Ty g ST

AT

. HANDBOOK OF

MACHINE

FOUNDATIONS



MeGraw-Hill Offices:

New Delhi
New York
St Louis
San Francisco
Auckland
Bogota
Guatemala
Hamburg
Lisbon
London
Madrid
Mexico
Montreal
Panama
Paris

San Juan
Sao Paulo
Singapore
Sydney
Tokyo
Toronto

STRUCTURAL ENGINEERING RESEARCH CENTRE

Roorkee — Madras .



HANDBOOK OF

MACHINE FOUNDATIONS

P. SRINIVASULU
C. V. VAIDYANATHAN

Structural Engineering Research Centre
Mudras

W

TATA McGRAW-HILL PUBLISHING COMPANY LTD,
New Delhi




© Structural Engineering Research Centre; 1976

Reprinted 1990
ConsuLTING EDITOR: G.S. RAMASWAMY

No part of this publication may be reproduced in any form or by
any means without prior wrilten permission of the copyright
holders and the publishers.

This book tan be exporied from India only by the Publishers,
Tata McGraw-Hill Publishing Company Limited

Published by. Tata McGraw-Hill Publishing Company Limited
4/12 Asaf Ali Road, New Delhi 110 002 and printed by
Mohan Makhijani at Rekha Printers Pvt. Lid,, New Delhi 110 020



FOREWORD-

Machine foundations form a vital and expensive part of any industrial complex. With the
rapid pace of industrial growth of the country—which is the goal of our successive Five
Years Plans—a large number of machine foundations are being built in the various indus-
trial establishments, The subject of machine foundations thus assumes a great importance
in the context of our national economy.

_ Till recently, it has been the practice to design machine foundations on the basis of rules of
thumb and empirical formulae. However, with the recent advances in the fields of struc-
tural and soil dynamics, the design principles have gradually been established for typical
groups of machine foundations. It has thus become imperative for the designersto know the
various aspects in the analysis, design and construction of machine foundations in order to
produce -efficient and economical designs.

It is gratifying to note that the Structural Engineering Research Centre, has prepared a
very useful reference manual on this subject and I havegreat pleasurein writing a foreword
to this timely venture. I do hope that this handbook will prove popular with design
engineers engaged in this discipline of work.

Y. NAYUDAMMA

. Director-General
New Delhi Council of Scientific and Industrial Research
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PREFACE

Rapid industrialization of the country under the successive Five Year Plans inveolves the
installation of machines of various types in industrial establishments. The design of
foundations for such machines calls for specialized knowledge. Codes relating to machine
foundations provide only very general guidance. There are hardly any works of reference
which provide detailed information on different types of machine foundations. In the
absence of such a manual, widely varying practices are being followed.

The effort of the authors of this book has been to present the principles of analysis, design
and construction of machine foundations of different types in sufficient detail. To make
the book self-contained, elements of structural dynamics are presented in Chapter 2.

A feature of the book which the designers would specially welcome is the inclusion of
numerical examples,

A chapter each is devoted to the design of block and framed foundations. Vibration isola-
tion and construction details have also received adequate attention.

Readers of this handbook who are intimately concerned with machine foundations may
perhaps like to write to the authors about case histories of “sick’ foundations and corrective
measures which in their experience have proved effective, Although a section on case
histories has been included in Chapter 7, a separate chapter on such documented case
histories would certainly enhance the value of this work,

G. 5. RAMASWAMY

Director
Madras , Structural Engineering Research Centre



" AUTHORS’ NOTE

A handbook giving the various aspects of analysis, design and construction of machine
foundations is long overdue. Machine foundations form an important part of any industrial
complex. To implement the programme of rapid industrialization, numerous machine
foundations are being constructed in the various industrial establishments. The Structural
Engineering Research Centre has received queries from many industrial units in public
and private sectors for advice on design and performance of their machine foundations.
It is realized that the literature available in the field is very meagre, and design engineers
are not well acquainted with the theory of structural vibrations. It is, therefore, hoped
that this handbook will fill the lacunac by serving as a useful reference manual for designers
of machine foundations.

The scope of this handbook includes explanation of principles of planning, design and
construction of machine foundations illustrated with practical examples. Chapter 1
presents the general background to the subject and the basic concepts. Chapter 2 deals
with the vibration theory applied to single- and two-degree freedom systems subjected to
free and forced vibrations. A general theoretical treatment of multiple-degree freedom
systems is also included for the benefit of the interested readers. Chapter 3 describes the
evaluation of design parameters by computation as w, 1l as by field testing. Chapter 4
groups the analysis and design of block foundations fo machines subjected to impact type

forces (e.g., hammers) and periodical forces (e.g., reciprocating machines). Chapter 5

deals with the analysis and design of framed foundations for high speed machinery such as
turbo-generator sets. Chapter 6 gives the general principles of design of block foundations
for other miscellaneous machines which cannot be distinctly classified. Chapter 7 deals
with the principles of and methods for structural isolation of machine foundations, Chapter 8
gives the constructional details of machine foundations with explanatory sketches.
Numerical examples illustrating the design principles are included in each chapter, Useful

data for designers’ ready reference and a select bibliography are appended at the end
of the book.

The authors express their sincere gratitude to Prof. G. S. Ramaswamy, Director,
Structural Engineering Research Centre, for giving constant encouragement during the

preparation of this manual,

The authors express their sincere thanks to Prof, (Dr.) Alexander Major of the Technical
University of Budapest, Flungary; Mr. J. H. A. Crockett, Partner, Crockett-and Associate,
Surrey (U.K.); and Prof. (Dr.) Shamsher Prakash of the University of Roorkee, Roorkee,
for offering useful suggestions on certain portions of the text.
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Thanks are also due to the drawing office of the Structural Engineering Research Centre
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Particular acknowledgement is due to the Publishers for their cooperation in various
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SYMBOLS & ABBREVIATIONS

Amplitude

Non-dimensional amplitude factors
Amplitude of anvil

Amplitude of foundation

Base arca of a block foundation
Area of anvil base

Base area of concrete test block
Area of beam section

Arca of column scction

Arca of steel reinforeement
Mass ratio

Width of foundation

- Modified mass ratio for mode 7

Damping cocflicient

Critical damping cocfficient

Factor for apparent soil mass

Factor for mass moment of inertia of soil
Coefficient of elastic uniform com-
pression

Coefficient of elastic uniform shear
Coefficient of elastic non-uniform com-
Ppression

Coefficient of elastic non-uniform shear
Centrifugal foree on cross beam
Centrifugal force on column

Diameter of spring wire

Diameter of pressure bulb of soil
Diameter of spring coil

Distance of frame i from the first frame.

in framed foundations

Eccentricity of rotating mass
Eccentricity of centroid of base area from
centre of gravity in block foundations
Modulus of elasticity

Impact energy

Natural frequency

Reduced natural frequency

Coupled natural frequencies in a two-
degree system

Operating speed of machine

Dynamic lorce

Inertial force

Short-circuit force

F, F,

== Qn

= o
]

-,

n.m

Functions used by Hsieh in block
foundations

Horizontal dynamic force

Dynamic force transmitted

Acceleration due to gravity

Shear modulus

Height of spring coil

Height of equivalent surcharge of soil
Height of fall of hammer head

Height of column of frame { in framed
foundation

Height of block foundation

Suffix to designate the mode of vibration
or frame number

- Imaginary unit 4/-]

Moment of inertia of base area of a block
foundation

Moment of inertia of cross section of
beam

Moment of inertia of cross section of
column

Moment of inertia about x, y and z axes
Moment of inerta of a group of isolated
supports

Elastic layers used in the hammer
foundation system

Coefficient of impact

Stiffness coefficient

Ratio of stiffness of beam and column
in framed foundations

Stiffness of sz0il against translation in
vertical {z) direction

Stifiness of soil against rotation about
x and y axes

Stiffness against torsional oscillations
Spring stiffhess

Lateral stiffness of cross frame in framed
foundations '

Effective span of frame beam

Length of foundation

Spring supported mass

Mass of machine and foundation
Eccentric mass
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Reciprocating miass

Rotating mass :

Mass of foundation

Apparent soil mass for tramlatory modcs
Mass of harnmer head (tup)

Mass of hammer frame

Mass of anvil

Amplitude of rocking moment
Dynamic moment

Number of windings in a spring coil
Number of spring casings

Number of spring coils in each casing
Total number of clastic supports

Load on the frame columns

Mean pressure on piston

Amplitude of exciting force
Concentrated machine load

Intensity of distributed load

Shear force

Total distributed load on cross beam
(=g,) in framed foundations

Radius of crank

Ratio of length of sides of a rectangular
foundation

Radius ofsequivalent circular base (of
foundation) for translatory modes
Radius of equivalent circular base for
rotatory modes

Radius of equivalent circular base for
twisting mode

Rotating weights on frame beams
Rotating weights on frame columns
Lever arm for frequency-dependent
twisting moment

Height of centre of gravity above the
base of foundation

Thickness of elastic layer
Transmissibiltity

Amplitude of twisting moment
Differential temperature in degrees
Initial velocity of hammer head
Velocity of the v1brahng system after
impact

Velocity of shear wave

Weight of machine and foundation
Weight of upper tup in counter-blow
bammers

Weight of ‘lower tup in counter-blow
hammers

Suffixes used (o denote linear or rotatory
motion in {or about) x, y and z axes
respectively.

Distance of centre of inertia from first
frame in framed foundations
Distance of centre of rigidity from first
frame in framed foundations

Goordinates of @@oi?.l[éff.baée area -

Distance of centre of grawty of rotai:ng

loads&omtheﬁmtﬁamemﬁamed o
foundations,

%7 Z Coordinates of centre of gl'a.VltY Df
machine and foundation

b 4 Vertical height of the horizontal osmlla.t-
ing force above the eommon centre of
gravity.

Greek letters

o A factor defined. each time it appears
in the text

o, e Distance of centres of rotation in a block
foundation measured from the base

o A constant used by Ford and Haddow

oy, Xy, OStiffness factors of rectanpular founda-

oLy tions for vertical, horizontal and rocking
modes respectively

f Angle of rotation

Ye Factor for the vertical spring constant
of soil {used in Pauw's method, chapter
four}

Yom Soil stiffness factors for rotation ahout

Yay x and y axes respectively (used in Pauw's
method, chapter four)

g Rate of change of modulus of elasticity
{E) of soil with depth
Efficiency of spring absorbers

Ba Decay factor used by Ford and Haddow

p’ A factor used by Pauw .

v Poisson ratio .

