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SYNQO2SLS

The analysis of the response of structures
supported on flexible pile foundations, subjected to
dynamic loads, involves the problem of interaction
between soil, pile and superstructure systems, Various
authors have proposed methods for the analysis of such
systems, These methods, involve tedious mathematical
operations and requires elaborate field testing arrange-
ments, and are therefore not suited for the day to=-day

design problems,

Inthe work reported here-in, an atterhpt has
been made to evolve 3 simple method to analys e the
response of such systems under dynamic laterasl loads.
The complex system has been assumed to be represented
by an equivaient two degree freedom systems The soil
ahd pile have been assumed to be represented by a single
degree freedom system, which is coupled to an another
single degree freedom system, representing the super=
structure, The effect of various parameters, that is,
natural frequency of foundation, natural frequency of
Super-stucture and the mass ratio betwean the super-
structure and foundation systems on the response of

systan, when exited by earthquake motion has been
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theoretically analysed.

Experimental studies have also been conducted
by mounting a single degree mass=spring system, o an
aluminium pile head, embedded in sand, The response
of the system hasbeen actually observed by giving it
Sinusoidally varying vibrations, The above model has been
theoreﬁcally analysed, by experimentally evaluating
thé various constants for it, The results obtainAed
by experimental obsérVations and those obtained by

theoretical analysis compares well,
It is concluded that,

A structure supported on flexible piles can be
reasonably assumed as an equivalent two deyree freedom
systen i.e. a single degree freedom systan-representing
the super-structure coupled with another single degree

freedom systen representing the foundation and soil,

It is observed that, there is az particular range
of Sub-structure natural frequencies at which, the
forces developed in the super-stu cture are larg:~, for

a particular natural period of superstructure,
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The notations are defined wherever they first
sppear. Here they are listed in alphabetical order

for convenience of reference,

A = An Emperical Constant in Spectra Equation,
'(A) = Mass Matxix.
Ay = Non Dimensional Deflection Coefficient,
( B) = Damping Matri x
(C) = Stiffness Matrix
Gf = Damping in Soil~ foundation Syst e
CS - Damping in Super-structure Systan,
E = Modulus of Elasticitys
F, = Natural Frequency of Soil-foundation
' Systgn.
Fe = Natural Frequency of Super-structure
System, v
g = Acceleration die to Gravity.
L = Moment of Inertia,
K( x) = Subgrade Modulus at Depth x.
KJf =  Stiffness of Soil-foundation System for
, Latergl Loads,
Ky = Stiffness of Super-structure System for

Lateral Loads,
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CHAPTER:I

INTRODUCTION

Structures supported on pile foundations are
often subjected to dynamic lateral loads. Waterfront
structures can' be cited as é good example of such cases
as they experience the impact, mooring forces of ships
and wave forces, Earthquake excited ground motions also

cause dynamic lateral forces in structures,

The procedure moét resorted to, in the earthaquake
resistant design of-such structures, is the so called
equivalent stafic method in which 3 horizontal force equal
to o Wis taken to act laterally on the stmcture, echi
being the horizontal seismic coefficient and W the to‘tal '
weight of the structure ihcluding the surcharge load, In
such cases, the pile groups are designed for the combinéd
lateral resistive force equal to the static horizontal
force transferred from the super strmucture to the top
of foundation, In the snalysis, the stmcture and

foundations are considered separately and the influence

of one over the other is ignored,

Though the design procedure discussed ébove is
simple and handy, so far a5 practical design problems
are concerned, the theory is usually based on a crude
assumption that the soil, the pile and the super stmcture

remain uncoupled during vibrations, and independent of



esch other's influence, In fact such 3 problem
involves interacticn between the three elements of the

system as mentioned above,

The field data show a differeat response as com=
pared to stuctures supported on rigid bases for the same
magnitude and nature of gpplied dynamic load. Muxphy( 4)
has discussed the inter-relationship of the earthquake
ground-structure systems, The effect of interaction
be tween the foundation and structure is primarily tb

(3,5).

modify the natural periods of vibrations of structures

P-enéien( 10) has proposed a rigorous and systenge
tic procedure for the analysis of dynamically coupled
pile-structure systems, A rational analytical piocedure
has been proposed by assuming the pile-structure as a
continuous systems The interaction between the pile and
soil has been taken into account by superimposing the |
pile displaceme'x,ts, vhich in tum are obtalned by a
separate analysis of the medium, Though the procedure
sugges-ted.by Penzien is systematic and exact, it involves
tedious mathematical Operaﬁions and requirés el gborate
field testing arrangements and therefore is not suited

4
for use in design offices,

In the present studies an attempt has been made
to analyse the response of coupled structure pile systems,

subjected to 1qteral dyngmic loads, As 3 result of the



experimental studies, it has been possible to evolve

a simplified analysis, suitable for use in field problems.

In the theoretical studies repoﬁed here the
stmcture foundation system has been assumed to be
represented by a system having two degrees of freedom,
Thus a single degree freedom system representing e
superstructure is coupied with gnother single degree
freedom system representing soil medium and foundation,
Experimental studies ‘have been conduct ed by mounting é
single degree mass spring system, on a 26" long aluminium
pile, embedded in the sand, The actual response of the

mounted mass has been observed by exciting the system,

- The response of the model structure supported on
the pile embedded in sand has been obtsined theoretically
by assuming 3 two degree freedom to represent the system,
The effective mass, spring and damping constant for the
equivalent two degree freedom system, have been found

Pmr‘i_g\f*nf ald v, Tha romnnitad TR57 Anen of +hna madal  anAd
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REVIEW OF THEORETICAL AND EXPERIMENTAL WORK

2.1 A brief review of the theoretical and
experimental work on structures supported on pile or
flexible foundations with a special reference to their

dynamic behaviour is discussed in this chgpter,
2.2 Dynanic Coupling Between the Foundations
and _Supersiructure Systems

The superstructure and the foundation whiehk
fom two integerated parts of a complete structural |
system. The response of the superstrmucture to the gplied
loads, not only depends onr its structural properties, but
the foundation also plays an important role, in the

structural behaviours

The probleh of sﬁch coupled systems was
analytically studied by Fleming J,F, and Screwalla P.N,("?
by considering a typical multisforeyed_stmcture supp orted
on g flexible foundation, The effect of the flexible
- foundations on the structural response was studied by
analysing the system, a$suning the foundation to have
different flexibllities, The flexibility of the foundation
was found to have a significant effect on the inter-

story displacements of the superstructure,

The model which was considered in the analysis

is shown in figure 2,1, Figure 2.1(a) shows a two storeyed
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“building frame resting on the ground, The Mmass
of the foundation is ‘assum'ed to be lumped at the

ground floor level, The flexibility of the foundation
was incorporated in the model, by assuming the super=-
structure to be conmnected to the rock, by a masvsless
flexi ble member, The rotationsl stiffness of the
foundation is shown by a torsional spring at the ground

floor level,

The three humped wei ghts disc.ussed above
were assumed to be 40,000 lbs egach, The flexible
menber was assumed to have the linearly elastic forcee
displacement relationship for the lateral loads. The
systen was analysed for the different flexibilities of the
flexible member as 1,000, 100,000, 1000,000 p,s.i. and
for 3 perfectly rigid foundation condition, The results
of the analysis with different foundation flexibilities

are show in figure 2,1(b), (c), (d).

It is observed from the zbove memtioned
figures that when the.foundation is sufficiently flexible '
ﬁo Cause more or less a rigid body movement of the
whole framé, the interstory defomations in frarne are |
- small, thus causing low stresses in the columns, Relative
displacements of'masses' are small even though the
absolute displacenents agre large., With the sti ffe.ning
of foundation, the masses are subjected to higher inter-

storey displacements, It is interesting to note that

\u
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the displacement of the hasses are of the same order

in the case of 3 rigid base and for the stiffness of
foundation as 100,000 p,s,i. Therefore for this parti-
cular structure, the foundation stiffness of 100,000 p,s,1i.

represents a case of rigid base.

