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ABSTRACT

The present work studies the effect of interactetween two neighboring piles. The piles considened soil
half space. The effects of soil type, the distdmemveen piles, the excitation frequency of the dyisdoad and the size of
soil half space investigated. The analysis perfarmgng the finite element method utilizing in thasys 12.0 software
and the dynamic analysis is considered. Two tgfelynamic analysis adopt. The first is the freeration analysis which
is employed to predict the natural frequenciestard corresponding modes shapes in two casesfirBhease for the pile
alone with fixed boundary conditions along its basel for the whole system. system which include pgies and
surrounding soil. The resulted effect of soil typaiso distance between piles and the size ohsdfilspace on the natural
frequencies are investigated. The second is tleedovibration analysis (harmonic analysis) whicpesformed to predict
the effect of the excitation which transmits byl $@m the dynamic source (from the loaded pilerstfpile which loaded
with harmonic load at the head of pile) beforeriatéion with the second pile also after the intBoacbetween two piles
due to applied harmonic load on the head of sepiechave the same magnitude of the load appligeahead of first
pile before interaction but in opposite directio (we have two piles under equally harmonic loat ibuopposite
direction). This type of analysis is utilized taidy the effect of several factor such as soil tgfs® the distance between
pile the excitation frequency of dynamic load and tlze sif soil half space before and after interactResult showed that
the dynamic response of embedded piles to vibratiwough the soil is highly dependent on the sgilet where the
response of embedded piles on the half space péiftyfclay is greater than those on half spaceneélium silty clay and
dense sand-gravel soil respectively. The respohsenbedded piles on the half space of layeredcawibist of soft silty
clay above dense sand gravel is greater than ldyexi space consist of medium silty clay abovesdesand gravel. The
displacement of pile head decrease with increagisigjince between piles before interaction but ikplacement of pile
head increase with increasing distance between gfter interaction. For all cases the respongsled in lager half space
always greater as compare with smaller half spResulted showed that it is important to include $od-structure
interaction in the analysis of the system dynangisppnse in order to correctly simulate the dynapmimblems for

controlling on the resonance phenomena.
KEYWORDS: Dynamic Interaction, Piles, Harmonic Load
INTRODUCTION

In the world wide scope and because of the peaglerere aware of their life quality, comfort andetg, a
special attention is recently given to study thie@ of vibrations transmission through the grotmdhe neighboring

structures. These vibrations are either generayedaltural reasons like earthquake ground motiotnyohuman made
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2 Rafi Mohammed Qasim

vibrations such as machine foundation, nearby roadailway traffic, underground explosions and stonction activities
(such as pile driving and compaction of loose gdi)) The ground vibrations induced from their sm& and transmitted
through the soil to the unsuitable place structunay cause noise, malfunctioning of sensitive emeipts, and discomfort
to people and even damage to structures (2,3).dfbend vibrations cause disturbance to the soil ted adjacent
structures depending on the energy transmittebdesoil (characterized sources of vibrations), soiiditions, the inherent
structural strength and susceptibility of strucsur&his disturbance corresponding to high, mediua Bw levels of
vibrations and different vibration frequencies.stnongly earthquake ground motion, the transmittedrgy through the
soil is high; therefore; the geotechnically unshigaplaced structures may suffer a great damagesen collapse while
the vibrations of machine foundations and nearlaygror railway traffic cause settlement, cracksdjiaeent structures and
a substantial annoyance to residents(4, 5). Wilidrarbanization, high density development of hogsiindustrial and
commercial areas are planned and zoned in urbis eibd their skirts. This leads to buildings beingstructed in close
proximity to each other ; therefore; the study afund motion and its effect on structures has Igrgencentrated on
seismic and blast induced ground motions owinghtirtdramatic effects (4). The dynamic foundatioil-B®oundation
interaction phenomenon has long been recognizesh &sportant factor in the seismic and machineatibn response of
critical facilities and other closely spaced stanes or portions of a structure(5). The study afugd vibrations must
consider the frequency and time as well as ammitoflvibration. The frequency of a vibrating oljelescribed by
particle position (displacement), particle velodithange in displacement over time), or particleetaration (change in
velocity over time); each can be stated in timerequency domain(6). The problem of predicting ttensmission of
vibrations through the ground is complex. Its ctewrjty came from interaction of structural engiriagr geotechnical
engineering, and theory of vibration. The complexiticlude the lack of a comprehensive understandingpil behavior,
the difficulty of determining accurate values ofl gwoperties, and the resulting near-and far-fiechavior. However, in
spite of these and other obstacles, it is possibleake reasonable assessments of ground-trangmilteation through a
judicious of the empirical and theoretical resuljs(Vibration transmit through the soil in form sfress waves. The
transmission characteristics of vibrations depemdhe type of the generated waves which emanate fheir sources to
the soil and can be assessed by measuring pariaiens. The amplitude of these waves diminishiés distance from
the source (6). The attenuation of wave amplitsd#uie to two factors: expansion of wave front(geics damping) and
dissipation of energy within the soil itself (maémdamping). The geometrical damping is the deszda energy density
or decrease in(displacement, velocity, and acdidejeamplitude when the wave transmission fronrsewf excitation at
certain distance and it depends upon the type eEvead the shape of the associated wave front. ddrigping depends
primarily on nature of the vibration source whethas surface or underground, the contact arewdsn the source and
the ground, and the mode of vibration such as nagKiwisting or translation. Material damping i® tbnergy dissipation
inherent to material behavior. In soil, the mated@amping is a function of many parameter, inclgdsoil type, moisture
content and temperature(6). All real structuresméigbjected to loads which apply very slowly orkehthe structures at
roughly less than one-third of the lowest naturaffiency of vibration, can be analyzed as stayicalen though loads
vary with time. More rapid shaking makes inertiac (excitation generated by the mass in motiony iraportance and
the structures behave dynamically then the dynamétysis becomes important (8). The dynamic amalysnsist of two
parts(9)

