 and LFBY3 are used to study

the influence of SSI using discrete and continuum model for alluvial soil when

piles are fixed at full depth. Maximum values of bending moments, shear

forces and axial forces in columns are reported in Table 4.36a. and the
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percentage variations of maximum responses with respect to LFNI are

reported in Table 4.36b. The variations along the floor level is shown in Fig.

4.38.

Table 4.36a Maximum values of bending moments, shear forces and axial
forces in columns for different models for alluvial soil when
fixed at full depth

l FIOOY Max values of bending 1 Max values of shear Max values of axial 3 ll

LFN31 __.iLevel 1 1 moment (l<I\Im) 1 force (kN) 1 1 force (kN)1 1 LFAY3 1 LFBY3 *1 LFN3 1 LFAY3 l LFBY3 _I_.FN3 ’
_ . 1

LFAY3 LFBY3l
.12_ 1198.4 l265.5 l224.5_ 86.8 1124.2 101.3 1116.0 11283711220 1254.8 290.0J . 268.5 1 148.98 _‘ 133.8 l 232.3_l 25 .02 1 244.9 _

385.1 424.9 400.4 ;20s.59 *1 232.6 1 216.0 T 462.5 11514.36T488.1 ‘l -_ .l 1 472.9 510.9 487.2

11 A 1 111242 1 1 1  8
_10 322.2 1361.9 1337.5 1167.9J1_194.33 l178.1 11347.7 1386.29 1366.6 19 1 I 1 3 I8 l 1 1 ‘ 226.3 248.15 l 1234.7 586.7

1504.1 ‘T 542.1

\.l

517.3 254.7 277.2
' 111641.4 1608.4

263.3 3769.6 804.9 l769.3 1
' 7 532.0 _1

Ch

563.8 539.1 1275.3 l 298.3
l 1

1 283.9 I 968.3 l 1008.5 M1 966.9
564.5 1 570.5

1 .

548.6 l 286.3 1 306.12 _1 292.6    it
1 664.0 _

-P!-I1

593.4 575.3 1 307.5 ‘ 328.25
_ 1180.4 1 1222.2 1 1174.8 1
1312.2

1.1_l 836.0 1626.2

L»)

574.6 l 317.6 324.6
1408.5T1441.2 11389.1 1

312.5 l1659.5 1660.1 1605.3.
1 349.3 ' 750.71

l

1 11 l
2369.9 1 833.5

--its:

_l

l 602.1
607.8

412.6 1 333.7 __*
11245.0 1 257.8 1_;

' _ '. " 1. " "" V J
308.5 1966.7 1870.1 1820.1 l

l_ 1 _. 1. . ..286.8 2426.6 2051.3 2025.61

Table 4.36b. Maximum values
forces in columns
respect to LF N3

of bending moments, shear forces and axial
given in Table 4.36a. and % variation with

1 response _1 1
Force Configuration

1 .
Max.value of force 4 % variation 1

. response . . ._l 2 .
l Bending . LFN3 _" 2369.9
moment 1 LFAY3 833.5 1 -64.8 _,

T LFBY31(l<Nm) H 11 l 607.8 1 -74-3 1
1 Shear LFN3  412.6
1 force 1 LFAY3 1 333.7

1 1
-19.1

1 (1<1\1)  LFBY3 l 312.5 W1 -24.2 1
i LFN3l Axial force 1 2426.6

1_.

1

(kN) 1 LFAY3 _1 2051.3F
*7 -15.4 T

1 1 1_ LFBY3 2025.6
_ , . , ,.1Z l-16.5

There is a decrease of 65% for column bending moment using discrete

model and 74% using continuum model when the full depth of pile is

considered giving a variation of 9% in the maximum bending moment. The

corresponding variations in shear force shows a decrease of 19% and 24%,

giving a variation of 5%. As for axial force it is 15% and 17% giving a
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variation of 2%. The minimum decrease in column bending moment is 65%.

This may be due to the effect of soil structure interaction which reduced the

responses in the frame.
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Fig. 4.38 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different models for alluvial soil
when fixed at full depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.3721 and the percentage variations of maximum responses

with respect to LFN3 are reported in Table 4.37b. The variations along the

floor level are shown in Fig. 4.39.
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Table 4.3 7a. Maximum values of bending moments and shear forces in beams
for different models for alluvial soil when fixed at full depth

W Floor T. I1/laxvalues ofbending moment ‘T Max values of shear force (kN) T
‘Level ‘ (kNm) _ _ L_ 4 2 W44 4 444 4 ‘4444444 444 4.444444 4

I4FI>I_3- LEAY3 -l~lFBY3 3 I4FN3_lLFAY3 .LPBY3l;_1_58.4 _T210.9 Q 176.8 *1 85.7% 1101.99 "9114 14 444-J
Z 8 F2178 :280.5 J 239.2 Q0419 £123.85 _1110;8_ _
10 1* 280.1 1342.3 ‘301.3 _ 123.5 1143.03 1130.1

4h2_43g
P—"i—-'.
1--r~.>

F4

_.. 4

4-4.4-4 4
do-t>u1‘o\\11

L4,,

4 444 4 24444

T9  3T4T3.1T T4054 T T364.3_l143.2 1162.79 T " 149.91 4 4 4 _4 é.1— 1— —
~18 _412.1T T“ 474.38 T4332 '164.8 T 184T31 171.4.44 4;__ __1,_._ ,._.4_._4_4_..y_._._ _|

T4826 _ ‘ 544.5 _"503.2 T1868 1206.21 1193.2_. 4 r 4 4 4. 4 4 4 T4 4 ,1_. g _ _ _1 _ _ _ _ Xi .4. _ _ .
K 1531.9 "5918 TT5503 1202.2 1221.02 1207.9

_ 57.1.1»- 1762241458140 1214.4124@447 12045
_ A6245 $644.7 _ 1605.2 $231.2 A1 237.5 T1 225.1

698.1 @6418 g 614.6 1254.3 1238.52 T T2281

--rs.)

1 4 - 44 .4 4 4 4 ' 4 4 4]..2 4 P4...
880.2 _r1620.7 ‘T, 607.8 1T311.0 1230.07 T225.9544 7 7 44 '74 7 4 4 . ' 4 ' 4 4 4 7 7 4 . 7 7 -74 7 7 7  7 7 7 i

l

1384.2 _ 1521.6  41576.1 _11459_.9_ A _19_9_-0._5_ __ 216.2 1l1 .1 . 4* __1
Table 4.37b.Maximum values of bending moments and shear forces in

beams given in Table 4.37a.and % variation with respect to LF N3

"TF6166 T ' Configuration ‘T Max.value 6f T % variation T 1
1r@S12_<>nS@ .1 -   _ 1f0r¢@r_@Sg<>n§@ __1_ _ _ _ __ __1\ Bending *1 LFN3 1 1384.2 1 11 44 44 . 4 1. 4 4 4 4 .
‘ moment _1LFA)"3_ _ _ 1_647.80 _ _ 1-53.2 _ _f
1(kNm) _ FLFBY3 T T 614-60 -55.5 A
1Shear vLFN3g 1459,90 _ _ t_ 8 1 _ _ 1
£6166 TLFAY3 238.52 T T j 448.1 T T _p
(KN) LFBY3 ‘H8410 _ ti-50-4 T 2

There is a decrease of 53% for beam bending moment using discrete

model and 56% using continuum model when full depth of pile is considered

giving a variation of 3% in the maximum bending moment. The corresponding

variations in shear force are 48% and 50% decrease showing a variation of

2%. The responses in the beams are reduced in both cases. As in the case of

columns this may be due to the effect of soil structure interaction which

reduced the responses in the frame.
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Fig. 4.39Variation of maximum values of(a) bending moment and (b)shear
force in beams for different models for alluvial soil when fixed at
full depth.

4.8.3.6 Influence of SS1 and founding depth on displacements in alluvial
soil

The models LG3, LPN3, LPAY3, LPBY3, LFN3, LFAY3 and LFBY3

are analysed to investigate the effect of soil structure interaction and founding

depth on displacements in alluvial soil. The maximum values of horizontal and

vertical displacements are reported in Table 4.38. Fig. 4.40 shows the

deflected shapes when the pile is taken for characteristic length, with and

without soil structure interaction.
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Table 4.38 Effect of fixity with and without SS1 effect of alluvial soil on

displacements

Depth of fixity
(m)
Max values of displacement

Horizontal Vertical
direction direction

Ground
Level

0.302 0.00676

Characteristic Without SS1 0.355 0.0074

depth With SS1 _ Discrete model 0.978 0.374
Continuum
model

0.693 0.1595

Full depth Without SS1 1.32 0.011
With SS1 Discrete model 0.567 0.144

Continuum
model

0.485 0.048
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When displacements are considered, it is observed that the maximum

values of displacement both in the horizontal and vertical direction increases

with depth of fixity for the two models of soil, compared to when the frame is

fixed at the ground level. Maximum displacements with soil structure

interaction effects are reported when the pile length is taken as characteristic

depth. Soil structure interaction effects reduced the displacements when the

pile is treated for the full depth.

4.8.3.7 Influence of SS1 of alluvial soil on bending moments in pile

The variation of bending moments in the pile with and without soil structure

interaction are shown in Fig. 4.41. Models LPN3 and LPAY3 are compared.

-6- LPN3 —-I— LPAY3

. _ fig 4 . _
-4000 -2000 O 2000

-5 .

ow GL

-10

Depth be

-15

20

-25

Bending Moment

Fig. 4.41 Variation of bending moments in the pile with and without SS1

The bending moments in the pile are reduced when soil structure
interaction effects are considered.

4.8.3.8 Stress distribution in soil using continuum model.

The distribution of horizontal, vertical and von Mises stress in the soil

when modeled using continuum elements is shown in Fig. 4.42. The stress

distribution between the middle, intermediate and outer pile are shown.
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Fig. 4.42 Stress distribution in alluvial soil

4.8.4 Effect Of Soil Structure Interaction In Layered Soil

The layered soil models LSl, LS2, LSBl, LSB2 and the homogeneous

models LFAY2, LFBY2 are analysed to investigate the effect of soil structure

interaction in layered soil. The results are presented and discussed in the

subsequent sections.

4.8.4.1 Influence of SS1 of layered soil with discrete model

The analytical results of LS1 and LS2 are used to study the influence

of SS1 using discrete model for layered soil and the results are compared with

the homogeneous model LFAY2. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 4.39a. and the

percentage variations of maximum responses with respect to LFAY2 are

reported in Table 4.39b. The variations along the floor level is shown in

Fig. 4.43.

115



Table 4.39a Maximum values of bending moments, shear forces and axial
forces in colurrms for layered soil with discrete model

Level bending moment
(kNm)

Floor Max values of Max values of shear Max values of axial
force (kN) force (kN)1 __ . 1_.

1 LFAY2 1 LS1 ,_1 LS2 3 LFAY2 LS1 _1 LS2 LFAY21 LS1 1 LS2
_1 191.6 1208 V V 207 1 87.49 96.6 96 118.09 W121 1120.7 112

Ill 1 224.9 236.6_1 236.6 1 112.2 119.8 241.7 ;236.4 1242.4 1
10 "28014 . 289.8 289.2" 148.52 155 154

.1.

119.8
.6
7

353.7 36 8 3617
1'9

8

1331.3 ,_ 341.1 T 340.5 _‘ 179.5 186.1 1 185.
2.  . _

470.8 “4830 481.6’
‘ 401.8 ’ 411.3 411.011 194.0 199.4 587.1 602.5 1 600.6

L17 426.5 1 436.7 1 436.01217.4 223 1 222.
199.2

7
1 715.8 ‘ 728 ,_1729.1”_

6

LII

449 5 _ 4618 4599 2410 246 7 246 1075 4 1092 2 1093 4

-|>~

465.5 3 484.7 1 479.7 257.3 264.4 1 263.

_1 443.8, 1454.7 1453.7 3 234.3 ,_240 1 239.71 891.54 11,1 905.9 1 907.1 1‘ 1 7 1263.7  1283.5  1284.4 1

Lo-I

491.7 1 487.1 496.1 5 255.2 262.3 _261.4 1714519 “1476.1_ ”1475.9_

l\-I

1 573.8 ,_ 565.0 1 580.9 1 257.9 273.5 5 268.7 1 1633.5 1665.5 1662

pzl

1642.54  546.7 610.1 1.. 1 213.8 208.7 1211.5 1793.3 11842.6 1829.8
_ 1 _

Table 4.39b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.39a. and % variation with
respect to LFAY2

Force

response 1
Configuration  Max.value of force 1 % variation L

1 response
Bending
moment
(kNm)

3 LFAY2 H ._642.54 _1
1 ' l

LS1_1 _ _. 565.0
LS2 1610.1

-12.0
" -5 0

Shear force 1LFAY2 N 1(kN) LS1
1 257.9

1 l_ . . I
273.5 if +6.0 ~

1 LS2 5 268.7 +4.1

1 LS2 1829.8
1 Axial force LFAY2 1793 .3 .
(kN) 1_LSl  1842.6 1 +2.7

+2.0
.1

V

There is a decrease of 12% and 5% in column bending moment when

modeled using discrete elements showing that there is 7% variation in the

maximum bending moment in the frame when two types of layering for soil

are considered. The corresponding variations in shear force show an increase

of 6% and 4% giving a variation of 2%. As for axial force it is 3% and 2%

giving a variation of 1%. This shows that even though bending moments in the

columns are reduced when soil layering changes from hard to medium to soft,

a slight increase is shown in the variations of shear force and axial force.
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Fig. 4.43 Variation of maximum values of (a)bending moment,(b) shear force
and (c) axial force in columns for layered soil with discrete model.

Maximum values of bending moments and shear forces in beams are

reported in Table 4.40a and the percentage variations of maximum responses

with respect to LFAY2 are reported in Table 4.40b. The variations along the

floor level are shown in Fig. 4.44.

Table 4.4021. Maximum values of bending moments and shear forces in
beams for layered soil with discrete model

Max values of bending Max values of shear force
Floor p_m9m9I1l (KNI11) 2 ..(kN)

LS2

162.0 1 175.4 .7
pLevel  LF‘AY2_| LS1  LS2 TLPAY27 LS112 ‘176 ”86 911 91.02

7

11 215.5 ’ 231.6 _, 103.5 1108.8 108.6
10 1266.1

1 232.3
1 282.8 1 282.1 ‘119.2 124.4 124.2

p 9 1317.3 1334.1 1 333.4 J. 135.27 140.5 140.3

1 8 390.1 1 389.4 152.7 158 157.8

1 7

1 373.3
1 430.2 447.2 17446.5 A 170.5 175.8 175.6

6 A 468.3 485.7 _, 484.9 182.4 187.9 187.6
15 A 492.6 510.8 1 509.6 190.0 195.7 195.4

7 4 510.1 531.0 3 528.6 195.5 202.0 201.3

13 512.28 537.8 533.0 1 196.1 204 202.6

[Q

491.0 J 528.6 516.55 1 189.5 201.3 197.5

W

1 418.83 480.6 452.0 166.6
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Table 4.40b.Maximum values of bending moments and shear forces in
beams given in Table 4.40a.and % variation with respect to LFAY2

lg Force l Configuration Max.value of if % variation
response  7 . force response .

‘ Bending LFAY2 512.28 1
moment 1 LS1  537.8 +4.9

_(kNm) _ LS2  _533.0 y +4.0 T
Shear LFAY2 T 196.1
force l LS1 204.0 1 +4.0

p, (1<N)  [LS2 2 [2026 T +3.3 if T‘
i - .- _~­t ..- ...- ..--- _ I

__¢_]_F/s_Y2 —I—LSl _g_L$2 -0-—LFAY2 -n—LSl —a—LS2 ?|. T 600 , _..._ .. - I A 250 2 ' " ' "_- 500 — ­400 - - v»­

TlBM kN

kN

l->

8
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Fi g. 4.44 Variation of maximum values of (a)bending moment and (b)shear
force in beams for layered soil with discrete model.

The percentage variation of bending moment in beam is 5% and 4%

when modeled using discrete elements showing that there is 1% variation in

the maximum bending moment when two models for soil are considered. The

corresponding variations in shear force are 4% and 3% showing a variation of

1%. This shows that the responses in beams show slight increase when soil

layering changes from hard to medium to soft when modeled using discrete

elements.

4.8.4.2 Influence of SSI of layered soil with continuum model

The analytical results of LSBI and LSB2 are used to study the

influence of SS1 using continuum model for layered soil and the results are

compared with the homogeneous model LFBY2. Maximum values of bending

moments, shear forces and axial forces in columns are reported in Table 4.4la.

and the percentage variations of maximum responses with respect to LFAY2
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are reported in Table 4.4lb. The variations along the floor level is shown in

Fig. 4.45.

Table 4.4la. Maximum values of bending moments, shear forces and axial
forces in columns for layered soil with continuum model

1 Floor ]
Level

Max values of Max values of shear Max values of axial
bending moment force (kN) force (kN) i" (1<Nm) _.

7 if 161.48 K 177.5 lT171.3_1 70.68 ‘fit ,6 . .4 115.5 11 12 _l
l 11 l207.43 1 215.8 212.6 Y 101.13l 107 104.7

13 LFBYZJLWLSBI Q LSB2 FLFBY2 1 LsB1*,TLs132 1 LFBY2 T 1.s131 it  LsB2 it]796 1761 34 116 1 1
l

"1 226.75 1233 A 231.0 1
10  . 262.26 1 271.7 1 268.1 1 136.69 \ l43 _%Ll40.5 5339.24 if 348.7 T 345.7 1

1 313.30 @3229 l 319.21 167.35 173.8j 171.3 1 451.39 ll 464.1 i 460.17 A

J10

K 384.35 l 393.7 T 390 Q8423 1‘ 189.4 "T1874
_l

‘$62.71 1 578.7 i 573.7 g_’
408.08

\-I

418.1_1 414.27 207.24 6 212.7 210.5_697.8 _1 700-4 _1 698 j‘

O\LII

_ 43 1.43 T4435 l 438.5
_yL 231.04

_ 1425.06 1435.7 1431.5 223.69 1229.3;L227.1 870.5  T8736 T8707 7
1 1236.5 1234.4 11051.3 1 1055.1 1051.7 1

1“  445.45

-l>~

464.7_ 450.8 11245.21 1 521 249 471 1236.8 1 1241.2 1237.5_l
L 1 .466.59

1 517.36

l\JbJ

_1_461._4 1458.91
501.5 l 507.2_4_

244.73
2. . .1
251.8 1249.21 N  1422.57‘JIg1430.3 T142431

241.37‘ 1254.6) 246.6 1 1603.49 11617.5 1 1608 ‘

pi

- _ 1
l ‘M 616.38 I 468.2‘ 556.3 71 225,52 1 220.4 l 2289;‘. 1767.3 1 1797.2 T 1778.8;

Table 4.4lb. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 4.4la. and % variation with
respect to LFBY2

lTForce

_reQonse
i Configuration ii Max.value of force 1.5% variation

Bending
_ moment

(kNm)

*1 response _ A 1 1 _ g_1JLFBY2 161638 1 .. . JLSB1 _’g501.5 - .189 1._1‘
1

1LSB2 5563 1 -9.7 . .1
l Shear force

(RN)i....
LFBY2 1 245.21 L 4

ll LSBI 254.6 1 +3.8
T

l L332 - _1 249-4­ y+1.7
3 Axial force
(KN)

gLFBY2K  _T1767.3 !. .  21kj.
18131 _l 1797.2 7 +1.6

1LSB2 K 1778.8 ‘ +0.65 l
There is a decrease of 19% and 10% for column bending moment

when modeled using continuum elements showing that there is 9% variation in

the maximum bending moment in the frame when two types of layering for

soil are considered. The corresponding variations in shear force show an

increase of 4% and 2% giving a variation of 2%. As for axial force it is 2%

and 1% giving a variation of 1%. This shows that even though bending

moments in the columns are reduced when soil layering changes from hard to
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medium to soft, a slight increase is shown in the variations of shear force and

axial force as in the case of discrete modeling.

_§_ LFBY2 _'_I__SB] _‘_[_SB2 —§—LFBY2 —I—LSBl +LSB2

V 600 ‘ . ‘-' 250 1
400 - _ l50 I

T 300 '100 - 5° ‘I '_
0 -*—1i-—-- -r-—|i|—--1 -1i|—:—1 ~-—1—4. _ O "rir—fi?|—"r'—r%*|—-r‘ fiiritii

Va ue oi"BM kN n

eofSF kN

Max.

Max. Va u

1g1|1()93765432|g l2lIt098765432l-.Floor Level J Floor Level
a. Bending moment b. Shear force

-0- LFBY2 -I— LSBl —-i— l5B2=A  .E ._ _.. . .  _-.

AF kN

. .5004. v~o-c .

ZIUCU

=- 1000

Max V

500 '.0_L__[     t' l2lll098765432lL FloorLevel ­
c. Axial force

Fig. 4.45 Variation of maximum values of bending moments, shear forces and
axial forces in columns for layered soil with continuum model

Maximum values of bending moments and shear forces in beams are

reported in Table 4.42a and the percentage variations of maximum responses

with respect to LFAY2 are reported in Table 4.42b. The variations along the

floor level are shown in Fig. 4.46.
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Table 4.42a. Maximum values of bending moments and shear forces in
beams for layered soil with continuum model.