From the above results it can be concluded
that the flexibility of the foumdation relative to
superstructure in an impbrtant factor to be considered
in the analysis, Any rigorous method adopted to analyse
the structural resposse, can lead to erroneous conclue
sions if the interaction between the foundation and

super structure is ignored,

It is therefore important that the behaviour
of the foundation to the dymamic loads must also be
considered in the analysis of structural systems. A
brief review of thé behaviour of piles to the dynamic

as well as to static lateral loads is discussed in 2,3.

2.3 Behaviour of piles Undan Lateral Loads

2,31  Beghaviour of piles undar static
lateral loads

The lateral load on pile tends to deflect
it in its direction of application, The response of the
pile to lateral load depends on the relative stiffness
of pile with respect to ground and the embedded length

in the swporting media, Depending on the structural



behaviour of the pile, it can be c¢lassified in two

groups, as described below.

(i) BRigid piles

The pile, when embedded to a small depth,
behaves as a rigid pole. In such 3 case, the
bending strains -do not develope and only the shear
strains are predominant, A pile acting aé a pole

gffers a weaker resistance to the lateral loads.

(1i) Flexible piles

As the embedded length increases, the
bottom tip of the pile starts to develop restrain
against the lateral displacement and rotations. The
pile starts behaving like a cantilever ( or beam) on
elastic foundation, by resisting the strain by its
flexural stiffness, With the increase of pile length in
‘soil, the fixity at the tip of pile increases and a
stage is reached when further embedment of pile does
not caﬁse any change in the pile behaviour, This
particulsr embeded length of the pile is tenned.as the

characteristics length,

Figure 242( a) shows the deflected shape

ahd soil reaction in 3 laterally loaded semi flexible pile.

‘A
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Load Deformation Relationship for a
Laterally Loaded Pile

As explained above, the pile starts
deflecting, when a lateral load is gpplied on it,
compressing the soil, which comes in contact with it,

A typical load-defomation ocurve for a point along the
embedded length of the pile, is shown in figure 2.2(b),
‘It is observed in general, that upto the limit of load
less than about half of the ultimate load, the deflection
remain almost in direct proportion to the load acting at
the particular location, The slope of this line is
temed as "Modulus of subgrade reaction" with the
further increase in the load, the carxve follows a non-
linear relationship, In this range “of non-linear ty,
the soil modulus is defined by the Secant modulus of

the curve,.
Soil modulus is effected by the type of the

soil and the size of the loaded area, and the depth of

the location considered.

Terzaghi(l6) found that the subgrade
modulus i‘emairis almost aonstant in the over consolidated
clays. For sands this value may be taken to be linearly.
varying with the depth, Figure 2,3 (a),(b), and (c)
shows different cases of the variation of subgrade

modulus with the depth of pile, In Figure 2,3(d) the -
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generally assumed and probable variation of subgrade
modulus with depth is shown for the stiff clays,
Figure (e} shows for the sands,

A general expression for the subgrade modulus

at depth x 1% expressdd as

where K is the maximum value of K at the bottom

tip of the pile, L5 is the embedded length of the pile
.n is an émpexic;al coefficient,
For stiff clays n may be sssused be zero

hence the expression becomes as

K(x) = K

And for the sands n may be assumed to be unity, hence

the expression may be taken 3s

i

K(x) = K/L X

or K(x) = NyX
where "UH is -a constant and temed as
"coefficient of modulus of subgrade reaction",
Significant investigation for 1;he laterally
loaded piles under static 1loads, for subgrade modulus

varying linearly with depth were made by Reese and
Matlock(l7). They ignored the affect of vertical ldads



acting on the pile, A brief review of their work is

given below;

It was observed that " the behagviour of the
laterally loaded pile (under static Loads) primarily
depends on the type of soil and its properties, variation
of subgrade modulus with the depth, properties of the
pile, forces acting at the pile head and end conditions

of the pilea

Taking into account the above factors, a
theory was developed for the computations of the |
deflections of 3 laterally loaded flexible pile,

As described above the behaviour of the
pile depends on the relative stiffness of the pile to
that of soil, a relative stiffness factor T was
expressed as

T = 5]’5% (For K lingarly varying

with depth)

Further 3 nondiemensional factor (2)

was defined as

4 = L/1~'(‘Eor K linearly varying with
depth)

where El  is the flexural stiffness of the pile

L is thedepth of the point along the
~embedded length of the pile,



It was suggested that for a flexible pile embedded

. . . L
in sand the minimum value of 2 or (Z‘max“ s/T)

ax
where L. be the enbedded length of the pile) should be

greater than 5,

A theory was developed to compute the
deflections of laterally loaded pile (static loads),
by solving the flexural differential equation in tems
of nondienensional parameters, This has been e#oplained

in greater detail in chgpter VI,

203.2 Behaviour of pile Undex Lateral Dynamic Loads
Very little literature is available on the
experiment al work on dynamically loaded prototype
piles, probably because of cost considerations, Experi«
ments were perfomed by Gaul(ll) on the dynamically
loaded model of piles, The work was done on a dimen=-

sionglly scaled model of 5 vertical pile, embedded in

Bentonite clay.

Gaul reported that,
(1) Pile vibrates in 5 fom of tanding wave, which is
in phase with the oscillating load. Velocity of the

pile, and hence the damping capacity of soil was negli-

gible.

O
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(2) At relatively low frequency of load oscillation,
no dynamic load factor is required to produce the same

maximum bending mament,

(3) Soil modulus is constant for Bentonite clay under

dynamic loads,

( 4) Location of the point of maximum bending moment is
independent of the magnitude of lateral load, unless the
pile displacements are enough to stress the soil beybnd

elastic range,

{5) Ovei burden reduces bending monent, but the shape

and the location of maximum bending moment remains the
S ame.

The above study was perfoemed on only one
type of the clay (Bentonite) and the dynamic 1oad was
applied at only one frequency (1 cps), therefore no

general conclusion‘can be drawn from this study.

Further work in this field was done by
Hayashi and Miyajima't), They conducted tests on
steel Hpiles embedded vertically in sand and sub-
Jected to lateral, verticall and static loads, Dimen=
sions of the piles used were 300x305xL5 mm lengths
14 meters and 16 meters. Four kinds of artificially

conditioned subgrade with different relative density
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were prepared, Methods of loading were (i) Free
vibration of pile caused by Sudden release of initigl
tension by cutting the wire rope (ii) Forced vibration

by vibration gederator installed at the pile head.

From the experiments is was concluded that-

(1) Natural frequencies and the resonence éurve of
single vertical pile could be calculated by conceiving
a simplified system of vibration and the results of
calculations agreed with those obtained by the free

and forced vibration tests,

(ii) Damping co-efficient measured in free vibration
tests depended on the relative density of the subgrade
and length of the free part of pile,

(14) . onducted static and

Aggarwal, S.L.
dynamic tests for a laterally loaded model piles. The
piles were of aluminium pipe having 15 mm outer
digneter and 10 mm inner diameter, The soil medium

was sand. Study revegled that;
| (1) The p‘ile vibrates in the fom of
standing wave probably in phase with the oscillating load, .
(ii) at loWer pile displacements, increase

in frequency resul ts increase of load. As the pile is

vibrated at different displacements, the soil vibrates
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in greater quantity, compacting the soil completely,
After complete compaction of soil, the frequency does

not have any effect on load diSplacementv curves,

(iii) The zone of influence of dynamically

logded pile extends to a considerable distance than

that of a statically loaded pile

2.4 Systematic Analysis of Dyvnamically Coupled
Structure-Foundation Systen ‘

A systematic and rigorus analysis of a
coupled stxucture, subjected to dynamic lateral 1o0ads,
: wasS presented by Penzien( 10)' The pile-~structure
system is assumed as contihuous system, The interaction
between the pile and soil has been taken into account
by superimposing the pile displacements, which in tum
are obtaihed by a separate analysis of the hedium,

exciting it by forxced ground motion,

The proposed analysis takes into account
all the relevent soil properties, i,e. creep, damping

and remoulding of soil due to the vibrations,

One of the important findings of Penzien
is that the effect of interaction between the soil
and the pileis very small, There is negligible
effect in the response of the system, by considering

the soil mass participating in the vibrations. This

*



is mainly because of the greater stiffness of the

pile material as campared to that of the surrounding
medi a. |

Though the procedure suggested by Penzien
1s systematic and exact, it in\-/olves tedious mafhernaa
tical operations and requires elaborate field testing