4 Damping ratio (C]Ce)

P Massg density of soil

€ Therma] coefficient of expansicn

Sy _ Vertical displacement

dn Horizontal displacement

L) Frequency ratio in a single-degree system

71, Vs Frequency ratios in a two-degree system

op Permissible soil stress

Ogt Stress due to static loads

oa Stress due to dynamic loads

T Shear stress

®n Natural frequency (sec-?)

Om Operating frequency .of machine (sec—?)
tnzs Qircular natural frequencies in a two-
(AT degree system -

g, @z Limiting frequencies in hammer founda-
: {ion—soil systems

®n,  Limiting circular frequencies ina two-
©na degree system for vertical mbrauons



" s, g Limiting circular frequencies in coupled

. sliding and rocking system

Dynamic factor

Fatigue factor

Mass moment of inertia about the axis
passing through the cofamon centre of
gravity of machine foundation and per-
pendicular to the plane of vibration
Diameter of reinforcing bar (used in
figures)

Mass inoment of inertia-about a parallel
axis passing through centroid of basc
" area of foundation '

A

~ Logarithmic decrement

Abbraviations used in the fexi

cm:

cps

cpm

Centimetre

Number of cycles per second
Number of cycles per minute
Metre '
Minimum

Maximum

Millimetre _
“Revolitions per minute
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CHAPTER ONE

Introduction

THE DESIGN of a2 machine foundation is more complex than that of a foundation which
supports only static loads. In machine foundations, the designer must consider, in
addition to the static loads, the dynamic forces caused by the working of the machine.
These dynamic forces are, in turn, transmitted to the foundation supporting the machine,
The designer should, therefore, be well conversant with the method ofload transmission
from the machine as well as with the problems concerning the dynamic behaviour of the
foundation and the soil underneath the foundation.

That the knowledge in this field has lagged behind other branches of technology is
partly due to the fact that the responsibility for satisfactory performance of a machine
is divided between the machine designer, who is usually a mechanical engineer, and the
foundation designer, whose task is to design a suitable foundation consistent with the
mechanical requirements and satisfying the required tolerances. It is, therefore, desirable
that the mechanical and civil engineers work in close coordination from the planning
stage until the machinery is installed on the foundation.

Until recently, the practice in design offices for the design of machine foundations has
been almost entirely based on empirical rules, since very little was known about the
behaviour of foundations subjected to dynamic loads. With the developments in the
fields of soil and structural dynamics, the design principles were gradually established
without dependence on mere empirical methods. The object of this manual is to present
these design criteria in such a manner that the designer may find them convenient for
application to practical problems.

1.1 Types of Machine Foundations

Based on the design criteria of their foundations, machines may be classified as follows:
Those producing impact forces, e.g., forge hammers, presses.

Those producing periodical forces, e.g., reciprocating engines such as compressors.
High speed machinery such as turbines and rotary compressors.

Other miscellaneous machines. |

o &P



2 nANnnoox OF MACHINE FOUNDATIONS

Gonmdermg their structural form, machine foundations are generally cla551ﬁed as follows:
. a. Block-type foundations (F1g 1.12) consmtmg of a pedesta.l of concretg on whlch
- the machine rests.

b. Box or caisson-type foundations (Fig, l.lb) consxstmg of a hollow concretc blo_ck
supporting the machinery on its top. '

c. Wall-type foundations (Fig. 1.1c) consisting of a pair of walls which support the
‘machinery on their top.
d. Framed-type foundations (Fig. 1.1d) consisting of vertical columns supportmg on
~ their top a horizontal frame-work which forms the seat of essential machinery.
Machines producing impulsive and periodical forces at low speeds are generally mounted
on block-type foundations, while those working at high speeds and the rotating type of ma-
chinery are generally mounted on framed foundations. FHowever, owing to certain local
conditions, this may not always be possible, in which case alternative types may be adopted
as found suitable.

Certain machines such as lathes, which induce very little
dynamic force, may be bolted directly to the floor without
special foundatmns

Based on their operating frequeny, machines may be
divided into three categories:

(s)

i. Low to medium frequencies: 0-500 rpm
ii. Medium to high frequencies: 300-1000 rpm
ili. Very high frequencies: Greater than 1000 rpm

Group i comprises of large reciprocating engines, com-
pressors and large blowers. Reciprocating engines generally
operate at frequencies ranging within 50-250 rpm. For
this group, foundations of block type with large contact
area with the soil are generally adopted.

Group ii consists of foundations of medium-sized reci-
procating engines such as diesel and gas engines. Block
foundations resting on springs or suitable elastic pads are
generally suggested for this group in order to maijntain
the natural frequencies of the foundation considerably
B 27 below the operating frequency.

() Group iii includes high-speed internal combustion
engines, electric motors and turbogenerator sets, Where
massive block foundations are used, small contact surfaces
and suitable isolation pads are desirable to lower the
natural frequencies. Turbo-machinery requires framed-
type foundations which accommodate the necessary auxi-
liary equipment between the columns. '

NN

(b)

2

NN

NN

W

(d) 1.2 General Requirements of Machine Foundations
The following requirements should be satisfied from the
Fig. 1.1: Types of Machine design point of view:
Foundations—(a) Black-Type, ‘80 P : _
(b) Box-Type, (c) Wall-Type, a. The foundation should be able to carry the superim-
(d) Framed-Type. posed loads without causing shear or crushing failure,
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'b.  The settlements should be within the. permissible limits,. . :

c. The combined centre of gravity of machine and foundation should as far as possible
be in the same vertical line as the centre of gravity of the base plane.

d:. No resonance should occur, hence the natural frequency of foundation-soil system
should be either too large or too small compared to the operating frequency of
the machine. For low-speed machines, the natural frequency should be high,

" and vice-versa, ' ' '
e. The amplitudes under service conditions should be within permissible Hmits, The
permissible limits are generally prescribed by the machine manufacturers.

f.  All rotating and reciprocating parts of a machine should be so well balanced as to
minimize the unbalanced forces or moments, This is generally the responsibility
of the mechanical engineers.

g Where possible, the foundation should be planned in such a manner as to permit a
subsequent alteration of natural frequency by changing base area or mass of the
foundation as may subsequently be found necessary.

From the practical point of view, the following requirements should be

fulfilled:

a. The ground-water table should be as low as possible and ground-water level deeper

"~ by at least one-fourth of the width of foundation below the base plare, This
’\]‘lw}o_. limits the vibration propagation, ground-water being a good conductor of vibra-
e

N

tion waves.
b. Machine foundations should be separated from adjacent building components' by
means of expansion joints,
Any steam or hot air pipes, embedded in the foundation must be properly isolated.
The foundation must be protected from machine oil by means of acid-resisting
coating or suitable chemical treatment.
c¢. Machine foundations should be taken to a level lower than the level of the foundations
of adjoining buildings.

oo

1.3 Dimensional Criteria
The dimensions of machine foundations are fixed according to the operational requirements
of the machine. The outline dimensions of the foundation are generally provided by the
machine manufacturers. If the choice of dimensions is assigned to the designer,
the minimum possible dimensions of the foundation satisfying the design criteria should
be selected. '
Given the dimensions of the foundation and the particular site conditions, the designer
must ascertain the natural frequency of the foundation-soil systemm and the amplitudes of
its motion under operating conditions. For satisfactory design, the requirements
explained under Section 1.2 should be satisfied. If the design requirements are not satis-
fied, the designer may suggest alterations in the dimensions of the foundation suggested
by the machine suppliers. Any such alterations should, however, be approved by the
mechanical engineers concerned.

1.4 Design Data
The specific data required for design vary depending upon the type of machine. The
general requirements of data for the design of machine foundations are, however, as follows:
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a. '-Loadmg dlagram showing the magmtude and positions of static a.nd dynamlc loads
. exerted by the machine on its foundation.

~ b. . Power of engine and the opera.tmg speed
‘c. Diagram showing the embedded parts, openings, grooves for foundation bolts, etc.
d. Nature of soil and its static and dynamm properties as required in design calculations.

1.5 Dynam.tc Loads Induced in Simple Crank Mechanisms

" Before a satisfactory design can be made for a machine foundation, it is necessary to obtam

complete information about the magnitude and characteristics of dynamic loads involved.

Dynamic loads exerted on a machine foundation can be generally classified into two -

categories:

a. Shock or impulsive type of loads which occur at regular intervals (e.g., hammers

and presses).

b. Steady-state loads which vary with time according to sine or cosine law (e.g., reci-

procating and rotating machines).

The machine manufacturers generally furnish data concermng the unbalanced forces.
For certain basic types of equipment, however, the unbalanced forces can be calculated.
A brief discussion on how the unbalanced forces are calculated for simple mechanisms
is outlined below:

i. Internal combustion engines, piston-type compressors, pumps, steam engines, etc.,
produce reciprocating forces. The crank mechanism converts the reciprocating motion
to a rotary motion, and vice-versa. A simple crank mechanism for a single-cylinder engine
is shown in Fig. 1.2. It consists of a piston which moves inside a cylinder, a crank of length
r which rotates about a point O and a connecting rod of length / which is attached to the -
piston at point P (known as “wrist pin”) and to the crank shaft at peint C (known as
“crank pin”’). The crank pin C follows a circular path while the wrist pin P oscillates along
a linear path. Points on the connecting rod between C
and P follow an elliptical path.

Designating the total reciprocating mass which moves
with the piston as mrec and the rotating mass moving
with the crank as mrot, the unbalanced inertial forces P,
(along the direction of piston)- and P, (along the per-
pendicular direction) can be written as

2 2
T
P = (mrec+ Mrot) T ‘91211 cos Wmé - Mree Ym o5 2 @mt
- (L.1)
and Pw=mrot Tﬁ)fn sin wmi (1.2)

Where o, is the angular speed of rotation and ris
the radius of crank. For the simple crank mechanism
considered (Fig. 1.2) the reciprocating and rotating
masses are given by the following relations:

~ Fig. 1.2: . Simple Crank T | ree =y 4 my i - (1.3)
Mechanism. {
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Mot = r1:=1 +(l_-}?1') " A ¢ R
where | S
m, — mass of crank
mg — mass of reciprocating parts, viz., piston, piston rod and crank head
my — mass of connecting rod
! — length of connecting rod
I, ~—distance between the centre of gravity of connecting rod and the crank pin C
ry — distance between the centre of gravity of crank shaft and the centre of rotation.