Floor 1 Max values of bending 1 Max values of shear1
Level momentLkNm) force(kN) 1 _- . 1 . .LFBY2 ALSBI LSB2 71 LFBY2LSB1

1

_1

112 1 T1 40.41 1 150.6 146.7 T7997 _1 83.1 7
*1 LSB2
1 81 9O

_1_1l 1 189.4 201.5 1 ._196.8 95.34 99.1 97.6
.10 1 240.2 252.2 247.6 1 111.16 114.8

.9. 1 1291.3 303.4 298.8 127.16 130.9
1113.4

1 129.4
1

1

.18 347.3 _11 359.4 354.8 _~ 144.65 1 148.4  146.9 _1
187 ­ 1 404.1 1 416.4 411.7 162.40 166.2 1 164.7

O\

441.9 1 454.5
I

1 449.7 174.23 178.2 1 176.6

(J1

1 468.5 1 479.4
1

31
1474.2 181.78 185.9 1 184.3

1

1

1

1 1 483.2 _1 499 1

'1'

1

492.6 187.11 192 190

K»)-B

486.1 1 506.6 497.8 188.0 194.4 1 191.6

l\J

1 468 9 g5018 4862 g 1182 65 1929
1

1

>-1

1413.62 1473.2 1444.6 1 165.43 1 184.0  175.1

Table 4.42b.Maximum values of bending moments and shear forces in beams
given in Table 4.42a.and % variation with respect to LFBY2

1 Force 1 Configuration 1 Max.value of A % variation
1 response 1 1 1 force response
’ Bending 1 LFBY2 ‘1486.1

1 4 M
1 moment 17LSBl 506.6 +4.2
(mm) ‘ LSB2 ‘ 497.8 +2.4
Shear 1 LFBY2 1188.0 1 . ­force LSB 1 194.4 1 +3.4
(1<1\1) , LSB2 1 191.6 ’ +1.9

§

Max. Va uc ofBM kN

8 Lu:5 8_L M

4-QHB—

\-r

Ll‘!

‘IE-9-M5

_¢

n10Q 8'

—¢—LFBY2 —I-—LSBl —A—LSB2.1 —0—l.FBY2 -I-—LSBl —a—1SB2
1 1

/"
I

./'

.,»--6-‘?-Q ’ 11% 1/  2001
U)

1 1

1

I ' 7 T _'  "' 1 1-112111098765-11121
F100!‘ 1-¢'V¢|  Floor Lex el

_..  .___ I in .1 4I 1 T
. 250 1'

112_O

1\ ax Value

-100

50

150 1

a. Bending moment b. Shear force

Fig. 4.46Va1iation of maximum values of (a)bending moments and (b)shear
forces in beams for layered soil with continuum model

The percentage variation of bending moment in beam is 4% and 2%

when modeled using continuum elements showing that there is 2% variation 1n
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the maximum bending moment when two types of layering for soil are

considered. The corresponding variations in shear force are 3% and 2%

showing a variation of 1%. This shows that the responses in beams show slight

increase when soil layering changes from hard to medium to soft when

modeled using continuum elements as in the case of discrete elements.

4.8.4.3 Influence of layering on displacements.

The layered soil models LS1, LS2, LSBI, LSB2 and the homogeneous

models LFAY2, LFBY2 are analysed to investigate the effect of layering on

displacements. The maximum values of horizontal and vertical displacements

are reported in Table 4.43

Table 4.43 Effect of SS1 on displacements in layered soil

1 Type of soil J g Max values of displacement (m)p A Horizontal Vertical
7 M Z g K W direction g K direction
. Homogeneous Discrete model 0.311 4 0.035

0.015if Continuum model K 0.296 if 3
p Layered 1 Discrete model l 0.39 0.070. . l

1

1 Continuum mode] ‘ 0.337 0.021
1

1 Layered 2 ‘ Discrete model y 0.375 l\ 0.070,l_. . 2 . - _ . . . _L. . .
, Continuum model 0.32 ‘ 0.020

-1"

It is observed that displacements are highest in the case of soil with

medium layering compared to the other two models. No change in

displacement is observed in the vertical direction even though the values are

upper bound than that for the homogeneous medium.

4.9 SUMMARY

Linear static analysis has been conducted on the finite element model

for the frame — pile — soil system for different depths of fixity, with and

without soil structure interaction effects. The study has been conducted on

three major soil types of Kerala viz., laterite, sand and alluvium. The study has

been extended to two types of layered soils and to two soil models viz.,
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discrete and continuum. It has been observed that the responses in the frame

viz., bending moment, shear force and axial force in columns; and bending

moment and shear force in beams; shows appreciable increase when the depth

of fixity is taken from ground level to the characteristic depth. Beyond this

depth, when depth of fixity is taken to the full depth of the pile, the increase is

minimal. The inclusion of soil structure interaction effects through discrete

and continuum models of soil shows that even though the responses in the

frame increases upto the characteristic depth, it decreases when the full depth

of pile is considered. This validates the concept of characteristic depth and

explains the reason for not making soil structure interaction studies mandatory

in the analysis of structures
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CHAPTER 5

FREE VIBRATION ANALYSIS OF MULTI STOREY

FRAMES

5.1 INTRODUCTION

Linear dynamic analysis is concerned with the responses of a linear

system to time dependent loads. Depending upon the assumptions made for

the characteristics of mass, stiffiiess, damping matrices and loads, different

analysis types are obtained and those performed in the present study are

a. Eigenvalue analysis or free vibration analysis

b. Shock spectrum analysis

Eigenvalue analysis deals with the analysis of undamped free vibration

of a structure. It does not represent the response due to any loading, but yields

the natural frequencies or eigenvalues and the corresponding mode shapes or

eigenvectors in the undamped condition. These parameters are then used for

computation of response in the presence of dynamic loads in modal dynamic

analysis.

Free vibration analysis has been performed on the frame which has

been chosen for linear static analysis for all the configurations and soil

conditions. The details of the frame selected for numerical investigations have

been given in section 4.2. The details of the analyses are described

subsequently.

5.2 FINITE ELEMENT MODEL

The finite element model prepared for eigenvalue analysis is same as

that for linear static analysis. The various frames analysed and the

nomenclature are given in Table 5.1

124



Table 5.1 Description of the frames for eigenvalue analysis

‘Nol l. Sl WNomehc1aturé‘7i K K   Description K K i Notation

ii 2 KFEPN K j K 7 f EG with pile fixed at characteristicdepth with

out SS1

T _ __ __l__,1 EG ~Frame fixed at GL i GL

3"“

it 3 ‘ EPAYl vi EG with pile fixed at characteristic depth on
ll _ mt _ g _ _ 1 ' _ 7' _ 7 ., _ _y f _ 1 , _ _ _ _ _ _ _, _
laterite soil using discrete model for soil t _/vw\_l»r_ ¢,_g as

+

l 4 iE1>BY1

Y at
EG with pile fixed at characteristic depth on

it laterite soil using continuum model for soil

11*

5‘ EFN y EG with full length of pile with out SSIl i i 1

§"t

ti_ _}-i— — — _a _-1 _ —__ _ __ — — aa_ _a _ —_ — +_a — _— _-A
y 6 A EFAY1 ’ EG with full length of pile OI] laterite SOll

‘ using discrete model for soil.
l

_NVV\__
1A

_t

_|_ _ _
iv tEFBY1 i

_ V , ,
_ l

p EG with full length of pile on laterite soil

* using continuum model for soil.
l

Dir

.__l_ _

Ts I EPAY2 l EG with pile fixed at characteristicdepth on

sandy soil using discrete model for soil _N\/v‘\_.

Q 2A

"+­

EPBY2

:-  -_ _
y EG with pile fixed at characteristic depth on

\ sandy soil using continuum model for soil

113"

i 10 ii EFAY2 l EG with full length of pile on sandy soil
_N\N\_

2A

——t

F 11 iEFBY2 ii i EG with full length of pile on sandy soil us1

r continuum model for soil.

W using discrete model for soil.

0 O 7 7 0 7 An8

‘If’

l 12 i EPAY3 ‘KEG with pile fixed at characteristic depth on

—-i­

i alluvial soil using discrete model for soil it -MM­_ _ r_ -'*A _
l“ 13 l“ EPBY3 i EG with pile fixed at characteristic depth on

A alluvial soil using continuum model for soil

ll 14 TEFAY3 i

i using discrete model for soil.
_N\/\/\__
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4‘ T
r ‘iaas \

T EG with full length ofpile on alluvial soil it T i ‘3A ‘



15 TEFBY3 EG with full length of pile on alluvial soil

using continuum model for soil.l _ _ _ _

117*

l6 ELSI l Frame with typel layered soil represented byJ ,discrete model ‘“ “ “ ' “'

—r

LS1
AF117 ELSB1

t J... .
ll Frame with type] layered soil represented by

} continuum model
fis ‘ELS2

t .
i Frame with type2 layered soil represented by

discrete model

___!_ F

_/vvvpp
LS2 AY rF19 TELSBZ Frame with type2 layered soil represented by

continuum model

l

‘._.

L

F?

5.3 INPUT PARAMETERS

The input parameters for the eigenvalue analysis include material

properties, boundary conditions and geometric properties.

For beams, columns and piles the material properties given are the

modulus of elasticity of concrete, density of concrete and Poisson’s ratio. The

elastic property of the soil medium is incorporated in finite element model

through the spring stiffness K in discrete modeling and through Young’s

modulus ES in continuum modeling.

Geometrical properties of the model include shape and cross-sectional

dimensions for the beam, column and foundation. For modeling the soil no

geometric properties are required.

Different eigen extraction methods are used in eigenvalue analysis. In

the present work, conventional subspace iteration and accelerated subspace

Iteration methods have been used. Both the algorithms use simultaneous

inverse iterations with a set of vectors until the eigenvalues have converged to

a specified tolerance. The conventional subspace method is an iterative

transformation technique. The accelerated subspace iteration employs shifting

to accelerate the convergence of roots far away from the lower end of
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eigenvalue spectrum, and hence can be tenned as tracking and transformation

method.

5.4 OUTPUT FEATURES

The output from eigenvalue analysis consists of natural frequencies or

eigenvalues and eigenvectors. Modal participation factors, modal masses,

modal stresses and reactions are also obtained.

5.5 NUMERICAL INVESTIGATIONS

Numerical Investigations are carried out on the frame shown in Fig.

4.2 for all the cases mentioned in Table 5.1. Conventional and accelerated

subspace iteration methods are used for eigen extraction. Lumped mass

formulation has been used. Eigenvalue analysis has been performed using

NISA and the results are reported.

5.6 RESULTS AND DISCUSSIONS

Results obtained from finite element eigenvalue analysis for the frame

with depth of fixity at ground level, full depth and at characteristic depth with

and without soil structure interaction for different types of soil viz., laterite,

sand, alluvium and layered are given in subsequent sections.

5.6.1 Natural Frequencies For Different Depths Of F ixity With out SSI.

Natural frequencies when the frame is fixed at ground level,

characteristic depth and full depth of pile without soil structure interaction

effects are given in Table 5.2. Models EG, EPN and EFN have been analysed.
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Table 5.2 Natural frequencies for different depths of fixity without SSI

. Number

1 1
. Mode 1 W K Natural frequency (Hz) g K

EG EPN
L

EFN1 . _ . _1 1 0.023
1

0.22 0.019
1

7 2 44
0.074 0.073 0.063

13N- ­ 0.137 0.133
1

1_

0.095
"1

1

__1t 4
1___ _

-L 7
1

0.242
1

1

0.239 0.113

1 5 1

1 .

0.245_ .71 _ 0.240
1

0.183
— 4

1

_1

6
1 ~

0.318
a,1_

0.283
T

0.229

~ 7 0.380 0.367 0.329
_ 1

111*1 8
J2

0.442
1

0.433 0.349

7 9 0.497 0.480 0.45210 0.574 0.572
1

0.508
, .\.

ll
1­ fi1_

0.714
T|_

0.692 0.526
7fi

12 0.740 0.730
*1

1 T

0.547

A 13
F - . 1 _

1

0.862
, ‘L

0.827
1

0.55114 1.00 0.893
.1_

0.593
1

1

_ 1
15

1

1.02
aft

0.980 0.675

The number of eigenvalues depend on the degrees of freedom of the

structure. The first l5 natural frequencies are reported in the table.

5.6.2 Natural Frequencies For Frame Fixed At Characteristic Depth
With Discrete Model For Soil

Natural frequencies for the case when the frame is fixed at

characteristic depth with discrete model for soil is given in Table 5.3. Models

EPAYI, EPAY2 and EPAY3 have been analysed.
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Table 5.3 Natural frequencies for frame fixed at characteristic depth with
discrete model for soil

Node Number Natural Frequency (Hz)‘ 1i " ’ ’ ’f ’ ’K”’ F W F F F‘q K F F 1 . 0.099 11 2  “y 0.114 1. ll _ _ _ _; * * as ‘ 1' * * ‘ll4 1 0.217 1F 5  0.249 7 l1 6 0.320. _—__— J
l7 , 0.319  F. s ‘ 0.320. . _ J. _ _ _ .- 1'2 0 9 0.383 .i 10  0.396 lt_ _ _ _

_ ii _ _ _ _ .
11 0" 0.423 1‘‘ 12 ‘ 0.549 1lfi *6’ *6*‘""*1‘%** "* *6" 0 0 TA 13 J 0.617 A\*— 6 e.e_ 2 & _ —_ _~_ _— _=~14 ‘ 0.628. [l_ _ _ __ _ __ -11 lL 15 0.666 ,

When piles are fixed at characteristic depth, discrete modeling showed

very small variation (in the order of l0'5) in the natural frequencies for the

three soil types, viz., laterite, sand and alluvium. Hence only a representative

value is reported in the table.

5.6.3 Natural Frequencies For Frame Fixed At Full Depth With Discrete

Model For Soil

Natural frequencies for the case when the frame is fixed at full

depth with discrete model for soil is given in Table 5.4. Models EFAYI,

EFAY2 and EFAY3 have been analysed.
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Table 5.4 Natural frequencies for frame fixed at full depth with discrete
model for soil.

Mode Number V {Natural frequency (Hz) JFr~ ‘ I ~ ’ ‘ ’ ~ ’ ’ ' ‘i1 ~ 0.044f 2 3 0.053J, . _ l _ _ _ 1 _lN 3 0.063 i. 4 0.067
T 5 H 0.0686 0.139

7 ~ 0.186l  ._i_._ __ JT l 18 0.207_ _ _ i _9 0.293 i
0 010 0  0 0.301 l‘ -1; _ ._ . . JF“ F F 1 ' ' ]ll 0.306Ll2 A 0.442

L l3 j 0.495 lI4 \ 0.546 il5 0.5884 _ . _ . _ ;
When piles are fixed at full depth, discrete modeling showed very

small variation (in the order of 10'5) in the natural frequencies for the three soil

types, namely, latefite, sand and alluvium. Hence only a representative value

is reported in the table.

5.6.4 Natural Frequencies For Frame Fixed At Different Depth Of

Fixity With Continuum Model For Soil

Natural frequencies for the frame fixed at characteristic depth and full

depth of pile with continuum mode] for soil are given in Table 5. 5. Models

EPBYl, EFBYI , EPBY2, EFBY2, EPBY3 and EPBY3 have been analysed.
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1

Table 5.5 Natural frequencies for frame fixed at characteristic and full depth
with continuum model for soil.

Mode Natural frequency (Hz)
Number1 1 EPBYl EFBYI EPBY2

1

EPBY2 1 EPBY3 EFBY3 1
1 0.022 0.022

1

0.022 0.022 0.021 0.021 7

2 0.074
1

F
0.072 0.071 0.072 0.063

' ' 1'
0.056 ‘

3 0.136 0.134 0.133 0.104 0.126 0.068 1

4 0.243 0.198 0.235 0.141 0.202 0.096

5
1

0.252 0.238 0.264 0.183 0.224 0.135

1

6 0.294 0.239 0.366
J

0.237 0.232
_.  1 1 . 1 ._1 1

0.143 6
.1

J .

7 0.375 0.299 0.419 0.241 0.336 0.207

8 0.450 0.341 0.476 0.257 0.398 0.234

9
1

1

0.495 0.378
.1

0.563 0.347
71

6.423 0.238

10 0.613 0.429 0.678
F

1

0.371 0.440 0.277

ll 0.724 0.492 0.699 0.409 0.490
~ ' ‘$1

0.323 ‘

.1?
12 0.740 0.564 0.707 0.433 0.526 0.377 1

13
1

0.781 0.568 0.304 0.433
T

0.558
1

if 1
0.381 0

14 0.862
1,

0.694 0.363 0.543 6.534
,1

1

0.411

15 0.952 0.719 0.920
1

0.565 0.645 0.420

It has been observed that discrete model does not show much

difference in the natural frequencies for different types of soils compared to

continuum models. This may be due to the fact that since the number of

degrees of freedom of discrete model is less, the number of eigenvalues

extracted is also less giving widely spaced values compared to that of
continuum models.

5.6.5 Natural Frequencies For Frames In Layered Soil

Natural frequencies for discrete and continuum models of the two

types of layered soil are given in Table 5.6. Models ELSl, ELSBl, ELS2 and

ELSB2 have been compared.
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Table 5.6 Natural frequencies for frames in layered soil.

Mode
Number ELS1 ELSB1 ELS2

1 0.044 0.022 0.044 0022

2 0.053 0.070 0053 0071

3 0.064 0.095 0.063 0.094

4 0.067 0.139 0067 0.139

5 0.068 0147 0.068 0.151

6 0.140 0.223 0.140 0.229

7 0.186 0234 0.186
T-_

0.236

8 (1203 0.238 0203
71

0239

9 0.248 0234 0.256
__l1

1

0.311

10 0294 0.314 0.294 0.323

1] 0.307 0.363 0.307 0.367
_i1

12 0.442 0.420 0.442
‘_

I

0.423
1

t
13 0.444 0.438 0444

1

0.454

014 0495 0.396 0.495 0.462
[I

15

5.7 SUMMARY

0.546 0.492 0.546 0515

Natural frequency (Hz) ‘
ELSB2 1

1.

.1

1

1

1

Free vibration analysis has been conducted on the finite element model

for the frame — pile - soil system for different depths of fixity, with and

without soil structure interaction effects. The study has been conducted on

three major soil types of Kerala viz., laterite, sand and alluvium; and two types

of layered soils. The study has been extended to two soil models viz., discrete

and continuum. lt has been observed that the natural frequencies are very

closely spaced, especially in the higher frequency ranges. Further it has been

observed that inclusion of soil properties through discrete model is not effective

when free vibration analysis has been conducted in different types of soil.
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CHAPTER 6

SHOCK SPECTRUM ANALYSIS OF MULTI STOREY

FRAMES

6.1 INTRODUCTION

Modal dynamic analysis (normal mode analysis) is a method of forced

vibration analysis. In this method the equations of motion are decoupled by

expressing the responses in tenns of modal responses. Modal Dynamic

Analysis(MDA) involves forming the modal loads, solving for the modal

responses in each mode of vibration and computing the physical responses

such as displacements, velocities and stresses through modal superposition.

The shock spectrum analysis is a type of modal dynamic analysis in

which, the maximum response of a multi-degree of freedom structure,

subjected to an arbitrarily oriented foundation shock spectra input is estimated.

The maximum response that a specified ground motion will produce on a

single degree of freedom system having various natural frequencies and

damping ratios, is given as the input. The excitation is assumed to be the same

at all support points.

6.2 FINITE ELEMENT MODEL FOR SHOCK SPECTRUM

ANALYSIS

The finite element model prepared for linear static analysis is used in

shock spectrum analysis also. Configurations of the frames used in the

analysis and the nomenclature are given in Table 6.1.

l33



Table 6.1 Description of the frames for Shock Spectrum Analysis

s1“
>No

A Nomenclature S Description it Notation

1 A SG1 Frame fixed at ground level with spectrum

corresponding to laterite GLWJT

2;SPNl —l

SG1 with pile fixed at characteristic depth

with out SS1

$5“

J_.

1 3 SPAY1 SG1 with pile fixed at characteristic depth

discrete model for soil

and

_MN\_

-l­

S41A SPBY1

r

SG1 with pile fixed at characteristic depth

continuum model for soil

and . LA ‘.

‘T’

5 I . SFNl

l 1 1 J

SG1 with full length of pile with out SSI

§Tt

l

SFAY] l

SG1 with full length of pile and discrete

model for soil.

I

_/\NV\_
IA

—t

7 SFBYl SG1 with am length of pile and continuum

model for soil.

Hit

8 sG2 Frame fixed at ground level with spectrum

corresponding to sand

‘ T "ll
01.7)”

191 SPN2
I

SG2 with pile fixed at characteristic depth

with out SS1

[l 1 " 11

if"

S10 l SPAY2 SG2with pile fixed at characteristic depth an

discrete model for soil

:1

-J1­

_/VV\/\_

*2A
11* SPBY2 SG2with pile fixed at characteristic depth an

continuum model for soil

d

‘It?

H2‘ SFN2 SG2with filll length of pile with out SS1

l

' Hf

§tt

13 1 SFAY2

1 __

SG2with full length of pile and discrete

model for soil.
_/vw\_

2A’

—+

14 SF BY2
1

SG2 with full length of pile and continuum

model for soil. lg»
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15 P 5SG3 Frame fixed at ground level with spectrum
or 7%corresponding to alluvial soil 1

1 16 SPN3 3 SG3with pile fixed at characteristic depth with 1
out SSIJ 1 3 3

51"“

__1'

173 1 SPAY3 3 SG3with pile fixed at characteristic depth and

—1—

J R Adiscrete model for soil -NWL
8PBY31 18 SG3with pile fixed at characteristic depth and

‘ 1 continuum model for soil

U?

19 SFN3

57*

, 1 3
SFAY320 SG3 with full length of pile and discrete

1

T1­

model for soil

'3 3 A SG3with full length of pile and continuum21 1 SFBY3

~ model for soil.

Hit

22 1 SLS1 it liFrame with typel layered soil represented by 1

—i

discretem del1 N 7 H pg O p 7 p g LS1_N\N\_‘ __ 7 _ '7 *. ' _ _
1

= 23 SLSBI Frame with typel layered soil represented by

U?“

continuum model
7 __i __SLS2  "  2 F1_

I 24 1 Frame with type2 layered soil represented by 1

—r

p 1 discrete model LS2_/V\N\_

25 SLSB2 1 8 8   2 31 Frame with type2 layered soil represented by
LS2

T!

1 1 continuum model1 . 3
it ‘ SG3with fun length of pile with out SS1 1  1

6.3 SHOCK LOAD

The loads for the shock spectrum analysis includes the dead load,

imposed load and seismic load.

Dead load and imposed load are calculated based on the unit weight of

materials given in IS 875 (part1)[20] and the relevant clauses of IS 875 (part

2) [21] as already described in section 3.4.1.

The seismic load is given as an arbitrarily oriented foundation shock
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spectra. Instead of directly specifying the ground motion, the maximum

response that the ground motion will produce on a single degree of freedom

system having various natural frequencies and damping ratio is given as the

input.