Free vibration analysis : this type of analysissuse find the natural frequencies of the mode skapat the

structure undergo due to the motion by some diangé at initial time equal to zero and there afteiexternal dynamic
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Dynamic Interaction between Two Neighboring Piles dder Harmonic Load 3

force is applied. The determination of the streesunatural frequencies is very useful to avoiditiseeasing of structures

dynamic response due to resonance phenomena.

Forced vibration: the forced vibration analysisausedetermine the dynamic response of the strecuch as the
time-varying displacement, stresses and forces whenstructure subjected to external dynamic fofidee dynamic
excitation that may be applied on the structureshzEclassified into two type (8): The first is tilieect excitations where
the load is applied directly on the structures. $&eond type is the indirect excitations whereldhed is transmitted to the
structures through the soil in the form of stresv@s. These waves emanate from source of dynamiiagon and spread

through the soil then impinge the structures.
MODELING AND MATHEMATICAL FORMULATION

The finite element method is one of the numerieahhiques that can be used to obtain theoreticysis of
these type of problems. In the finite element méthbe actual continuum is represented as an asagenbf subdivision
called elements. These elements are considered totdrconnected at specified joints called nodesaalal points. The
nodes usually lie on the element boundaries whdjacant elements are considered to be connectade $ie actual
variation of the field variable (e.g., displacemesitess, temperature, pressure, or velocity) endig continuum is not
known, it can be assume that the variation of tbll fvariable inside a finite element can be appnated by a simple
function. These approximation functions (also chileterpolation models or shape function) are defim terms of the
values of the field variables at the nodes(10). XS8Ss a finite elements program. This program cimstaeveral types of
elements which can be used to formulate the straicpwoblems. In the present study, two differgmiess of elements are
used (11). The first type of the elements is theABE element with tension, compression, torsion, drehding
capabilities. The element has six degrees of &eedt each node, translation in nodal x, y andrections and rotations
about nodal x, y and z axes. This element is usedgresent the piles. In the present study thbl@no model consists of
two piles in the half space of soil. The secondetgb elements is the SOLID45 element which is ayhtenode cubic
element with large deflection and large strain téjiees. The element has three degrees of freeddreach node:
translation in the nodal x, y and z directions. sTklement is used to simulate sdihe soil surrounding the piles
foundation is modeled using eight nodded brick elets (solid45) with perfect bonding between théaad the piles. The
common connected nodes between soil-pile foundati@naction have six degrees of freedom. The nofiélse BEAM4
(element of pile) coincided with SOLID45 (elememtsoil) and merged. The finite element modeling barperformed in
two or three dimensions, it is realized that faslgems with great variations in the geometric arsdemal properties of the
soil-structure system, a full three dimensionstéirélement modeling may still be necessary, in otdeapture some of
the local effects that may be hidden by two dimemsi or other simplified models. In the presentdgt the three

dimension finite element modeling is used (12).
PROBLEM DEFINITION

This search includes numerical application to sttty dynamic interaction between two laterally ledingle
pile under harmonic load. The whole system of tielysthat includes two piles and the surroundiniy 8y using finite
element method, the whole system is meshed to statient. The software Ansysl2 program is usedetfopn the
dynamic analysis of the cases studied. Two typenafysis are included in this study. The firsthis free vibration which

is performed by Block Lanczageration method to determine the natural frequesi@ind their mode shapes. The second
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type is the forced vibration analysis which is peried in frequency domain where the inputs areatinglitude and
frequency of dynamic load and the output is the@ldisement. The Sparse Solver technique is usedlte she global

matrix of forced vibration equation and determine dynamic response (displacement) of piles