The expression for the inertial force along the axis of the piston (Eq. 1.1) has, besides
a primary component working at the frequency of rotation (©y), a secondary component
working at twice that frequency (2wm).

The inertial force due to rotating masses can be eliminated completely by an operation
known as “counter-balancing.” Imbalance due to reciprocating mass cannot, however,
be avoided. In multi-cylinder engines, it is possible to arrange the cylinders in a manner
such that the unbalanced forces are minimized.

For a particular machine, the unbalanced primary and secondary forces are supplied

by the machine manufacturer. A]ternatwcly, the dcs:gncr should be provided with all the
data (c g. wcights of reciprocating and rotating parts) necessary for their calculation.
“Turbines, centrifugal pumps and turbo-generator sets are examples of rotating ma-

chincry. Although rotating machinery is balanced before erection, in- actual operation
some imbalance always exists. Here, imbalance in a rotating machine means the axis
of rotation not passing through the principal axis of inertia of the whole unit. In the case
of high-speed machines such as turbines, even a small eccentricity can produce large
unbalanced forces.

Fig. 1.3a shows a typical rotating mass type oscillator in which a single mass me is
placed on a rotating shaft at an eccentricity ¢ from the axis of rotation. Such an arrange-
ment causes an unbalanced vertical force given by

“, L]
2Py sin @mt

-‘-nm / { “, / Mms me' \ﬂm

(a} (b)
Fig. 1.3: Rotating Mass Type Oscillator with: () Single Shaft, (b) Two Shafts.

&



6 HANDBOOK OF MACHINE FOUNDATIONS
' ' P =mes 6} sin omt _ o _ ~ (L.5)

Fig. 1.3b shows two equal masses mounted on two parallel shafts at the same eccentricity,
the shafts rotating in opposite directions with the same angular velocity. Such an arrange-
‘ment produces an oscillating force with a controlled direction. ) B

For the arrangement shown in this figure horizontal force components cancel and the
vertical components are added up. If each mass me has an eccentricity e, then the
amplitude of vertical oscillating force Py produced is 2 mee w2 This principle
is applied in the mechanical oscillators employed for dynamic soil testing which will be
explained in Section 3.3. . ' '

1.6 Permissible Amplitudes
Tite permissible amplitudes are generally specified by the manufacturers of machinery.
The permissible amplitude of a machine foundation is governed by the relative importance
of the machine and the sensitivity of neighbouring structures to vibrafion.

Where manulacturer's data does not contain the permissible amplitudes, the values
shown in Fig. 1.4 suggested by Richart may be adopted for preliminary designs. The

envelope described by the shaded line in Fig. 1.4 indicates only a limit for “safety” and not

2.50

1.25

0.50

0.25

0.125

Fig. 1.4: Allowable Limits for Vertical Vibr-
ation Amplitudes {After Richart, F. E,, Jr.
et al., Vibration of Soils and Foundations,
Prentice-Hall Inc., New Jersey, USA, 1970;

with - permission).
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a limit for satisfactory operation of machines. The latter can be furnished only by the
suppliers of the machinery. Barkan®-! has proposed the following values from his ob-
servations of machine performance: - '

For foundations of sensitive equipment such as calibration test stands and precision
machines, the design criteria should be established either by the user or equipment manu-
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Tape Permissible amplitudes (cm)
1. Low-speed machinery (500 rpm) 0.02 to 0.025
2. Hammer foundations 0.1 100,12
3. High.speed machinery:
a. 3000 rpm
i. Vertical vibrations 0.002 to 0.003
ii. Horizontal vibrations 0.004 to 0.005
b. 1500 rpm :
i. Vertical vibrations 0.004 to 0.006
it. Horizontal vibrations 0.007 to 0.009

facturcr. For such installations in which the equipment itself is not the source of
vibration, it is necessary to evaluate the ambient vibrations at the site and provide suitable
isolation in order to contain the amplitudes of movement within acceptable limits.”

1.7 Permissible Bearing Pressures
a. Soil
The bearing pressure on soil should be evaluated by adequate sub-soil exploration and

testing in accordance with 1S:1892 and IS: 1904 or equivalent specification,

b. Timber .

The permissible compressive stress on timber (gencrally used under the anvil of hammer
foundations) may be taken from IS: 883-1966 (Indian Standard Code of Practice for Use
of Structural Timber in Buildings) or equivalent specification.

c. Other Materials
The permissible bearing pressures on other elastic materials such as felt, cork and rubber

are generally given by the firms manufacturing these materials, No specific values are
suggested here since they vary in wide limits.



CHAPTER TWO

General Theory

2.1 Resonance and its Effect
ANy PHYSIGAL system has a characteristic frequency of its own known as “‘natural frequency.”
This is defined as the frequency at which the system would vibrate when subjected to
free vibrations. As the operating frequency of a machine approaches the natural fre-
quency of its foundation, the amplitudes tend to become large. The system is said to
be in “resonance” when the two frequencies become equal. At resonance, it is found
that in addition to excessive amplitudes, large scttlements also oceur.

In the design of machine foundations, an important criterion is, therefore, to avoid
resonance in order that the amplitudes of vibration may not be excessive. The occurrence

of resonance can be mathematically explained by considering a simple case of a single-
degree freedom system. ‘

2.2 Theory of a Single-Degree Freedom System .
Consider a single-degree freedom system (Fig. 2.1) formed by a rigid mass m resting on a
spring of stifiness K and a viscous damper having damping coefficient C. A system is
said to be of a single degree when its motion is constrained to one direction only.

a. Free Vibrations

Let the system be set in motion by giving an initial velocity ¥ to
the mass. The equation of motion for the free vibration of the

T m b

. system is
K ¢ . :
mz -+ Gz -+ Kz =0 {2.1)
inertial damping spring
force force force

Fig. 2.1: Single-Degree 10 Eq. 2.1, z denotes the displacement, Z the velocity and Z the
Freedom System. acceleration of the mass, The right-hand side is zero since there
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~ is no external force on the system during vibration.

The solution of Eq. 2.1 can be written as

—ctpm . [KCP
Z=daqée sin r—.n —Tm-"_ t ‘ (2_2)
where ag is a constant which represents the maximum displacement and known as ‘‘free
amplitude” of the damped system. The frequency of oscillation (wna) is given by

K e
i ’ (2.3)

Wpg =

where wpg denotes the natural frequency of a damped single-degree freedom system.
To obtain the free amplitude a4, the initial conditions at the time when the motion
was set in, should be considered, i.e. when { =0, z = 0 and 3 = V.

Substituting
K C® :
= V/ \/ A (2.4)

Substituting Ce = 24/ km where Cc is called the “‘critical damping” and C/Ce=t, where

{ is called the “damping ratio” Egs. 2.3 and 2.4 give

wna = \/E VIE (2.5)

and ag = V/N/E(l—-tg) (2.6)

Egs. 2.5 and 2.6 give the “damped natural frequency” and the “damped free amplitude”
of a single-degree system.

Corollary: If damping is neglected, C=0, or { = 0. Dropping the suffix “d” to
denote the undamped case, Eqgs. 2.5 and 2.6 reduce to

wp = f @.7)

and . o= \/ 2 - (2.8)

Application: 'The relations given above for the undamped single-degree system under-
going free vibrations will be used in the analysis of hammer foundations (see examples
given under Section 4.5.7).

b. Forced Vibrations
Let the system shown in Fig. 2.1 be subjected to a harmonic exciting force P, sin wpt.

Depending on the type of excitation, two cases can be considered—one case in which the
amplitude of excitation is constant and the other in which the amplitude is proportional
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to the square of the circular operating frequcncy om.  As dlscussed ea.rhcr under Section

1.5, the latter case arises in reciprocating or unbalanccd rotatmg mechamsms Th]g case
is of main interest in machine foundatmns : Do

i. Constant Force Excitation
The amplitude of exciting force (P,) is constant, i.e., independent of forcing frequency in
this case.

The equation of motion of a damped smgle-dcgree freedom system subjected to forced
excitation can be written as

mzy 4+ Cz + Kz = P sinay (2.9)
inertial ~ damping spring exciting
force force force force

wherc P, is the amplitude of exciting force.

Under steady-state forced excitation, the system has a tendency to vibrate at the operat-
ing frequency wm. The solution of Eq. 2.9 under steady-state conditions (neglecting the
transient part corresponding to free vibrations) may, therefore, be expressed as

Z = ag sin (mmt + a) (210)

where a4 is amplitude and o is the phase difference between the exciting force and dis-
placement.

Substituting Eq. 2.10 in Eq. 2.9 and solving the following expressions for a4 and « can be
obtained:

Py
C(l.)m
tan @ = F—mw2 (2.11Db)
Substituting
w? = Kjm, ¥ = G/ (2 VKm) and 1 = wm/en
Egs."2.11a and 2.11b can be reduced to:
o P,
g = - A
/T ¥ (@ &1z
2nt
tan o = Tyt (2.12b)
Substituting P/K = zg, the static displacement
Eq. 2.12a can be written as _
Z=Zg [t : (2.13a)

where
1

L= V=P + e (2-13b)
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Here 1 is called the “dynamic magnification factor,” Fig. 2.2a shows the variation of p
- with y (Eq. 2.13b) for various values of €, : S . :

i . ' Posin “mt
0 P,=CONSTANT}
i 3.0
_ , 0.05 | . m
: | 0.10
4 0.:1 5
[+ nd
0.25
E- ,g_ 20 |
& // 0.375 (a)
,. g i
= 0.50
2 1.0 1
o
L.
5 c
g CSC—C =1.0%
0 1.0 2.0 3.0 4.0 5.0
FREQUENCY RATIO %
] el
o §in (l)mf
20 -105 PEmgew? i
N m
oA
[ o4
g 2.0 ¢
: (b)
F4
c S
> -
O 1.0 - ————
m .
: <Geeo
«Q = o1
b4 :
=
-0 1.0 2.0 3.0 4.0 5.0

FREQUENCY RATIO T

Fig. 2.2: Response of a Single-Degree Damped System under—(g) Constant Force Excitation
(Eg. 2.13b), (b) Rotating Mass Type Excitation (Eq. 2.18).