The response spectrum for 5% damping given in IS 1893 (part 1) [22]

shown in Fig. 3.8 has been given as the input. The spectrum values for

different types of soil are given in Table 6.2.

Table 6.2 Spectrum values for the design spectra for 5% damping

l Period

l .
1 0

1

Spectral Acceleration Coefficient (Sa / g)

1 (seconds) Laterite 0 ‘ Sand 0 lAlluvium1 1 11.,
I. ‘.0

. 0.107

J 0.5
L .

2.5 “V2.5  2.5 '_ J 2 . . 12.0833 5 ‘2.5 2[5 1
0.5357 Pl 2.5 5 2.5 if
0.6428 l1 2.5
1.0 1.0416 .

l. . X. . 1.333 1.666

‘ 1.5 0.625 0.9166 1.125

2.0  l0.500 5 3 0.666 0.8333

2.5 l 0.4166. . 7
0.5416 50.666

. 3.0 = 0.333 0.4583
I 0.5833‘F .3.5 0.2916 0.375

l

0.4583
14.0 0.25l  _ ; 0.333 T04166
l_

6.4 INPUT PARAMETERS

The input parameters for shock spectrum analysis in NISA are

described in the following data groups.

a. Damping 1- to input the clamping value. 5% structural
damping has been used in the present study

b. Ground :- to speczfix the type of spectrum, whether
acceleration, velocity or displacement and to speclfl the centre
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of excitation. Acceleration spectrum corresponding to 5%

damping has been given as input in the present study.

c. Mode Selection :- to specify the modes from the free vibration

analysis which are to be considered in the shock spectrum

analysis. Maximum number of available modes are selected in

this study giving importance to modes of smaller periods. The

eigenvalues given in section 5.6 have been used. Modal
combination methods have been used to combine the effects

due to different modes.

d. Spectrum :- to specify the spectral values. The values can be

accelerations, velocity or displacements given as a function of

frequency in cycles per second or radians per second or as a

function of period or as a constant value. The spectral input can

be a single spectrum curve or a family of multiple damping

spectrum. The spectral values given in Table 6.2 has been given

as the input in the present study.

6.5 OUTPUT FEATURES

The output relevant for the present study are selected from the

Response data group of the NISA shock spectrum analysis. The different

responses available are the nodal response quantities like displacements,

velocities, accelerations and stresses. These values are evaluated from

different modal combination procedures like absolute sum, square root of sum

of squares, complete quadratic method etc. The output includes nodal
reactions and beam element end forces as well.

6.6 NUMERICAL INVESTIGATIONS

Numerical Investigations are carried out on the frame shown in Fig

4.2. for all the cases mentioned in Table 6.1. Spectral values shown in Table

6.2 are given as the input. Linear interpolation method is adopted for in

between values. Participating modes are selected from the eigenvalue analysis

and given as input. Complete Quadratic Combination (CQC) method is
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employed for combining peak response quantities like member forces,

displacements, storey forces, storey shears etc. Shock spectrum analysis has

been performed using NISA and the results are reported.

6.7 RESULTS AND DISCUSSIONS

Results obtained from finite element shock spectrum analysis for the

frame with depth of fixity at ground level, full depth and at characteristic

depth with and without soil structure interaction for different types of soil viz.,

lateritic, sandy, alluvial and layered are given in subsequent sections.

6.7.1 Effect Of Soil Structure Interaction And Founding Depth
In Laterite

The models SGl, SPNl, SPAYl, SPBYl, SFNI, SFAYI and SFBYI

are analysed to investigate the effect of soil structure interaction and founding

depth in lateiite. The results are presented and discussed in the subsequent

sections. Bending moments, shear forces and axial forces in columns of the

frame and the corresponding values in the beams for different models are

compared. Displacements and storey drifts in the frame and bending moments

in the pile are also reported.

6.7.1.1 Influence of founding depth without SSI

The analytical results of SG1, SPNI and SFNI are used to study the

influence of founding depth without SSI. Models with fixity at ground level, at

characteristic depth and at full depth are studied herein. Maximum values of

bending moments, shear forces and axial forces in columns are reported in

Table 6.3a. and the percentage variations of maximum responses with respect

to SGl are reported in Table 6.3b The variations along the floor level is shown

in Fig. 6.1.
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Table 6.3a. Maximum values of bending moments, shear force and axial
force in columns for different depths of fixity without SSI with
spectral values corresponding to laterite

lTF1O0r .TMax values of 2 bendingiMax valuesof shear Max values of 2 axiah
1 Le‘/61 ‘ mornent(_kNm) _ _1 force(kN) 1 force(kN)

Tsoi T SPNIT 1 SFN1 T801 FSPN1 1sF1\11TsG1 T’is'PN1 ll 's1=N1
l_ ._.. 1._2_21.l1  1_ _ 11 _L___14___1_._l l575.1 ‘649411 *12_12.8_. 3124.5_ 410.7 63.8 99.7  82.31

+1
I

1121 ’401.5 *'11 l1 591.11 1 753.4 1950.4 22321112 430.7 111 5710.9 " 166.7 Q 245.7 1 221.9 1-l

F70 f 702.5 *1 800.0” 1249.7 1404*  476.5 T"/45.2 316.6 2431.7 T724469”
3 1 733.9 l

. n _1__  .I_ _. 21- 2.7. _. -1 1 2
1 1 817.4 l1511.2 1439.3 K 485.7 T8875 11501.1 j1 630.3 1 758.2 1

2 79411.9 1 892.3  1838.19 1423.3 l1465.6 1 958.1 1 1706.5 828.4 1920.0
1

#8
L7 “T! 2 it 2 883.3790.1 1 11851.51 376.2 ‘4371 12996.0 i 900.6 it 1005.1  1162.1

O\

631.4 _1 832.5 1 11871.9 12621.2 13941.8 11972.7 11037.2 1 1137.0 1 1452.01 1

U1

T 1378.3 2779.4 ll 1836.811 112.21, 341.021 968.2 1 1085.8 "11211.611646.2 1

~ -1:

1 884.0 . 757.7  1863.1 ‘. 249.5 l 293.8 l‘ 964.6 T 1026.3". 1212.5 ‘ 1686.01. _ _. _ __1__ _. __. __\ 12 ._ .. .
11846.4 1 777.5 1 1752.81 396.3 T 2916.8 ‘ 861.7 T8963 l 1151.0 ‘ 2665.5 1

11 1 1894.7 l 1030.1”1_116189.311459.21442.0 1751.8 f721.9 11 1022.31112021.01'
11  11540.6T10173.8 *1 1423.7 1 455.9 11 500.2‘ 1 474.16] 1570.02 1 845.5_ ”[1750.0 1

>-~t\.)b-I

Table 6.3b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.3a. and % variation with
respect to SGI. _ .. . W '7 7 _ —1\

f Force . Configuration l Max.value of force '1 % variation .
ilj8SBOI'lS8 1 1_ TCSPQITSC 1 _ I _‘1_1 _ _ *1
~ Bending 1SGl 1 _1 1540.6 1 1  T1
moment 1SPN1 2 [ 1073.8  it l1-30.2 l

1(kNm) 1 TSFN1 11871.9 11 +21.5 1 TT Shear force SG1_ _ _ 459.21 1 1 1 T 1
(kn) ‘SW1 - - 2 599.2 -  - +8-9 . - . ­i SFN1 ‘ 996.0  +116.8 1
l Axial r6166 Tso1 11085.8     1 1 2 T; (1<1\1) SPN1 Y 1212.5 1 +11.6 T_ _ _. _ _. -  -1_ .g 11 1 SFNI L26655 1 1 +145.4

There is a decrease of 30% for column bending moment when the pile

length is taken as characteristic depth and an increase of 22% when pile is

treated for full length showing that there is 52% increase in the maximum

bending moment in the frame when no soil medium is considered. The

corresponding variations in shear force is 9% and 117% showing an increase

of 108%. As for axial force it is 12% and 145% giving an increase of l33%.

This drastic increase in the responses may be due to the lowering of the

support of the frame and the subsequent increase in the cantilever action.
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Fig. 6.1 Variation of maximum values of(a) bending moment,(b) shear force
and (c)axial force in columns for different depths of fixity without
SS1 with spectral values corresponding to laterite

Maximum values of bending moments and shear forces in beams are

reported in Table 6.4a and the percentage variations of maximum responses

with respect to SGI are reported in Table 6.4b. The variations along the floor

level is shown in Fig. 6.2.
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Table 6.4a. Maximum values of bending moments and shear forces 1n beams
for different depths of fixity without SS1 with spectral values
corresponding to laterite.

"F166FiMa>{ v8lue7s of bending 1 l\/laxl 9 values 0 of $116617“
Level  gmoment(kNm) g  force(k1§I) _

1sol lSPN1 . ‘SFN1 rso1-1 SPNI
_ _ ._ _ _ 1 __ 1_12 A2024 289.2 1126.67 " 63.01 93.9

Ts1=N1 1
1 103.3 .

_ X1

llT11  1340.4 463,5 1212.4 06.2 7 1 _145_.1 171.9 i
187.3 253.6P10 Q 484.3 it 599.2 “[3005  151.4is185.4 210.2 1 337.2 1

L8   658.7
y_586.4_ £6722 _ J 304.9 g_
1 by 33714.6 _’g 400.1 1 205.7 223.9 425.5 ii]17 . ­632.2 1719.1 17381.9 195.0 223.1 1503.0 1

453-_3

1 199.0

O\

7 7645.8 280.6
_ 9543.6 g ‘ 148.6 W1

141.8
62.1

1

7198.8
168.0

1..

.. W117527.1 1
534.6“ 1

205.0 g

-BU1

1._ W. ti

1'1

63.8 1

_1

l

128.7 1 487.7 1

fit?
‘L09

427.0 n 3176-3 .1 23.6-3. 132.3
1

116.7 4 430.1 Kg

64 2 7468.3 410.6 1 178.4 145.2 ‘ 344.0 1

»- L»

K11
\1

1512.0 673.3 7545.6 1 158.3 207.0 1 231.0 J

Table 6.4b. Maximum values of bending moments and shear forces in beams
given in Table 6.4a. and % variation with respect to SGI

4 r9S1>9nS9 . - - - . ‘A force I‘€Spi)I1S§ gr j i
lTForce l Configuration 0 l Max.value of i%variation 7

1 Bending 0 i SGl 1 658.7

‘ moment 1 SPNI p 1719.1 ll +91.
A (kNm) 7SFN1 945.6 -17.1

Shear 861 1 L 205.7
* force 1 TSPNI +8.8

1(kN) _ 215F181 _ pl 534.6 +l59l8

There is an increase of 9% for beam bending moment when the pile

length is taken as characteristic depth and 17% decrease when pile is treated

for full length showing that there is 26% decrease in the maximum bending

moment when no soil medium is considered. The corresponding variations in

shear force is 9% and 160% showing an increase of 151%. This shows that the

bending moments in beams are less influenced than shear forces by change in

length. The large variation in shear force may be due to the harmonic

movement caused by the ground motion.
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Fig. 6.2 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different depths of fixity without SS1 with
spectral values corresponding to laterite

6.7.1.2 Influence of founding depth with SS1 using discrete model for
laterite

The analytical results of SG1 , SPAY1and SFAY1 are used to study the

influence of founding depth with SS1 using discrete model for laterite. Models

with fixity at ground level, at characteristic depth and at full depth are studied

herein. Maximum values of bending moments, shear forces and axial forces in

columns are reported in Table 6.5a. and the percentage variations of maximum

responses with respect to SG1 are reported in Table 6.5b. The variations along

the floor level is shown in Fig. 6.3.

Table 6.5a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
discrete model for laterite

Level  moment(kNm) force(kN) 1 force(kN)
1 F100r ,Max values of bending Max values of shear Max values of axial

1 SG1 SPAY5l T s1=AY11 soig 1 SPAYI 1 SFAYI 1 S61 1 SPAY13_5 SFAYI1
1 63 8 1 1 52 1401.5 620.2 g_1556.4 212.81357.7 1309.3 . 117.8 9.591.1 7969 17674 3212 4254 442 1667 2 5 2

J
12.

1366
.1

1. 10 ‘7025
i 93 1 733.9 810.3 786.6 439.3 I 496.0 510.6 501.1

g . I . _1_  1 .1  9. 1 . 1 80.3 1 41.2
827.6 ‘827.4 404 1511.3 1525.5 Y 1. 485.5 1437.61*" 1 702.2 A 655.7 1

_. . ‘.

O0

794.9 901.3 886.3 423.3_1
1

a485.1 J 706.5 913.9 1 871.1 —1
1[_

xl

790.1 894.1
‘._

__ l 829.5 376.2 3 443.3
1 442.4

1 448.0 2900.6 1090.4 1 1046.91 .1
1 1 631.4

O\

806.8 784.19 262.2 1
1.

373.7 ~ 434.5 1037.2 1 1207.2 1 1155.3

U1

1 378.3 1734.1 5
I

725.9 112.2 341.1
21I _336.0 1085.8 1251.9 _1 1186.8

__1

1

I ‘i 884.0

-©­

723.3 662.9 249.5 1 321.3 _330.5 1026 1 1217.4 T11303

1 846.4

U-J

972.3 968.5 396.3 1 433.9 425.8
.3

896.3 81123.4 1006.2

-Irv

947 11102_ 8. . 3 1 ­
1540.6 1 1436.2

1

1005.6
1470.8

J 459.2 1
455.0

563.7
588.5

*1

1 538.9
549.8

721.9
570.0

1 988.4  838.9
872.3 1 696.5
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Table 6.5b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.5a. and % variation with
respect to SGl

Force 8 Configuration i_Max.value of force ill % variation

moment
(kNm)

ICSPOHSQ  _ 7 _ 7 _ FCSPOUSC
T Bending 1so1 ‘ 1540.6

. . L .
l

SPAYI 1436.2 ‘ -6.7

1 SFAYl
l

1470.8
I

A -4.5

Y Shear force .

(KN)
so1 459.2 g

i SPAY1 588.5 1 +28.l
‘ SFAY1 549.8 g +191

.\.

Axial force
(l<N)

6 so1 l

l__
1085.8

_, SPAY1 l

1251.98 A +l5.2

SFAY1 1186.8 +9.3

l

Ii, _ ._ __ i __ . _ . _ .. __ - .  ._ - .. -_ _.. --- i­

T1

121000
.-'1

':l400ti
51200
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Fig. 6.3 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axial force in columns for different depths of fixity with SSI

length is taken as characteristic depth and 5% when pile is treated for full

length showing that there is 2% increase in the maximum bending moment 1n

, 1400]?­
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co AF kN
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using discrete model for laterite.

There is a decrease of 7% for column bending moment when the pile
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the frame when discrete model for soil is considered. The corresponding

variations in shear force are an increase of 28% and 20% showing a decrease

of 8%. As for axial force it is 15% and 9% giving a decrease of 6%. The

maximum increase in response is only 2% for bending moments. This

validates the concept of characteristic depth in the design regarding force

output.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.6a and the percentage variations of maximum responses

with respect to SG1 are reported in Table 6.6b. The variations along the floor

level are shown in Fig. 6.4.

Table 6.6a. Maximum values of bending moments and shear forces in beams
for different depths of fixity with SSI using discrete model for
laterite

i Floor I Max values of bending A Max values of shear force(kN) l

Level g_moment(kNm) 5 __ 5 5 5 M  €so1 l SPAYI 1 SFAY15 1 so1 SPAY1 l SFAYI.  p_12 202.4 _1__314.2 280.6 163.01 1102.6 ,88.4 1
,340.4 ‘4968 459.5 *106.2 l160.2 l144.5
- T ' 7 ' ‘ 1‘ V . 9 2.11.  7  -1 _l10 ‘484.3 632.6 ‘616.6 151.4 204.2 193.7 l' 1

*9 1586.4 ,699.7 696.8 185.4 223.3 218.8 t[ I . , . . . . .658.7  722.3 713.6 A 2057 229.4 224.7-    ‘ ­632.2 700.3 5669.3 195.0 224.1  2 210.4 l.l... . . ‘

P-*l\)bJ-I>"JIO’\\1OO

L4533 l602.3 5587.5 141.8 1186.6 1187.8 1T 25 *199.0p[1480.3 477.5 62.1 4152.0 1150.31205.0 399.5 1346.9 563.8 128.7 107.7l ‘4270 455.3 l422.5 132.3 144.4
H 0576.4 T, 634.8 622.4 A 178.4 197.7 193.8 l

132.0 ;. .. .. . _ T1 _ 4226.7 212.12 A512.0 735.2 684.5 158.3

Table 6.6b. Maximum values of bending moments and shear forces in beams
given in Table 6.6a and % variation with respect to SG1

Force

response I

,.

. Configuration Max.value of % variation
force res onseP. 1 _

Bending
moment
(kNm)

A SG1 658.7
SPAY1 7 735.2 +1l.6
J SFAYI

_l_
l 713.6 +8.3

Shear
force

(l<N)

*2 so1 205.7
fsPAY1

1

229.4 +11.5 H
T SFAYI 224.7 +9.2
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Fig. 6.4 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different depths of fixity with SSI using discrete
model for laterite

There is an increase of 12% for beam bending moment when the pile

length is taken as characteristic depth and 8% when pile is treated for full

length showing that there is 4% decrease in the maximum bending moment

when discrete model for soil is considered. The corresponding variations in

shear force are 12% and 9% showing a decrease of 3%. The responses in the

beams have reduced when pile is taken from characteristic to full depth. As in

the case of responses in columns this validates the concept of characteristic

depth in the design regarding force output.

6.7.1.3 Influence of founding depth with SSI using continuum model
for laterite

The analytical results of SGl , SPBY1 and SFBYI are used to study the

influence of founding depth with SS1 using continuum model for laterite.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 6.7a. and the percentage variations of

maximum responses with respect to SGI are reported in Table 6.7b. The

variations along the floor level are shown in Fig. 6.5.
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Table 6.7a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SSI using
continuum model for laterite

~ Level moment (kNm) 1 force(kN) force (l<N)
Floor l Max values of bending 1 Max values of shear‘ Max values of axial T1

‘ SG1 "sP13Y1" SFBYT *sG1“ s1>BY1 “sP13Y1i1isG1 T SPBYITTSFBYIK1. _. 2 1 4,. ,. _. . ,1 l *1. M  .1 1 1 1 1 1
L12  1%401.5_1491.9  467.2 121282920 1196.8 163.8 178.2 _. 205.8
111 15915.1 1 749.3 16559.0 _1_321.2 435.6 1 _11 _ W g _    _ _1_34_4.4_1_166.7t1208.2 1504.3
L10 1702.5 g1g935.4_ 1708.9 404.0155_7.8 ‘419.6 ‘3166 ‘4044 823.5

1_. .. , .  ' 1_. .' _1_
. 9 1 733.9 1 1024.3 A7550 1439.3 1620.8 1440.1 ’1 1 _1 501.1 1 654.6 1 1126.6. .. _ _ . .. 2 n V n

‘ 706.5 T1 944.8 _ 1 1388.1L8 1794.9 1 1075.9 952.8 1423.3’ 603.3 if 1447.8
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_1 721.9g_'1_11'67.2* 1 1315.6
._l

1

_ .11

N g_ 1540.6 1 1496.6 11286.7 _‘ 455.0 1622.9 1461.3

fl

Table 6.7b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.7a. and % variation with
respect to SG1

iForce i5Conf1guration ‘Max.va1ue of force 4 5% variation i
1 response g g _ g_ response g K (1 10 0 1 1 1

1570.0 ‘1 907.1 1 1372.6

i Bending
. moment
(kNm)

*4 SG1 K 2 11540.6  ”  1
fs1>BY1 1496.6‘ if if 2‘-2.8 5
1sFBY1 '11

1

9 (KN)

Shear force . SG1 5 1459.2 _ H _
1416.5 “W-8.0 K Z

I

1 SPBYI 5 626.4 1‘+36.4‘
_ 1_$FBY1 681.7 +48.4

" (KN)

4 Axial force 4 SG1 1085.8

1 SPBYI 11571.1 1 +44.6_1 , _1_ _ 1SFBYl 1 1624.5 _ 1i+49.6 _ _ A

There is a decrease of 3% for column bending moment when the pile

length is taken as characteristic depth and 8% when pile is treated for full

length showing that there is 5% decrease in the maximum bending moment in

the frame when continuum model for soil is considered. The corresponding

variations in shear force are an increase of 36% and 48% showing a increase

of 12%. As for axial force it is 45% and 50% giving an increase of 5%. It is

observed that even when the bending moment shows considerable decrease,

the shear force and axial force shows an increase when the pile depth is taken

from characteristic depth to full depth using continuum model.
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Fig. 6.5 Variation of maximum values of(a) bending moment, (b)shear force
and (c)axia1 force in columns for different depths of fixity with SS1
using continuum model for laterite

Maximum values of bending moments and shear forces in beams are

reported in Table 6.8a and the percentage variations of maximum responses

with respect to SG1 are reported in Table 6.8b. The variations along the floor

level are shown in Fig. 6.6.

Table 6.8a. Maximum values of bending moments and shear forces in beams
for different depths of fixity with SS1 using continuum model for
laterite

Floor 1 Max values of if bending 1 Max values of shear force(kN)7

1 = SG1 1 SPBY1 . SFBYI SG1
.Leve1 _Lmomentg(1<Nm) 1 1 1 _ 1 1 1 1 1 pg H g_1 SPBY1 1gSFBY1
1 12 202.4 1 260.3 276.4

1

1

63.01 1 80.6 84.3

4

11 6 340.4 1 447.4 419.2 106.2 139 1 129.7

1 10 1 484.3 . 649.5 ‘J 549.8 £151.4­ 1301.7 . 169.7

_L

9 1 586.4 1 816.2 608.4 185.4 253.4 77187.8

1 8 _1_ 658.7 669.3 I. 205.7 1_1 288.7
1 _
fb 209

1. 632.2
1

g:930.3
1 922

|

1

7

797.9 1195.0 1286.2 1 249.11.7 ­6  453.3 1 719.9 1 959.1 ,1 141.8 1 223.5 299.5
5 1  199.0 1, 373.1 1073.5 1

62.1 115.9 335.3 *1

1 4 1 205.0 A 122.2 1

1

1063.8 63.8
I

T 324.93 427.0 476.2 943 . 1
132.3 1 296.1

_J

12 1 576.4 17764.9 1 772.5 178.4

p_39.5"

1_149.4
1 238 1_241.31 7 512.0 1 859.6 1 601 1. 158.3 . 265.8 ._184.8
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Table 6.8b. Maximum values of bending moments and shear forces in beams
given in Table 6.8a. and % variation with respect to SG1

_ W 2 ., i .2 4 .4 .4 4 4 4 2  4 2 T'2. Force Configuration Max.value of it % variation k
response K 1 W g _1 forceresponse _ fig gr Bending \so1_ _ _1_ 658.1 _. 4 _ 4 g _»
tmoment LSPBY1 1930.3 K 1141.2  _i
<1<Nm> LSPBY1 _ '.1<>73~5 . 0 +62» isl

Shear 1 SG1 _ _ J 205.7 _ g  K g _ ‘T
force gSPBY1 ‘L 288.7 7 +40.3 _
i(kN) QSFBY1_ 1335.3  463.0  g _t

There is 41% increase for beam bending moment when the pile length

is taken as characteristic depth and 63% when pile is treated for full length

showing that there is 22% increase in the maximum bending moment when

continuum model for soil is considered. The corresponding variations in shear

force are 40% and 63% showing an increase of 13%.
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Fi g. 6.6 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different depths of fixity with SSI using
continuum model for laterite.