Description of the case study : The whole systendivéded into two part, the piles and soil. All pare
formulated by finite element method. The loadinghie first case represent by applied dynamic haitrload on the head
of pile (1) in positive direction and measured de¢ormation at the head of pile (1) and pile (2)eToading in the second
case represented by applied dynamic harmonic lodtkad of pile (1) in positive direction also apdldynamic harmonic
load on the head of pile (2) in opposite directiancompare with direction of load applied on thadchef pile (1). with
various distance between them measured from C/@ile$. In this study we select three distance filGf@ of piles
(5m,10m, and 15m). also we select two half spacsodfto study the size effect of half space on ribgponse of piles
before and after interaction respectively for vasia@istance. The description of each part anddyimamic loads are as

follow

Pile description : The pile used is a (0.5*0.5) enestqjuare concrete pile. Length of the pile is (L2vtaterials of
piles assumed to behave as linear elastic. Atstralcdamping of {=0.02) is assumed. Properties of concrete used for

constructing the piles are as follows. The eléagtimodulus of concrete (Ec) is taken equal to $2203MPa) which is

calculated from the following equation (based oe #CI318-08 formula for normal- weight concrete)c£&700 fC')

where:f . is the cylinder ultimate compression strengthafarete which is assumed equal to 23Mpa in thidysturhe
concrete densityp] is assumed equal to 2400kg]. Poissons ratio of concrete is assumed to be 8dibdescription, The
soil assumed as a half space of a homogenousppsotand damped viscoelastic material. The ha#icepof soil is
represented by using brick finite elements. Fixedrgary conditions are assumed along all exterdaissof soil half
space except the top (ground surface) which is iredaree. The bond between soil and piles arenasdperfect bond in

all cases. Two size of soil half space are consitlér this study and they are:
» Half space (1) with dimensions (30m length, 16mtiicnd 12m depth)
» Half space (2) with dimensions (35m length, 20mtiyihnd 15m depth)

The boundaries of soil domain must be establishesufiicient distance from the edge of pile. Thistaince
should be large enough (13) not less than tendimeter while (14)indicate this distance must beaf the envelope
load region as specified of ref (15) and set thésatice equal to (2-6) pile diameter. In this wdHe soil boundaries are
taken at distance more than (10) pile diameter foaer pile edge. also in this study we use sqp#éeeso to obtain the

diameter of pile by equally area of square pile eincular pile we obtained the required diameter.

Dynamic load description, In the first loading calBe dynamic load is a concentrated harmonic lohgthvis
applied laterally at the head of the pile (1) ia positive direction. In the second loading casestime first loading case is
used but we added a dynamic concentrated harmoaitwhich is applied laterally at the head of g8gin the opposite
direction as compare with direction of first loaglicondition. The amplitude of the harmonic loa@dsial to (200KN) in
the positive direction for all cases (first casél aacond case) which is applied at pile head (@l)adso (-200KN) in the
opposite direction for second case study only wischpplied at pile head (2). Different load freqcies are considered
within the range of 0.5 to 1.5 of the first natuiralquency of the pile with fixed boundary conditio
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Dynamic Interaction between Two Neighboring Piles dder Harmonic Load 5

RESULTS AND DISCUSSIONS
Free Vibration Analysis
This part of analysis is performed to predict tffea of the soil surrounding the piles on the makdrequencies

and their mode shapes. The natural frequenciesnadg shapes are determined for the following cases:

» Determination of the natural frequencies and mdupss for pile only assuming fixed boundary conditat

base.

« Determination of the natural frequencies and mddgss for the whole system (the piles with surraundoil).
Types of soils used in this study are as follows:

e Soft silty clay soil for the whole soil domain.

* Medium silty clay soil for the whole soil domain.

» Dense sand-gravel soil for the whole soil domain.

»  Soft silty clay soil over dense sand-gravel sojiied soil).

e Medium silty clay soil over dense sand-gravel smjiéred soil).

The depth of the upper layer of layered soil is X3mhalf space. Properties of each soil are listethble 1.
Comparing the results of natural frequencies ifet@abto table 8 clarifies that the natural frequesovalues of the pile
alone is higher than their respective values ihtedf spaces and similarly the values of the ratirequencies of the piles
in half space (1)(the smaller) are higher thanrtihegspective values in half space (2)(the largdrg Teasons of the
difference is due to the inclusion of the inertiza§s) of the soil in the model which lead to a c#ida in the stiffness, and
as more mass adds as more stiffness reduced(@)it édclear that increasing the stiffness of sbé increases the natural
frequencies of the piles. In the case of non-fikedindary conditions of the pile, the stiffness od pile and then the
natural frequencies are inversely proportionalh® itelative stiffness at the boundary conditions R&search has shown
that soil-structure interaction increase the tireeiqu in structural models(16). Also (T=1/f) frohig relation we shown
the period has inversely proportional with natdrafuency this mean the increase of period leadetyease in natural
frequency or inversely(17). In this study we obtaicrease in time period when we consider soilestmes interaction as
compare with pile aloneas shown in table from 9%o0 Also we obtained as distance increase betwées the natural
frequencies of seven mode shapes will be increarsbdth cases of soil half space surrounding thespin the present
study the analysis of seven natural frequenciestafle system piles and surrounding soil dose notshny significant
difference for the same case with same distanoedaet piles but as distance increase there arefisanti difference in
natural frequencies. For the cases of layered isdsl,clear from the results of table from 3 toh&t reducing the stiffness
of the top soil leads to a little reduction in thetural frequencies which means that in the cageeefvibration analysis,

the major role is played by the lowest layer of sbé.
Forced Vibration Analysis

In this part, the dynamic response of the single gile to ground vibrations which is transmitteshira nearby
dynamically loaded pile is investigated. Also thenamically interaction between two piles due touy vibrations are

investigated. Properties of the soil types are sasna the analysis of free vibration table 1. Aoentrated harmonic load
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is applied on the pile head (on the two loadingetass the following characteristics :
F(t)= P cost (KN)