1. Rotating Mass Type Excitation
As seen under Section 1.5, the exciting force P in the case of reciprocating or unbalanckd
rotating mass type excitation is of the form

P= (meemfn) sin ©_¢ (2.14)

where m, is the reciprocating or unbalanced rotating mass, ¢ denotes the displacement in
the case of reciprocating type and eccentricity of unbalanced mass in the case of rotating-
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_"'typc mechanisms, and wp is: frequency of motion. The amplitude of exciting force

P, (= merw2) in this case is directly proportional to the square of operating frequency

(om).

The equation of motion for a single degree of freedom systers subjected to this type of
forced excitation is written as '

mz - CZ + Kz = (meew?) sin ©_¢ : (2.15)

Substituting for P, = meew? in Eq. 2.11a, the solution becomes

Mgt (2.16)
T VR me |
T ¢
Substituting w? = Kjm; ¢ = m and % = wopfog .
Eq. 2.16 gives
L ! (2.17)
mee/m  / (I—nf)F 4 (2q0)2 '
or ' =t (2.18)

where p' is the “magnification factor” defined by the left-hand side of Eq. 2.17; p is the
magnification factor for the corresponding case of comstant force excitafion (Eq. 2.13b).
Fig>"2.2b shows the variation of u’ with n (Eq. 2.18) for various values of Z.

The expression for « is the same as that given in Eq. 2.12b.

Corollary:  When damping in the system is neglected, i.e,, C =0 or L =0, then

Bo= -I:I-F for constant force excitation ' (2.19a)
2
and po= TE;*- for rotating-mass type excitation : (2.19h)

Further when.n = 1, both ¢ and p’ become infinity. This marks the stage of “‘resonance.”

In practice, the nmplitude at resonance will be finite because of damping which is in-
herently present in any physical system. It is, however, desirable to ensure in the design
of any dynamically loaded structure that the value of frequency ratio v, is far from unity.
According to IS: 2974 (Pt. I), the working range for the frequency ratio 4 is given by the
inequality | B

14 <7< 05 (2.20)

Figs. 2.2a, b show the amplitude-frequency relations for damped-forced vibration of
a mass-spring system under the action of constant force type and rotating mass type
excitations.
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As can be seen from the diagrams, the curves for the two sets of cases are similar in appear-
ance. It may be noticed, however, that the resonant peaks for increasing values of damping
gradually shift away from the ordinate at o = 1. The peaks occur at values of » less
than one in the case of constant force excitation and at values of v greater than one in’
the case of rotating mass type excitation,

"The expressions for resonant frequency and amplitudes for a viscously damped single-
degree freedom system for the two cases are given in Table 2.1.

Table 2.1
' RE_LATI_ONS FOR A SINGLE-DEGREE OF FREEDOM SYSTEM

Constant force Rotating mass type
excitation cxcitation
(P,=constant) (Po=meew? )
R f; Jo /12 ) :
csonant Ircquency 1—-2¢2 —
q ’ n c n ‘\/] ) t:a
P, I 1 Mee I 1
Amplitude at frequency —:-l: ]- —nt — ]
ELA-2P+@n1L)p m (=229 ()
Maximum amplitude of Py 1 1 Mee 1
vibration i K 2t —\/(I _Eg) ‘ m 2 4 \/ 1—¢3

where

Undamped natural frequency {f;) = .l_ £
2x m

Damping ratio () =cCj/C

Critical damping (G} =2 +/Km

Application: The theory of a single mass spring system under forced vibrations is used
in the analysis of block foundations for reciprocating or rotating type of machinery
(Section 4.4).

2.3 Theory of a Two-Degree Freedom System

2.3.1 Undamped Case '

a. Free Vibrations

Fig. 2.3a shows a two-degree freedom system consisting of masses m, and m, and springs
baving stiffnesses X, and K,. Free vibrations are induced in the system by giving an
initial velocity or displacement to one of the masses. The differential equations charac-
terizing the motion of the masses m, and m, are given by

my z+ Ky 4+ K, (21—25) =0 - - {2.21a)

my 23+ Kz (53—2y) =0 | (2.21b)
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'Lct mnl and mna be the circular natural frequencies of the system. It can he dcnved

. that ny and py Are thc roots of the following fourth~order equation (quadratlc in o})

= (m,ﬂ+mnz) (I+a) @+ (1+a) 224 a2=0 - (2.22)
? mz ﬁ-—’ 22 g my %
. .
kz (]
2 m —le 2 m g Fig. 2.3: Two-Degree Freedom System—

{a) Without Damping, (b) With Damping.

&1 .h-[-c

1

{a) (b) -

where ®n1 and wp, are the “limiting frequencies”’ which are defined as follows:

Bz = Ky (2.23a)
my
K
—2 __ 1
LT B my + s, (2-23b)
and o= 22 (2.24)
_ s

Wn is the frequency of the system when stiffness X is assumed to be infinity (bottom
spring is rigid) and ©p, is the frequency when K, is assumed to be infinity.
Eq. 2.22 may be rewritten as -

( oo )4_( o )a( HB;“B) +=0 (2.25)

2
Eq. 2.253 is a quadratic in (;’ - ) and gives two real roots for wp which are the two
ng

where f=K,[K,

- . . . o
circular natural frequencies of the system. Fig. 2.4 shows the variation of =
n2

with the

mass ratio o for the particular case where p=« or Tzz 72 . The practical significance
1
of this particular case will be explained in Sec. 7.3c- when dealing with vibration isolation
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in existing machine foundations. It may be observed from Fig. 2.4 that the smaller the
mass ratio « the closer are the two natural frequencies.

2.0
1.5
: I

Fig. 2.4: Variation of Frequency Ratio fl.,‘ .

7 with Mass Ratio « for the Case when 1.0
A _m I ' S

K, m, 0.8

0.5
O6—01 0.2 03 04 05

The frec motion of the two masses can be expressed as
Zy = Ay sin wpy  + A, sin ey, ' {2.26a)
and Zy= B, sin wn; ¢+ By sin wpy! (2.26b)

To obtain the free amplitudes of the two masses, the initial conditions should be used.
Let it be assumed that the free vibrations are set in when the upper mass is given an initial
velocity V. This case will be illustrated in the analysis of hammer foundations.

The initial conditions to be used are:

At time £=0 2 =2, =0 (2.27a)

2,=Vand 3,=0 : (2.27b)

Using these initial conditions, the displacements z; and z, of masses m; and m, can be
expressed as '

-2 2
g (mn

-2 2 . .
n s On ) ¢
z = (‘ﬂn 2) (m 2 )m 1) 14 { SI Gdpy _ S Cing } (2.28&)
np

Wpy wnz

V (m g2~ "ng/ (52 — o} )
Zo= 2y sin wpyb— ~—22 217 5in wp,t 2.28b
2 (‘-":2:1_ nz) { Con ny g na ( )
Usually the amplitudes associated with the higher of the two irequencies wp, and wg,

will be small. If wp,>wp,, neglecting the part contributed by the higher natural fre-
quency, the amplitudes @, and @, can be written as

(mnz nz) (mnz ?11) V

ﬂl =
mnﬁ (mnl nz) mnz

- (2.29a)



 (2.29b)

and = —

.(mﬁj,_“miz) Wpa

' Application: 'The dynamic analysis of hammer foundations, which will be explained
in Section 4.5 is based on a two-degree system undergoing free vibrations. Eqs. 2.25,
2.29a and 2.29b derived in this section will be used for the computation of natural fre-
quencies and amplitudes respectively of hammer foundations. - ‘

b. Forced Vibrations

Case 1: When the exciting force acts only on mass m,.

Consider the two-degree system shown in Fig. 2.3a. The mass m, is subjected to the action
of an oscillating force Py sin wnf, where P, is the peak force and wg is the operating
frequency. The differential equations of motion for forced oscillation of the system are
given by

m 2+ Ky 2+ Ky (5—2,) =0 (2.30a)

my 2+ Ky (2,~2,) = Py sin wpt (2.30b)
Selving, the amplitudes a, and g, of the two masses m, and m, are obtained as under:

—2
@ng
[(14a) &2+« Goe—wl]

my [ (wh)
where wn,, @n and « are defined by Eqgs. 2.23a and 2.23b and 2.24 respectively and

and ay =

P, (2.31b)

Flel)=oh—(1+a) (@5, +0k) ol+(1+a) &2 62, (2.32)

It may be noticed that Eq. 2.32 is the same as Eq. 2.22 with wq substituted for wp.

Application: This case will be illustrated in the analysis of block foundations resting on
absorbers for vertical reciprocating engines (Section 4.4) and for the analysis of a cross-
frame of a framed foundation by the amplitude method (Chapter 5).

Case 2: When the exciting force acts only on mass (m).

Consider again the same system shown in Fig. 2.3a. The oscillating force P sin &t now
acts on mass m;. The differential equations characterizing the motion of the system are

mz, + Ky 2y + K, (23— 2,) = Py sin ont (2.33a)
maZy + Ky (22—21) =0 (2.33b)

Solving the amplitudes a, and a, are obtained thus:

Py —

ay= -———-—-—m1f (m?n) (mfm—mfn) (2.34a)
~ P, . . .4b

a:"" mlf(mfn) [ﬁ-‘n (23 )
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Eqs. 2.34a and 2.34b may be written in the form of exprcsswns for dynamic factors .
ty and p, as follows with appropnatc subst:tutzons -

_ gyl _ 13 (a3—2 13) 2.34¢)
M= T T Il al) (Il e—mind)—mi« (
and
— lazl — 71?_313 . - 2.34d
b= e = =T n) (nl + mi e ml)—ni (2-34d)
where
P
ﬂat=__‘f{-‘q;
Om
" VEm,
and
Wy
e "K'z/mz

. K, K. . '
For the particular case when —* =1 (considered in Section 2.3a), that is, wn,=m,

. (=nsay) the Egs. 2.34c and 2.34d may be further sxmphﬁed as

1—o? "
M= A T e —a (2.34c)
and
! (2.34f)

T M=) T Fa—n)—a

Fig. 2.5 shows the variation of p; and p, (given by Egs. 2.34e and 2.34f) with 4 for
the case when 0=0.2.