6.7.1.4 Influence of SSI of laterite when piles are fixed at characteristic
depth

The analytical results of SPN1, SPAYI and SPBY1 are used to study

the influence of SSI using discrete and continuum model for laterite when

piles are fixed at characteristic depth. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 6.9a. and the

percentage variations of maximum responses with respect to SPN1 are

reported in Table 6.9b. The variations along the floor level is shown in Fig. 6.7.
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Table 6.9a. Maximum values of bending moments, shear forces and axial
forces in columns for different models for laterite when fixed at
characteristic depth

Floor Max values of bending if Maxi values of shear Max values of axial
Level 0. moment (kNm) _ 0  f0rce(l§N) W . force (kN)

SPN l 1 SPAYI 0‘ SPBY1 K SPNI l SPAY1 LSPBYIESPNI , SPAYI 1 SPBYI
12 ‘f575.1 620.2 491.9 324.5 357.7 l 292.0 1 99.7 ll"/.8
ll 753.4 749.3 1, 430.7 9425.4 1 435.6 ll 245.7 l 280.5

l 78 2
l 208.2 l

1

1

10 1 800.0
J 796.9
lg 827.6 935.4 476.5 511.3 0’ 557.8 |43l.7 485.5 | 404.4

9 lg 817.4 , 1024.3 1 485.7 1 496.0 620.8 ‘ 630.3 702.2 7654.6

08 "8923 901.3 1
810.3

l 1075.9 T4656 5 485.1 603.3
l_. .

A 828.4 913.9
F

xl

l 883.3 _fi1 894.1
1

1088.9 437.1 __1 5443.03 0 568.4
1. .
A 1005.1 1090.4

1 944.8
1 1233.9

O‘\

A 832.5 806.8
l

l 896.1 T3948 1373.7 mu433-2 1137.0 1207.2 , 1458.2

LI!

5779.4 734.1 558.6 0 341.0 341.1 4 219.7 9 1211.6 1251.9 1571.1

-P

A 757.7 ’. 723.3 ‘.2 974.5 i 2933. ‘ 321.3 268.4 l 1212.5 1217.4 j 1540.9
r.__
1

i

DJ

T. 777.5 A 972.3 105014 296.8 5433.9
1 .
l 484.2

.01
1151.0 1123.4 _ 1398.9

_l

-—*l\J

F 1030.1

, 1073.8
, 1110.2

1436.2
1098.1__,4 .

1496.6 1 500.2
420 f 563.7

588.5
_L626.4

’ 622.9
' 1022.3_ _
1845.5 1

988.4
872.3

T 1167.2
i 907.1 1.

Table 6.9b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.9a. and % variation with
respect to SPNI

Force

response? l

Configuration Max.value of force ' % variation?
response

Bending
moment
(kNm)

1 SPN1 0
l

H0738
FSPAY1 A 1436.2 3 ‘. +33.7

J

0 1

SPBY1 L1496.6 l

+39.3
Shear force
(KN)

T. SPN1 1 500.2
7 1

l SPAYI 5 588.5 +17.6 i 1
SPBY1

1' '
626.4

.21
+25.2

Axial force
(KN)

A SPNl 1212.5
SPAYI 1251.9 +3.2

. J
l

1 SPBY1 1571.1 l­
+29.5

There is an increase of 34% for column bending moment when

modeled using discrete elements and 39% using continuum elements showing

that there is 5% variation in the maximum bending moment in the frame when

two models for soil are considered. The corresponding variations in shear

force are an increase of 18% and 25% showing a variation of 7%. As for axial

force it is 3% and 30% giving a variation of 27%. This shows that continuum

model is giving higher values when the pile length is taken for characteristic

depth.
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and (c)axial force in columns for different models for laterite when
fixed at characteristic depth

Maximum values of bending moments and shear forces in beams are

reported in Table 6.10a and the percentage variations of maximum responses

with respect to SPNI are reported in Table 6.l0b. The variations along the

floor level are shown in Fig. 6.8

Table 6.10a. Maximum values of bending moments and shear forces in
beams for different models for laterite when fixed at characteristic depth

l Floor 1 Max values of bending moment A
Level (kNm)

Max values of shear force(kN)

289.2 9 314.2 260.3
l

93.9
HSPNI .s1>AY1  SPBY1 LTSPNI  _, SPAY1 SPBY1‘ ‘ 102.6 J 80.6 '12

,11 463.5 496.8 t 447.4 145.1 1 60.2 “ 139
10 “A5992 649.5 5 l 187.3 204.2

.; i
201.7

9 672.2 A 699.7
1 632.6

816.2 l

1.

210.2
I-._

223.3 253.4
9

O0

714.6 722.3
1

l 930.3 223.9 229.4 l 288.7

\]

l 719.1 922 223.1 1

1

224.1 7286.2

O\

-41645.8
%_700.3

602.3 719.9 198.8 186.6 7223.5
1

Lh

9 543.6 480.3 373.1
l

I 168.0 152.0
.J_. ..
‘ 115.9

-5

1 416.8 . 399.5 122.2 128.7 128.7 l1 0

DJI\)

468.3 634.8 764.9 145.2 197.7

1 39 5
_ 1 376.8 ‘ 455.3 476.2 . 116.7 ‘ 144.4  149.4T  l  ‘ 7 "238

H

673.3 735.2 1__859.6 207.0 226.7 1 265.8
I
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Table 6.l0b. Maximum values of bending moments and shear forces in beams
given in Table 6. 1 0a. and % variation with respect to SPNI

Force . Configuration 1 Max.value of %variation
1l_ ,

ITIO

(kN 1

ing
ent

1SPN1 719.1
nse 41 7 7 force response- in _ .

SPAY1 735.2 +2.2
930.3 +29.3 A‘

She
forc

up resppo

Bend
m
m

ar
e

(KN)

1 SPN1­
1 223.9

lpSPAYl 2294 p g +2.4 J
jsPBvi 288.7 1+2&9 1
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F i g. 6.8 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different models for laterite when fixed at
characteristic depth

There is 2% increase for beam bending moment when modeled using

discrete elements and 29% using continuum elements showing that there is

27% variation in the maximum bending moment when two models for soil are

considered. The corresponding variations in shear force are 2% and 29%

showing a variation of 27%. The variation in beam response is 27% for the

two models with continuum model giving upper bound values.

6.7.1.5 Influence of SSI of laterite considering full depth of piles

The analytical results of SFN1, SFAY1 and SFBYl are used to study the

influence of SSI using discrete and continuum model for laterite when piles are

fixed at full depth. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 6.lla. and the percentage variations of

maximum responses with respect to SFNI are reported in Table 6.llb. The

variations along the floor level is shown in Fig. 6.9.
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Table 6.1 la. Maximum values of bending moments, shear forces and axial
forces in columns for different models for laterite when fixed at
full depth.

Floor Max values of bending Max values of shear Max values of axial
L6‘/61 1 momentp(kNm) 1 force(kN) 0 1 force(kN) 1

_SFN1 SFAY1 1—SFBYl 1 SFN1 1 SFAYI 1 SFBYIK1 sm SFAYI 0 s1=13Y1L 1
1 2 1 649.4 1 556.4 467.2 £1 410.7 A 309.3 196.8 82.3 1 95.2 1 205.8
110 950.4 0 767.4 659.0 1 570.9 1 449.2

1

344.4 1

221.9 1 241.2 1 504.3

1101 3, 1249.7 1 827.4 708.9 pg 745.2 1 525.5 419.6 ‘ 446.9 1F . 437.6 823.5
A 9 51511.2 786.6 755.0 1 887.5 1

1

510.6 H440. 1 758.2 1 655.7 —1 1126.6
1[.8, 1838.9 1 886.3 952.8 0_ 958.1 1 442.4

1

1 447.8 920.0 871.1’ 1388.1

\-1

1851.51 829.5 1152.2 1 996.0 H 448.0
1

531.7 11162.1 1 1046.9 ' 1563.3
1

O\

1871.9 1 784.1 1298.2 972.7 1 434.5 F. 639.4 1452.0g 1155.3 1 1624.5

U!

1836.8} 725.9 1275.1
T .
1 968.2 336.0 681.7

1 .

1

1646.2 1 1186.8 1 1584.9

#1

1 1863.1 1662.9 1416.5 0 964.6 L3305
1

1 658.2 1686.0 1 130.3 ji 484.7

L»)

1 11752.8 1 968.5 _J 1306.0 1 861.7 425.8 545.0 2665.5 1 1006.2 1378.1

l\)

1 168.9.3_ 1005.6 1236.9 751.81 538.9
fit

480.6 2021.010 838.9 11315.6

L

V1 1423.7 ‘T147118 1 1286.7 J 474.6 549.8 461.3
1

1750.0 1 696.5 1 1372.6

Table 6.1 lb. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.l0a. and % variation with
respect to SFN1

Force if 1 Configuration 1 Max.value of force %variation

1 mom
SFN1 1 1871.9

.TeSP°nSe. .. . . 1 T952995? .Bending 1 1 . 11 1
ent SFAYI

'1

1470.8 -214 __
(kNm) HTSFBYI 1 1416.5 24.31 .. .

1

Shear SFNI 1 996.0
force

1 (RN)
SFAYI 549.8 44. 07 -1‘

- ._.1 SFBYI
1

1 681.7 31.5

(RN)

1

Axial force SFN1 1 2665.5
1

1

g_1_SFAYl
1 1186.8 -55.4

SFBYI 1624.5 39.0
5 111

There is a decrease of 21% for column bending moment when the full

depth of pile is considered using discrete model and 24% using continuum

model of soil giving a variation of 3% for the two models. The corresponding

variations in shear force are a decrease of 45% and 32% showing a variation

of 13%. As for axial force it is 55% and 39% giving a variation of 16%. The

minimum decrease in response is 21%. This reduction in responses in the

frame may be due to the effect of soil structure interaction.
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Fig. 6.9 Variation of maximum values of (a)bending moment, (b)shear force
and (c)axia1 force in columns for different models for laterite when
fixed at full depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.12a. and the percentage vaiiations of maximum responses

with respect to SFN1 are reported in Table 6.l2b. The variations along the

floor level are shown in Fig. 6.10.

Table 6.12a. Maximum values ofbending moments and shear forces in beams
for different models for laterite when fixed at full depth.

8 F loor‘T9Max values of bending m0mentT17Max values of shear force(kN) T

Level 1 (kNm) J.
SFN1 SFAYI 'SFBY1 1 SFN1 TSFAYI 17 SFBY1

12 126.6 , 280.6 276.4 V2103.3
1

88.4 84.3
1

11 212.4 1459.5 419.2 171.9 144.5
T1

129.7
1

F2

10 300.5 _| 616.6 549.8 253.6 193.7 169.7
9

1

1

304.9 7696.8 608.4 337.2
‘*' ..

218.8 187.8
8 400.1 713.6 669.3

J

5 1 425.5 224.7 1 209.0
1

\]

381.9 J 669.3 797.9 503.0
1

210.4 ._1 249.1

O\

_ _1

280.6 1 587.5
. .

959.1
1

534.6
5 M1

187.8 299.5
1F

LII

148.6 1 477.5 _1 1073.5 527.1
1

150.3 335.3

L»-I-$5

163.3 1 346.9 1

1063.8 487.7 107.7 324.9
1

286.8 422.5 1 948.0 1 430.1 132.0
1

1 296.1

l\J

410.6 J’ 622.4 772.5 344.0 193.8 241.3

fi

_1

545.6 ‘ 684.5 601.0
I

231.0
1

1

212.1 184.8
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Table 6.12b. Maximum values of bending moments and shear forces in beams
given in Table 6.12a and % variation with respect to SF Nl

Force T Configuration ii Max.value of if % variation Ti
response p g A force response i g W g ppA Bending SFNl 545.6 l i
moment A SFAY1 7 i 7l3.6 4 +3O_8

p(kNm) SFBYI 5 T1073.5 T +96.7. _ pShear SF N1 _ 534.6 L g A g
T force SFAY1g g , 224.7  -57.9 “J .
i(kN) _ SFBY1 p M335.3* -37.2

ueo BM kNn ‘
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Fig. 6.10 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different models for laterite when fixed at full

depth.

There is an increase of 31% for beam bending moment when modeled

using discrete elements and 97% using continuum elements giving a variation

of 66%. The corresponding variations in shear force are 58% and 37%

decrease showing a variation of 21%. It has been observed that contradictory

to column bending moments, soil structure interaction effects increases the

bending moments in the beams.

6.7.1.6 Influence of SS] and founding depth on displacements and
storey drifts in laterite

The models SGl, SPNI, SPAY1, SPBYI, SFNI, SFAYI and SFBY1

are analysed to investigate the effect of soil structure interaction and founding

depth on displacement in laterite. The maximum values of horizontal and

vertical displacements are reported in Table 6.13. Fig. 6.11 shows the

deflected shapes when the pile is taken for characteristic length, with discrete

and continuum model for soil.
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Table 6.13. Effect of fixity with and without SS1 effect of laterite on
displacements

1"I .
round Level _

Depth of fixity 1 Max values of displacement
. (In) .
Horizontal Vertical

7 77 1 direction 7 J direction 7_ . ‘S ­0.115 . 0.0048
Characteristic yW7ithout SS1 _ 7 _3 0.71367  1 0.0170

1 depth kWith Discrete model 1 1700.135 7 1 0.0161
SS1 Continuum model 1 0.179 7 70.01718

Full depth 1W7itho7ut SS1 0.501 7 710.0191 7. _ . _ .._ _ J.
1

With Discrete model 100.131 1 0.0098SS1 7 7 1 0.01557 1 Continuum model 770.136

From the above table it has been observed that the maximum value of

displacement both in the horizontal and vertical direction increases with depth

of fixity for both models for SS1 effects compared to when the frame is

assumed to be fixed at ground level. When SS1 effects are considered the

maximum values of displacements are reported when piles are fixed at

characteristic depth. This may be due to the increased soil structure interaction

effect exerted by the soil medium when the full depth of pile is considered.

The storey drift for different models is given in Table 6.14.

Table 6.14. Storey drift for different models in laterite1 Floor 1 1 1 I
‘Level y SG1 _7_sPr~7117 777SPA77Y1 77_SPBY1 7SFN1 7SFAY1 7SFBY1 _
0 10217001591 0.019 71 70.127291 0.0221 7 0.07271 0,021 1 0.0a1_
1 1177 0.02497 707.0275s7.7 7-0.0709777 0.0347  0.04 -0.089 0.0281
77 1071 70.0a24_ 77177 70.02891 0.07308 771 0.0477779 ­1 77 0.027896 77 770.0215 7 0.O143__7_ 0.064 70.072 7 77 0.0129 7 -0.0119_

a7 -0.0405. -0.0129_i_ -0.027271 7-0.402  0.100 -0.02831 -0.021771
1 77¢ -0.041771-0.03441-0.036971 0.477, 0.10737; -0.0344 -0.03447,

T T T " 5 K ‘F
0.050? 0.748517 0.0127,' 7 I

71 -0.0230  -0.0287: -0.025, 0.007 77 0.0007¢-0.02471 0.013 ;

O7U1

-0.00061 -0.0177 -0.0097 -0.063  -0.10317 -0.00017 -0.0041

-{>­

1 0.0202_ 0.001, 0.012 7 0.0101 -0.003. 0.01317 0.0021

00

1 0.03497 7 0.017 0.0298 71 0.0417_L -0.082 1 77 0.032 0.0117_. . F -. V _  - . . ­

l\J

-0.010797 0.0358 0.04547 0.055_ 17 -0.05? 0.07451 7, 0.0242g1.. .

-8

0.0714 0.0s0s_lg0.0410a7 0.05 -0.0273

G)r­

l_ 7 01 0.029477 0.00072_l 0.0151 7 0.453 0.0039
0.031. 0.0288 A7- . _

0.058

From the storey drift values it has been observed that the frame is not

moving linearly in one direction. The positive and negative values indicate

that certain floors are moving outward and others are moving inward with
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respect to the adjacent storeys. The storey drift values are representative of

the deflected shape of the frame.

Y-r '1
I ‘Ir 3 . I" I K g _ hI ii " l| L. 1 I .- I it . ;I | . |II '| 5 i, ‘ 7I ' |'1 '| l 1 g g. I H I ­I |L? I I l ._-i

II | 1 I
-¢==~——+——-——¢—-—¢—-==—: I 4 \I If J ll ,1‘ _i I‘I |' ll i II I I

a.Discrete model b.Continuum model
Max. horz. displacement:0. 135m Max. horz. displacement:0.l79m
Max. vert. displacement:0.0l6m Max. vert. displacement:0.0l lm

Fig. 6.11 Deflected shape with (a)discrete and (b)continuum model

6.7.1.7 Influence of SSI on bending moments in piles

The variation of bending moments in piles with and without SS1 effect

of laterite are shown in Fig. 6.12. Models SFNI and SFAYI are compared.
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Fig. 6.12 Variation of bending moments along the pile with and without SS1
of laterite.

When soil structure interaction effects are included, it is observed that

bending moments in piles are drastically reduced beyond characteristic depth.

6.7.2 Effect Of Soil Structure Interaction And Founding Depth
In Sand

The models SG2, SPN2, SPAY2, SPBY2, SFN2, SFAY2 and SF BY2

have been analysed to investigate the effect of soil structure interaction and

founding depth in sand. The results are presented and discussed in the

subsequent sections. Bending moments, shear forces and axial forces in

columns of the frame and the corresponding values in the beams for different

models are compared. Displacements and storey drifts in the frame and

bending moments in the pile are also reported.

6.7.2.1 Influence of founding depth without SS1

The analytical results of SG2, SPN2 and SFN2 are used to study the

influence of founding depth without SS1. Models with fixity at ground level, at

characteristic depth and at full depth are studied herein. Maximum values of

bending moments, shear forces and axial forces in columns are reported in

Table 6.l5a. and the percentage variations of maximum responses with

respect to SG2 are reported in Table 6.l5b The variations along the floor level

is shown in Fig. 6.13.
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Table 6.15a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity without SS1
with spectal values corresponding to sand._ -75.- _ _ _ -  _ __1Fl00r 5Max values of bending Max values of shear 1 Max values of axial

Level 15 moment(kNm) .5force(kN) 5force(kN)

1

1

" SG2  Ts151~T12T TTsFN2 1 s5G25 1TsPN2 T; sFN2 soz SPN2 515 TsF1\i2T--_ 1

1-»
l\J

5691.25 1563252 55 571.7 51 360.6 551 315.3 55298.8 . 110.251 100.4 1 92.8
T1‘

-1

5 11  1 975.8 55904.2 783.1 T 1 562.9 [49445515 441.6 292.2 5262.6  2537.9
"T10 1049.2 “ 1020818505 T6722 1 615.2 517.1 541.2 490.4 f 432.7

1

1

5.- __515 5 55..__5_5 5,15 __. 55 __.U__._m11
1 9 5 15009.0 1 1019.8 5 853.2 55 515 654.5 K6348  530.75 1 818.53 1 756.7 51 649.5

_,L

O0

1 51T1123.0 11135551 930.3 1” 584.4 51‘ 568.0 51 490.2 T 1089.9  1036.2 5868.9 T
Tl 10173 1 10749 T9241T 15625 T5459“ 4816 11309711128831 1067.1

\-I

J4

_ __5_ -5  _- 1_5- 1.- _~ _1 _- _1 __-_ 5_ _
5 15 943.4   1003.5 T, 5915.0 5" 510.4 51523.3 £466.91 1442.0 1472.1T5i, 12525.9. it

UIO\

449.8 .5 438.5 f1472.4 1 1571.81T1345.5 51

W‘

1

319.85 11472.6 ‘5T1383.451515T68.811429.4T T861.7 897.4 195T2.7T T3973T855305 H954.35889.55 51357.55;. V- .- 1 . . _ _ 1.. - _1 1

-{>­

1

1

. 7 _. _ _ . . - . . . . _ j,_. .  _ _
35651.9 515 54795.85 .5 51208.3 A 1478.9J5_ 14957.3

11

A 15245.5  955.9 15 986.25 . 563.50 1

S1,?

5 5513140 f1304.4 51041.61 715.35 15 53058 5154 . 5 1 9    555 5 5.
5 5. 2393.2 1512492 55 11265.8 f7z4.5586.15 340.155 55830.3 10655.6 1515584

Table 6.15b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.15a. and % variation with
respect to SG2

' TTTTT T TT TLT i TT TTTT T T T T T. .T TT
Force 5 Configuration ‘ Max.value of force ‘ % variation s

1399999895   - - -  J9§p9.n$9  - 5 -  _ - ­
v Bending ’55SG2 5 5123932 5 5 5 5 5
moment ” SPN2 1513044 " -45.4 5._1 . J .