Where, P: is the amplitude of the forces (K®), is the excitation frequency (rad/sec). The gfté¢he following

parameters on the response are considered :
* Type of soil (soil properties).
» Distances between the piles.
e Size of soil half space.
e Variation in the excitation frequency.
Effect of Soil Type

Three types of soils that are differed in propsrtiee considered in this case study. These seilsddt silty clay
soil, medium silty clay, and dense sandy gravedchiype is used alone to form the half space tlagwl a combination of
two soils (two layers of soil) are also used tarfahe half space, and these are (soft silty clar @vdense sandy gravel
and a medium silty clay over dense sandy gravel).[Boperties are given in table 1. we discussealdase in this study
first before interaction and second after interattBefore interaction the harmonic load is apptedhe head of first pile
only. After interaction two harmonic loads equahiagnitude and opposite in direction are appliethenhead of the first
pile and second pile respectively. Three distaretevéen the first pile and second pile are consilare they are (5,10
and 15 meters) The first natural frequency of pitane with fixed boundaries is used as the excitiaguency and finally,
the horizontal displacement in the x-directionteb piles head is used to represent the respondmtbf piles to the
exciting loads. Result showed that the respongheoboth piles is varying with soils types as showfigure from (1) to
(6). Also it is clear from the results of layerealffspace, that the response of both piles is climsgesults of the case of a
half space with top soil only. This clarifies tlilaé main exciting energy is transmitted throughttgesoil. This condition
is occurred in both half space size of soil befand after interaction. The effect of the size & ttalf space is clearly
shown the response increase by increasing thebthe soil half space for all cases. This is ttuthe fact that increasing
the size increase the masses included and thusesdie stiffness of the system. Also the fixednoauies of the half
space behave as reflectors to the energy wavesefieeted waves interact with travelling waves aeduce it is effect
(dissipate amplitudes of the travelling waves)refare increasing the distances to the reflectethice the interaction
between the two waves (the travelling and reflecteutl thus increases the response of pile (8). ilisoclear as the soll
modulus of elasticity increase the response ofspilecrease before and after interaction respegtieelboth soil half
space. The deflection at pile head (2) after imtéwa always in direction opposite to directionagiplied load at pile head
(1).

Effect of Distance between Piles

It is difficult to estimate to what degree the aitygle of vibration decreases at a certain distabaegenerally,
the attenuation of vibrations with distance is cosgt of two factors : geometric damping and mdteiaanping. The
geometrical damping related to the type and thatioo of vibration source and the material dampmgelated to the

ground properties and vibration amplitude (18).
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Dynamic Interaction between Two Neighboring Piles dder Harmonic Load 7

The distance (5,10 and 15 meter)between the pdfsdand after interaction are considered in¢hie to study
the effect of distance on the response. The haoroad is applied with excitation frequency eqt@lthe first natural
frequency of the pile alone with fixed boundariasalysis result showed that for both half spacesbihavior of the
system are similar. It is well noticed from tablé tb table 19 as distance between piles increaseefponse decrease
before interaction for both half spaces of soitréasing the distance of the excitation from tHe pead (2) leads to a
reduction in the pile head (2) response and thikues to the decay in the excitation energy withadise (6,18). but after
interaction the response increase due to the abpdad at pile head which cause displacement ail headdition to
displacement occur due to interaction between liagewave from the source of excitation pile (I)dapile (2). this
interaction between travelling wave lead to deadhe displacement occur at pile head (1) and (2)td applied load on
the pile head. Randolph(1981) has shown that ttterpaof lateral movement at the soil surface adoanaterally loaded

pile can be related directly to value af,r published by Poulos (1971). The attenuation fumctio be expressed

approximately in the form (19).
¥(r,0)=0.34(1+coB)(E,/E,)Y" (s/d)™ (1)

The center-to-center spacing between the piles) iar(d the angle between the line joining the ¢aleters and the
direction of loading is designated herein as theaderre angled). The values of a parametric study on the attémiat
function are shown in tables from 20 to 23. ¥(r,0) values decrease with increasing spacing betwies n this study
(6=0).