Two points worth noting from this figure are:

1. There are two values of v at which g, or y, is eo. The values of wm corresponding
to these infinite ordinates are the natural frequencies wp; and @y,
2. When n=1, i€, og=tp,, ¢,=0

In other words, when the values m, and k; are such that | ’ LY is equal .to the fre-
My

quency (©m) of exciting force acting on mass m;, then the amplitude of mass m, will be zero.
When &n;=wm, while 4,=0, the amplitude of mass m, may be obtained (from Eq. 2.34b) as

(2.35a)

The amplitude of mass m, is thus equal to its static displacement (displacement of my
under the static influence of Pp).

Application: The above theoretical treatxﬁent will. be useful in the application of an
undamped vibration neutralizer for a rigid block foundation as explained in Section 7.3c.



18 HANDBOOK OF MACHINE FOUNDATIONS

6.0 T 60 - :
T T
5.0} 5.0 : f
. |
4.0 40 (-
| .|
30 ~3.0 } 1 !
L | | | % / N
. |
. N : \
1 ] |
i 1.25 L] (1125 N
0 0.4 081012 1.6 20 0 04 081012 1.6 2.0

(a} (b)

Fig. 2.5: Response Curves for an Undamped Two-Degree Freedom System

for the Case when a=0.2 and E’— = ﬂ .
my

2.3.2 Damped Case

a. Frec Vibrations

Consider the system shown in Fig. 2.3b. Viscous dampers with damping coefficients G,
and C, are additionally introduced here. It is difficult to precisely assess the values of C;
and C, in practice and consequently they are not generally considered in practical des1gns
based on multiple degree freedom systems. However, the following theoretical treatrment
will be helpful in cases where the influence of damping cannot be neglected, and this data
can be obtained from field measurements or otherwise. The equations of motion for the
system shown in Fig. 2.3b may be written as under:

my %+ Cr 2+ Kz + Ky (23— 2) + Gy (5,—2,) =0 (2.36a)
My 2y + Cp (3—4) + Kz (20— 2) =0 (2.36hb)

Both 2, and z, are harmonic functions and can be represented by vectors. Writing the vec-
tors as complex numbers and substituting

2= gitagt (2373)

Zy == a, eitnt (2.37b)

in Egs. 2.37a and 2.37b, and solving, the following governing equation is obtained for the
natural frequencies of the system. -

{F(o2) )2 4+-40l [ & b (02, —02) 4/ TF atlwn(@h,—of) (14+a) }2=0  (2.38)
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where, _
F(o2) = 0! — % (14-a) (B2, 84,44 Uy Laidey Onyt/ T at-02, 824(1+a) (2‘.39)

where & Oy, Oy, and « are already defined in Egs. 2.23a, 2.23b and 2. 24— rcspectwely, &
and §; are damping ratios defined by

~—1-=2% J o ‘ (2.40a)

Co _qp, J &, (2.40b)

Corollary:  'When §,=0, and {,=0, Eq. 2.39 reduces to the form given by Eq. 2.22
for the undamped case.

b. Forced Vibrations

Case 1: When the harmonic force P, sin wm! acts on mass m,.
The equations of motion for the system may be written as

my :él + G, .‘."1 + K1 z;+ Kz ("-'1“‘22) + G, ("-.'1_"22) = P, 5iN tml (2.4'13.)
my 2+ Cy (83— 34) + K, (2,—2;) =0 (2.41b)

Since the system moves at the frequency of the exciting force under steady-state conditions,
the solution may be assumed in the form:

Z; = a, ¢'umt _ (2.42a)
and

2y = ag £'Omt (2.42b)

Substituting these relations in Eqs. 2.41a and 2.41b and solving, the following relations
are obtained for a; and a,

a1=

_ﬁ[ (mnﬁ_m )+21C2 mna Oy —] (2 4‘33.)
my |_Fog) +2ion {4y wy (02,—0%) o/Tra+l 0 (8% —al) (14a)} |
and

al_(fqz_—-l— Coio)

Gy = -ﬂ':-—'r;zzm? —E—C;-L'o“ (2.4'3]3)

where F(w2) is given by Eq. 2.39.
Using the principles of complex algebra, the modulus of 4, and 4, may be written as

(mf'?—_“’rfzz '+ 40wy, ] _
“/ (F(en) )P+ bal (G o (6],— m)\/1+m+c2mn.,<m,u W){iTay @

a4 03 Ggy ©
2.44b
'\/ (Flol) ]2 4ol {clwm(mn,—mzwl+a+zzmmtmu ATy HHP)
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Particular Case:  When §=0 (i.e., the damping in the lower system is neglectcd) and

Gy C the amphtude of mass m, sub_]ccted to a harmomc force P, sin mmt is glvcn by

_ o | (mn2"m2)2+4c2
T [ff(m D t+4el o na{(lﬂf(m l*mm)zj]* -(2-453)

= PG ) mn2+4 2 in m
and ay = [{f(m } +4mmc2mn2{(1+d)2 0) 1'_"mm)2_._:| . ) (2.45b)

where f (wl)is given by Eq. 2.32
or in terms of basic parameters, substituting C,=0 and Ca=C

(.K‘z mz mfujz 02 2 . —%
=p .
“ D[ {(By—my @) (Ky—my o) —Kympo ) +02 o {K1—m1mfn—mam§1}2 - (2.462)
and _ |
K2—§—02 2 __%
=P, .
I v N o sy e ey M

Expressed in non-dimensional form, Eqs. 2.46a and 2.46b may be further written as

(1—08)2 + 4L

~lal_r 3
t1 agt [ [ —(i—D (i— 1) 489 (i—1+ ‘“ﬁ)z:l (2.47a)
and
_lal 1+48243 b o4
S _[ [en? — (3—=1) Z—1)1% +4C 03 (mI—1 + an?)? ] (2.47b)
where
Sk A @480
w ' .
== 2.4
M  Eym, .(2.48b)
= A 4
Tz By (2.48c)
& = myfmy (2.484)
C = C/Cc (2-4‘86)

For the case -g—a = f—l (considered in preceding case), n,=u, (=mn,say), Fig. 2.6
2 1
shows the variation of p, with v for various damping values (C).
It is interesting to note from Fig. 2:6 that irrespective of the degree of damping, all the

response curves pass through two fixed points S, and §,, the abscissa of which may be

~ obtained as roots of the following equation

2 2 2 2
,]4_2,]2( 1+2r3+4;a(3 )+ “ffm —0 (2.49)
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Fig. 2.6: Response of Mass m, for Various Damping Ratios (%)

where ﬂ — 1]1/712
For the particular case considered above since 5, = ., f = 1.0.
Substituting, the abscissae of the fixed points §; and S, in Fig. 2.6 are given by

2

with & == 0.2 in this case.

Tables 2.2 and 2.3 give the values of p; and g, for various values of frequency ratio =,

n}{ass ratio « and damping ratio { for the particular case when n,=m; or the relation
K

i

—= is satisfied.

Application: The theory explained in the abdve particular case is used in the design of
auxiliary mass-vibration dampers, which will be explained in Section 7.3c. The data con-
tained in Tables 2.2 and 2.3 will be useful in the choice of appropriate parameters for the
design’ of auxiliary mass-vibration dampers for a rigid block foundation.

2.4 Multiple-Degree Freedom System

Although the vibration analysis of a multiple-degree freedom system is relatively more
complicated and often necessitates the use of a digital computer, the theoretical approach
for the analysis of such a system for the undamped case is given in this section for the benefit
of interested readers. Matrix notation* is used here for a concise presentation.

*Readers not familiar with this notation may refer to standard books on matrix algebra or Section 28,
Vol 2 of Ref. C 1.6. . '
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- 24.1 Free Vibrations | :

- Consider the system shown in Fig. 2.7. ‘Under free vibration, there is no exciting force on

any of the masses. The system is said to possess n degrees of freedom leading to =
. L equations of motion which may be written in the form

My m 21 + K, 2, + Ky (2;—2,) =0
my Zg+ Ky (;—2) + K; (23— 25) =0
................................. (2.51)
K i e e st r s
P Mmn Zn + Kn (Zn—Zn—x) 0
2mﬂ-1§ The equation system (2.51) may be written in matrix form as
Kn-1 [M]{Z}+[K]{K}=0 (2.52)
where (M) is the diagonal mass matrix given by
’ ' - ' —
E T 0
m, 0 Myeovsesoeanonnnns
[A{] — O 0 ms ............... (2.53)
Ka e i e
0 0 0............ mn
m, § - ) -
i {K] is the stiffness matrix which, in its general form, is repre-
X, sented by
KyKgooooonn... < Kin
. KagKeyoooviononn. Ko
Fig. 2.7: Mu]tiple Degrce [K] | e s m a r a s a s s s ma st ssisoan (2-54)
Frccdum Systﬁm, ---------------------
Koy Kngeovvonnnnn Kan

Ky are the stiffness coefficients which can be evaluated for a given structural system.
‘For the chain-like system shown in Fig. 2.7,

K+K, —K,....... 0
~K, K,+ K, —K;.0 .
[Bl= ] ceiiriiiinint, (2.55)
................... Kn
Substituting z1=a; sin ©f, z2=_.;12 sin wt dnd so on, in Eq. 2.52 and simplifving.
([K]—[M]a?} {(4}=0 (2.56)
o
where {4y =] .. : (2.57)
an
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The algebraic problem represented by Eq. 2.56 is called the “matrix eigen value problem.”
It is also called the “real eigen value problem” to distinguish it from the complex eigen
value problem obtained when the damping matrix is also considered in the equations of
motion (Eq. 2.51). Egq. 2.56 represents a set of homogeneous equations (right-hand side
equal to zero), the condition for obtaining a non-trivial solution being that the determinant
formed by the coefficients of the left-hand side of the equation system should vanish., This
gives the relation in its general form as

Krl _m1 (6] Klﬂ ............. Kln
K21 Kzz "—mzm ...... Kan
............................... =0 (2.58)
K‘ﬂl an ..... Xnn —Mn m’
Eq. 2.58 on expansion gives n roots for w3 say ©f, wf....w such that wi<ni<.. . 0.
The fundamental natural frequency is @, and w,, ©,....w, are the higher-order fre-
quencies of the multiple degree freedom system. The terms g, @,. ..., are also called

the ““cigen values™ of the system.

Substituting cach valuc of w? at a time in the equation system, one can evaluate the rel-
ative values of @y, a,. .. .a;. It may be noted that the absolute values of a;, 4. . . .ap cannot
be obtained since the equations are homogeneous. ‘There are numerous methods avail-
able for the solution of cigen value problems. Standard computer programmes are also
available for solving the eigen value problem involving large matrices, as in the case
when the number of degrees of {reedom is too large to be handled by manual calculation.