T

_5.. _.L4

1

\;.J_;L4L_1;44

(kNm) 5 5,s1=N25 5 1126.8 5 5 1-52.9 1
l'TShTear force Q. SG2 T 724.5 5 5  5
‘(l<N) SPN2 5 5 55634.85  5-12.3
55 55 ZTSFN2  55 520.7 “5 -28.1  T
»TA>£ia1Tr6r66 ' so2   ‘T14724 T “T

_1

Y (kN) 5SPN2 5 5 5 5 51571.8 55 5 5 5 +6.7 55 1SFN2 1 1558.4 5 +58 .. . _ _ _l __ __ _

There is a decrease of 45% for column bending moment when the pile

length is taken as characteristic depth and an decrease of 53% when pile is

treated for full length showing that there is 8% decrease in the maximum

bending moment in the frame when no soil medium is considered. The

corresponding variations in shear force is 12% and 28% showing a decrease

of 16%. As for axial force it is 7% and 6% giving a decrease of 1%.
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Fig. 6.13 Variation of maximum values of (a)bending moment,(b) shear force
and (c)axial force in columns for different depths of fixity without
SSI with spectral values corresponding to sand

Maximum values of bending moments and shear forces in beams are

reported in Table 6.l6a and the percentage variations of maximum responses

with respect to SG2 are reported in Table 6.l6b. The variations along the floor

level is shown in Fig. 6.14.

159



Table6.l6a. Maximum values of bending moments and shear forces 1n
beams for different depths of fixity without SS1 with spectral
values corresponding to sand.

Floor Max values of bending 1 Max values of shear
Level moment(kNm)  force(l<N) _.. . p \s02 SPN2 SFN2 1 s02 SPN2 SFN2

1

7347.7 1 318.5 3 288.3 107.7 99.1 90.012 0‘
11 592.1 A 529.8 i 470.5

_11 184.0
.1 165.5 1

147.1

19 . 800.9 1 732.1 629.5 248.8 228.8 196.6

is 900.7 1 860.7 ‘ 719.2 1 279.4
1

269.0 1

224.619
8 1 918.9 J 920,6 769.4 7 282.6 17287.7 7 240.2

A 862.8 903.5 . 789.9 264.7 281.7 246.9

O‘\'\l

_713 745.3 if 808.6 770.6
1

‘.8 229.2 251.9
1

240.8

Lh

570.7 681.7 _, 749.9 211.6 231.6

D­

_ 408.8 477.2 7734.9 A1176
1

.1
147.7

1

1 227.8

U0

7 _1 573.7 1389.9 724.8 1770 120.8 224.8

IQ

821.1 1 585.0 1 700.3 ._1

175.8

_252:8 1

181.5
-1

217.0

r_
;_a

17 772.9 1 872.2 1 764.7 237.7 268.2 232.8

X.

1

1

1

Table 6.l6b.Maximum values of bending moments and shear forces in beams
given in Table 6. l 6a. and % variation with respect t0SG2

Force 1 Configuration 1 Max.value of if 1 % variation

1 (Wm)
moment

02 1 918.9
1response _p_ 7 _ _ force response L 7 p H _1 Bending S 1

SPN2
1

7 1 920.6 +0.18
FmSFN2 1 789.9 L -14.0

Shear
force
(KN)

1 so2_
' 1

. 282.6
I‘

SPN2
SFN2 4 13

287.7
246.9

+1.8
“-12.6

r...

.Z-1
2
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F i g. 6.14 Variation of maximum values of(a)bending moment and (b)shear
force in beams for different depths of fixity without SS1 with
spectral values corresponding to sand.

pile length is taken as characteristic depth and 14% decrease when pile IS

The percentage variation of bending moment in beam is n11 when the
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treated for full length showing that there is 14% decrease in the maximum

bending moment when no soil medium is considered. The corresponding

variations in shear force is 2% increase and 13% decrease showing an

variation of 15%. This shows that the bending moment and shear force in

beams are reduced by change in length.

6.7.2.2 Influence of founding depth with SS1 using discrete model for
soil

The analytical results of SG2, SPAY2 and SFAY2 are used to study

the influence of founding depth with SS1 using discrete model for soil. Models

with fixity at ground level, at characteristic depth and at full depth are studied

herein. Maximum values of bending moments, shear forces and axial forces in

columns are reported in Table 6.17a. and the percentage variations of

maximum responses with respect to SG2 are reported in Table 6.17b. The

variations along the floor level are shown in Fig. 6.15.

Table 6.17a Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using

discrete model for sand.

. Level 1 moment(kNm)m _ W force(kN)  1 force(kN)
TFIOOI  Max values of bending Maxi values oft sheari Max values“ of axialfi

soz SPAY2 1sFAY2 1 s02 11 1 SPAY2 1 SFAY2 1 so2 . SPAY2 1 sFAY2_l»- --. .
209.4 216.4 1

1 110.2 92.0
975.8 1743.8 1 762.9 1562.9

12 1691.2 511.4 1527.2 360.6
11 1 358.7 367.2 T2922 244.91

110 1049.2 897.6 926.4 1672.2 489.5
.1.

1 503.5 541.2 458.6
*9 1009.0 1 952.5 1988.9 1; 654.5 1 565.7 584.7 818.3 720.6 1664.7
is 1123.0 1016.6

W  1
1 1050.1  584.4 550.8 T5719

‘ ' 1
1089.9 1015.4 949.1

\J

1017.3 1094.8 1 1072.9 1 562.5 1
465.7 1 487.1 1309.7 1306.3 1 1229.6

O\

943.4 834.8 7887.8 1 510.411 293.7 1 312.8 1442.01 1529.5 g—1442.5

K11

853.0 1 521.5 555.4 A 357.5 ~ 61.8 78.6 1472.4 1640.4 1543.0

-l>~

861.7 p__1918.6
1 .. -2 l.
1 861.4 1 397.3 1 212.4

-_l
l

1 125.5
12

1

1383.4 1 1607.4 1 1500.6

U)

J
1245.5 11281.2 1 1173.8 1 563.0 1 451.0 1. 425.5 1208.3 1461.8 .1

IO

1 1314.0 1417.2 1208.3 1 715.3 1 665.1 7611.7 990.6 1 1215.6 1112.1
1

Ml

2393.2 1330.9 1482.0 1 724.5 1 665.6
1 .
614.7 830.3 915.4 846.7
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Table 6.17b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6. l 7a. and % variation with
respect to SG2.

Force Configuration Max.value of force % variationresponse p response L_- 1 - ‘ ._Bending T SG2 2393.2 L
1 moment SPAY2 . 1330.9 -44.3 ,
(mm) I SFAY2 3462.0 l -38.0 ZF T " *0 ‘T ‘ r T *0 ’ ' “ 4*

] Shear force SG2 L 724.5
(kN) '1 SPAY2 ‘ 665.6 1 T. -s.1  T _'L SFAY2 L g 614.7 -15.15Axial force _1SG2  1472.4 _ j(kN) SPAY2 1640.4 1 +1114 M’__. . . ..l . " 1, SFAY2 l 1543.0 _ .+4.7 l
1"" 4' , gm .-—-S[)AY2_-D  +502 —I—SPAY2 —A——SFAY2 I
I    - .. .. , __..  . .._;L  __i__ ...____... - .._i__.....fi/5

—n
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I1
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Fig. 6.15 Variation of maximum values of bending moments, shear force and
axial force in columns for different depths of fixity with SS1 using
discrete model for sand

There is a decrease of 44% for column bending moment when the pile

length is taken as characteristic depth and 38% when pile is treated for full
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length showing that there is 6% increase in the maximum bending moment in

the frame when discrete model for soil is considered. The corresponding

variations in shear force is a decrease of 8% and 15% showing a decrease of

7%. As for axial force it is 11% and 5% giving a decrease of 6%. The

maximum increase in response is 6% for bending moments.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.18a and the percentage variations of maximum responses

with respect to SG2 are reported in Table 6.18b. The variations along the floor

level are shown in Fig. 6.16.

Table 6. l 8a. Maximum values of bending moments and shear forces in
beams for different depths of fixity with SS1 using discrete
model for sand

1 Floor Max values of bending moment 1 Max values of shear force (kN) 7A Level 1 (l<Nm) H 1 2 71 soz ,SPAY2  SFAY211SFAY212  1 1 7347.7 259.1 267.8 107 7 4 83.0

.11.. 592.1 1 431.6 444.0 184 0 1 4.7 138.5
10 800.9 2616.0 634.1 248.8

1 soz , SPAY22
. 1 80.1   3 '

197.9

9-1 900.7 763.1 788.1
._1

1

279.4 1 238.2 246.0

-8 . 918.9 1 856.6
1

887.1 282.6 267.5 277.4 1

\l

F 862.8 830.2 866.7 Y 264.7

1- ­
1 192.3

,_ 259.3 270.6
1

1

O\

745.3 1620.5 l 657.1 2 229.2 1 193.7 205.1

L/I

‘W

570.7 1 273.0 309.2
1

175.8 85.1 96.3
1

1

-B

408.8 17229.9 1_ .
197.2 117.6

‘T1

71.1 61.0

L»)

573.7 7 597.1 546.2
'1

177.0 185.0 169.2
1

[Q

821.1 1 918.6
1

826.1 252.8 A 284.7 256.0 1

%j

1 _ F.

772.9 1098.2 917.2 237.7 338.2 283.7

Table 6.1 8b. Maximum values of bending moments and shear forces in beams
given in Table 6.l8a. and % variation with respect to SG2

Force Configuration T Max.value of 18% variation
response __ _ _ N 1 forceresponse iBending ,_s<32 1 1918.9 pg 1 1
moment 1 SPAY2 1098.2 2 , +19.5 1(l<Nm) _, SFAY2 T-0.18Shear 1 so2 1 282.6 1 1

. force —SPAY2 1“_ _338.2
L(1<1\1) SFAY2  283.7 1

. ' |___ '
917.2

+19.6 V 7
+0.38
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Fig. 6.16 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different depths of fixity with SSI using discrete
model for sand.

The percentage variation of bending moment in beam is 20% when the

pile length is taken as characteristic depth and nil when pile is treated for full

length showing that there is 19% decrease in the maximum bending moment

when discrete model for soil is considered. The corresponding variations in

shear force are 20% and 0% showing a decrease of 20%. The responses in the

beams have reduced when pile is taken from characteristic to full depth. As in

the case of responses in columns this validates the concept of characteristic

depth in the design regarding force output.

6.7.2.3 Influence of founding depth with SS1 using continuum model
for soil

The analytical results of SG2, SPBY2 and SFBY2 are used to study the

influence of founding depth with SS1 using continuum model for soil. Models

with fixity at ground level, at characteristic depth and at full depth are studied

herein. Maximum values of bending moments, shear forces and axial forces in

columns are reported in Table 6.19a. and the percentage variations of

maximum responses with respect to SG2 are reported in Table 6.l9b. The

variations along the floor level are shown in Fig. 6.17.
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Table 6.19a. Maximum values of bending moments, shear forces and axial
forces in colunms for different depths of fixity with SS1 using
continuum model for sand1 I . 1 _ ' I * 7 7 .

Floor Max values of bending1 Max values of shear 1 Max values of axial
Level moment(kNm) iforce(kN) force(kN). .. .1 _ . .. 1. , 1so2 ” SPBY2 1 SFBY2 1 s02 SPBY2 SFBY2 so2 1 SPBY2 1s1=13Y2 ’

1975.8 11289.2 544.6 1562.91723.8 1257.5 1 292.2 1749.2 1158.1
T12 _ 691.2 1010.6 1 356.2 1 360.6  445.4 1 141.5 110.2 1307.4 A 58.9 E1 1 ‘ '2 '

11

1 1 1009.01 1335.7 . 722.0 . 654.51654.5 421.5 (‘T 818.3 1 1686.2 487.7
110 1_ 1049.2 1303.0 1668.1 11672.2 804.6 1358.6 541.2 1236.9 if 303.8 19 I
18 g_1123.011082.8 1 760.34 584.4 366.2 1419.0 1089.9 3021.8 699.2

xi

1 1 1017.3 1395.8 786.9 562.514'76.7 _1 362.1 1 1309.7 12157.0 910.7. .. . 1 44 1. _ . _. __ .:

OK

. . L..­
853.0 1748.4 428.1 357.5 917.3 172.1 11472.41 1958.6) 1161.2

1943.4 1808.91661.1 1510.4 812.9 1239.3 11442.0_ 2094.3 1075.7-  1

A101

1 861.7 1982.7 1576.6 i397 739.3 114.7 11383.4 1930.2 11143.6

L»-3

.3

1245.5 1461.2 813.2 563.0’293.1 17287.5 12083120521 1047.3
I 1 2 1 1314.0Y1346.6 1836.8 1 715.3 314.5 399.6  990.6 _ 2289.3 f 886.6

l\-IQi

2393.2 1 1894.7 1137.3 724.5 T8320 1477.8 830.3  2601.3 1 706.2 1_

Table 6. 19b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.19a. and % variation with
respect to SG21 I  '1 - 6 ~

.Y¢§1'l9nSe_.- 1 . 1 H T621321“? . . I 0 _ 0 -_.

1 Shear 16166 1 soz 1 724.5 1

. Force Configuration Max.value of force % variation 1

1 Bending 1 soz 1 2393.2 1
moment 1SPBY2 1982.7 ‘-171 _ 1_ . _ _ .L _ _r e r -1 -6 11 (l<Nm) SFBY2 11137.3 -52.4. . .2 _ 1 - '
(kN) TSPBY2 7  917.3 +266 1

SFBY2 1477.8 7 _ 1-34.0 ‘Axial 16166 s02 1472.4 _ 1 1 __ 1(kN)  SPBY2 ’ 2601.3 1 +76.6SFBY2 1161.2 -21.1n l_ 1 . _
There is a decrease of 17% for column bending moment when the pile

length is taken as characteristic depth and 52% when pile is treated for full

length showing that there is 35% decrease in the maximum bending moment

in the frame when continuum model for soil is considered. The corresponding

variations in shear force are an increase of 27% and decrease of 34% showing

a decrease of 61%. As for axial force it is 77% and 21% giving a decrease of

98%. The responses are observed to be decreasing when the depth of pile is

taken from characteristic depth to full depth. This validates the concept of

characteristic depth in the design regarding force output.
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reported in Table 6.20a and the percentage variations of maximum responses

with respect to SG2 are reported in Table 6.20b. The variations along the floor
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F ig. 6.17 Variation of maximum values of (a)bending moment,

Maximum values of bending moments and shear forces in beams are

(b)shear force and(c) axial force in columns for different
depths of fixity with SS1 using continuum model for sand.

level are shown in Fig. 6.18.
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Table 6.20a. Maximum values of bending moments and shear forces in
beams for different depths of fixity with SSI using continuum
model for sand

Floor I Max values of bending moment Max values of shear force (l<N) 1
Level (kN m)

so2 7 SPBY27 SFBY277 so2  (SPBY2 17sF13Y2 1

12 1 347.7 2. 627.5 f179.1 107.7 A 193.3 55.8 71. 592.1 1 904.4 307.0 1184.0 3 280.6
1

95.8

.. 1 800.9 1 1090.1 1448.1 248.8 7 337.0 140.0
.1110

19 T9007 1 993.3 1 569.4 17279.4 307.3 176.68 1 918.9 2 685.5 77659.2 213.17
i

203.2

\]

862.8
__ ‘ __ _
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M .264 7

.1 .
1 172.6 203.1

1

.1

O\
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Ur
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1

“T
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71 1341.9
1 1259.1 ‘A 78.79 117.6 389.1 24.3
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1

1

573.7 835.2 7331.7 177.0 259.0 1

102.7
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821.1 1, 341.9 , 537.9 -1
252.8 105.6 7166.4 “.1

jfl

772.9 7633.7 .8 599.5 1 237.7 196.4 J 185.7

17 Force 1 Configuration I Max.va1ue of 1 %van'ation
7 response 7 ‘ 7 7 force res onseI ~ 11 -2
I Bending
moment
(kNm)

1 918.9
1 SPBY2 it f 1341.9 +46.0
7 SPBY2 659.7 I ' -28.2 7 7

Shear
force

1 (KN)

SG2l . _ I 282.6  73+
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Table 6.20b. Maximum values of bending moments and shear forces in beams
given in Table 6.20a. and ‘/6 variation with respect to SG2
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Fig. 6.18 Variation of maximum values of bending moments and shear forces
in beams for different depths of fixity with SSI using continuum

model for sand.
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There is 46% increase for beam bending moment when the pile length

is taken as characteristic depth and 28% decrease when pile is treated for full

length showing that there is 74% decrease in the maximum bending moment

when continuum model for soil is considered. The corresponding variations in

shear force are 46% and 28% showing a decrease of 74%. The maximum

responses in beams are reported when pile length is ta.ken as characteristic

depth.

6.7.2.4 Influence of SS1 of sand when piles are fixed at characteristic
depth

The analytical results of SPN2, SPAY2 and SPBY2 are used to study

the influence of SS1 using discrete and continuum model for sand when piles

are fixed at characteristic depth. Maximum values of bending moments, shear

forces and axial forces in columns are reported in Table 6.2la. and the

percentage variations of maximum responses with respect to SPN2 are

reported in Table 6.21b. The variations along the floor level is shown in Fig.

6.19.

Table 6.21 a. Maximum values of bending moments, shear forces and axial
forces in columns for different models for sand when fixed at
characteristic depth

FIOOY i Max values of bending Max values of shear
Level moment (kNm)  forceg(kN) g force (kN)

SPN2 1 5PAY2 SPBY2 SPN2 1 SPAY2 ‘ SPBY2 SPN2 1 SPAY2 ‘ SPBY2
Max values of axial}

12 _, 632.2 1 511.4 1010.6 315.37 209.4 445.4 100.4 92 a 307.4 1
1 1

I

11 904.2 5 . 743.8 1289.2 ” 494.4 1 358.7 723.8 262.6_ , 244.9 “_749.2
10 1020.8 A 897.6 1303 __1 615.2 '7 489.5 804.6 490.4 458.6 _ 1236.9 1

1019.8 952.5 1335.7 l_634.8 565.7 654.5 756.7 A 720.6 1686.2 pg,_9
[8 1113.3 1 1016.6

1

1082.8 1 568 1 550.8
.1

366.2 1036.2 ‘ 1015.4 2021.8
l

\l

1074.9 7094.8 1395.8 545.9 . 465.7 476.7 1288.3 1713063 2157 1 1

O5

} 1003.5 ; 834.8 1808.9 5 523.3 1 293.7 *812.9 1472.1 1 1529.5 72094.3 1

(J1

1954.3 521.5 1748.4 1 442-8 61.8 1

917.3 1571.8 1 1640.4

-15

897.4 918.6 1982.7 ] 319.8 g_1 212.4 739.3 1568.8 , 1607.4 1930.2 _1

L»)

955.9_ 1281.2 1461.2 1 361.9 7451.0 1
293.1 1478.9 1 1461.8 2052.1 1

l\J

1304.4 11417.2 1346.6 1 530.8 1 665.1 * 314.5 1 1299.7 .L1215.6g_1 2289.3 1

~

1249.2 1 1330.9 1894.7 _586.1 T 665.6
i

1

832.0 1065.6 915.4

1958.6 1
I

2601.3
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Table 6.21b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.2la. and % variation with
respect to SPN2

TGSPOTISC _ response, n .. . _ 4- U .. Force I Configuration Max.value of force % variation

1 Bending
moment

SPN2 1304.4 i T 6  H
1 SPAY2 1417.2

. _ .1
+8.6

SPBY2 1982.7 i,+52i 0 '1
l Shear force

(KN)

1.

L_SPN2 634.8

SPAY2 665.6 1  A1 T
1 SPBY2 917.3 4 +44.5 1

Axial force
(kN)

SPN2 1571.8
1 SPAY2 1640.4 l +4.3 i

_ TSPBY2
1.

2601.3 +65.4

I
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Fig. 6.19 Variation of maximum values of (a)bending moment, (b)shear
force and (c)axial force in columns for different models for
sand when fixed at characteristic depth.

There is an increase of 9% for column bending moment when modeled

using discrete elements and 52% using continuum elements showing that there

is 43% variation in the maximum bending moment in the frame when two
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models for soil are considered. The corresponding variations in shear force are

an increase of 5% and 45% showing a variation of 40%. As for axial force it is

4% and 65% giving a variation of 61%. This shows that continuum model is

giving higher values when the pile length is taken for characteristic depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.22a and the percentage variations of maximum responses

with respect to SPN2 are reported in Table 6.22b. The variations along the

floor level are shown in Fig. 6.20.

Table 6.22a. Maximum values of bending moments and shear forces in beams
for different models for sand when fixed at characteristic depth

L.

‘ Floor 4 Max values of bending moment 1 Max values of shear force (kN) ‘

1 SPN2 SRN2 1 SPAY2
\ LC\/61 1(l<Nm) W g g  g_ g g g _ 7 i _7 _ ti

7sPAY2 1s1>13Y2 JSPBY2 1F
1.

[ 318.5 f627.5 11 99.1 We
80.4 1 193.313

‘11 ‘529.8 4316 904.4 165.5 134,7 T 280.6 Q1

1107 1732.1

1 259.1

J;616 1090.1 228.8 192.3 1 337
‘A 9 1860.7 ”, 763.1 993.3 5 269 238.2 1307.3

4 1
108

F7
A 920.6

903.5
T 856.6

j 830.2 4
1685.5

558-5
1

‘£2817

287.7 1
267.5
259.3

1

1 172.6
213.17 |

J
1

1 6 1 808.6 7620.5 996 ­ 1151-9 193.7
1

11

15 1981-7 T27370
1
71341.9

F

211.6
.L

85.1’
_, 310.2

I

413.9
._4 . 477.2 . 229.9 1259.1 147.7 71.1 7 389.19

be

l\JL.<-J

1

ii
$389.9585

1 597.1
1918.6

835.2 _
341.9_

120.8
181.5

185
284.7

259 -_
105.6

H

1

___T

g‘g 872.2 1 1098.2 1 633.7 268.2 J 338.2 J2­196.4 1'1

Table 6.22b. Maximum values of bending moments and shear forces in beams
given in Table 6.22a. and % variation with respect to SPN2

1 .4I_. .. 4 4T 1. 1 _ 1, _ . 0 ..Force Configuration Max.va1ue of 1 /ovariation
. response Z g * force response
1 Bending ' SPN2 920.6

1 . . 1- _ _ ._
moment gSPAY2_ 1098.2 .+l9.2

pg, (kNm) _Ts1>13Y2 _ 71341.9 7 1 +45}? 7 A
Shear 1 SPN2 287.7
16166 1 SPAY2 1 338.2 1 +175

L(kN) K iSPBY2 413.9 ‘ 443.8 1,
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Fig. 6.20 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different models for sand when fixed at

characteristic depth

There is 19% increase for beam bending moment when modeled using

discrete elements and 46% increase using continuum elements showing that

there is 27% variation in the maximum bending moment when two models for

soil are considered. The corresponding variations in shear force are 18% and

44% showing a variation of 26%. The variation in beam response is 27% and

26% for the two models with continuum model giving upper bound values.