arrangements,

20
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CHAPIER ILII

W ewen R mme e e g

THEORETICAL ANALYSLS

3.1 Approach to the Problem

The exact analysis of a3 multistoreyed
building resting on piles under dynamic¢ load is a
complicated problems In practice the static design
of multistoreyed buildings is carried by assuming the
base to be rigidly fixed at the pile cagp level, while
under static lateral loads, there is some displacement
at pile cap level and is not taken in account, since |
it complicates the problem to a great extent, The
dynamic load imposed on such system further complicates
the analysis and the exact solution for such caées

are not yet available,

Such 3 system can be zssumed to be divided
in two components, one the superstructure and other
the foundation system, Much of the work is avéilablé
as far as the supers tructure portion is.concerned, The
superstructure based on rigid foundati ons offers more
Or less well defined physiCal\prOperties such a8
stiffness and damping and thus enables exact and
rl gorous solutions for ifs analysis., Hosever, the

problem is not so simple in case of pile foundations,

B
I
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The behaviour of pile under dynamic lateral loads is

a complicated problens A vertical pile under latéral
loads- beixav-es as 3 beam on el astic foundations ( offered
by assumed elastic foundation media supporting the
pile). When subjected to dynamic'loads, some p art of
the soil also becomes active in vibration with pile and
thus changing the net effective mass and stiffness of
the foundation systen, Thus in true sense such 3
foundation system will be a problem of infinite degrees
cf freedom and shjsll involve the complex phenominon of

interaction between the soil and pile.

In the present studies an attempt has been‘
made to analyse the problem in 5 simplified manner by
assuming the whole system to he repre'sented by a two
degrees of freedom system, The superstructure has
been assumed to be represented by a single degree
freedom systam, mounted on another single degree .sy'stem
representing the foundation of the structure, Tte
»problem. of infinite degrees of freedom has been thus

reduced t0 3 problem of two degrees of freedum system,

The effecf;‘of different parameters on the
interstorey shears has been studied, The paraneters
which effect the response, have been widely varied in
nomal range of such prototype systems, The different

parameters studied are as belows

rZ{



(i) Natural periO(.:l of superstructufe (when it is

supported on rigid foundations),

(ii)Natural period of substructures system, (This is

assumed to include foundation and soil system both),

(iii)Mgss ratio of superstmcture to foundation,

3.2 Fomulation of the Problem

An exanple of a multistoreyed building
resting on pile foundation is shown in figure 3,1( a.
A multistoreyed system of any number of degrees of
freedom is shown to k& resting on pile cap which itself
is supported on 3 systenl of group gf _p.i‘les. For the
' purmpose of present studies this generalized fomm of
comple x structure ( having infinite degrees of freedom-
and c.omplex phenominon of coupling between different
elemtns of the system) has been sssumed to be repre=
sented by a simple system of two degrees of freedom,
This assuced idealisgtion is shown in fiqure 3;1( b).
The top mass-spring system is assumed to be representing
the superstructure portion (above pile cgp level), while the
bottom oneis representing the foundation = soil system,
The different parameters shown in the figure are as

explained below

m

¢ = 1s the effective mass of superstructure
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~ 1is the effective mass of the

foundation-soil system,

K¢ - 1s the effective spring constant of

superstructure for lateral movemnents

Ke = is the effectivd spring constant of
foundation=soil system for lateral

movements,

X, and xg are the absolute dynamic displacements of

f
superstmucture and foundation masses respectively,
produced by superimposed ground displacgn@'l‘t xg at the

particular instant of time,

In figure 3,1(c), the same superstructure
System is shown to be idealised by a single degree
mass-spring system, resting on a rigid- non flexible
base, - |

In order to study the effect of various
parameters on the interstoreyed shears, 3 temm Response

Factor (B) has been defined a5 in equation 3,1,
Response factor p = Z/Z.s : veo(3.1)

Where Z 1represents the root mean square
values of maximum interstorey modal displacements for

the mass mg in figure 3,1(b) and Z_ the maximum

s
interstorey model displacanent of mass m_ in figure 3.1(c).

Y



28

The various parameters in the problem
have been varied and thus their effect on the response
factor P has been studied, The parameters are varied

in ranges 35 explained bel ow;

(i) Natural frequency of soil-foundation
system (when considered alone) is

varried between cpSe and 12 cps.

(ii) Natural frequency of superstructure
system alone (when comsidered to be
fixed with rigid foundation) is

varied between 2 cps, and 10 cps.

(11i) The ratio of effective masses of
superstructures to substructure
(defined gs « = ms/mf) is varied

between 0,8 to 3, 2.

The response factor P would depend on the
nature of ground motion gpplied to the system. The
velocity spectra (suggested by Housnerls) has been
assuned to indirectly represent the ground motion, The
advantage of this spectral curve is that it can be
represented by a simplified exponentlal function of time

period T in the following manner,

sy = A (1-¢72) .. (3.2)

Where S, is the average spectral velocity
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of the system having time period T, A is the multi=
plying factor which takes into account the damping effect.

3.3 Anglysis of the Model

The systems shown in figure 3,1(a) and (b)
are assumed to be excited by the ground motion as
explained earlier, System shown in figure 3,1(a) has
two degrees of freedom for metion and therefore shall
have two modes of vibrations, For the computations of
the maximum interstorey shears ( or displacements) for
this system, the method of modal analysis has been
applied and thus the displacements in two modes have
been SUperimposed on each other. For the system shown
in figure 3,1{c), which is 5 single degree. freedom
system, the maximum interstorey shear (or displacement)
haé been obtained directly from the spectral disﬁlac-enent

equation,

The complete analysis for the two systems
- and thus the method of computation of response factor P

is explained below,

For a two degree freedom system as shown

in fiqure 3,1( 3% are written as follows
fxf+Kf Xf+ K( _f“'xs):o s o (a)

;:O e (b)
© 00 (.3.3)

+ Ks (xs-x

mg Xg f)



From the above free vibration equations, the
m>dal frequencies are derived by oktaining the non-
trival solution of equation 343, which is given by

equation 3.4,

(K, + K K, K. K S
W4 - 3‘( f S + ms Z‘ w2+ n-.l_.s—-&l—f- = 0 .oo(.304)
L Mt J s °f

The equation 3,4 can be expressed as

W - (B2 + F® (14d)) wd - F 2 F2=0 o (3,6)
‘ Kf ' K
where Ffs = Tn? and FSZ = ’-I-li—
]

(Ff denotes the natural frequency of foundation system
when superstructure is considered to be removed from
it and F_ is the natural frequency of superstructure
when it is considered to be founded on the perféctly .
'rigid base) also o denctes the ratio of effective

mass of superstructures to that of foundation,

The frequencies in the two different modes
are given by the square roots of non zero solutions of

eguation (3.6), as expressed below

2}
3 2 ) 35 B
(Ff +Es (14)) -_b/—TF;%FS (1+)) -4F Fa—
5 ,

w2 =

oasl(3:7)
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From the above equation nomalised modjal

displacements for the masses m_ and me are canputed

5
by substituting this (eq.3.7) in equation 3,8..