Effect of Half Space Boundaries on the Displacemeiaff the Piles

In the finite element analysis the boundary condgirepresent constraints to the system. In tle tee effects
of the boundary conditions on the displacementefiiles are studied through changing the sizé®thalf space which
leads to different distances between the piles thedboundaries while the distances between the ptiles remain
constants. From figures (7-14) and for all typesafs it is clear that the maximum displacemenrthefpile head under the
same load and same distance between piles is highbe case of larger half space than the smahés,is due to the
constraint of the boundary conditions. As the distabetween pile and soil boundaries increase é¢bponse of pile
increase before interaction but this response dserafter interaction. Theoretically, the boundaréadlect the travelling

energy, the reflected energy dissipates the tiagedinergy and reduces the effect of the load @{§)i
Variation in the Excitation Frequency

It is commonly accepted that structures normalgpomded at their fundamental frequencies and Idration
modes as the energy required to deform the stregtur their low modes is a minimum (8). To test dffect of the
frequency of the applied load, the load case igatgnl 7 times with a different frequency in eacheti The frequency
range used is from (0.5-1.5) times the first ndtfremjuency of pile alon®ith fixed boundary condition. The values of the

excitation frequencies are as following :
Lower limit of frequency range of excitation = Gf3) pile alone
=0.5(0.017250)

=8.625e-3 Hz
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Upperlimit of frequency range of excitation = 1.p, | pile alone
= 1.5(0.017250)
=0.025875 Hz

The values of the seven cases of excitation fregjesnn Hz are listed in table 24 where:

fi = )

2n

f; = excitation frequency (Hz)

w; = excitation frequency (radian per second)

Each case of excitation frequency is applied aarsep frequency and the equation of motion is sbfee each
case alone to determine the dynamic response afttbée system for different soil type that conseteon this study. The
effect of soil structure interaction lead to ver#us frequency ratio (r) which is the ratio betweswitation frequencies to

the first natural frequency of pile alone with fikboundary condition as following :

_fi
= (3

where :

f ;= excitation frequency for case in (Hz).
f,= the first natural frequency of pile with fixed nwlary condition.

The figure from (15) to (29) shows the variationtteé horizontal response of whole systeith frequency ratio

(r) considering soil structure interaction effect.

It is well known from dynamic analysis that thepesse of a single degree of freedom structure yoeanitation
having frequency equal to the natural frequencyhef structure will be in a resonance. for a mdégree of freedom
structure,the effect of the excitation becomes &imam when its frequency coincides with lowest fregecy of the
structure and usually in the design, the excitafiequency in the range of (0.5 to 1.5) of the Istveatural frequency of
the structure is avoided(20,22) therefore this sitdd range excitation frequency is consideredis $tudy to determine
the range of increase in the response of wholeesystAs shown in figures (15-29), the maximum resgois occurred

when the frequency ratio (r) equal to (1.5) thi$edence in (r) is depended on the soil type.
CONCLUSIONS
The following conclusions can be drawn from thespre study:-
« As distance between piles in half space of soildase the natural period should be increase.
* The response of both piles in half space of sa¥ing with soil type.

 The dynamic response of piles to vibrations throtigh soil is highly dependent on the soil type wehtre
response of piles embedded on half space of duftckay soil is greater than those on half spafcmedium silty

clay and dense sand-gravel respectively.
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* The majority of the excitation energy is transnatthrough the upper layer of the soil ; therefdhe; upper layer
of the soil has a significant influence on the dyiaresponse of a piles subjected to ground vibnatiin the

layered half space.

* In the finite element idealization of a soil haffage problems, the size of soil half space affeetanalysis

results.

* The response of embedded piles on the half spaegerfed soil consist of soft silty clay above derand gravel

is greater than layered half space consist of nmedilty clay above dense sand gravel.

 The displacement of pile head decrease with ingrgadistance between piles before interaction Mg t

displacement of pile head increase with increadiatance between piles after interaction.

e The frequency of the ground vibration has an infaee effect on the response of existing structuspeaally

when the excitation frequency is within the struetlower natural frequencies.

Table 1: Properties of Each Soil are Listed in Tald

Modulus of . Poison's .
Type of Soil | Elasticity (Es) D‘?Es'mg)”s) Ratio RD:trigp('?%
(Map) 2 (Ns) :
Soft 48 1600 0.4 0.02
Medium 98 1900 0.4 0.02
Dense 182 2200 0.3 0.02

Table 2: Natural Frequencies of Pile Alone with Fird Boundaries along the Base

No. of Mode

Natural Frequency (f) (Hz)

0.01725

0

0.01725

0

0.16930

0.16930

0.46379

0.70337

N[OOI AR |WIN(F

0.70337

Table 3: Variation of the Natural Frequencies of tle Piles with Soil Type.
Perfect Bond (5m) Distance between Piles (Half Spa 1)

Natural Frequencies of the Whole System with Diffeent Types of Soil F) (Hz)
No. of : . : Soft Silty Clay | Medium Silty
Mode Softy Silty Medium Silty Dense Sandy over Dense Clay over
Clay Clay Gravel Sand Gravel Dense Sand
Soll Gravel Soil
1 0.050014 0.065560 0.083385 0.058211 0.071288
2 0.058917 0.076910 0.088934 0.072341 0.085419
3 0.060115 0.078724 0.094537 0.073092 0.088429
4 0.065321 0.085618 0.098471 0.077679 0.09044Y
5 0.066172 0.086729 0.098860 0.079381 0.091908
6 0.066247 0.086839 0.098967 0.079984 0.097021
7 0.070471 0.091764 0.099479 0.080821 0.09774Y
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Table 4: Variation of the Natural Frequencies of tle Piles with Soil Type.
Perfect Bond (10m) Distance between Piles (Half &pe 1)