6.7.2.5 Influence of SSI of sand considering full depth of piles

The analytical results of SFN2, SFAY2 and SFBY2 are used to study

the influence of SSI using discrete and continuum model for soil when piles

are fixed at full depth. Maximum values of bending moments, shear forces and

axial forces in columns are reported in Table 6.23a. and the percentage

variations of maximum responses with respect to SFN2 are reported in Table

6.23b. The variations along the floor level is shown in Fig. 6.21.
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Table 6.23a. Maximum values of bending moments, shear forces and axial
forces in columns for different models for sand when fixed at
full depth

1 _
1 Floor A Max values of bending 1 Max values of shear 1 Max values of axial
Level 6 moment (kNm) 6  force(kN) 6 1 force(kN) _

1 SFN2 1 SFAY2 11 SFBY2 . s1=1\12 1 SFAY2 1 SFBY2 1
1

s1=1~12 SFAY2 16 SFBY2

1

11

571.7 6 527.2 35666.2 _1 298.8
1

216.4 _1 141.5
1

6 92.81 79.8 6 58.9
~1

l

112 .
711 1 783.1 1 762.69 544.6 f4416.6 61 6367.2 257.65 216.2 1 158.1
110 1 850.5 1 926.4 1 6668.1 6 1 517.1 1Z 1 1 1 1 503.5

.1.
1

358.6
1 237.9
1 432.7ML 415.4 1 303.8

1

1

9 853.2 988.9
7% ’ 7 "*1

6722.0 1 520.7 6 584.7
.21

1 421.5 1 649.56 664.7 1 487.7

O0

1 930.3 719 419.0 868.9 1 949.1 699.2
.1

T
xl

T1

5924.1
__1050.1 760.3 %6490.62 11 1072.9 786.9 481.6 1 487.1

1

X.

362.1 1 1067.1 1, 1229.66 1
‘.

910.7
1

O\

1 915.0 _6 ._ 1466.9 239.3 1225.91 1442.56 1075.7 41

£11

_1 889.5
8878 1 6 1 1 1

Q1 555.4 _“6 428.1 _ 1 438.51
3612.8

_78.6 726.10 1345.5 11543.0 61 1161.2 1

-I2»

1952.7 ‘T861 .4 1 576.6 472.6 125.5
T1

1614.7 6142694 1661 1500.6 1 1143.6 1A

QT
b-I

1—986.2 17173.8 61813.2 1479.81, 425.5 287.5 6 1497.3 1 1350.1 1 1047.3

NJ

1 _ 1041.6 1 1208.3 1836.8 478916117 11 6  399.6 115 1544.2  1112.11 886.6
1

6. 6‘ 71126.8 11482.0 1 1137.3 340.1 1614.7 ‘

j

477.8 61_1s58.4 61 846.7 61706.2m1_ if . _ .. __ 1 _ _ ,
Table 6.23b. Maximum values of bending moments, shear forces and axial

forces in columns given in Table 6.23a. and % variation with
respect to SFN26 6 e 6 6 6 66 1 6 —1

1 Force I Configuration Max.value of force 1 % variation 1
165291156 _16 . . . ,1 16.311995? . - _. . .Bending 1 SFN2 1 1126.8 1_ 6 T . _ _.. _ _ , Vmoment SFAY2 71482.0 +3 1 .5 1_ _ .  . _- . 4, _ . .. 1;(kNm6)6 6_61sFBY2 61137.3 6 _ U093 1Shear SFN2  520.7 6 6 1 6 6
£6166  SFAY662 6 614.7 . +18 66 63 7 7 11(1<1\1)  1sFBY2 1477.8 1-82 _
Axial force SFN2 61558.4 A

(1<1\1) 1SFAY2 11543.0 1 -0.98 6 6~ ,SFBY2 11161.2 -125.4 if _11_

There is an increase of 32% for column bending moment when the full

depth of pile is considered using discrete model and 1% using continuum

model of soil giving a variation of 31% for the two models. The corresponding

variations in shear force are an increase of 18% and a decrease of 8% showing

a variation of 26%. As for axial force it is 1% and 25% decrease giving a

variation of 24%. Hence it is observed that the continuum model is showing

the effect of soil structure interaction more clearly in this case. Discrete model

seems to be amplifying the response.
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Fig. 6.21 Variation of maximum values of(a) bending moment, (b)
shear force and (c)axial force in columns for different models
for sand when fixed at full depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.24a. and the percentage variations of maximum responses

with respect to SFN2 are reported in Table 6.24b. The variations along the

floor level are shown in Fig. 6.22.
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Table 6.24a. Maximum values of bending moments and shear force in beams
for different models for sand when fixed at full depth

Floor 4 Max values of bending moment K. Max values of shear force (kN) 1
‘1 Level 1 (kNm)

, g4pSFN2 ‘14sFAY2 %LSFBY2SFN_2 g SFAY2 T 4  4N. _ _ - - 1. 1 SF BY2 Q
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l\J
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Table 6.24b. Maximum values of bending moments and shear force in beams
given in Table 6.24a. and % variation with respect to SFN2
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Fig. 6.22 Variation of maximum values of (a)bending moment and(b) shear
force in beams for different models for sand when fixed at full depth.

There is an increase of 16% for beam bending moment when modeled

using discrete elements and 16% decrease using continuum elements giving a

variation of 32%. The corresponding variations in shear forces are 15% and
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18% showing a variation of 33%. As in the case of column responses,

continuum model shows the effect of soil structure interaction more clearly.

6.7.2.6 Influence of SS1 and founding depth on displacements and
storey drifts in sand

The models SG2, SPN2, SPAY2, SPBY2, SFN2, SFAY2 and SFBY2

have been analysed to investigate the effect of soil structure interaction and

founding depth on displacement in sand. The maximum values of horizontal

and vertical displacements are reported in Table 6.25. Fig. 6.23 shows the

deflected shapes when the pile is taken for characteristic length, with discrete

and continuum model for soil.

Table 6.25 Effect of fixity with and without SS1 effect of sand on
displacements

p Depth of fixity Max values of displacement
(111)

‘ Horizontal 3 Vertical
g g g g _ g g pg direction Z p direction
6 Ground Level y g g g_ ‘ 0.16 1 0.0069L. .
1 Characteristic K Without SS1 , 0.1765 0.0077
depth Twith Discrete model 10.1975  g_i 04643 10-.  3

4 SS1 Continuum model 10141 10.06821 _1 ' 3 _ 3F 3 3 _33 3 .3 _Full depth . Without SS1  1 0.213 . 0.0092
lwith A Discrete model g .0.17s_   0.02284 up

L g Z SS1 J Continuum model p 0.128 p = 0.0098

From the above table it is observed that the maximum value of

displacement both in the horizontal and vertical direction increases with depth

of fixity for discrete models for SS1 effects compared to when the frame is

assumed to be fixed at ground level while the continuum model shows a

decrease. When SS1 effects are considered the maximum values ot

displacements are reported when piles are fixed at characteristic depth.
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Fig. 6.23 Deflected shapes with (a) discrete and (b) continuum model for sand

The storey drift for different models are given in Table 6.26.

Table 6.26. Storey drift for different models in sand

Floor
Level SG2 _ SPN2 SPAY2 SPBY2 SF N2 SFAY2 SFBY2

12 0.026 0.0233 0.0099 0.052 0.017 0.025 0.0169
11 0.0372 0.0339 0.0411 0.064 0.023 0.036 0.0242
10 0.4772 0.03975 0.0516 -0.025 0.026 0.0461 0.033

9 0.5292 0.03055 0.058923 -0.055 0.026 0.05484 0.039
8 0.0388 -0.0187 -0.06612 -0.029 0.024 0.05734 -0.034

N

-0.043 -0.046 —0.0867 0.025 0.008 -0.0616 -0.0457

O7

-0.0288 -0.0388 -0.0252 0.067 -0.009 -0.0416 -0.0305

U1

0.0051 -0.0222 -0.0146 -0.005 -0.016 -0.0104 -0.009

-P

0.0229 1 E-04 0.0154 -0.057 -0.019 0.021 0.013

O0

0.047 0.0241 0.0403 -0.017 -0.02 0.04 0.0287

N

0.0577 0.0491 0.0585 0.028 -0.016 0.0549 0.0394

A

0.0329 0.0648 -0.1327 0.045 -0.013 0.0501 0.0348GL 0 0.0366 0.216 0.048 0.182 0.012 0.0121
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From the storey drift values it is observed that the frames not moving

linearly in one direction. The positive and negative values indicate that certain

floors are moving outward and others are moving inward with respect to the

adjacent storeys. The storey drift values are representative of the deflected

shape of the frames.

6.7.2.7 Influence of SSI on bending moments in piles

The variation of bending moments in piles with and without SSI effect of

sand are shown in Fig. 6.24. Models SFN2and SF AY2 have been compared.

-0- SFN2 —I— SFAY2

~4)»~~~  gs an 1
-1000 0 2000 3000 ,

_5 .

ow GL

10

hbe

-15
|

Dept

20

-25 I

Bending Moment

Fig. 6.24 Variation of bending moments along the pile with and without SSI
ofsand.

When soil structure interaction effects are included, it is observed that

bending moments in piles are drastically reduced beyond characteristic depth.

6.7.3 Effect Of Soil Structure Interaction And Founding Depth
In Alluvial Soil

The models SG3, SPN3, SPAY3, SPBY3, SFN3, SFAY3 and SFBY3

are analysed to investigate the effect of soil structure interaction and founding

depth in alluvial soil. The results are presented and discussed in the

subsequent sections. Bending moments, shear forces and axial forces in

columns of the frame and the corresponding values in the beams for different

models are compared. Displacements and storey drifts in the frame and

bending moments in the pile are also reported.
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6.7.3.1 Influence of founding depth without SSI

The analytical results of SG3, SPN3 and SPN3 are used to study the

influence of founding depth without SS1. Models with fixity at ground level, at

characteristic depth and at full depth are studied herein. Maximum values of

bending moments, shear forces and axial forces in columns are reported in

Table 6.27a and the percentage variations of maximum responses with respect

to SG3 are reported in Table 6.27b. The variations along the floor level is

shown in Fig. 6.25.

Table 6.27a Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity without SS1 with
spectral values corresponding to alluvial soil

Level 1mon1ent(kNm) 3 1 force(kN) 3 1 force_(kN)

TFIOOI Max values of bending Max values of shear Maxi values of axialj

1 1 s<33 SPN3 1 SPN3 1 s03 _g SPN3_ 1 SPN3
-1

Q s03 _ SPN3 s1=N3

U3 . 1890.3 g1_809.2 A 656.4 #4973 3, 483.5 3 1323.5
- . L _

152.6 1132.0 7 104.7
1 1185.5 1 1107.3 17912.8 1 672.7 1650.6 17189.8 . 380.0 1 342.2 270.0 1
’ 1279.2 1 1233 1019 3 752 O 736 3 593.5 1 624.4 7 1 617.7

.4 1
496.8 ,1

311

119
9 1 1284.9 1 1279.8 11044.6 "1 779.8 1 760.3 1 620.8 1 995.4g_ ‘ 930.1 g 751.8

1 8  1426.8“ 1373.3 F 1136.1'783.3_1i 730.5 _1 599.7 1318.7 1260.3 1029.51

\l

- - .._1
1

1.

11380.6_ 1384.6_11126.6 660.83 701.7 1 580.6 1 1599.5T1569.6 1285.2 :

1 1 71220.0  71287.3 __11101.8__1T563.0 11 7636.5 1 556,1 1 1785.1 1 1809.8 1496. 11

U11C\

. 995.6 11150.6 11065.4 17385.5 1 517.2 1 532.1 1 1841.7 1 1950.3 1656.5.

-B

L1198.2i_1i 1056.3 11135.1 i458.5_1416.7 549.3 1 1742.5 1 1952.5 1766.91

DJ

1 \ 1545.1 F12078 11165.2 1698.8 1497.5 17537.1 #15318 1 1897.5 1851. 5.1

Ix)

1 1 1553.4 1 1575.5 1 1214.1 1 878.9 1 721.0 553-3
.  1

1 1255.2 1 1640.5 1 1905.5;

| I

_ [ _
1 2948.3__1581.1 1 1331.2 1 904.2 1765.8 3g1_g41g7.583_1_ 1033.6 11343.3 1919. 1‘,1_

Table 6.27b Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.27a. and % variation with
respect to SG3

' Force Configuration . Max.value of force j % variation 1

3 Bending
moment

3 (kNm)

2948.3
response 1 1 response J

6 SG3
(SPN3

_ 1
1

1581.1 -463
_‘1...

SFN3 1‘. 13312 1 -54.8
178666116166

‘ (kN)
1SG3 904-2

-41

FsPN3 765.8 1153 1

SPN3
— 1

+_
6218 -31.3

77

Axial force
(KN)

1s03 18417 X.

‘SPN3 W1 1952.5 T 1 +6.0

1 SPN3 un91 +4.2
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There is a decrease of 46% for column bending moment when the pile

length is taken as characteristic depth and 55% when pile is treated for full

length showing that there is 9% variation in the maximum bending moment in

the frame when no soil medium is considered. The corresponding variations in

shear force is 15% and 31% showing an decrease of 16%. As for axial force it

is 6% and 4% giving an variation of 2%.
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Fig. 6.25. Variation of maximum values of (a)bending moment,
(b)shear force and (c)axial force in columns for different depths of
fixity without SS1 with spectral values corresponding to alluvial soil

Maximum values of bending moments and shear forces in beams are

reported in Table 6.28a and the percentage variations of maximum responses

with respect to SG3 are reported in Table 6.28b. The variations along the floor

level are shown in Fig. 6.26.
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Table 6.28a. Maximum values of bending moments and shear forces in

Table 6.28b. Maximum values of bending moments and shear forces in beams
given in Table 6.28a. and % variation with respect to SG3

___._ 7

beams for different depths of fixity without SS1

7 ' *1? 7 7 H 7  7 ‘T~Floor Max values of bending , Max values of shear
pLevel gmoment(kNm) 0 force(kN) 1

r

SG301663 5 SPN3 126116 1 *7
1

L SPN3 1 SFN3
l

_1447.6 A 407.4 j 331.3 1 139.9 1 129.8 103.4 1

"7219 f1625.4lT543.6 F 225.9 ‘ 208.0 170.0
110 T 945.8 1868.8 _ 738.9 295.9 279.1

11.

A1 231.0

g 9 ._1071_.6 1023.6 if 863.3 r3351 ‘L1 325.4 1269.8
1

J
1

O0

11135.5 _L1l33.8 1941.5 1V ' 7 l 354.9 l 356.8
Tl

l

294.2 l

\.1

H 1087.4 Q1 1148.0 1971.8 __7 I 337.5
V. .
1355.0 303.6

1 877.4 01012.5 . 940.5 _1 270.1 315.2
1

1 293.7

\}lC\

‘.1? l 608.6 1 801.7 ‘ 904.9 187.2 1248.6 j280.5
9-1­

-B

' 1
1516.4 553.1 A8823 1 159.5 _1 171.2 ll 274.3

-1

1

UJ

5160.1 . 270.3 {1

I _ _

l\-I

g_1_736.8 516.6 j 870.2 _ 228.2
‘1000.7 745.1 1853.3 T309.7 1231.1 1265.1

[3

j

7 g 943.1 g 1‘1075.1 1945.9 . 291 .3 . 330.6 1 287.8

isForce f Configuration Max.value of % variation
response _1 K 7 0 i i ‘J force response  0 0 _
Bending
moment
(kNm

1 s03 1135.5

‘TSPNB
- 3‘.1148.07 +1.11.­

1

) g g s1=1\13 971.8

1

Shear
force
(KN)

17863 354.9
-1 .4pg 4

1 s1>1\13 1_356.8 . +0.53

1 SFN3 L303.6 -14
pl

kN

L 1266
T 1000
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Fig. 6.26 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different depths of fixity without SS1

pile length is taken as characteristic depth and 14% decrease when pile 1S

The percentage variation of bending moment in beam is 1% when the
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treated for full length showing that there is 15% decrease in the maximum

bending moment when no soil medium is considered. The corresponding

variations in shear force is also 1% and 14% showing a decrease of 15%.

6.7.3.2 Influence of founding depth with SSI using discrete model for
alluvial soil

The analytical results of SG3, SPAY3 and SFAY3 are used to study

the influence of founding depth with SSI using discrete model for alluvial soil.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 6.29a. and the percentage variations of

maximum responses with respect to SG3 are reported in Table 6.29b. The

variations along the floor level is shown in Fig. 6.27.

Table 6.29a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SSI using
discrete model for alluvial soil

V? [ 7 7 _. _ _ _ _ .7 _ '7 '7 t @ 1 1 : ii 7. 4: L —_ 7_ 7_ "_ ’_
Floor N. Max values of bending , Max values of shear l‘ Max values of axialfl

1 _ S92 J SPAY;  SFATY
112 _  899-3 17262-6
1

.‘ 10,_ 1 1279.2_

Level -!!1?Qm§nL(1<l)lI11)_ _ _ 1f9r9@(1<_NL 3   _  f9r9¢£l<l§1)._, -_  __ _
3 1 so3 J SPAY3 ” SPAY3 ‘Y s03 - SPAY3 1 SPAY3J: _. 2 -3 ~2 *_ ~_ 2. ~u -2 —* if *_. — if -i ~‘ —.* - —@..~* —, —,

19493.; _[497_.3_1293._9 J _251.9_ $152.6 1 179.7 1 174.7
. 743.61 _ _ 7_., _ _

L818-2 \_._75Z;Oj, 420.-Z_ 1_5Q3-6 31634.-41672-3- l 593-2
_11 9 11s5.5‘l 625.7

T7349

—1;

1

1

A

- .672-7 227-5 .1297-9 1289-9 492-4 Tl 222-2

J
ll

19 _ 1 11334.9‘ 747191 1 9113.5 _1 779,8 ll 427.9 1 556.0‘ T9954 T‘ 9”75Ts T fT9s2.2

_L

1 8 ll 14”26Ts 790-3 T
829.3

9998.9 T 7s3.3j:_4101  533.8 T131s.7T1305.7l1333.0

ETA;

\l

” 12446 L985-8 T990-8Qi336-2 458-0lT1599~5_l1613-5 I 1661-21
l

Y

_|__|

l1220.0f633.6 @7689 I 630‘ 1_97_7 T 6’ 17s5.19[,1s45.6f1s2s.3

KJnO\

U ___ __ _- _._,5.9,.2s7.
~ _ 9 T9956 9 713.29 T6486 93s5_.5,,2_13.2 9199.2, 1841 , 19587 90174

7

l

_ 9 T119112 ,1 1_41g.1 51333.2 ,45s._5 ;L49_1.9 948491 91742511924 9.1 1972.1

*iTT
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Table 6.29b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.29a. and % variation with
respect to SG3_ V _ _ _ _ _ _

. Force l Configuration i Max.value of force % variation T
response r g g A response _ ..L' _Bending SG3 g i 2948.3 l. _ . . _ ~* _. * ' r _. ‘J. ‘ ‘moment ,SPAY3 g g g_3060.3 pg +3.7 l
g (kNm) l SFAY3 ‘ 2041.9 -30.7 T_..  .
1Shear force SG3 l 904-2
* (kN) 9 SPAY3 . 1055.7 “+167g \_ . ._t g g g .SFAY3 986.4  T+9.0 l. Axial force TTSG3 l 1341-7 l ‘
(kN) SI_’AY_3 _ ", 1958.7 +63TSFAY3  “T20114 +9.5  Z _

l

_ F. ___. ._.. __ _ _.  _ . _ ._l
I
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Fig. 6.27 Variation of maximum values of (a)bending moment,(b) shear force
and (c)axial force in columns for different depths of fixity with
SSI using discrete model for alluvial soil

There is an increase of 4% for column bending moment when the pile

length is taken as characteristic depth and 31% decrease when pile is treated

for full length showing that there is 35% decrease in the maximum bending

moment in the frame when discrete model for soil is considered. The

corresponding variations in shear force are an increase of 17% and 9%
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showing a decrease of 8%. As for axial force it is 6% and 10% giving a

increase of 4%. The bending moment and shear force have been observed to

decrease when the depth of pile is taken from characteristic depth to full depth.

This validates the concept of characteristic depth in the design regarding force

output.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.30a and the percentage variations of maximum responses

with respect to SG3 are reported in Table 6.30b. The variations along the floor

level are shown in Fig. 6.28.

Table 6.30a Maximum values of bending moments and shear force in beams
for different depths of fixity with SS1 using discrete mode] for
alluvial soil

Floor Max values of bending moment A Max values of shear force(kN) ~1 Level . (kNm) 1
1 Tso3

F 1 ._.T . -_.. 1
I

1

9447.6 269.6
‘l;_.

276.7 139.9
1_SPAY3_ ls12AY3 +863  .sP/1Y3 JMSFAY3g_1120.5 ’ 1268 T1

*1

412.8 lilZ 443.1 225.9 165.0 178.8
573.5 1 640.2 295.9 T T2136 238.5

121 4
T11 _1721.9
“10 Il9458
19 _t 1071.6 ‘ 685.5 1 7831 335.1 247.5 T207.4

‘T113'5.5T 743.3 8 864.5 354.9 213.0 281.8

1 T 877.4 1459.1 Q4 .3 270.1 170.0 _ 286.5

§ 1T608.6 _ 229.2 217.4 187.2

1

8 1 1 T
_ 7 _ 1087.4 1683.0 _1807.5_  1337.5  244.1 A, 305.76 4 ‘P * 1L 1 H ‘ 41711

1

203.4
1.