@il) = CD(SZ) = 1.0 . e (a)
F 2« '
(1) _ s
(Df - Ff2 +Fs‘°C-wlz_ oo (b)
F 2¢q
q;(fz) - Pfzs+ R eer (©)
[ N ] (3.8)

Relative modal displacements for the two masses

in different mode of vibrations are obtained by substie

tuting équations‘3.8 in equation 3,9, given below

s ()
s“m.cbir
O—W l f
(1) (1) ~==t sd ¥ cee 3.9
Z: =@ S :
T E‘:.m.@?( z)
i@f 11l

(z)

where Z; is the relative displacenent to base of ith

mass in rth mode,

Sgr) is the spectral displacement for rth
mode obtained fram the Housner's. vel ocity spectral

equation quoted earlier,

From the above equati on interstorey modal dise

- placements for the su'per structures mass are computed

-

3



as given by equation 3,10, given below

The resultant of the inter~storey displacements
in two modes is assumed to be given by the root mean

square value as shown in equation 3,11, vhich is

2 :_/(z(-“)zar(z‘z’)’a oo (3,11)

In figure 3.1(c), which represents the super=
structure mounted on the rigid base, the maximum inter-
storey shear (or displacement) Z has been computed

directly from the Housner's spectras

The response factor B is therefore given by

equation 3,13, as below

P o= 2/7, ves(3,12)
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THEORETICAL . RESULTS

4,1 The effect of natural period of super-
structure, naﬁural period of foundation and mass ratio
of super-structure to substructure on the response
factor B, has been studied for a model' stucture 38
explained earlier, when it 1s subjected to ground
motion, The results and their interpretation are

- presented here,

4,11 Effect of the natural foundation
frequencies on the response factor

Figure 4,1 is a plot between natural
frequency of foundation vhich is tgken to vary from
2 cps to 12 cps and the response factor of the system
for man ratio « equal to 0,8, Egach curve in the
figure represents the variation of response factor p
for 3 particular natural period of the super-structure.
Five curves have been drawn for the natural period

of the super-structure varying from 0,1 sec to 0.5 sec,

These curves show that the response factor
P initially increases as the natural frequency of
foundation increases and then attains maximum value
at some particular foundation frequency, and after

it, it starts dimnishing, The natural frequency of

34



foundgtion at which P attains maximum value is
different for each natural period of super-structure
and also the maximum value of £ is different in

each of the above mentioned case,

As the natural period of super-structure
increases the ma')dmum value of P decreases. The table
shown below is reprdduced from the figure 4,1, whiéh
illustrates how the natural pexiod- of super-structure,
natural frequency of foundation and the maximum value

of response factor are inter~related quantitatively..

Natural period of Frequency at Optimum value -
super-structure which optimum of P
in seconds value of P '

oceurs (in gps)

0.2 745 : 1.221
0.3 5¢5 1.220
0. 4 440 1,188
0,5 3,75 1,108

Similar plots are drawn fran figure 4,2 to
4, 5 for the mass ratio 1,10, 1,40, 1,70, 2,0, The
nature of these curves is also in exact simivlarity

to the curves in figure 4,1,

It is observed from these curvex that with
the decregse of the natural period of super-structuze,

the foundation frequermy at which the maxdmum value
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of P occurs decreases i.e. maximum response of
the structure occurs in the lower ranges of the natural
frequencies of the foundation system, In each case it
can Be noted that the natural frequency at which maximum
response of super-stmucture occurs are comparable with

the natural frequency of substructure,

In the lower ranges of mass ratio the
curves exhibit 3 sharper increase or decrease in the
response factor ., Smaller value of meané highar
overall effective mass of the foundation participating
in the vibrations It indicates that the role of
foundation in the dynamic case becanes significant with

the increzsed foundation mass,

It may be observed from the curves, that
for a structure foundation system, having the natural
frequency very less than that of super-structure, if
the natural frequency of foundation is incregsed, the
response factor incregses, However in case when the
base frequency is very high as compared to that of
sup er-structure an increase in foundation frequency

shall cause a decrease in the response factor,

‘ Hence it may be concluded from above‘that,
when the foundation is very flexible (small natural
.frequency than SUper-structure) the stiffening of the

foundation, in general shall cause an increase in the
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inter-storey shears in the super~structure, - However |
for a system having foundation to be very rigid than
the supersstructure, the stiffening of the foundation
shall decregse the inter-storey shears in the super-

structure,

4012 Effect of the Ratio of the Frequencies of
| Swer=stmcture to that of Foundation on
the xesponse factor p

Curves shown in figure 4,6 illustrates the

va‘riation of response factor P with the rati'o of naturél.
frequencies of superestructure to sub-structure, Ejach
curve is' for different mass ratio A, 1.6, for o equal
t0 0,8, 141, L 4, 2,0 and 3,2, The natural period of
super-structure has beén keot as U, 3 sece Similarly the
curves in figure 4,7 are drawn for the natural period of

super-structure as O, 4 seconds,

These curves 3lso exhibit 3 well defined
peak, similar to as in @ freaquency curves i.e. in each
- Case maximum response of the structure occurs at a
particular frequency ratio of super-stmicture to sub-

stwucture,

The curves becane stegper in the lower
frequency and mass ratios, In the sane frequency ratio
ranges, curves tends to flatten for higher valﬁes of o,

Therefore an intersection is obtained between the curves



for different mass ratios,

0 .
It was found by Gupta Y.P‘o(? ) that with

the increase of mass ratio o, response factor ¢
decreases, However present studies reveal that with

the increase in «, a decrease in 7 is observed, only
in the ranges of higher frequency ratios i.e, in the
case when byse is very flexible as campared to the

| sup er-structure, However in the range of lower f requency

ratio, P increases with the incresse .

4,2 COMPARISON OF THE RESULTS W[TH SIMILAR
TYPE OF AVALLAELE WoRK

‘A rigorous analysis of two degree freedom
system has been perfomed by Gupta YGP.(2O) in the limited
range 'of the periods of parent and vibration absorber
systems, The analysis was carried out primarily to
observe the effect of mounting parent system on the
absorber, A single degree linearly elastic freedom
systen was considered to be mounted on a similar type
of vibration absorber, Viscous type of damping was
considered in both the systems, A modified fourth order
Runge-Kutfa's procedure was used for numerical solution
of the equations. Shear response of the parent sys‘t‘em

was Studied for the following two digitalised earthquake

datas.

W



38

(a) El Centro, May 18, 1940, North South camponent
(b) Traft, July 21, 1953, S21W camponent,

Response factor P was defined as in the present
studies, p was defined 25 the maximum shear in parent
system when mounted on the absorber to the shear vhen

without absorber,

}p = U, U2

Where suffix a is for absorber and p 1is for parent

system, mass ratio € was varied fram 4 to 20,

In figure 4,9 curve A illustrates the variation

~of § with 1/« for ElGentro ground motion, while curve B

is for traft earthquake,

In the present analysis, the damping has been
considered same in the two modes of vibrations, Thus to
compare the results from the presented theory, the

system of similar characteristics as analysed by

4

i e i e .
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10) is considered and the damping is

Gup'ta, Y.P.(
separated for the two modes by assuming the damping
matrix ¢f the coupled system 35 linear cambingtion of

21)

the mass and spring coefficlent matrl x(, as explained

bel Owe

In using this procedure, one implicitly
assumes that the model columns for the undamped systems
remaln valid for the damped systems as well, This
assump tion léads to completely uncoupled equation for

this case,

Expressing damping matri x gs the linear com=

bination of mass and spring matrix
(B) =« (a) + r(Q

Where (B) is the damping matxi x
(A is themgss matrix

(0 is the stiffness matd x

« is constant of dimension 771 and r is 3
of ,
constant/dimension T,

Substituting this. equation to the eqUaiti‘on of
motion, the dampings in the different modes are obtained

as
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Where ¢, 1s the damping present to the critical
damping in kth mode and w. be the modal frequency in

kth mOdeo

It is obvious from the study of figure 4,9 that
the results obtained fram the spectral analysis presented

are comparable to that obtained from the i gorous analyds.

A siognificant conclusibn is drawn from th%s comp g
rison[&%%t through the shear response factor ﬁléﬁfected
by the characteristics of the dynamic load, hut not .
-significantly., The results obtained for the three

different loading characteristics are comparable, for.
the practical purposes,

Figure (4.9) also varify the gpplicability of the
presented theory for the analysis where, such systems gare

involved,



"d013Vd 3ISNOJS3d SA NOILVANNOL 40 AIDNINQIYS 1VHNLVYN ™ L'HOId

sdd> NI NOILVONNOS 40 AIJNINO3IYS TvHNLUN

€l 21 i ot 6 8 L 9 .S & € Z
r L T T T - T 1 T T 26 0

SGNOJ3S NI 3YNLINYLsS
-4¥43dNsS 40 aOid3d 1vdnNivyN=1

80 = nvnv OilvY SSYW : 0 ) —946'0
- C)
| S00 - : . -
. N . .
O . -—400-1
0D ()
t v O
‘ b 0O O 3
i S, © O —qbC L
.. €00
O ® —180°1
lfm:
, @
200

.Lom;