If { Vr} denotes the column vector with relative components a5, a5, . . . . 4", corresponding to
a value o (r'h eigen value) then {Vy} is called the eigen vector (also called modal vector
or mode shape) corresponding to the eigen value or.

The following important relations, known as “orthogonality conditions of eigen vectors,"
will be useful:

{(Ve)T (K] {Vs}=0 (2.59a)

and {Ve}T[M] {Va}=0 . (2.59b)

where r and s are two distinct modes.
The superscript T denotes the transpose of the matrix contained in flower brackets.

To obtain thie displacement matrix {Z;} at any instant ¢ after the free motion is set in,
the appropriate initial conditions are to be applied.

Let {<p} and {Zu} denote the initial displacement and velocity vectors at time £=0,

The following expression for {{;} may be derived in terms of the eigen values and eigen
vectors of the system

n

(Vi) (Vi [M] L ps s
{21} = z NAIIGIA [{Zu} €os wrt + . {2} sm. m;t] (2.60)

r=1

Eq. 2.60 gives the displacements z;, z,....Zn at any time £ It may be noted that
the matrix product {V }7[M]{V;} in the denominator is a scalar quantity,
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A useful check on the calculatmn is prowded by the followmg 1dent1ty,

VR VM *'”fiyfg-~~
; Vo)™ [M] {V;}'.“[IJ SR - (2.61)

The right-hand side is the identity matrix, also called the “unit matrix”, -

24.2 Forced Vibrations

- Consider the system shown in Fig. 2.7 with harmonic exciting forces P, sin wpt, Py sin omt...
Py sin wpt dcting on masses m,, m,....my respectively.. The amphtudes of exciting
force are represented by the force vector {F} where ' SR

{Fy=1 .. | (2.62)

The equation of motion of the system may be written in matrix form thus:

[#] {2} -+ [K] (R} = {F) | (2.63)
The steady-state solution of Eq. 2.63 may be expressed in the form

{<}={a} sin ant (2.64)

where {a} is the unknown column vector of amplitudes. '
Substituting Eq. 2.64 in Eq. 2.63 and simplifying, the following set of equatlons is
obtained:

{[£] —w® [M]} {a} = {F} (2.65)
or {a} = {[£] —® [M]}~ {F} (2.66)

where, the superscript —! denotes the inversion of the square matrix contained in the
ﬂower brackets of Eq. 2. 66

Note: Since damping has not been considered in equation system 2.63, if Om is equal to one
of the natural frequencies of the system, the matrix {[K] -—m'—‘[M]} becomes a smgular matrix

(value of its determinant becomes zero) and therefore cannot be inverted.

Alternative solution: The natural frequencies @r (r=1, 2,....n) and natural modes
{V:} are first determined as explained in the preceding section. The amplitudes can be
obtained from the following relation.

S 1T (Vv
{ }_z (mi:.___mfn) [{Vr}T [m {Vr} ] {F} (.Z 67)

r=1
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2.5, Transient Response ' ' o ' g
2.5.1 Response of Single-Degree Freedom System
Consider the motion of a spring mass system (Fig. 2.1) under the influence of a general

transient force F(r) shown in Fig. 2.8. The variation of force with the time as shown

in the diagram may be conmdercd to be made up of pulses of short duration Ar.

=
[y
t
Q
@«
E ——
Fig. 2.8: A General Force-Time Relationship, Fm
—_— T e T TIME T

The response Az of the system subjected to a pulse having a momentum Ay may be written
HE

A .
Az = -;;;—-2; sin vy, (t—1) | (2.68)

where o is the natural frequency of the system and < is the period upto which the system
has been at rest before the action of the pulse.

Since As=F(t)A~
F(x) At
Az = - —151—)@—“-—- sin wy (t—1) (2.69)

The response of the system subjected to the cumulative action of such a series of pulses is
given by

z = J-E(i) dr_ siq wy (i—1) ' (2.70)

m ey
0
Eq. 2.70 is called the “Duhamel’s integral” or *‘convolution integral®.

Nore: If the system was not at rest at (=0, the free vibration term (4 sin wat+ B cos wat} should
nlso be added to the right-hand side of Eq. 2.70 to obtain the total displacement at any time f.
Thus in general,

z=A sin wy! + B cos w t—{—j (2.71)
.0

Particular case:  Consider the response of a single- de.grec undamped system subjected

to a rectangular pulse shown in Fxg 2.9. The load Py is suddenly applied and kept onthe
eystem for a duration T.
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A

e
' Fig. 2.9: A Rectangular Pulse, -

!
: . 2 7

- Fig. 2.10 shows the variation of dynamic factor p(=2z/zst, where zg¢ is the static displacement,
i P,[K) with the period ratio T{Ty where Ty is the natural period of the system.

3116

Fig. 2.10: Transient Response for a Single-Degree 1.0 /
System Due to Rectangular Pulse. = 0.8F

502

: T 0.8 1.0
PERIOD RATIOL-
¢ Tn

Application: The foregoing theoretical treatment will be useful for the dynamic analysis
of block foundations supporting impact causing machinery such as hammers, presses, etc.

(See Example 3 in Section 4.5.7).

2.5.2 Responsz of Multiple-Degree Freedom System

Response of a multiple-degree freedom system subjected to a transient force vector
{F(t)} may be obtained as follows. Let the matrix of initial dxsplacements and velocities
at the time =0 be denoted by the {{}, and {Z}. If Vris the eigen vector corresponding
to the eigen value (or circular natural frequency or,) then the column matrix [Z]; contain-
ing displacements of the system at any time ¢ is given by the following general relation

SV IMI Ty e e o
{Khi= ; (V1T [M]{Vz} I:{Z}n rl+ o {2}gsin :t]

N VRV fpe
+Z m,{vr}r[m{vr}!F()” P=ds (2.72)
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It may be noted that the first part of the right-hand side of Eq. 2.72 denotes the displace-
ment under free vibration (Eq. 2.60) and the second part is the response due to the transient
force (Eq. 2.70.) ' ' T ' '

Eq. 2.72 will be useful only if the integrals involving the forcing function can be evaluated.
Numerical integration using a digital computer will be necessary if the force-time relation
is of a random nature. For methods of numerical integration, the reader may refer to
standard books on numerical analysis.* | ' -

*5. H. Crandall, Engincering Analysis, McGraw-Hill, New York, 1956.



CHAPTER THREE

Evaluation of Design Parameters

3.1 Importance of Design Parameters

THE VARIOUS parameters influencing the design of a machine foundation are : (a)
centre of gravity, (b) moment of inertia of the base, (c) mass moment of inertia, (d) effective
stiffiness of the base support, and (¢) damping. While the parameters mentioned in (a),
(b), {c) above may be called “geometrical properties of the machine foundation system?,
the parameters (d) and (e) may be termed physical properties of the elastic base of the
foundation.

The terms like centre of gravity, moment of inertia and mass moment of inertia hardly
need any introduction. As stated in Chapter 1, the eccentricity of the centre of
gravity of a machine foundation with reference to the vertical axis passing through the
centre of elasticity of the base support induces coupling’ of vibratory modes and this
complicates the design procedure, It is, therefore, desirable in design practice to ensure
that the eccentricities ini the two horizontal directions (x and p) are within permissible
limits. This will be further illustrated in the worked examples given in Chapter 4.

The moment of inertia of the base of the foundation and mass moment of inertia influence
the dynamic calculations for. the rocking (or twisting) mode of vibration. The moment .
of inertia and the mass moment of inertia are direction-dependent in the sense that their
expressions differ with the chosen reference axis,

The effective stiffness and damping offered by the base sup

port depend on the type of
the flexible base provided under the foundation—whether soil, springs, elastic-pads, etc.

a. Soil

As will be explained in Chapter 4, there are principally two schools of thought based on
which the effective stiffness of soil under a machine foundation can be evaluated,

- The elastic half space theory requires the determination of shear modulus (G) and
Poissons ratio (v) of soil preferably by an in situ dynamic test. ‘The in situ dynamic test for

the determination of shear modulus (G) as suggested by the Current Indian Standard
Code 1S 5249-1969 is given in Sec. 3.3, ' '
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The expressions relating G and y with the spring stiffness of soil in the various modes of
_ vib}ation, viz. vertical translation, horizontal sliding, rocking motion in a vertical plane
(X2 and 2¢ planes), and twisting in the horizontal plane, are given in Sec. 4.2 (b).
~ The theory based on the undamped linear spring analogy for soil, as proposed by
Barkane!! requires the evaluation of certain soil parameters which are listed below:
i, Coefficient of elastic uniform compression (C,) '

ii. Coefficient of elastic uniform shear (C.) '

iii, ~ Coefficient of elastic non-uniform compression (Cs)

iv.  Coefficient of elastic non-uniform shear (Cy) _ o
The soil parameters mentioned above are used for the evaluation of the spring stiffness.
of soil in various modes of vibration. The relevant expressions are given in Sec, 3.3.4.

The cocflicient of elastic uniform compression (C,) is defined as the ratio of compressive
stress applied to a rigid foundation block to the “‘clastic” part of the settlement induced
consequently. It has been foundcl-! that within a certain range of loading, there is a pro-
portional rclationship between the elastic settlement and the external uniform pressure
on soil, the constant of propertionality being designated as the coefficient of elastic uniform
compression.

The coeflicient of clastic uniform shear (C;) may likewise be defined as the ratio of
average shear stress at the foundation contact area to the “‘elastic” part of the sliding
movement of the fouhdation. :

‘The coefficients described above are functions of soil-type and of size and shape of the
foundation. However, for practical purposes they are often assumed to be functions of
soil-type only. ' :

Damping is 2 measure of energy dissipation in a given system. Being a physical property
of a system damping can be evaluated only by tests. Two methods for the determination

- of damping are explained in Sec. 3.3.5.

i
4
i

A
4
f
£
f

4
3
v

b. . Other Elastic Supports

For other types of elastic supports normally used under machine foundations, such as
rubber pads, cork sheets, spring coils, etc., the stiffness, damping, permissible bearing
pressure and such other design parameters shall be supplied by the manufacturers of
these products. The stiffness in various modes may, however, be evaluated by using
certain formulae which will be given later. Tt is desirable that a test certificate is demanded

from the suppliers of these products so that designers may use their data with confidence
in design calculations.