1 0.050257 0.065852 0.083478 0.058319 0.071432
2 0.057881 0.075685 0.088271 0.072486 0.084711
3 0.061004 0.079788 0.096045 0.072981 0.089718
4 0.065350 0.085676 0.098688 0.076357 0.090708
5 0.066218 0.086755 0.0988 0.080380 0.091632
6 0.066429 0.087049 0.098856 0.080711 0.096449
7 0.070649 0.092275 0.099388 0.081036 0.097366

Table 5: Variation of the Natural Frequencies of tle Piles with Soil Type.
Perfect Bond (15m) Distance between Piles (Half Spe 1)

1 0.050415 0.066042 0.083567 0.058424 0.071556
2 0.056797 0.074419 0.087161 0.072596 0.083614
3 0.061111 0.079930 0.096602 0.072933 0.090076
4 0.065357 0.085696 0.098750 0.075309 0.090914
5 0.066197 0.086712 0.098755 0.080602 0.091531
6 0.067733 0.088577 0.098861 0.080695 0.096671
7 0.070748 0.092674 0.099123 0.080891 0.097496

Table 6: Variation of the Natural Frequencies of tle Piles with Soil Type.
Distance (5m) between Piles (Half Space 2)

1 0 0 0 0 0

2 0 0 0 0 0

3 0.040913 0.052230 0.053090 0.050113 0.052806
4 0.0459 0.052842 0.053123 0.052367 0.052935%
5 0.048326 0.052884 0.053146 0.052531 0.052978
6 0.051304 0.052949 0.053173 0.052647 0.05302%
7 0.052075 0.054426 0.068528 0.053480 0.060486

Impact Factor (JCC): 3.0238

NAAS Rating.06
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Table 7: Variation of the Natural Frequencies of tle Piles with Soil Type.
Distance (10m) between Piles (Half Space 2)

11

1 0 0 0 0 0

2 0 0 0 0 0

3 0.041008 0.052344 0.053113 0.050246 0.052858
4 0.045707 0.052878 0.053143 0.052469 0.052969
5 0.048499 0.052884 0.053146 0.052485 0.052970
6 0.051518 0.052916 0.053159 0.052575 0.052998
7 0.051809 0.054448 0.068550 0.053418 0.060498

Table 8: Variation of the Natural Frequencies of tle Piles with Soil Type.
Distance (15m) between Piles (Half Space 2)

1 0 0 0 0 0

2 0 0 0 0 0

3 0.041123 0.052479 0.053128 0.050433 0.0529
4 0.045466 0.052882 0.053147 0.052478 0.052972
5 0.048623 0.052896 0.053149 0.052509 0.052979
6 0.051690 0.052909 0.053155 0.052551 0.052990
7 0.051750 0.054439 0.068568 0.053260 0.060504

Table 9: Period for Pile Alone

57.97

57.97

5.9

5.9

2.16

1.42

N[O~ WIN|F

1.42

Table 10: Period of Whole System Piles and Surrourilg Soil — Distance between Piles (5 M)- Perfect Bd
(Half Space 1)

1 19.99 15.25 11.99 17.18 14.03
2 16.97 13 11.24 13.82 11.7

3 16.63 12.7 10.57 13.68 11.31
4 15.31 11.68 10.15 12.87 11.05
5 15.11 11.53 10.11 12.6 10.88
6 15.09 11.51 10.10 12.5 10.3

7 14.19 10.89 10.05 12.37 10.23

www.iaset.us
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Table 11: Period of Whole System Piles and Surrounidlg Soil — Distance between Piles (10 M)- PerfecbBd
(Half Space 1)

1 19.89 15.18 11.98 17.15 13.99
2 17.27 13.21 11.32 13.8 11.8
3 16.39 12.53 10.41 13.7 11.14
4 15.3 11.67 10.13 13.09 11
5 15.1 11.53 10.12 12.44 10.9
6 15 11.48 10.11 12.39 10.36
7 14.15 10.84 10.06 12.34 10.27

Table 12: Period of Whole System Piles and Surrouridg Soil — Distance between Piles(15 M)- Perfect Bd
(Half Space 1)

1 19.83 15.14 11.966 17.116 13.975
2 17.6 13.44 11.47 13.77 11.96
3 16.36 12.51 10.35 13.7 111

4 15.3 11.669 10.127 13.278 10.99
5 15.1 11.53 10.126 12.4 10.925
6 14.76 11.29 10.11 12.39 10.344
7 14.13 10.79 10 12.36 10.25

Table 13: Period of Whole System Piles and Surrourg Soil — Distance between Piles (5 M)- Perfect Bd
(Half Space 2)