(¢ ) 8013v4 15N0d53Y



43

d01D0Vd 3ISNOJS3IY SA NOILVANNOS 40 ADN3IND3IYS AVINLVYN T 29 913

sd? NI NOILYANNOS 40 AININODIY4 1VHNALYN
2L L ot 6 8 L - 9 S - € . Z

() ¥0idvd 3ISN0OdS3Y

[ 8 ]
r T ] T T ] T R C ! I L 060
. SONQO33S NI
ijFUDGFmIKWQDm 40 CO0ld3d TydNlyN =1 . ) -
. Lt L= (»)0ilvd SSVW o A ® —qvs0
] . - s O .
.
4 . —486 0
.- O
(J
$:00 O
—20!
®
O ()
. P ”
€0 O~ © -
, —{s01
A )
! 4
. O —401 Lt
e S
200 A .
. O
m i
i 10=10
~ —_— [ e e v —— —_— —_——— - -~ e — _——— ——3 8Lt



44

"d01ldV3 3ISNOJS3IY SA Z.O:.<,QZD.Om 30 ADN3NOD3Y4 TVYYNLIVYNTED 913

sdd NI NOILYONNOS '40 ADN3ND3Yd 1VHNLVYN

2L L oL 6 8 L 9 S b . & 2

r~ T T T T T T — T 060,
()
i} 5 —vs-0
()
()
9,

o ) —86 -0

|
o
<
-

—90-L

— oLt

SGNOJ3S NI 3dNlindls
-~ Hd43dNS 40 GO0iId3ad IvdNlvyN= L

b'L = () 0lLvd SSUW

e O —— e - L gt

(d)80LIvs 3SNOdS3H



LD

¥01OV3 3ISNODS3Y SA NOILVANNOSA 40 AIN3INDIHA IVUNIYN o 914

sd> NI NOILYANNOS4 40 AIN3INDI™S TVHALYN

(g ) ¥oiovs 3sNods3y

2L 1 oL 6 8 L9 S b € z
i { T T 1 T T o ] -~ T 060
, , . . | | )
o dvs-0
()
@ ()
.‘
@ ()
- —{ss0
J
. (D
(J )
() ()
» Hz01
@,
) LS
J
.:
—901
oty
SANO033IS NI 33NnLINYLS
-¥3dNS 40 QO0IY3d TVYHNIYN =1
LL-=(»)0livY SSYW ,
L . . e e e = . . < e AP



- ¥0LIV4 ISNOAS3I¥ SA NOILVANNOS 40 AININOIYA 1VHALYN-S-b 914
-~ _ ‘

sd2 NI NOILYANNO4. 40 AJDN3ND3Y4 TVHNLVYN

2L ( ot . 6 8 L -9 _ S R £ 2

§ T T T 1 T | T T T 80
'
! _
. —4v80
—{88 ‘0
(J
0 4260
] - \
—4960
#oop
O .‘
®
43 Fol —JvoL
o - SGN0J3S NI
3¥NLINYLS -H3IdNS 40 gOI¥.3Id IVHNIVYN= 1 -

b 80°L

(g ) "0idv4 3SNOdS3Y



RESPONSE FACTOR (;3)

@
)

13 - -

r .

1.2

1.1

-
o

0.8

0.7}

0.6 1 1 L | | L

SUPER- STRUCTURE PERIOD = 0-3 sec

i,

L = MASS RATIO f

0.25 0.35 0 45 0-55 0.65 , 075 0-85
' FREQUENCY RATIO

0-95 1.05 - 1.15

FIG.4.6_NATURAL FREQUENCY RATIO VS RESPONSE FACTOR



FACTOR (£ )

RESPONSE

1.3

SUPER- STRUCTURE PERIOD = 0.4 sec
L = MASS RATIO

1.2

l
O

®,
4
(<5}

o
QQ
AN

0.9F

0.8+

0.7 L i L il ! I ]
0.2 03 0.4 0.5 0.6 07 0.8 0-9 1.0

NATURAL FREQUENCY RATIO

FIG. 4.7_NATURAL FREQUENCY RATIO VS RESPONSE FACTOR



4

oo " - — —
A = MASS RATIO
P =RESPONSE FACTOR

07

05

04}

o3l

A _ FOR ELCENTRO

01 B _ TRAFT

0o 0.05 0.10 0415 0-20 025 0.30
1/&

FIG. 49_1/4 VS B CURVES



analysed by a theoretical approach,

50

5,1 EXPERIMENTAL STUDLES

Experimental studies have been conducted to
verify the theoretical aspproach developed in the previoys
chapters. A model was fabricated consisting of an alue
minium pile supporting a maés spring system representing
3 model of the single degree superstructure system, The
pile was embedded in a sand filled tank which was mounted
on a shaking table, The response of the model structure

was studied experimentally by giving horizontal vibrations

- to the table, Various constants for the sysiem have-

been evaluated experimentally and then the system is

A detailed description of the experimental

part of the work is presented in this chapter.

107873
5.2 MODEL | TOUTRAL LIRARY UNIVERSITY OF ROORY™.
~ ROORKF®

The model consisted of g mass spring systam
mounted on a flexible aluminium pile, A sketch of the
model fabricated is shown i‘n figure 51. Figure 5.1(a)
shows a cross section of the model which is shown to ke
anbedded in the samd, which is filled in a tank. A
wooden pile cap of size 2,5 x 6 x 1 cms is fixed on the
treaded pile head with fhe help of two nuts, Two

flexible steel strips are then screwed to the pile cap



which supports a cast iron block as shown in figure,
This steel block has a arrangement for varying the mass
as shown in figqure 51 (b). Specifications for the

di fferent elements of the mbdel are given below,

Aluminium pile is 26" (66 cms) with following

characteristics.

a) Outer digmeter 15 mm

)
) Imer dismeter 10 mm

o

O

) Modulus of elasticity O,714x10° kg/em?
) Moment of inertia 180x1073 on

Q.

(
(
(
(
(e) Stiffness (EI) 13,7x10% kg/cm?

The structure consists of 4 weight of cast iron

connected to pile cap by two flexible steel strips. The
weight of cast iron block is O, 480 kg,

5,3 IEST SET UP

| As explained earlier the pile carrying the
super=-structure was embedded in the sand, which was filled
in the tank, The tank was mounted on 3 shaking table
fitted with an oscillatox to give it horizontal vibration,
The details of the various components of the test setup

are given below
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5,31 Steady State Horizontal Shaking 1@1,_@

| The vibration table is able to move horizontally
giving sinusoidally varying oscillations, Table has
platfom of size 6,4'x4'. Steady state vibrations were
given to table by Lazen type oscillator, which was
centrally mounted on one of its edge, The oscillator
was driven by a 3 HP., D.C. motor. Speed of the motor
- was controlled by an independent speed control unit, This

separate unit consists of rectifier and a3 D,C, Transformer

i, es potential divider, to change D,C, motor input power

Rectifier converts A, Cs supply to direct current.

The oscillator motor assembly is cgpable of
developing frequencies fram O to 25 cps, and the ampiimde
upto 2 mm, Oscillytor can develop different sinusoidally

varying forces, with different eccentricity settings,

5.32 Vibpration Recording Devices

Vibrations were recorded by mounting Miller
acceleration pick ups to the vibr.ating object in the
plane of vibrations, Varying signal response of the
system was fed to the oscillogrgph, through universal

anplifiexrs,

S¢4  SAND USE

Wos— =3

The sand used in the experiment was Ranipur

sande The grain size distribution of sand is shown in
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figure 5 2. This belongs to S Group according to

Indian Standard Specification,

The other properties of the sand are as follows.

(a) Specific gravity of sand grains - 2, 60
(b) Unifomity coefficient - 2,28
(c) Grain size Dio - 0,14
(d) Minimum void ra’r;io €nin - 0,54

- 0, 89

(e) Maximm void ratio g,

5% 5 Experimental Response of the Model Under
Steady State Vibrations

As explained earlier, the model was given
steady State vibration, by mounting it on the shaking
table, In order to study the affect of flexibility of
foundation on the response of the strmucture, two type
of tests were conducted, In one test the complete
coupled system was given steady state vibrations by
embeddingv the pile in the sand and in the other one
the superstructure was removed from the pile and was
mounted on the shaking table, giving it again the
steady state vibrations, The two tests are exlained

bel Ow,

551 Experiments with the Coupled Pile-structure Systanm
The model was placed vertically in the tank

by clamping the pile head by a suitable arrangement
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mounted at the tg of the tank, Sand was filled in
the tank leaving 2" of free length of the pile abow
the surface of the sand,

One of the important requirements of the test
was the control of the density of the sand. Therefore
3 similar method for the compaction was adopted in
every test so as to get the same density of sand,
It was observed that duxing vibrations when sand
particles starts moving, maximum possible density on
this table was obtained after stopping the vibrations,
After placing the model in the empty tank, sand was
poured in it in 6" layers, Each layer was campasted
by the vibrations of the table, Speed of the motor
was 50 adjusted, sO as to get the resonence in the
sand particles, and thus the maximum density was
obtained. Density was obtained by dividing the

weight of the sand by the volune measuzred.