3.2 Geometrical Properties of Machine Foundations

3.2.1. Centre of Gravity

The machine and body of the foundation may be divided inte 2 number of segmental
masses m; having regular geometrical shapes. Let the coordinates of the centre of gravity
of each mass element m; referred to some arbitrary axes be (%, 3, 2z;). Then the coordi-
nates (x, y, z) of the common centre of gravity of machine and foundation are given by

X myxg

3= '2 — " (3.1a)
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_‘2”1;}" . _
i em
3= '2’"‘ (3.1¢c)

3.2,2. Moment of Intertia of Base Area
a. If the base of the foundation is of rectangular shape having dimensions'L and B (Fig.
3.1a) the moment of inertia I,, I, and I, are given by

I, = LB3[12 (3.2a)

I, = BL3[12 (3.2b)
Iy=1,+ 1, (3.2¢)
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b. If the foundation is supported at ¥ number of isolated points as in Fig. 3.1b, the
moment of inertia of the group I’ is given by

Then 1; _ E_yf (5.35)
I,=3+ (3.3b)
I=L+L=73(i+4) (3.3¢)

S denotes summation over /N supports (i=1,N)

3.2.3. Mass Moment of Inertia o o
Table 3.1 gives the expressions for mass moments qf inertia for rectangular and cylindrical

elements (Fig. 3-2) about their centroidal axes.

Teble 3.1
MASS MOMENT OF INERTIA (%) REFERRED TO CENTROIDAL AXES

Shape of element having mass m P Py 2

m mo o m e 2
Rectangular prism (Fig. 3.2a) Ty (2 +13) T (2 +‘1.¢; 12 (i +13)

' m m m s
Solid circular cylinder (Fig. 8.26) 1 (F D +4) = o o @D+ )




r

Fig. 3.2: Typical Geometrical
Shapes—(m) Rectangular Prism,
(b) Solid Circular Cylinder. /

(a) {b)

The mass moment of inertia g, about a parallel axis at a distance S from the centre
of gravity is given by

%o =g+ mS (3.4)

3.3 Physical Properties of the Elastic Base and their Experimental Evaluation
3.3.1 Equipment Required for Dynamic Tests

Before describing the actual procedure for the experimental determination of the
physical properties, a brief account is given here of the major items of equipment that
are involved in any dynamic test. The equipment can be broadly classified into two
categories—one required for inducing a» known pattern of vibration (e.g., sinusoidal
waveform) and the other required for measuring the vibration response,’

n. Equipment for Inducing Vibration

The principal unit of this group of equipment is the vibrator—also called the oscillator.
- Oscillators are of different types, depending on the principle on which each type works,
viz, mechanical,” electromagnetic, hydraulic, etc. For the particular application to
machine foundations, a mechanical type oscillator is commonly used. The principle of
this oscillator has been briefly described in Chapter 1 (see Fig. 1.3).

The associated ‘equipment required for inducing vibration with a mechanical oscillator
includes an electrical motor and a speed control unit. The mechanical oscillator consists
of two shafts so arranged that they rotate in opposite directions at the same speed when
one of them is driven by a motor through a belt or a flexible shaft. Such an arrangement
induces a unidirectional vibratory force at the base of the oscillator. Depending on the
orientation of the two counter-rotating shafts, either a vertical or horizontal dynamic
force (passing through the centre of gravity of the oscillator) can be realised. By varying
the voltage supplied to the motor with the help of a speed control unit the speed of the
motor and hence that of the oscillator can be varied. This in turn causes a change in
frequency of vibration induced by the oscillator. S _ o

~ Plate I shows the test set up used for inducing vertical or horizontal dynamic force one
at a time, .The set up includes a mechanical oscillator, a motor, and a speed control
unit. The oscillator shown here has a dynamic force range of 0-2400 kg, the upper limit
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corresponding to arofating fredﬁéncy'df 50 cps. The force induced by this oscillator is
frequency dependant for a given setting of eccentric masses on the two rotating shafts..
By varying the eccentricity .of.' these masses by means of an external control, it is possible

Prate It Set up for Inducing Vertical (A} and Horizontal (8) Vibrations,
1. - Speed Control Unit, 2. Mator, 3. Mechanical Oscillator.
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to vary the amplitude of dynamic force even at the same frequency.

‘The horse power and the rated speed of the motor should be sufficient to realise the peak
dynamic force and the maximum frequency of vibration to be induced by the oscillator.
A 5 HP motor having a rated speed of 3000 rpm and an appropriatp speed control unit
should be adequate to meet the requirements of the oscillator described above,

b. Equipment for Measuring Vibration Response

The equipment under this group includes essentially a transducer, an amplifier and a
recorder. The transducer (also known as vibration pick-up) converts the physical quantity
to be measured into an electrical signal which is related to the physical quantity through
a calibration factor, The voltage signal sensed by the transducer is amplified by an electro-
nic unit known as “preamplifier.” The amplified signal is then fed to the recorder for
recording the waveform or to an oscilloscope for a visual display of the same. If the
transducer is sufficiently sensitive and is of self-generating type (i.c., voltage is induced in
the transducer cable with the movement of transducer) the use of a preamplificr may
be dispensed with,

Vibration transducers may be either displacement, velocity or acceleration type depend-
ing on whether the electrical voltage signal induced in it is proportional to one or other
of these physical quantitites. They may be further classified as resistive type (e.g., sirain
gauge based transducer—see Plate I1) inductive type or piezo-clectric type depending on
the principle of design and construction of the transducer.

The choice of the physical quantity to be measured as well as the appropriate transducer
and the associated measuring equipment necessitate experience and skill and above all
engineering judgement.

Plate II shows two numbers of acceleration type strain gauge based transducers, a dual
channel carrier amplifier, and a portable dual channel pen recorder. This portable set
"up was used by the authors for a number of vibration measurements both inside
and outside the laboratory. The ‘“geophone” which is suggested to be used in the dyna-
mic test for determination of shear modulus (G) in Sec. 3.3.2 is a velocity type inductive
transducer.

The transducers shown in Plate II, enable measurement of absolute accelerations upto
a limit of 4 25 ¢ (g is unit of acceleration due to gravity), the sensitivity being 205 pV
(open circuit) per volt of excitation (of bridge) per g. The particular advantage of this type
of transducer is that it can be easily calibrated even in the field by rotating the sensing
axis through 180° thus causing a variation of acceleration from — gto +g.

‘The amplifier and recorder system shown in Plate IT have a combined sensitivity of
5uV/div, the recorder alone having a sensitivity of 1 mV/div. One division of the chart
paper to which the above sensitivity values refer is equal to 0.8 mm (the chart width of 40
mm is divided into 50 divisions). The recorder has 4 chart speeds, viz. 1, 5, 25 and 125
mm/sec. The frequency response of the recorder is flat from DC to 40 cps if full width of
channel (40 mm) is used for tracing.

Plate ITI shows the view of a double beam oscilloscope with camera attached to its screen.
This oscilloscope has two identical channels each having a sensitivity factor of I mV/div
to 10 V/div and a time base of 0.2 p s/div to 5 sec/div in a number of steps. |



Prate II: Set up for Recording Vibration Response. 1. Carrier ‘Amplifier,
2. Pen Recorder, and 3. Strain Gauge Type Accelerometers.

Pratx III: Double-Beam Oxcilloscope with Camera.
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3.3.2 Experiinental Determination of Soﬂ Constq'_nt:
#. Shear Modulus (G) and Poisson Ratio (v) ' B
IS: 5249-1969%¢ suggests. the followmg method for thc in .ntu determmatlon of shear
modulus of zoil:

A plain cement concrete block (M150) of size 1.5 m X 0 75 m X 0.7 m shall be cast at site
at the particular depth where the machine foundation is to be laid (Fig. 3.3). A mechanical

I 03m o
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- & 25m ANGLE iRON - ™™¥ |—r
I E— WELDED TO BOLT— I 500 mm
Om l
100 mm § !
6 m 25 mm 100 mm
% - | ENLARGED DETAIL OF BOLT
MODEL BLOCK T
BOLT DEPTH OF
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e

Fig. 3.3: Test Pit with Concrete Block (From IS: 5249-1969; with permission
of the Indian Standards Institution, New Delhi}.

: oscillator should be mourted on the block so that the block is:subjected to purely sinusoidal
" vertical vibration (Plate IA). The oscillator is set to work at a certain low frequency
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Fig. 3.4: Typical Experimental Set up for in sifu Dynamic Soil Testing (After IS: 5249-1969;
with permission of the Indian Standards Institution, New Delhi),
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-value. Two geophones of identical characteristics, one connected to the vertical plates

and the other to the horizontal plates of an oscilloscope are so positioned along a ray drawn
from the block in the longitudinal direction that the Lissajous figure on the oscilloscope
screen becomes a circle (Plate IV). The nearest geophone may be at a distance of 30 cm
from the block and the farther one varied in position till this condition is achieved.
Fig. 3.4 shows the block diagram for the testing arrangement. The distance (D)between
the two positions of geophones is then measured. It can be proved from the theory of
wave propagation that the wave length A in this particular case is lour times the measured
distance D. The velocity Vg of the propagating shear wave can be obtained from the
expression Vy=A f where f is the frequency of vibration {in cps ) which is the same as the
frequency of rotation of oscillator.  This can. be obtained from vibration record or by
means of a tachometer. ' |

Prate IV: Lissajous Figure Showing a Phase Difference of /2.

Alternatively, the output from the two geophones may be connected to the two vertical
amplifiers of a double beam oscilloscopé shown in Plate III. The distance between the
geophones is so adjusted that the two traces on the oscilloscope screen appear 180° out of
phase as shown in Plate V. The distance between the geophones will then be equal to half
the wavelength (A) of vibration. The shear wave velocity may be calculated as before.

The elastic modulus (E) and shear modulus (G) of the soil medium may be calculated
from the following relations:

'E_=29V,2(I-]—v) - - o (3.53)
G = pV? (3.5b)
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Puate Vi Two Waveforms with a Phase Difference of 7.

where
p is density of soil

and v is Poisson ratio of soil.

The following values of Poisson ratio (v) may be used® in Eq. 3.5a

Clay : 0.5

Sand: 0.30 to 0.35

Rock: 0.15 to 0.25 :

As a general rule, Poisson ratio may be assumed as 0.3 for cohesionless soils and 0.4 for
cohesive soils.