1 | e e e e
2 | s

3 24.44 19.146 18.836 19.9 18.918
4 21.78 18.92 18.82 19.05 18.879
5 20.69 18.9 18.816 19 18.878
6 19.49 18.886 18.8 18.99 18.868
7 19.2 18.37 14.59 18.7 16.53

Impact Factor (JCC): 3.0238

NAAS Rating.06
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Table 14: Period of Whole System Piles and Surrouridlg Soil — Distance between Piles(10m) Perfect Bond
(Half Space 2)

1 | e e e e

2 | o e e

3 24.385 19.1 18.827 19.9 18.918
4 21.878 18.91 18.817 19.059 18.879
5 20.619 18.9 18.816 19.053 18.878
6 19.41 18.89 18.811 19 18.868
7 19.3 18.366 14.588 18.72 16.53

Table 15: Period of Whole System Piles and Surrouriidg Soil — Distance between Piles (15m) Perfect Bbn
(Half Space 2)

www.iaset.us

Distance between piles {Sm)- Half space 1 - Perfect Bond

1 | e e e e
2 | o e
3 24.317 19.06 18.822 19.828 18.9
4 21.99 18.91 18.816 19.05 18.877
5 20.566 18.9 18.815 19.04 18.875
6 19.34 18.9 18.813 19.02 18.87
7 19.32 18.369 14.584 18.77 16.528
4 - File(l]
beforeinterac
3.5 tion
- 3 File(2] befare
£ interaction
E 25 -
315 -
L |
058 -
D n T T T 1
Soft Silty Clay Medium Silty Dense Sandy Soft Silty Clay Medium Silty
Clay Gravel above Dense Clay above
Sandy Gravel Dense Sandy

Gravel

Figure 1: Variation of Displacement with Soil Type
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3.8 A Filefl)before

interaction
3 Pilei2] befare
interaction
25 4
2 -
156 -
1 -
05 -
D L T T

Softsilty Clay IWedium Silty Dense Sandy soft silty Clay fledium Silty

Displacement {mm)

Clay Gravel above Dense Clay abowve
Sandy Gravel Dense Sandy
Gravel

Distance between piles {10m)- Half space 1 - Perfect Bond

Figure 2: Variation of Displacement with Soil Type

35 4 Filell)before
interaction
3 - Pilei(2) before
interaction
25 -
2 .

Displacement {mm)

1.5 A
1 -

0.5 I
o - T T

Soft Silty Clay  Medium Silty DenseSandy  SoftSilty Clay Medium Silty

Clay Gravel abowve Dense Clay abowve
Sandy Gravel Diense Sandy
Gravel

Distance between piles {15m}- Half space 1 -Perfect Bond

Figure 3: Variation of Displacement with Soil Type

Impact Factor (JCC): 3.0238 NAAS Rating.06
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Pilz(l) before
interaction
4 Pile(2) befare
15 - interaction
- 3
£
£ 25 -
g
.
2
?:; 16
a 1
05 4
o -
SoftSilty Clay  Medium Silty  Dense Sandy  SoftSilty Clay  Medium Silty
Clay Gravel above Dense Clay above
Sandy Gravel  Dense Sandy
. . Gravel
Distance between piles (3m)- Half space 2 -Perfect Bond
Figure 4: Variation of Displacement with Soil Type
4 File(llbefore
interaction
3.5
File2)before
3 - interaction
E
E 25 -
[
E 2
3
2 15 -
2
1 4
0.5 -
D -1 T T

Soft Silby Clay Medium Silty Dense Sandy Soft Silty Clay Medium Silty

Clay Gravel above Dense  Clay abowve
Sandy Gravel Dense Sandy
Gravel

Distance between piles {10m}- Half space 2 -Perfect Bond

Figure 5: Variation of Displacement with Soil Type
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3.5

2.5

1.5

0.5

Displacement {mm})
]

Soft Silty Clay Medium Silty  Dense Sandy  Soft Silty Clay Pedium Silty
abowve Dense
Sandy Gravel Dense Sandy

Clany

Gravel

Filelllbefore
interaction

File(2lbefore
interaction

Fileil]after
interaction

Distance between piles {15m}- Half space 2 -Perfect Bond

Clay above

Gravel

Figure 6: Variation of Displacement with Soil Type

Table 16: Variation of Displacement at Pile Head (with Increasing Distance for Half Space (1)

5m 3.369 | 3.063 1.621 1.488 0915 0.853 3.329 3/051.614 1.484
10m 3.31 3.201 1.594 1.55% 0.9 0.881 3.2f4  3.176 588L.| 1.545
15m 3.289 | 3.239 1587 1568 0899 0.891 3.26 3.218.582 1.564
Table 17: Variation of Displacement at Pile Head (Pwith Increasing Distance for Half Space (1)

5m 0.305| 3.063 0.133 1.488 0.062 0.853 0.28 3/05.1290| 1.484

10m 0.108 | 3.2014 0.044 1.5% 0.02 0.881 0.008 3..176.043 | 1.545

15m 0.05 | 3.239 0.02 1568 0.008 0.891 0.042 3.218018 | 1.564
Table 18: Variation of Displacement at Pile Head (lwith Increasing Distance for Half Space (2)