After filling the tank upto 2" below the
pile head, the clamp was removed. Three Miller
acceleration pickups were mounted one each on the
super structure mass, pile cap énd on the shaking

table.

In the first experimental set up the eccentr -

city of the oscillator was kept 350
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Speed of the motor (and hence the frequency
of the oscillation table) was slowly i‘ncrealsed by giving
one round to the speed control whel each time, Records
from the three zccelergtion pickups were recorded by
the automatic pen recorders, connected to the pickup

by amplifier channels,

Tests were repeated for the oscillgtor eccen=

tricity settings of 700, 105° and 140°,

Analysis of the records

The records obtalned from the steady state
vibration tests were analysed to obtain the response
of the st;:ucture mass for the different forcing fre=

quencies, The method of analysis is explained bel ow,

A typical acceleration record obtained from
the-test is shown in the figure % 3, The variation
of acceleration has been recorded on a pgper moving
with a speed of 25 mm per second, In order to compute
the displacements from this record, variation of the
accel eration is assumed to be si.nusoidal; and hence,

represented by the following eguation,

X = 3 S8in (Wt)

where x is the second .differential of
displacement x at any instant  t, with respect to

time t, a is the maximum acceleration in a cycle



and w be the frequency in radians per second,

Displacement x 1s obtained by intrigating

acceleration twice with respect to time t, i.e,

X= = (‘a/wg) Sin (wt)

Thus the amplitude of oscillation is a/w?

Responge_of the Structure with Different
Forcing Frequencies

The computed results from the records of the

above tests are shown in fiqures 5.4, 5.5, 5.6 and 57,

In figure 5,4, forcing fi:eqtlenci es are show
on the ghscissy line while curve B is for the.ampli-
tudes of the structure mass, curve C, for amplitudes
of table.. | '
‘Curve A shows a definite peak at frequenc,y' 15,5 cycles
per second . This is the resonence state of vibration,

where the mass vibrates with the maximum amplitude,

Similarly in fi gurés 5% 55 56, and 5 7, curves

are drawn for the gmplitudes of structure mass

and shaking table for eccentricities of 70°, 105°

and 14000

A detailed discussion of the above curves shall

" be presented later,



5052 Experiments with the Super-structure
Mounted on the Shaking Iables

The supefstmctum system was removed from
the pile along with the pile ¢ap and was mounted on
the shaking table by glueing the pile cap to table
with Areldite Solution, Miller type acceleration picke-
- ups were fixed one to the mass of the model and one
to the shaking 4 table.

Speed of the motor was slowky incregsed by
givimg one round to the speed control wheel each time,
similar as in the earlier test with the pile-super

structure model.

Tests were repeated for the eccentricity

setting of oscillator at 70°, 105° and 140°,

‘Records obtained from the tests are the steady
state vibration records and thus the amplitude is com=-

puted in 3 similar way as described 5 51.

Curve A in figure 5,4 is the plot between

the forcing frequency and the amplitude of the structure

mass, Similar to the curveB in the figure, this hzs
also g rising limb and a descending limb, Mzximum
amplitude of the mass is observed st the forcing
frequency of 16 cycles per second, Similar curves are
~drawn for the eccentricity setting of 700, 105° and

140° shown in figufe 5.5, 5 6 and 5.7 respectively,

o1



5« 53 Experimental Basults

As illustrated earlier, the experimentally
recorded responses of the structure pile system with
pile embedded in the sand and the structure alone
mounted on the shaking takle are shown in figures

5¢ 4 t0 57

A study of these curves reveals that in general
the absolute displacements of the superstructure mass
when mounted on the pile are larger than the diéplace-
ments when fomer has rigid bases A well established
peak is the characteristic feature of the curves A
and B, This peak represents the resonance stage of the
systems, Resonance occurs in the coupled foundation
structure s{rstem at an average frequency of 15,5 cycles
per second, which represents the natural frequency of
the system, Resongnce in the super structure occurg 3t
anh average frequency of 16,02 cycles per second, vhich

is the natural fregquency of vibrations of the system,

38
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CHAPTER M

THEORETLGAL ANALYSLS OF EXPERLMENT/L
MODEL OF SIRUCIURE PILE SYSIGA

6.1 General

‘ The experimental model described in
previqus chapter and shgwi in figure 5.1 is analysed
thebretically and thus the results obtéined are
compared with the actually observed response of the
- system on the shaking table., A detalled description
of the theoretical gpproach and the experiments con-

ducted is presented in this chagpter,

6.2 Iheoretical Analysis of the model

As explained in Chgpter III, the .analysis
of the structure pile model system is done by assuming
it to be reresented by a two degree§ Sf freedom systanm,
The super structure is 5 mass spring dashpot system
of single degree of freedom. The soil pile Syéten
which has infinite degrees of freedom is converted
into 3 single degree system by evaluating the various

constants experimentally,

The theoretical approach is similar to as
described in Ghgpter III except that in this case
the damping effect hss also been considered, Figure

6¢1( a) shows idealised single degree mass-spring-
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-

‘dashpot. System for the soil ~pile system,

In the figure, We is the net effective welght
of the soil=pile system taking active part in the
vibration, It includes the virtual mass of the soil,

vibrating with the foundation,

K, represents the net effective stiffness of

f
the foundation for the lateral loads.
G; represents the damping present in the

foundation systen,

Figure 6.1(b) is a idealised two degrees of
freddom system for the structure«pile model, Substmcture

and the superstructure units are marked in the figure,

’

In the figure,

W, represents the weight of the cast iron block

of the superstrﬁcture.

K, 1is the net stiffness of superstructure for

the lateral loads,

Cs is the damping present in the system.

The metion of the shaking table was found to
be sinusoidal to 5 falr degree of accuracy. It is
therefore assumed thét the systgn s hown infigure
6s 1{b) is exd ted by a sinusoidally varying motion

at the base.
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Assuming that;

Xf and Xs are the zbsolute o‘iéplacements at ény instant
t, of the foundation and superstructure mass respec=-
tively y is the sinusoidally IVaryin_g base motionvand
expressed a8y = Y Sin wt, Yo be the amplitude of

motion and w ke the radial frequency of vibrations,

The equations of mation for the system shown

in figure 6.1 (b ) are written as followus;

m X + x +k xec X.=k x.=0 .
s % T %5 %s s s s f s f “(?1)

+(Cf+Cs) xf+(kf+ks)xf-csx -k x

Me Xg
= ny+kfy LY (b)
vool6ol)

Non trivial s'olution of the equation (6.1)

gives the amplitude Xq of the superstructure mass as

follows
2 2 2 2 —
.).(..5. = (}f..fr tog” (K" ¥ CaW” ) |
y 4, a_ 3 . a 2
© (mf Mg W =g ksw Mg kfW Cs g W * kfks)
- 3 . ,3) 2
N +(KfCSWFKScfw MeCo W mscfws-kmscsv\ )

ool 62)



68

By substituting

Mgass rat;o of = ms/mf

Damping in foundation Cf = MPe g
Damping in superstructure G, = m, p. 34
Where Ps and p, are the natural frequencies of

fogndation system alone and superstrmucture systan above

resp ectively,

The equation 62 can be expressed as follows

x, |lpe™(2 390300 0+ 4 7.7 p ® W)

—— = )

. .
Yo o |(wiep wBpowied g 2o pep wip i P

t(pgh2 §gpgwtp? 2 {f pewe2 3 p W
3

.8 8
2 30w +2% 3 p w)

vee (643)

where gf and % g are the damping ratio to cxi tical

damping of the foundation and superstructures reSpectively.-

The amplitudes for the different forcing frequencies
w can therefore be obtained from equation 6,3, by obtaining the
the value of differant constant for the system, which are |
involved in the azbove mentioned equations The various

const gnts involved are 38 foll ows,
7,

(a) P, = Natural frequency of free vibration for the

superstructure systam



( b) Pg - natural frequency of free vibration for

the soil-pile system

(¢) §S - value of damping ( as a percentage of critical

damping) in super-structure System

(d) 3¢ = value of damping (as a percent of critical

danping) in soil-pile system

(e) o = Rsgtio of the effective mass of super-structure

to that of substructure,

The various properties of the two elements of
the model were detemined experimentally, The different

tests conducted are described bel ow.