4 _ #15164 L 613.2 _5 1 3_.3 159.5 191.1 165.9

L

L»)

A 736.8 ’1044.3 1927.5 lT228Y2 326.6 1 298.3
—-J

I

I\.J

1000.7 1T1547.0T 1 1326.3 309.7 482.9 _ ~ 424.9
11

lD _l 943.1 _l 060.5 ‘1609.0 1291.3 ‘6s2.3 1514.8 1

hi

2

Table 6.30b. Maximum values of bending moments and shear force in beams
given in Table 6.3 0a and % variation with respect to SG3

‘1T* 6 — ' *~T T T T T T T T"' T"' 'T* 'T~1 T' ' ' T" T 1Force 1 Configuration 1 Max.va]ue of N. % variation
response ~1_ g _ _ _ ggforce response g ,_ J
‘TBending 1SG3 K 11135.5 g   g __,
1 moment 1SPAY3 1 2060.5 1 +8 1.4 1(kNm) fSFAY3 T T 16090 441.6. i . _ _ _l .' ._ 1_ . . _ ._ _ .. _. F . .
l Shear 1so3 K 1_A3s4._9 K Ag g _,
‘ force  SPAY3 _ 1 652.3 4 +83] 1
(kN) _!SFAY3_ _ ‘ 514.8 _  g ‘$45.0 A,

.L_
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Fig. 6.28 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different depths of fixity with SS1 using discrete
model for alluvial soil

There is 81% increase for beam bending moment when the pile length

is taken as characteristic depth and 42% when pile is treated for full length

showing that there is 39% decrease in the maximum bending moment when

discrete model for soil is considered. The corresponding variations in shear

force are 84% and 45% showing a decrease of 39%. The responses in the

beams have reduced when pile is taken from characteristic to full depth. As in

the case of responses in columns this validates the concept of characteristic

depth in the design regarding force output.

6.7.3.3 Influence of founding depth with SS1 using continuum model
for alluvial soil

The analytical results of SG3, SPBY3 and SFBY3 are used to study the

influence of founding depth with SS1 using continuum model for alluvial soil.

Models with fixity at ground level, at characteristic depth and at full depth are

studied herein. Maximum values of bending moments, shear forces and axial

forces in columns are reported in Table 6.3la. and the percentage variations of

maximum responses with respect to SG3 are reported in Table 6.3lb. The

variations along the floor level are shown in Fig. 6.29.
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1

i Shear force

Table 6.3 1 a. Maximum values of bending moments, shear forces and axial
forces in columns for different depths of fixity with SS1 using
continuum model for alluvial soil

F1001‘ Max values of bending F1 Max values of shearl Max values of axial 1
1 L°\’¢1 ‘g moment(kNm) g . force(kN) force(kN)

890.3 g_306.5 137.2 to 281.2
K _Lsc3 ‘SPBY3 SFBY3 M so3_ 1 s1>13Y3 1s1=BY3_1 803 ‘1s1>13Y3'[ SFBY3 112 1 ’ 1 115261698 1156.1g

1185.5 Mm75
1748.4 1497.3
1 1267.4 1 672.7 178.4 584.5 380.0 * 155.1 7406.9111

110 L1 1279.21 I1547.5 1569.1 752.0 1 268.7 1831.0 624.4
1

217.9 J72-4"­
1_9 ­ 1284.9 A 692.6 1 1709.4 1 779.813 1

1

357.7 j 987.8
1. -. 1 ­
1995.4 1261.7 1233.0 18 . 1426.8 848 .2 1 .1797.7 ‘ 783.3 411.1 397.3 1318.7 304.0 1763.2_1

if
xl

1380.6 824.4 ‘ 1870.1 660.8 1 448.1 861.9
1 1599.5 1,7 364.8

1

2295.0. ‘.1.

O\

. - 1
1220.0 ‘ 844.6 g_1 1565.5_1 563.0 .1 429.4 1 564.1 1785.1 447.7 2716.0

£11

995.6 , 783.6 01006.9 “385.5 353.3 1 164.6 1841.7 534.5 2945.11.

-P

1198.2 1704.6 1444.6 458.5 1 258.7 310.3 1 1742.5_1 602.017 T 2925.3

L»)

1 1545.1 ‘A 470.4 1 2002.5 698.8 ‘T 99.6 1 718.2 _L 1531.8 649.4 n‘_2715.7

[*9

1553.4 1300.1 K 2068.3_. 878.9 389.9 1032.1 T125512 681.8 2353.5

1-I

A1 _2948.3 L1 1633.6 . 2675.2 F9042 516.2 1 1139.6 A 1033.6 1 705.5 1 1.939-(L

Table 6.3 lb Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.31a and % variation with

respect to SG3

9 Force A 7 i Configuration 1\/1ax.va1ue of force 17% variation if
response g  g g g response

1

g (kNm)

Bending
1 moment

gsc3 2948.3 J
TSPBY3 1633.6

‘i.

1 (-44.5

[SPBY3 2675.2 9.2
11

(1<N)

1

_r_ _
1803 904.2
lsPBY3 516.2 -42.9
ASFBY3 1139.6 1+260

(KN)

Axial force

. . -_1

SG3 1841.7 _ 1

1SPBY3 705.5 i616
SFBY3 2945.1 1 +59.9

W

There is a decrease of 45% for column bending moment when the pile

length is taken as characteristic depth and 9% when pile is treated for full

length showing that there is 36% variation in the maximum bending moment

in the frame when continuum model for soil is considered. The corresponding

variations in shear force are a decrease of 43% and an increase of 26%

showing a variation of 69%. As for axial force it is 62% and 60% giving an

increase of 112%. It is observed that even when the bending moment shows

considerable decrease, the shear force and axial force shows an increase when

the pile length is taken from characteristic depth to 11111 depth using continuum

model.
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F i g. 6.29 Variation of maximum values of (a)bending moment,(b) shear force

and axial force in columns for different depths of fixity with SS1
using continuum model for alluvial soil.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.32a and the percentage variations of maximum responses

with respect to SG3 are reported in Table 6.32b. The variations along the floor

level are shown in Fig. 6.30.

Table 6.32a. Maximum values of bending moments and shear forces in
beams for different depths of fixity with SS1 using continuum
model for alluvial soil

1 Floor Max values of bending moment 1 Max values of shear force

Level I g (_kNm) .k (kN)
1

Tsos 6 js1>13Y3 SFBY37 sG3 0 TSPBY3 i i1SFBY3 T112 447.6 164 496.3 139.9 1 49.511. 721,9 1 242.1
.51,

794.0 A 225.9 1 75.1 244.7150.70 ..19 945.8 1 349.3 1 1167.2_ 5295.9 108.5 359.5
*1

1

1- 9 T17 1071.6 __1_ 477.5 1 1475.8 335.1 1148.6 1454.9 ‘.

. O0

1135.5 6616.4 1703.5 fl 354.9 A 192.1
i _ .
524.6

\l

1

1

1087.4 A 730.8 ‘_
1714.7 1 227.8 1 527.3rjii 1

U\

877.4 1 748.1 1359.1
if 337.5F270.1 2233.3 A 417.9

4

K/1

it 17508.6
1. .
% 669.3 _{, 742.6 1

187.2 1 208.6 227.9

-$>­

516.4 1 507.8 237.4 459.5 1 158.2
42

73.4

Ti’

L»)

736.8 344.4 1 832.1 1' 228.2 107.2 1 259.6

1\J

1000.7 211.5 1323.4 1 309.7 1 65.0 J 412.6

;__¢

943.1 1 210.2
1

1466.1 . 291.3 61.5 7457.9
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Table 6.32b Maximum values of bending moments and shear forces in beams
given in Table 6.32a. and % variation with respect to SG3

.TForce

response

" T ' Tl
Configuration Max.value of % variation A

1 Bending
moment
(kNm)

SG3 1 1135.5
‘H force response A \
SPBY3 p748.1 -34.1 1
T SFBY3 8 K 1714.7 lT+51 8

Shear
force
(RN)

sos p 354.9

_1SPBY3 it  233.3 ll-34.28 l
. SF BY3 8 l 527.3 8  +485 8 J

There is 34% decrease for beam bending moment when the pile length

is taken as characteristic depth and 51% increase when pile is treated for full

length showing that there is 85% increase in the maximum bending moment

when continuum model for soil is considered. The corresponding variations in

shear force are 34% and 49% showing a variation of 83%.
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Fig. 6.30 Variation of maximum values of (a)bending moment and (b)shear
force in beams for different depths of fixity with SS1 using
continuum model for alluvial soil

6.7.3.4 Influence of SS] of alluvial soil when piles are fixed at
characteristic depth

The analytical results of SPN3, SPAY3 and SPBY3 are used to study

the influence of SS1 using discrete and continuum model for alluvial soil when

piles are fixed at characteristic depth. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 6.33a and the

percentage variations of maximum responses with respect to SPN3 are
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reported in Table 6.33b. The variations along the floor level are shown in

Fig. 6.31.

Table 6.33a Maximum values of bending moment, shear forces and axial
forces in columns for different models for alluvial soil when
fixed at characteristic depth

Floor Max values of bending 6 Max values of shear Max values of axial-- - 1
SPAY3 K SPBY3 SPN3 1 SPAY3 SPBY3 l

1 L6‘/°1 1 moment(kNm) force(kN) 3 1 33 fo3rce(l<N)
s1>1\13_1 3 31809.2 _ 2696 3065 483.5 3 203.9 33137.2 1 132.0 1 179.7 3169.8

377110 3l6257 3875 650.36_1327.5  178.4 l342.2 1402.6 155.1
l—

3 3 TSPN3 l3 s1>AY3_ s1>BY3  3  3" 12 = 3 .  .3 1311 l 7» - . -- ..
1_10 11233.; 734.9 1547.5 17336.3 420.2 268.7 7 ‘672.8 3_1217.99 l 31617.7 3
l  31279.8]747.9 692.6 l760.3 427.0 313 3357.7 ’930.1 3975.8 261.7- 1

8 3_ 1373.3 3790.3 1848.2 730.5 j 410.1 33“ 411.1 1260.3“1305.7 13304.0‘ 1569.6 1613.5 1364.8

\1

1

‘T  17384.6‘, 820.3 1824.4 701.7 336.2 7148.1 3 33 3
1845.63; 447.7

'J1C'\

1287.3 3 6333.6 13844.6 636.5 1197.7 "1 429.4 l 1809.8i 534.5
602.0

-F>~l\JU-I

1* . . . . . . 11 353.3 1950.3 I 1958.7. . -.   649-4
'3 1575.5 Y 2579.7  1300.13‘ 721.0 1055.7 _1 389.9 1640.5 1415.2 1 681.8

1331150.6-_1718.2 ’783.6 517.2l213.2 1 3. if 1 , .. _l1. .
3 1581.1 3060.3_11633.6

331 13056.3 l 1418.1 3 704.6 1 4316.7 1491.03 31258.7  1952.531 1924.01 1207.8 1995.2 470.4 1497.5 T7575 99.6 1897.5“ 1749.1 1

968.5 3 516.2 13343.3 7899.33 1 705.5

j

765.83 3 l

Table 6.3 3b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.33a and % variation with
respect to SG3

Force Configuration F Max.value of force % variation
1response 133 3 response 3  33 __ 3_3
i Bending '3 3SPN3 11581.1 3 imoment SPAY3 i3  30360.3 3 3(kNm) 1SPBY3 l 1633.6
l

T +93.5 3+3.3 .
(KN)

SPN3 1 765.83 Shear force l 3 A 7 ii

SPAY3
SPBY33

‘ 1055.7

l 516.2
*1

33 -32.5 _1l. . .
l Axial force i SPN3 1 1952.5

SPAY3 ‘T19587(l<N) g
1 3_1_SPBY3

1+0.3 3 3 31‘ll 705.5

There is an increase of 94% for column bending moment when

modeled using discrete elements and 3% using continuum elements showing

that there is 91% variation in the maximum bending moment in the frame

when two models for soil are considered. The corresponding variations in

shear force is an increase of 38% and decrease of 33% showing a variation of

71%. As for axial force it is 0% and 64% giving a variation of 64%. In this

case the discrete model is giving higher values when the pile length is taken

for characteristic depth.
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and (c)axial force in columns for different models for alluvial soil
when fixed at characteristic depth.

L: iii?

Maximum values of bending moments and shear forces in beams are

reported in Table 6.34a and the percentage variations of maximum responses

with respect to SPN3 are reported in Table 6.34b. The variations along the

floor level are shown in Fig. 6.32.

Table 6.34a Maximum values of bending moments and shear forces in beams
for different models for alluvial soil when fixed at characteristic depth

1 Floor 0 Max values of bending 0 Max values of shear force(l<N)
‘Level M W m0ment(kNm)  H _ _ _ g_  g __1

‘SPN3 TSPAY3 3 SPBZY3 l _s1>1§13 _ l s1>/5Y3 1 l

“Y 12 _, .- _1_

4 in

4074  ~ 269.6 4164.0 1129.8
625.4 .4128 242.1 208.0

* 120.5

Tl 165.0 l

S _.
49.5
75.1

P_BY3 j
l

"110

T10 868.8 573.5 349.3 T2791 1 213.6 108.5

_1

1023.6 0685.5 3477.5 325.4 347.5
ll

V

148.6
T 1133.8 jT743.3 616.4 0* 356.8 213 192.1

_l|

1. 7­ 11148.0 T6830 7730.8 7355.0 J 2_44.l
k _ .

227.8
T6

__»— _ — _ — -1. —— — — —— ——
1012.5 1450.1 _1748.11315.2 1 170.0 233.3

15 Jig 71.1
7%

208.6

it

1801.7 '229.2 4669.3 gL248.6[ _,1 553.1 T 613.2 307.8 ,171.2~ _ . 4 _._ _ _ Q? _ +4, _ . 158.2 1

n"L 4
3 1516.6 11044.3 344.4 _ 160.1

A 191.1
_j 326.6

ll

_107.2L­

1 Z $745.1 41547.0 00211.5 T 231.1
3‘ 3. _

482.9 65.0 d

Ll #10751 1206015 ’T210.2 “3306
hi;

A 652.3
T 61.5
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Table 6.34b Maximum values of bending moments and shear forces in
beams given in Table 6.34a and % variation with respect to SG3

response Z

1 .

Force Configuration T Max.value of
J. force T?SP°P$e .

I“ . .1 % variation l
_l

l

Bending l SPN3 11145.0
HFSPAY3moment A 2060.5 +79.4 l

L (kNm) T SPBY3 pg 743.1 yg-34.8
pl

. SPN3l Shear T 356.8

p forcep L SPAY3 652.3 l +82.8
(kN) g, SPBY3 _ T2333 g -34.6 _ W1

Ti L . | — -.
—o—- SPN3 -I—- SPAY3 -1- SPBY3

N

g 2500

: 2000 -.

eofBl\ k
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Fig. 6.32 Variation of maximum values of(a) bending moment and(b) shear
force in beams for different models for alluvial soil when fixed at

characteristic depth.

There is 79% increase for beam bending moment when modeled using

discrete elements and 35%decrease using continuum elements showing that

there is 114% variation in the maximum bending moment when two models

for soil are considered. The corresponding variations in shear force are 83%

and 35% showing a variation of 118%. The two models show wide variation

with discrete model giving upper bound values.

6.7.3.5 Influence of SSI of alluvial soil considering full depth of piles

The analytical results of SFN3, SFAY3 and SFBY3 are used to study

the influence of SSI using discrete and continuum model for alluvial soil when

piles are fixed at full depth. Maximum values of bending moments, shear

forces and axial forces in columns are reported in Table 6.35a and the

percentage variations of maximum responses with respect to SFN3 are
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reported in Table 6.3 5b. The variations along the floor level are shown in Fig.

6.33.

Table 6.35a Maximum values of bending moments, shear forces and axial
forces in columns for different models for alluvial soil when

fixed at full depth

1‘ Floor ‘ Max values of bending 1 Max values of shear 1* Max values of axial
1L6‘/@115 1 1r1on1ent§kNm)  1 11 force_(kN) _ _ ‘_ force(kN)

1.

l

1 -  SEN31 11 SPAY3SFBY3SPN3 (SPAY3 SPBY31$FN3TSPAYL1SPBY3
1

1

1 12 1656.4 T“ 483.5 1 748.4 1 323.5 1 251.9 1 281.2 1 104.7 l 174.7 1 1561'

__p

19128 7436 112674148981T T T if ‘T52 T T '2  if ‘T2970 T5845 12700 T3229 i"406'9

i41

ll . . . . 3 . . . . .i _ ~ 12 i _  _ — ~ ,. ~ e . ,. . f 21- 2 4' r ‘-i 7 4 '
’ 10 _ 1_1019.3_ l 878.2 11569.1 1 59_3.5_1 508,6 1 831.0 14916.81 1 1598.12 K 772.4 J

1

1113611 _

______  -_____ __1__ 2
9 ‘l79'7715997

T

F9 f 1044.6 (918.5 11709.4 1620.8 1556.0 1598"/.8 ”1'751_.81f98'2.21i 112133.o'1T8 l‘ .998. .’. . .lT. l  3.055.‘5338 19973 _1 10292 1133 1 _176_32
l*7 15 T 1126.6 1 9851871870.1j580.6

%‘%*

45810! 1_861_{9 11 1285.2 T166i.2_T1 2295.0 l

5 5'

161 _ 11101.81 7168.8 1565.5 T_556.1 1287.6 1 5164.1 11496.1f1 1828.3 2716.0
15 11065.41 648.6  1006.9 11532.1 11190.2 116_4.6_ 1656.5_“12017.4 12945.1

2
’4j 1 11351 151333 2 T14446 l 5493 F 8_4 1 5310.3 11 1 1766.9 Q9721 12925.3

1L _11_ _.1___1.__1_  _ .11___4 . _ _1 1 1
1 3 __ 1 11615.21 1796.31 1‘ 2002.5 “_53Z.1 11 7517.? 1 71_8.2_ 11851.51 "1 1788.51 2]l5_.7
121 A 1214.112041.9 12068.3 11553.8 986.4 1 1032.1 1 1905.51 1478.2 12353.5

l

1
11

fl 1'11331.2‘T1813.2 T2675.2;1_417.5811 931.311139.61'1919.1 T10803 '1 1939.0

Table 6.35b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.35a. and % variation with
respect to SFN3

17* ' ' 1*
1 Force

1 response _ 1_l_ . _
l

Configuration iTMax.value of force °/6 variation .
1r9§p99S9_ _ _ 8. _  _ ..  __

Bending 1 s1=1\13 5 1 1331.2

Lg_

11 _ -_
.moment 1 1 T  12041.9 2 11453.3

L

1 .1 SFAY3
1 (kNm) 1 SFBY31 _* _ 4* . __ . - -1-2@m 7‘ 1+1<>@
Shear 1 SFN3 L 620.8

1 force 1 SFAY3 11884 ‘[1588 _ 1
1(kN)   TSFBY3
1 Axial force 1 SFN3

1 1139.6
[ 19119.11

.1+834 -.. _1
(KN) TSFAY3 . 2017.4 1 +5.1 1

11- _ -_ SFBY3 11 21945.1
_‘ _ . .

There is an increase of 53% for column bending moment when the full

depth of pile is considered using discrete model and 100% using continuum

model of soil giving a variation of 47% for the two models. The corresponding

variations in shear force is 59% and 84% showing a variation of 25%. As for

axial force it is 5% and 53% giving a variation of 48%.
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Fig. 6.33 Variation of maximum values of (a)bending moment,(b)

shear force and (c)axial force in columns for different models
for alluvial soil when fixed at full depth.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.36a. and the percentage variations of maximum responses

with respect to SFN3 are reported in Table 6.36b. The variations along the

floor level are shown in Fig. 6.34.

Table 6.36a. Maximum values of bending moments and shear forces in beams
for different models for alluvial soil when fixed at full depth

1 1

1 Floor  Max values of bending moment 1 Max values of shear force(kN) 1
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Table 6.36b Maximum values of bending moments and shear forces in
beams given in Table 6.36a and % variation with respect to SFN3
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Fig. 6.34 Variation of maximum values of(a) bending moment and (b)shear
force in beams for different models for alluvial soil when fixed at
full depth

There is an increase of 66% for beam bending moment when modeled

using discrete elements and 76% using continuum elements giving a variation

of 10%. The corresponding variations in shear force are 70% and 74% giving

a variation of 4%. It has been observed that more congruence is shown by the

two models regarding responses in the beam compared to the column.

6.7.3.6 Influence of SS1 and founding depth on displacements and storey
drifts in alluvial soil

The models SG3, SPN3, SPAY3, SPBY3, SFN3, SFAY3 and SFBY3

are analysed to investigate the effect of soil structure interaction and founding

depth on displacements in alluvial soil. The maximum values of horizontal and

vertical displacements are reported in Table 6.37. Fig. 6.35 shows the

deflected shapes when the pile is taken for characteristic length with discrete

and continuum model for soil.

193



Table 6.37. Effect of fixity with and without SS1 effect of alluvial soil on
displacements.

Depth of fixity , Max values of displacement t

15,

1

1 to nsaaortat 0 is Vertical 0

‘ Ground Level ‘ l‘ 0 196 ii 0 0070
l l . . . .
~ 1 11  1 1 1 1 1 1 11 11 1   11 1 1 11 1 1 1 1 1T~1<11r<=><>1t119I11 1111  " 01516200“ 1 1.

l1t11111111111111111111111111
Z; Characteristic it wititqut ss_1 _ _ _ _ _ _ __ iji _0._2is _ _ _ __ _.»_o.0091_ "
t depth war 0 ntgaaanaoaet ‘ 0 it om ‘ s ‘ ‘‘ , 0.10300 1‘ a 7 7 * a 7 a — a a tit 7- t — — — a m a my a a — — — — —
1 11111111111 11 1i1$§I11 1 i0<>nIim111m1n1<>51@11 1:110-1531 1 1 11 1 1 "10-06-201 1 1111

p1

Full depth 1Without SS1’ 0 0 0 0 0 0 0 1 0.1263 20.0250 0

l

ll

ll

ll

ti

ll

l

l

ll

ll

ll

tl

ti

ti

tl

ti

N

ll

ll

l

l

ll

ll

ll

ll

ll

J.