5m 3.461| 3.092 1647 1495 0925 0.855 3.388 3,078B635 1.491
10m 3.427 | 3.277 1.633 1.58 0.918 0.893 3.86 3.241.622 1.57
15m 3.39 3.312 1.619 1592 0911 0.9 3.33 3.277 611} 1.585

Impact Factor (JCC): 3.0238

NAAS Rating.06
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Table 19: Variation of Displacement at Pile Head (Rwith Increasing Distance for Half Space (2)

0.369 | 3.092 0.1523 1.495 oy 3/01®B144 1.491
10m 0.15 | 3.27q4 0.05§ 158 0.025 0.893 0.119 1241052 1.57
15m 0.078| 3.312 0.0279 1592 0.01 0/9 0.06 R77024. 1.585

Table 20: Variation of Attenuation Function With (E,/E) for Half Space -1

468.75 2.42 2 44
229.59 2 17 2.18

123.63 | 1.99 2 2.04
195.65 | 2.11 2.16 2.17
160.71 | 2.05 2.08 2.12

Table 21: Variation of Attenuation Function with (E, /E) for Half Space -2

468.75 2.42 2 44
229.59 2 17 2.18

123.63 1.99 2 2.04
195.65 2.08 211 2.12
160.71 2.04 2.07 2.08

Table 22: Variation of Attenuation Function with Spacing between Piles for Half Space — 1

Soft silty clay 0.0768 0.0382 0.0253
Medium silty clay 0.0768 0.0381 0.0253
Dense sandy gravel 0.0769 0.038 0.0254
Soft clay above dense gravel 0.0767 0.0386 0.0254
Medium clay above dense gravel 0.076" 0.0382 0.0256

Table 23: Variation of Attenuation Function with Spacing between Piles for Half Space — 2

www.iaset.us

Soft silty clay 0.0768 0.0382 0.0253
Medium silty clay 0.0768 0.0381 0.0253
Dense sandy gravel 0.0769 0.038 0.0254
Soft clay above dense gravel 0.0752 0.0376 0.024p
Medium clay above dense gravel 0.076 0.0382 0.0251

anfi@iaset.us
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Table 24: Values of Excitation Frequency for Each @se and their Respective Frequency Ratio

1 0.011089 0.0696 0.642
2 0.013554 0.0851 0.785
3 0.016018 0.1 0.922
4 0.018482 0.116 1.07

5 0.020946 0.1316 1.214
6 0.023411 0.147 1.356
7 0.025875 0.1626 15

35 4

25 7

1.5 1

Displacement (mm}
[
1

Soft clay

Iedium day

Dense srawel

Soft abowe dems e

Mledium abowe dense

10

15

Distance between pile head (1) and soil boundaries - perfect bond before interaction -

half space 1

Figure 7: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries

0.35

0.3

0.25

0.z

0.15

Displacement {mm}

N

0.1

0.05

Soft clay

Mledium daw

Dense grawel

Soft abowe dem e

fediumabowe dense

Distance between pile head (2) and soil boundaries - perfect bond before interaction-

half space 1

Figure 8: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries

Impact Factor (JCC): 3.0238
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Displacement {mm}
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25 1 Soft abowe ders =
5 Wl dium abowe dens e
1.5 4
1 -
0.5 A
a T ]

5 10

Distance between pile head {1) and soil boundaries - perfect bond after interaction- half
space 1

Figure 9: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries

Displacement {mm}

35 Soft clay
Fele dium dayw
3
25 1 Soft abowe ders e
a MMediumabowe dense
1.5
1 i
05 -
D T 1
=] 10 15

Distance between pile head {2) and soil boundaries - perfect bond after interaction-
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Figure 10: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries
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Figure 11: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries
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Figure 12: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries
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Figure 13: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries
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Figure 14: Variation of Pile Head Displacement withDistance between Pile and Soil Boundaries
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Figure 16: Variation of Response with Frequency Rab
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Figure 17: Variation of Response with Frequency Rab
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Figure 19: Variation of Response with Frequency Rab
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Figure 20: Variation of Response with Frequency Rab
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Figure 21: Variation of Response with Frequency Rab
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Figure 23: Variation of Response with Frequency Rab
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Figure 24: Variation of Response with Frequency Rab
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Figure 25: Variation of Response with Frequency Rab
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Figure 26: Variation of Response with Frequency Rab
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Figure 27: Variation of Response with Frequency Rab
- 1.64
Halfs pace 1-beforeint. | [ 1.62 .
£
Half s pace 1-afterint. - 1.5 é
=
\ - 158 g
3
Halfs pace 2-after int. - 156 L;_
2
ee——— - 1.54
r T T T T - T T T 152
16 1.4 1.2 1 0.8 0G 0.4 0.2 ]
frequency ratio- medium clay above dense gravel- distance
between piles 10 m
Figure 28: Variation of Response with Frequency Rab
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Figure 29: Variation of Response with Frequency Rab
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