6.21 Detemination of the Natural Frequency
of free vibration {p E for super-stucture

Natural frequency of free vibration for the
super structure system was computed by carrying out
free vibration tests on the model, The superstmcture
sYstem was renoved from the pile and was mounted on g3
fim base. One Milier type acceleration pickup was
mounted on the cast iron block of the model, which was
connected to automatic pen recorder, connected through
a universal amplifier, Acceleration records were
takenA by giving an impact to the superstructure mass,

and thus allowing it to vibrate freely,
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A typical record of the free vibration is shown
in the fiqure (6.2). The frequency of free vibration

is found by the following expression,

Frequency = NXS/

where L is the length of the record for N
number of cycles and S ke the speed of pgper. Average
frequency of free vibration of the superstructure. was

found as 16,2 cpse

6422 Debemination of Damping in Superstzucture
Damping is detemined as a prrcentage of the
critical damping of the superstructure from the free

vibration test records as described in 5,21,

?, the damping as a percentage of the critical

damping is given by the following expression

2 . 100 x 2,303 y /A
3 om Log, (ay/a))

Where Al

successive cycles of vibration,

and Az are the gmplitudes in the

For small dampings the above expression can be

written as,
2. 100 x 2,303 ﬁg_)
3= 27 A

1
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The average value of the damping in superstructure

model was found to be 1, 586,

tu
of Free Vibrations (pgl for the Soil-
pile system

16,23 Debgminatlon of g Mol £ Frequency
£ t

Natural frequency of free vibration for the
soil=pile system was obtained by carryingout free vibratién
tests on the model, SUpe‘rstmcture model was removed
from the wooden pile c¢gp by unscrewing the steel strips
from the woodeﬁ cap. The pile (fitted with the pile
cap) was placed vérti cally in the center of the tank, and
clamped at the top by a suitable device fitted at the
top of the tank, Sand was poured in the tank in 6"
layers and was compacted by vibrating it on the shaking
table to get same density in each test s described in
5% 5l. A Miller type scceleration pickup was mounted

on the wooden pile cap and connected to the automatic

pen recorder, through 3 universal amplifier,

Free vibrations to the pile were given by
displacing the pile from its mean position and then

releasing it,

Frequency from the free vibration records is

computed in 3 similar way as described in 5,21,

The average frequency of free vibration for .
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the soil-pile systam is found to be 60,2 cycles per

second,

6,24 Detemination of Damping in Soil-pile System
The damping in the soil=pile system was obtained

from the free vibrations test record on the model, in

a Similar way as described in 522 for the super -

structure case,

The average damping as a percentage of the

critical damping is found to be 7%.

6425 Determination of the Mass Ratio o

The mass ratio o 1is defined a5 the ratio of
thé_ ef fective mass of superstructure to that of sub~
structure, Therefore the evaluation of mass ratio shall
require the effective mass of the superstructure and

substructure systems,

Superstructure 1s a single degree of freedom
system and therefore the net effective mass participa'ting
in the vibration is directly obtained fram the wei ght
of the cast iron block., However in case of the soil=
pile system it is a complex problem to evaluate the
net effective mass of tte foundation participating in
the vibrations, since there is some virtual mass of

soil which vibrates along with the pile., This aspect
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of the problem has been discussed in great detail in

Chaptel‘ 11 »

In the present case, the net effective MmasSs
of the foundation is computed by a semi-experimental
method, The characteristic ength of thepile was
found experimentally and then the net effer:.'tive'maSS
of the foundation was obtained by a theoretical gpproach
| and with the help of the observed natural frequency.of

pile under free vibrations,

A detailed description of the experimental tests.

conducted and the computations done are given bel ow,

‘Tests Conducted for the Evaluation of the
Characteristics lenath of the pile

Characteristic length of the pile was obtained
by camyingout free vibration tests on the different lengths
of the pile, The pile was placed vertically in the tank
and clamped at the top, by a suitable lamping device
fitted at the top of it, Tank was mounted on the shaking
table, |

Sand was poured in the tank in 6" layers. Each
lvayer wa$ S0 compacted by the vibrations of the shaking
table, so a6 to obtain the’ same density in each test,
aé described in detail under 5,51, Sand wa$ poured

up to the top of tank, leaving a free length of pile as 2"

N
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above the surface of the sand,

A Miller type acceleration pickup was mounted
on the wooden pile cap, which was connected to the
automatic pen recorder through 3 universal gmplifier,

Free vibration are given to the pile by displacing
it from its mean position, N

Feom the record natural frequency of free=

vibration is _found' as described under 5 21.

Tests wéree conducted for the different embedded
length of the pile as 14", 17", 20", 23", 26", 28" and
29", Test with the each lehgth of the pile was repeated

with four different surcharge weiths azs given bel ow,

= 0,144 kg (only pile cap)

!
W2 = 0,262 Kg
W3 = 0,670 kg
W, = 0.914 kg
- The results obtained from the above tests are shown

in figure 6.3, Figure shows four different curves
for different surcharge loads plotted between embedded
length of pile and the natural frequency of the pile,

It is observed fran the curves that as the
surcharge losd on the piie is increased, the natural
reduces. The natural frequency
frequency/increases initially with the increase in the

embedded length of the pile, For the each surcharge
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load, beyond the embedded length of 20 inches,' no
further increase in the natural frequency is obs erve'c‘i-.
Therefore, on the bgsis of the discussions, in

Chapter 11, the embedded length of 20" is taken as the
characteristic lengﬁh of the pile, which is the minimum
length of the pile when it starts behaving in 3 perfect

flexible mannexr,

The length of the pile used in the model is
26" long against the minimum requirzed length for its
flexible behaviour, as 20", Therefore the theory of
frexible piles applies to the experimental model,

Simulating the embedded pile in sand, to the
beam on elastic. foundation and agssuming the subgrade
modulus along the dephh, to be linearly varying i.e.

Kx) = )LIHX
Where K(x) is the subgrade modulus at depth x

and "y be the coefficient of subgrade modulus,

Following differential equation is written for

the embedded pile

4
d'y k( X)y

+ - O Q00[604)
dx4 EI

where y be the lateral deflection of the pile at
depth x,
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EL be the flewral stiffness of the pile,

Solution of equation (6, 4) aJ:*e avallgble in temms

of non-diamensional parameters,

Using the notation

T =5'\FEI? H

T be the relative stiffness factor for the

pile and Z = X/T

Z
max

[t}

L/y

Where L is the embedded length of the pile.

Solution of the differential equation (6,4),

for the deflection at ground level is obtained 35

=
i

3 A
thT/EI Ay . CIC (605)

is the deflection at ground level,

is the lateral force at ground level,

is the nonedimensional deflection coefficient,
For long pile (%nax:> 5) embedded in cohe=
sionless soils Ay = 2,435 (Rees and Matlock)

From equation 6,2 the overall effective stidfhess

of the soil pile system works out s

g-h-g = K= EI/T 3Ay “TRAL LIGRARY UNIVERSITY OF, goom:’
g ROORKEE,
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The value of relative stiffness factor T, is
worked out from the Matlock, criteria for the flexible
length, which has been established by Prakash, S, and

(15)

Aggarwal S,L. ., Therefore %nax for 20" depth of

embedment of pile is taken as 5
Therefore
Z %" L/ = 5
Where‘ Lg is the embedded lehgth of the pile
" Hence T = L;/S = 4" (10,16 cms),
The overall stiffness of the soil pile system

is obtained as

13,7 x lO4
(10,16) 3x2, 435

K= = 53,6 kg/cm

E[/T's/\, =

The overall effective mass of the pile soil
system is worked out from the f reguency, mass and

stiffness relationship, as follows,
Frequency of vibrations (in radians) is given gs

Wy = VIE;M

Oor W

1

ch/Wr3 000(636)

Where W is the weight participating in the

vibrations, g be the acceleratioﬁ due to gravity,



Substituting the values of g, K, and W in 6,6
offective mass of foundation (W) works out to be

0,368 kaq.