From the above table it has been observed that the maximum value of

displacement both in the horizontal and vertical direction increases with depth

of fixity for both models for SS1 effects compared to when the frame is

assumed to be fixed at ground level. High values of vertical displacements are

observed with discrete model for soil.
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Fig 6 35 Deflected shapes for (a) discrete and (b) continuum model for alluvial

The storey drift for different models is given in Table 6.38

Table 6 38. Storey drift for different models in alluvial soil

Level _SG3 SPN3 SPAY3 SPBY3 SFN3 SFAY3 SFBY3
12 0.032 0.029 0.061 -0.0091 0.02 0.049 0.036

-0.7489 0.041 0.071 -0.0029 0.028 0.06 0.056
10 0.8415 0.0481 0.078 0.003. 0.033 0.0688 0.076
9 0.0238 -0.4791 0.0279 0.012 0.033 0.0407 0.092
8 -0.0506 0.5015 —0.0989 0.024 0.032 -0.0905 -0.074

N

-0.0588 -0.0615 -0009' 0.000 0.009 -0.001 -0.100

O)

-0.037 -0.051 -0.066 -0.027 -0.012 -0.055 -0.072

U1

-0.003 -0.027 -0.033 -0.019 -0.022 -0.02 -0.02

A

0.029 0.001 0.001 -0.005 -0.023 0.015 0.033

00

0.057 0.031 0.034 0008' -0.024 0.045 0.072

I\J

0.07 0.06 0.073 0.016 -0.019 0.072 0.0969

—L

0.04 -0.325 0.1215 -0.001 -0.017 0.0834 0.0801GL 0 0.45 0.0875 0.041 0.225 0.0516 0.016
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From the storey drift values it has been observed that the frames are

not moving linearly in one direction. The positive and negative values indicate

that certain floors are moving outward and others are moving inward with

respect to the adjacent storeys. The storey drift values are representative of the

deflected shape of the frames.

6.7.3.7 Influence of SSI on bending moments in piles

The variation of bending moments in piles with and without SS1 effect

of laterite are shown in Fig 6.36. Models SFN3 and SFAY3 have been

compared.

I-¢-Z ‘she’--T s?A Y3

or ‘ -_ ._ H - ~
0 100 2000 3000 4000

-5 .

ow GL

E5

Depth be
,5 L.O U1

-25

Bending Moment

Fig. 6.36 Variation of bending moments along the pile

lt has been observed that the pile is subjected to high values of bending

moment up to considerable depth.

6.7.4 Effect Of Soil Structure Interaction In Layered Soil

The layered soil models SLSl, SLS2, SLSBI, SLSB2 and the

homogeneous models SFAY2, SF BY2 are analysed to investigate the effect of

soil structure interaction in layered soil. The results are presented and

discussed in the subsequent sections.
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6.7.4.1 Influence of SSI of layered soil with discrete model

The analytical result of SLS1 and SLS2 are used to study the influence

of SS1 using discrete model for layered soil and the results are compared with

the homogeneous model SFAY2. Maximum values of bending moments,

shear forces and axial forces in columns are reported in Table 6.39a. and the

percentage variations of maximum responses with respect to SFAY2 are

reported in Table 6.39b. The variations along the floor level is shown in Fig.

6.37.

Table 6.39a Maximum values of bending moments, shear forces and axial
forces in columns for layered soil with discrete model

7 . 7. 7 7. 7 7 7 7 7 7 7 . _. 7 . 7 7 7 7 7-1
Floor Max values of bending ‘ Max values of shear Max values of axial i.

Levfil %moment(_kNm) p _  force (lcN)g __ 1force (kI\I)_ V g _p g L
1 SFAY2_ s_Ls1g SLS2 T SFAY2 1 SLS1 l SLS2 Ts1=AY2 1 SLS1  181.82 _1

. 11 _1 762.91 1 965.6 17266.1 1367.2 1 542.6 1 546.81 216.2 _‘1 301.17 1 309.0 1
10 926.4 l 1077.1 *1 1063.2 1503.5 1 659.9L657.0 1415.4 1* 542.1%“ 553.317 - 7 1 .

19 988.9  1041.8 1011.0 .6 584.7 1674.0 658.9 1 664.7 1827.3 #1 837.8 _1‘
1 11050.1 11169.71 1148.4 1 571.9 579.2  565.7 1 949.1 11133.7 Hf 1140.2}T8

T 7  1072.9 1 1073.4 1 1038.9 487.1 7 l 528.81 516.71 1229.6 T 1407.0 l”1404.8 1.. 7  _7. .1 7 1 _7i 1 7 1 771_ 7 7 _. 7  _ .7__ . 1 11 _ _ .. __ _.
W p_ %887.8 '1 926.6% F8944 2312.8 1 y 489.9+473.5_1 l4fl2.5_  1604.0 1 15189.61
r_ _555.4_  _862.7  832,91 M 78.6 7 f1_427.0 7391.5 1 l543_.0__1 1705.71 1675.1 1

1 861.4 1 860.2_1 902.1 1 125.5 1 1403.0 1423.5 1 1500.6 ]__1699.8+1647.3j1 . I 7 , 7 7]. 7 .. . 7 7 I _
Pg1 1173.8 1 1196.4 1m1294.41_425.5 _ 1 508.41 555.9_11350.1 Q1 1592 1_1514.1 1

_g g #112083  1s_88.1_T 1587.2 1 611.7 [69_1.21_739.9 1_1112.1 1375.21 1277.6 1
1 1482.0 ‘_1557.5_g 1343.1 _“ 6_14.7_ 1722.4 8 754.51 846.7 1068.1 _1_976.5 K,

---l\)b->-F>~'JIQ\

Table 6.39b. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.3 9a. and % variation with
respect to SF AY2

Force 7 T  Configuration A Max.value of force % variation if ll
1 response 1 _ _ _ p 1 response H   11; p 7 71Bending SFAY2 _ 1482.0 1* p p71 .
moment l1sLs1 T g 1588.1 ‘ 1_+7.1 g

1 (kNm) ’ SLS2 ‘I 1587.2 1_+7.0 g _
T Shear “SF/KY2 614.7 g 1 K _ g _‘force sLs1  T 722.4 1+17,5 1Vi 7 T ' i 7 T '(KN) SLS2 T 754.5 7422.7 K K 1
TAX1611 £6166 SFAY2 1543.0  pg.(kN) 1 SLS1  1705.7 +105 AH _ 1'sLs2 1116751 +8.5 _  A
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Pi g. 6.37 Variation of maximum values of(a) bending moment,(b) shear force
and (c)axial force in columns for layered soil with discrete model

There is an increase of 7% for column bending moment for the two

types of layering using discrete model compared to the homogeneous medium.

The corresponding variations in shear force is an increase of 18% and 23%

showing a variation of 5%. As for axial force it is 11% and 9% giving a

variation of 2%. It has been observed that considerable variation is shown only

for shear force for the two types of layering. But the responses are higher

compared to the homogeneous medium.

Maximum values of bending moments and shear forces in beams are

reported in Table 6.40a and the percentage variations of maximum responses

with respect to SFAY2 are reported in Table 6.40b. The variations along the

floor level are shown in Fig. 6.38.
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Table 6.40a Maximum values of bending moments and shear forces in

F
beams for layered soil with discrete model
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Table 6.40b.Maximum values of bending moments and shear forces in beams
given in Table 6.40a.and % variation with respect to SFAY2
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6.38 Variation of maximum values of (a)bending moment and(b) shear

force in beams for layered soil with discrete model

When SSI effects are included using discrete model both types of
red soil showed an increase in the stresses in the beams and columns

compared to the homogeneous medium. The percentage variation of maximum
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bending moment in beam is an increase of 26% for both types of layering

when modeled using discrete elements. The corresponding variation in shear

force is 30% for both the models.

6.7.4.2 Influence of SSI of layered soil with continuum model

The analytical result of SLSB1 and SLSB2 are used to study the

influence of SS1 using continuum model for layered soil and the results are

compared with the homogeneous model SFBY2. Maximum values of bending

moments, shear forces and axial forces in columns are reported in Table 6.4la.

and the percentage variations of maximum responses with respect to SFBY2

are reported in Table 6.4lb. The variations along the floor level are shown in

Fig. 6.39.

Table 6.41 a. Maximum values of bending moments, shear forces and axial
forces in columns for layered soil with continuum model

.TFl0Or  Max values of bending Maxi values of 8 shear TMax values ofiaxial force i

SFBY2 1
i L°V@1Hmoment(kNm) fir _ _force(&§I)_ _ _ g_ g_1(_kN) _ g _ g g 4

SLSB1 l SLSB2 1 SFBY2 “ SLSB1 l SLSB2  SFBY2 1 SLSB1 l s1.s132 p
g ‘A 356.2[12 2 L 500.7 7535.9 T

1|- _
1.

%1_4 5
-44- -9941­

1 11 l 544.6 765.9: 1 792.4 it 257.5‘ [3674 g_ 3939 1581 2130 3275 1
1 l0 l 668.1 916.8 51 896.4

T

K‘ 1 507.3g T3586

1 198.0" . 218.5 , 58.9 _ . 81.7 136.1

522.2 1303.8 l406.1 ‘$79.0
__ fi1g 722.09 ._1i. 931:9 J_84(_)°9 ­ H pi  575

49 wi­

47121.5 553.2 ‘487._7 J 644.2 1864.5

O0

1 '760.3 f454.8 Q 699.2 903.0 1 1147.3
l 786.9

\1

_1 1046.0 _.k770.l _980.0 558.7
1419.0 532.3.. 31 . .. ­

1_36_2_.1393 7
l

K  _. _ 249.8 '%910.711133.0i11367.9
%

lT'

05

at

661.1 ‘9042 Tl 673.4 5L. 239.3 _ 162.0 1165.0 11075.7 _L1270._1 11468.5
1

1

1428.1
1 576.6

813.2.3l__

-J3-U1

1 _

_l 615.9 1043.7_[72.10 T
1_1031.0_11212._9

1 1083.4+ 1382.6 10287.5

5 _ _ 1123.81408._ F . @279. _
l 114.7 1363.8 1594.9 1 1143.6 1 1154.0

_1540.7 %633.9 .1047.3 1955.5 i1133.5kJ

16 1‘ 11612 T _5 4% 1435.4
1297.2

Md

44 —1_

l\JL1J

L8368 ,1 1672.4 pg 1055.2 __399.6  436.30 ;492.9 8886.68 _l 735.0‘ 1070.4

|-6

1 ‘ 1137.311 1864.5 f2130.6 1 477.8 A6734 _ V5563 170_6.2_ 1577.1 Z 1029.0 T

Table 6.4lb. Maximum values of bending moments, shear forces and axial
forces in columns given in Table 6.4la.. and % variation with
I@u¥fl¢9$FBY2. _ _ - . . _ _

ll Force

llresponse g
l Configuration Max.value of force l % variation l

Bending
moment

1‘ (kNm)

lTsFBY2
1 response 7 g g Q W _1137.3 T 1

SLSBl
_ _ _ _. _ _. _ _ _l _ —_ i *_1 11 U864 5 +63 9

jrfi

1 SLSB2
1 . . 1
21306 0 l+873 1'

1 Shear
force

1 (KN) - ­

TSFBY2

4L

1_i_

LL

4n89
fsLsB1 5 673.21 55 5 15446.9 5 “
1sLsB2 if 633.9  (“+326 0 88“

Axial force
1 (kN)

SFBY2 5 151161.255 55 55 551 5 55 5 55 51
‘SLSB1 T 01279.4 1 0+10.1 8 1
‘SLSB2 - ]1468»5 0 "+26-4 .
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There is an increase of 64% for column bending moment for the first

type of layering and 87% for the second type giving a variation of 23% for the

two models. The corresponding variations in shear force is 41% and 33%

showing a variation of 8%. As for axial force it is l0% and 26% giving a

variation of 16%. With continuum modeling the responses in the columns are

observed to be upper bound than the homogeneous model.
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F i g. 6.39 Variation of maximum values of (a)bending moment,(b) shear force
and (c)axial force in columns for layered soil with continuum model

Maximum values of bending moments and shear forces in beams are

reported in Table 6.42a. and the percentage variations of maximum responses

with respect to SFBY2 are reported in Table 6.42b. The variations along the

floor level are shown in Fig. 6.40.
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Table 6.42a Maximum values of bending moments and shear forces in
beams for layered soil with continuum model

Floor Max values of bending Max values of shear force
Level 11 moment (l<Nm) 1_ 1 (kN)

lSFBY2 [sLsB1  SLSB2 _sFBY2 SLSB1 SLSB2
1

12 179.1 292.6 _1 484.4 I 55.8 589.6 j 151.5 T
11. 1 307.0

l_.

1465.0 "T6856 95.8 7 1144.0 213.7
l0 448.1 671.1 882.7 140.0

- ‘ 7 — 1
1 207.4  274.14 J‘

19 569.4 1 818.7 930
L

176.6 [2530 ‘308.4 ‘
8 659.2 7891.0

9 .
993.3 203.2 1 275.0 pg 308.6

7 659.7 802.9 801.4 203.1 1 247.5 ‘1 249.0 1
T 6

_1 .
510.67 1 502.3

1 .
1_1 745.5

l

1.

157.2 F 155.0 7131.0 ll
5 . 254.7 _ T1083 17489.5 78.4 33.6 150.811 14 111 78.79 430.3 11 826.6

1

24.3 341 * 2565
I

l 3
2

l 1331.7
537.9

1 680.7
. 782.3

‘ 918.4

795.1
102.7

_l6_6.41

_.11. -  .­
1212.7 l286.1

242.4 1 244.7
L

1 . 1_1 599.5 2 653.1 1 413.2 i

185.7 1197.0 "1 120.6 _l

Table 6.42b Maximum values of bending moments and shear forces in beams
given in Table 6.42a.and % variation with respect to SFBY2

Force Tl Configuration 2 l Max.value of 2 ll %van'ation
response  1 11 force response  1 111

l

Bending 1 SFBY2 1 111 659.7 1 1 11 A.‘
moment 1 SLSBI 1 A 891.0 1  +35 11 1 _1(kNm) 1 SLSB2 l 993.3 +50.5 lAl

l Shear  SFBY2 1 111 2031.2
force SLSB1 2_i12715.0i 2 1+35.3 7;
1 (kN) l SLSB2 l 308.6 1 +518 l
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Fig. 6.40 Variation of maximum values of (a)bending moment and(b) shear

type of layering and 51% for the second type giving a variation of 16% for the

force in beams for layered soil with continuum model
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two models. The corresponding variations in shear force is 35% and 52%

showing a variation of 17%. With continuum modeling the responses in the

beams are observed to be upper bound than the homogeneous model.

6.7.4.3 Influence of SSI on displacements in layered soil

The layered soil models SLSI, SLS2, SLSBI, SLSB2 and the

homogeneous models SFAY2, SFBY2 have been analysed to investigate the

effect of soil structure interaction on displacements in layered soil. The

maximum values of horizontal and vertical displacements are reported in
Table 6.43.

Table 6.43 Effect of SSI on displacements in layered soil

ll Type of soil K if Z K Z if  Max values of displacement

* Horizontal 0 Vertical. i direction direction ‘
‘ Homogeneous » Discrete model 0.178 i 0.0228l Pi e e 1 1 ~ — — ~~ —— ~ *1 e ~ e T-71". ‘ Continuum model V 0.128 ~ 0.0098_ _ __ .*__ _ _ _ __  __ _ I . ,  __ _ _. [ I_ _ ._ .‘ Layered l Discrete model 0.210 0.054 T_l 0 ._ _ 0 . 0 _ .. i ,_ . 0 ._i

l‘ Continuum model A 0.122 p. 0.014__._.__¢  . -4
Y Layered 2 g Discrete model " 0.201 i 0.050 ‘

‘ Continuum model 0.113 %0.093 6J _ _ _ 4; _ _ _ ____ _ _ _ _ g _.i _. _ ,__ Q
It has been observed that the discrete model gives upper bound values

of both horizontal and vertical displacements compared to continuum models

for all the three configurations of soil.

6.8 SUMMARY

Shock spectrum analysis has been conducted on the finite element model for

the frame — pile —- soil system for different depths of fixity, with and without

soil structure interaction effects. The study has been conducted on three major

soil types of Kerala viz., laterite, sand and alluvium with two soil models. The

study has been extended to two types of layered soils. It has been observed

that shock spectrum analysis gives wide variations of responses in the frame

compared to linear elastic analysis. Interior storeys showed both increase and

decrease in responses. Maximum variations are shown in the upper storeys and
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this may be due to the fact that the geometry of columns changes after the

fourth floor. Further the positioning of the centre of mass of the structure in

this region has contributed in varying the responses in this region when

subjected to earthquake motion. It has also been observed that the two soil

models in the present study viz., discrete and continuum, which showed good

congruence in linear static analysis, shows variations in shock spectrum

analysis.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 INTRODUCTION

Numerical investigations have been carried out on a four bay, twelve

storeyed regular multistorey frame considering depth of fixity at ground level,

at characteristic length of pile and at full length. Soil structure interaction

effects have been studied by considering two finite element models for soil

viz., discrete and continuum. Three types of analyses have been carried out

viz., linear static analysis, free vibration analysis and shock spectrum analysis.

The study has been extended to four types of soil viz., laterite, sand, alluvium

and layered. The major research findings have been summerised in the

subsequent sections and conclusions are given at the end.

7.2 LINEAR STATIC ANALYSIS

It has been observed that the structural responses evaluated in the finite

element analysis, viz., the bending moment, shear force and axial force in

columns; and bending moment and shear force in beams, increase with

increase in founding depth. This is due to the increase in cantilever action.

However these responses show minimal increase beyond the characteristic

length of the pile. This validates the concept of characteristic depth in the

analysis. Further it has been observed that soil structure interaction effects

increases the responses in the frame up to the characteristic depth and

decreases when the frame has been treated for the full depth. The variations

have been more pronounced in the bottom storeys of the frame. It has been

observed that all the three types of soil viz., latrerite, sand and alluvium

showed the same behavior. As for the layered soils, it has been observed that

the inclusion of layering through a variation of modulus of elasticity reduced

the bending moment in the columns but showed an increase in the other

responses of the frame, compared to homogeneous medium. The two finite

element models for the soil viz., discrete and continuum model showed good

congruence in linear static analysis.
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7.3 FREE VIBRATION ANALYSIS

Eigenvalues have been observed to be very closely spaced, especially

in the higher frequency range. Further it has been observed that inclusion of

soil properties through discrete model has not affected the natural properties

significantly. But good variation has been observed for the different types of

soil considered in the continuum model. The same behavior has been observed

when the pile length is taken as characteristic depth and also when it has been

taken as full depth.

7.4 SHOCK SPECTRUM ANALYSIS

It has been observed that shock spectrum analysis gives wide variation

of responses in the frame compared to linear elastic analysis. Both increase

and decrease in responses have been observed in the interior storeys. Storeys

four to eight showed the maximum variations. This may be due to the fact that

there is a change in geometry of the column above the fourth floor and also

that the positioning of the centre of mass of the structure in this region has

contributed in varying the responses in this region when subjected to ground

motion. The good congruence shown by the two finite element models viz.,

discrete and continuum in linear static analysis is absent in shock spectrum

analysis.

It has been observed that the maximum column bending moments were

obtained when the frame has been assumed to be fixed at ground level for all

types of soil for both models; the only exception being alluvial soil with

discrete model. Soil structure interaction increased the responses when the pile

length has been taken as characteristic depth in all cases with discrete model;

but a decrease is observed in the case of alluvial soil with continuum model.

Soil structure interaction reduced the responses when piles were treated for

fiill depth in laterite; whereas mixed responses were shown in the case of sand

and an increase in the case of alluvial soil.
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7.5 GENERAL CONCLUSIONS

Based on the results of the numerical investigations conducted in the present

study, the following general conclusions are arrived at. These conclusions give

some insight into the selection of pile length and finite element model for soils

in different districts of Kerala for the analysis of multistorey frames subjected

to dead loads, imposed loads and seismic loads.

> It has been concluded that for linear elastic analysis using finite

element method for multistorey frames with soil structure interaction

effects, fixity at the characteristic length of pile can be adopted than

full length, for laterite, sand and alluvium.

> It has been concluded that for shock spectrum analysis using finite

element method for multistorey frames with soil structure interaction

effects, fixity at characteristic length of pile can be adopted, for laterite

and sand; however full length of pile has to be considered for alluvium.
\'\
r It has been concluded that discrete model predicts bending moment,

shear force and axial force in columns; and bending moment and shear

force in beams upper bound for laterite and sand; and shear force and

axial force in columns and shear force in beams lower bound for

alluvium.

It has been concluded that continuum model predicts shear force and

axial force in columns; and shear force in beams upper bound for

alluvium; and bending moment, shear force and axial force in columns;

and bending moment and shear force in beams lower bound for laterite

and sand.

*;~..

r It has been concluded that discrete model predicts bending moment,

shear force and axial force in columns; and bending moment and shear

force in beams upper bound for layered soil.

‘P It has been concluded that discrete model gives upper bound values for

displacement in all cases. However continuum model has to be used if

stress distribution in soil is to be studied for any of the cases.
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> It has been concluded that continuum model predicts the bending

moment, shear force and axial force in columns; and bending moment

and shear force in beams, for the recommended lengths of pile in

laterite, sand and alluvium upper bound in shock spectrum analysis

using finite element method.

> It has been concluded that discrete model predicts the shear force and

axial force in columns; and bending moment and shear force in beams

upper bound; and bending moment in columns lower bound in layered

soil in shock spectrum analysis using finite element method.

> When shock spectrum analysis is carried out for multistorey frames, it

has been recommended to include soil structure interaction effects,

since there is magnification of stress responses observed when seismic

loads are acting on the frame.
v

> The usage of continuum model for modeling laterite, sand and

alluvium has been recommended for shock spectrum analysis using

finite element method.

7.6 SUGGESTIONS FOR FUTURE WORK

Simplifying assumptions of soil linearity and the perfect bonding at the

pile — soil interface has been made in the present model. These limitations can

be over come with future studies, with models based on nonlinearities.

Frames of regular configuration have been considered in this study and

the work can be extended to frames with different configurations and

irregularities.

In the case of pile foundations, the studies can be extended to piles of

different cross section as well as by considering pile group effect.
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