The effective weight of the superstructure

(weight of the cast iron block) = 0,480 kg

Therefore the ratio of effective massSes of

superstructure to the substructure is evaluated as

= 0,480/g 3e0= 1.3

6.26 Various Constants for the Experimental Model

as_Worked out obove in tHS Ghapter

(a) Superstructure system when mounted on
rigid base

Natural frequency of free vibration
= 16,02 ¢ps

Damping (percentage to critical damping)

=1, %%

(b) Soilepile System whep Pile is Embedded
in sand

Natural frequency of free vibration
= 60,2 cps
Damping (percentage to criticsl damping)
= T

4 %

78
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(c) Effective mass Ratio of Superstucture
o Qubstiucture

o = 1,3

© 643 :.g;%.gwaxu.i Th__m:a._.al._aeﬁp.@m
_the Experimental Model

The response of the strmucture=pile model is
worked out from the equation 6,2, by substituting the

various coefficients as given in 6,26,

A computer programme to suit IEM 1620 was
developed for the solution of equation 6,2, Results

of the analysis are showy in figures 6,4 to 6,7,

In figure 644, curve A is 3 plot between the
forcing frequency and the sctually obs_erved resp mnse
of the model, for eceentricity 25°% This is rep roduced
from the figure 5 44 Curve B is the plot between the
theoretically computed amplitudes of the model from

the equation 6,2 and the forcing frequencies,

It is observed from figure 6,4 that the experi?
mental curves A and the theoretical cu.rve’ B, in general
show 3 striking similarity, The maximum amplitude
Observed in the experiment is 2,06 mm and occurs at a
forcing frequency of 15,45 cps where as the computed
maximum gnplitude is 1.84 mm and occurs at a forcing
frequency of 15 ¢ps. The rising and the decending

limbs of the two curves resembles well for the practical
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purposes,

A similar agreement between the two experimental
and theoretical curves is exhibited in figures 6.5, 6e7

and 6070

It may be noted however that a slight disagreement
is observed between the computed and observed curves for
the model, In general the theoretically computed
amplitudes are slightly smaller than the actual ampli<
tudes of the superstructure mass, Aprobale cause

of the above phenominon may be explained as belows

The natural frequencies of the soil pile system
were cbtained before and after the experiment and were.
found to be canparable, The density of the sand also
remained same before and after the experiment. It may
therefore be zssumed that the lateral stififness of the
pile was not changed, Hence this disagresment between
the two curves may be due to the change in the
virtual mass of the soil during the vibrstion, This
change in the virtwal mass of the soil may have vccured
due to . comparatively lower frequency of .vibration
during the experiment, than the natural frequenlcy of the
soile=pile system, The effective mass of the foundation

’5ystem wgs caiculated from the natural frequency of the

vibration, which is 60,2 cps. However during the
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steady state vibré’cions, the model was vibrated in
the frequency range of 10-20 cps, which is quite low
as compared to the natural frequency of 60,2 cps,
Hence it is possible, that there is some added mass
of the soil,‘ which becomes active, during the steady
state vibrations, resulting in fhe reduced response

of the ‘structure,



'._

ﬁ/// B
W s
j'//////z : ;:J
KS b Cs gm

2

% V//// w, TF
ViR 8" s,
o - | n
'y R4 Ct |dx

a

.

a _FOUNDATION SYSTEM b_STRUCTURE-PlLE SYSTEM
[DEALISED TO A SINGLE IDEALISED IN A TWO DEGREE -

DEGREE FREEDOM SYSTEM FREEDOM SYSTEM

Fig. 6.1

\/4\( | | M/\/\/‘\f\ AYAYAVAVAVAVAVAVAVAV VAV P v

FI6.6-2_ A TYPICAL FREE VIBRATION RECORD



83

S3IAYND ADN3NOD3Y4 IVUNLVN SA HLIO9N3IT 311d “€9915

(4du1) 3719 40-HL19N31-030038W3

ctE .mm 92 ve 22 oz 8l 91 v 2L

n o i

Bn p16-0 = st

®

©

© 61 0L9:0 =¢m 3
o— ‘ o— o)

6w 292-0 =°m 3

f’“ Aﬂ

3UDAINO) E1 ppL-O=tM SAVO1 3I5YVHIYNS

sda AIN3INO®IY4 TYHALYN




JYNLONY LS Y3dNS 40 3ANLITAWY SA AININOIY A ONIDYHOd "9 9143

sdd

AJDN3INDV3IYY 9INIDYOL

bl €L 2t l Y

02

SE=404V171350 40 9NILL3IS ALIDIKMINZADD3Z

G3LNdW0I3 A11v¥31L.3H03IHL — g
03AY3SH0 ANTYLINIWIYHIAXI ~ v

9L

WW 3YNLINYLS -43dNS 40 3aNilTdWY



1

3d4N1ONYLsSd3dNS 40 IANLITAWNY SA ADNINDIHY 9NIDYO4d ~ 69914

sd> AJN3NOV3H3 9INIIHOA
12 oe 61 8t Lt 9L Sl L €L - zi 1 oL

0= d0LY 111050 30 9NiLi3S ALIDIYiINIII3I
o

334iNdW0D AITVIIL3IYO3IHL 7~ 4@
. Q3A43530 ATIVIN3WIHAAX3 TV

{ | [ | 1 T ¥ | T T T 0

WwuW IYNLINYLS -434NS 40 IANLITdWY



mm

AMFLITUUE OF SUFER=- STRULTURLE

36

A_EXPERIMENTALLY OBSERVED
B_THEQRETICALLY COMPUTED

ECCENTRICITY SETO'TING OF
OSCILLATOR =105

! 1 L ] ]

K 2 - 13 14 15
FORCING FREQUENCY cps

FIG.6.6 _FORCING FREQUENCY VS AMPLITUDE OF SUPERSTRUCTURE



3.6

AMPLITUDE OF SUPER~- STRUCTURE mm

4 41

40

| A_ EXPERIMENTALLY OBSERVED
B _ THEORETICALLY COMPUTED .

ECCENTRICITY SETTING OF
OSCILLATOR ='149°

p | | | |

10 " 12 13 14 15

FORCING FREQUENCY cps

FIG.6.7 _FORCING FREQUENCY VS AMPLITUDE

OF SUPERSTRUCTURE



)
i
g
|'c
| Lo |
|t
1o
|ﬁ

—

CONCLUSIONS

From the discussions presented in the previous

Chapters, the following conclusions are drawn,

(1) The response of g3 struciure supported on
a flexible piles can be theoretically obtained, by
representing it 38 an equivalent two degree freedom
system i, e, a single degree freedom system representéng
the superstructure, coupled wi.thl another single degree
system representing soil medium and foundation., The
computed results compares well vx;ith the actual observed
results, when the structure pile system is subjected

to the lateral dynamic forces, varying sinusoidally,

(2) When the foundations are véry flexible thgn
the superstructure, the forces devélOped in the super=
structure are small under earthquake type of ground
motion, For a particular range of substructure natural
frequencies, forces devel ped in the ~a-su&per--structl.l:v:e
are large at a particular natural period of super=

structure,

(3) When the foundations are very flexible
than the supere-structure, the forces in superstructure
under earthquake type of ground motion, increases with |

the increase in stiffness of foundation system, However
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if the super~structure is made sufficiently flexible
as compared the foundation, an increase in foundation

stiffness decreases the forces in super-structure,

(4) When the foundations are very flexible thah
the SuperQstxucture, the forces developed in super=
structure, undér earthguake -type of ground motion
increases with the increase of mass ratio of superw
structure to sub-structure, However, if the super-
structure is made sufficiently flexible as compared
the foundation, an increase in mass ratio decrease the

forces in super-structure,
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