The test described above is carried out with the frequency of oscillator set to the operating
frequency of the actual machine. The ratio of dynamic force to static weight of concrete

test block and the oscillator taken together should be kept the same as that in the actual
machine foundation.

Aliter:  The shear modulus (G) can also be obtained from the experimentally determined
value of coefficient of elastic uniform compression using the following relations:

E—=2G(1+) (3.6)
and c.—E _1 (3.7)
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where @ is given in Table 3.2 for various values of aspect: ratio (LB), L and B are

thelcngtha.ndbwadthoflhcrectanguhrmodclblockuscdmthetmt

 For the chosen size of the model block (1.5 mX 0.75 mx0.7 m) the value _of-u' is 1.09,

Table 3.2
FACTOR « FOR RECTANGULAR FOUNDATIONS
| . (ARer Barkan, 1962)
LiB . ' .
1 | 106
2 1.09
3 1.13
5 1.22,
10 141

b. Coeflicient of Elastic Uniform Compression ((;)
The following method is also based on the provisions given in IS: 5249-1969,C¢-¢

A concrete block (1.5 mx 0.75 mx 0.7 m) is constructed at the proposed depth of the
machine foundation. A mechanicat oscillator with a variable spccd drive is centrally fixed
on the block to induce purely vertical sinusoidal vibrations in the block (Plate IA). A
vibration pick-up is fixed on top of the block and the amplitude records are obtained by
means of an oscillograph for different frequencies of excitation.  The frequency is gradually
increased in steps till the resonant stage is passed through. The frequency corresponding
to the peak amplitude is the resonant frequency fo. The coefficient of elastic uniform
compression (C,) is obtained from the formula

472 fim

C,=
Ap

(3.8)

where ‘

m  is mass of the test block plus mounted mechanical equipment

Ju  is resonant frequency is cps

Ap  is contact area of the test block with soil.

The ratio of dynamic force to static weight (of concrete block and osc11lator) should be
kept the same as that in the actual machine foundation.

¢. Coeflicient of Ehlﬂc Uniform Bhear (C;)
IS 5249-1969°4-¢ suggests the following method. The oscillator is so mounted on the
concrete test block that it generates horizontal sinusoidal vibrations in the direction
of the longitudinal axis of block (see Plate IB). Three vibration pick-ups are moun-
ted on the block—one each at top, middle and bottom along the vertical central
line of the transverse face of the block (Fig. 3.5) such that the sensing axes of the vibration
ups are parallel to the longitudinal axis of the block. The oscillator is worked at
_ went frequencies and for each frequency, the amplitude response is obtained on an
lograph.
orizontal amplitude versus frequency curves plotted for each of the three pick-ups
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2 MODEL BLOCK

Fig. 3.5 Set uj: For Horizontal = y/ppsx
"Vibration Test (From IS: 5249- PICKA-UIPOSN_
1969; with permission of the Indian - '
Standards Institution, New Delhi).

show two peaks, the frequencies at which correspond to the two resonant frequencies (fs)
of the coupled system (sliding and rocking):

Fig, 3.6: Flot of Amplitude versus
Hecight—(a) First Modc, {b) Second
Mode.

\ |/ AMPLTUDE AMPLITUDE

(8) {b)
O:CENTRE OF ROTATION

To determine the mode of vibration, the resonant amplitude at either resonant frequency
is plotted against height of the location of the pick-up above the base of the block
(Fig. 3.6). If the plot obtained corresponds to Fig. 3.6a, then the particular resonant
frequency (f:,) corresponds to the first (or fundamental) mode of the coupled motion.
However, if it-corresponds to that shown in Fig. 3.6b, then the resonant frequency corres-
ponds to the second mode (fo,). '

‘The coefficient of elastic uniform shear of soil (Cr) is then obtained from

C — Brlaf3
TP+ Q) % V(P + Q)P —4PQu
The positive sign shall be taken when f; is the second natural frequency (f32) of the coupled

motion and negative sign when f, is the first natural frequency {(fa). The following
definitions apply: .

(3.9)

P =difm
% =9/o

Q  =3.46 Ifgo

¢  =mass moment of inertia of block about the horizontal axis passing through

the centre of gravity of block and perpendicular to the direction of vibration;
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o -*=mass moment of inertia of block about the horizontal axis passing through the
| centre of gravity of contact area of block.and soil perpendicular to the direction
, . . ofvibration; = A | o
' 1 =moment of inertia of foundation contact area about the horizontal axis passing
through. the centre of gravity of contact area and perpendicular to the direction
of vibration;
Ar =hbase area of the foundation.

3.3.3 Use of Soll Constants and thelr Relationship

The values of soil constants Gz, C., ete. to be used in the design of actual machine founda-
‘tion may be obtained from the following relations (IS: 5249.1969):

or

where C, is the value obtained from the test on concrete block explained eariier, and Ay is
the base arca of the concrete block used in the text. Actual tests have shown, however,
that the inverse area rclationship given by Egs. (3.10a) and (3.10b) is not applicable
beyond a certain area limit which may be taken as 10m?, after which the value of C,
may be assumed constant for design purposes. This is in view of the fact that the variation
of G, for large base areas, often encountered in machine-foundation problems is not well
established.

Where exact data concerning soil are not available, the values of C: given in the
Table 3.3 may be used for preliminary designs.

The values given in Table 3.3 may be used for foundations with base areas of 10 m?,
or more. If the base area is less than 10 m?, the values tabulated shall be multiplied by
V/10/4;, where 4; is the actual base area of the machine foundation.

Table 3.3

RECOMMENDED DESIGN VALUES FOR C;
(IS: 2974-Pt. 1-1969)

Category of soil Permissible bearing capacity Coefficient of elastic uniform
ap of soil in kg/em® compression (Cz) in kgfcm?

Weak soils I 2
. 2 4
Medium soils 3 5
4 6
Strong soils 5 7
Rocks >5 >7

Having determined one of the soil constants say C, from the in situ testing of soil, the other
dynamic soil constants may be evaluated approximately using the following relations
suggested by Barkan, _ S S . e :
(i) Coefficient of elastic 2 G, _ - (3.11a)
non-uniform compression (Cp)
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(ii) Coefficient of elastic 056
uniform shear (C,) o
(iif) Coefficient of elastic o 075G,
non-uniform shear (C,) o

- (3.11b)

 (3.11c)

3.3.4 Expression for Spring Stiffness of Elastic Supports

a2, Soil
The spring coefficients (X') for the various modes of vibration are calculated as follows:
i, For vertical motion Ke=C. Ay (3.12a)
ii. For horizontal (or sliding) motion K. =C, 4 (3.12b)
ii-  For rocking motion Kog=Cyl (o ¥) (3.12¢)
iv. For torsional motion (rotation about ff‘.{ =Gy I, (3.12d)

vertical axis)
where Ay is arca of horizontal contact surface between foundation and soil, I is second
moment of contact arca about the horizontal axis (x or y) passing through the centroid of the

basc and normal to the plane of rocking, and I, is second moment of contact area about
the vertical axis passing through the centroid of the base.

b. Elastic Pads

"~ Let 4 and ¢ denote the contact area and thickness of one clastic pad. IfEand G represent

the modulus of elasticity and shear modulus of the material of the pad respectively, then
the stiffness factors, with the usual notation, are given by the following expressions:

i.  For vertical translation K= EAft (3.13a)
ii. For horizontal translation Ky = GAJt (3.13b)
EJ
iii. For rotational motion in a vertical Kg= —’-’—Eo—r'ﬂ -(3.13c)
plane xz (or yz) :
) GI, :
iv. For twisting motion in the horizontal Ky= - - (3.13d)
plane xy

If the foundation is supported on J elastic pads symmetrically arranged under the founda-
tion (as in Fig. 3.1b), the resulting stiffness would be as under

i, Vertical translation E =N Eti (3.13¢)
" . . GA
ii. Horizontal translation Ke=N - (3.13f)
: o Ix |
ili. Rotational motion in xz (or yz) plane Ky = N K, (3.13g)
iv. Twisting motion Kq; = —_Jz\f K, (3.13h)

It may be noted that 4 in Eq. 3.13 (¢) and (f} refers to the area of each pad and I in Eqgs.

3.13 (g) and (h) to the moment of inertia of the group of supports about respective axes
(Eq. 3.3). ' ' '
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‘e. Steel Springs

" Let d be thediameter of spring wire, D the dlamctcr of spring coﬂ n the number of windings

_in edch coil, k the height of each spring coil, and G the shear modulus of the material of
the wire (for stcel G=28x 10* T/m®). The stiffness factors of the spring coil are cxprcscd
as follows:

i.  Vertical stiffness (Ky) of one spring:
' 1 Gd¢

Kg = -;l— éﬂb—.' (3.14‘3)
. If there are N springs in the coil, the resultant vertical stiffness (X,) is .given by N.ks.
The permissible load (P) on the spring coil  is given by
T ds
P= 8aD

where 2 is a factor given by
a=1+ 1.25 (d/D) 4 0.875 (d{D)* + (d/D)?
and 7 is permissible shear stress in the spring material.

‘Table 3.4 contains the value of X} (for n=1) and P for a spring coil for different values of
D and d.

Tabie
DATA OF
Permizsible load on spring (P),
Diameter - - ' ' Diameter of
o{)coil 6 mm 10 mm 12 mm 14 mm 16 mm 20 mm
Snn)l P Kl P Kl P K. P K; P K.' . ) P K-

kg kg/mm kg kg/mm kg kg/mm kg kg/mm kg kg/mm kg  kg/mm

20 172.09 168.08 '

30 131.39 498 507.12 384.26

40 10525 21.0 426.58 162.11 688.37 336.15

50 87.5¢ 10.76 36496 83.0 597.73 172.11 898.89 318.85 1269.67 543.95

60 7486 6.23 317.84 48.03 525.55 99.60 798.13 184.52 1138.73 314.78 202846 768.52

70 — 281.05 30.25 467.82 62.72 715.33. 1162 1027.75 198.23 185728 483.96
80 —_ 251,68 20.26 421.00 42.02 646.98 77.84 934.31 132.80 170631 924.22
90 227.76 14.23 382.43 295.11 589.96 54.67 B55.31 9327 157462 227.71
100 207.93 10.38 350.18 21.51 541.84 39.86 789.98 67.99 1459.86 166.00
120 — 299427 12.45 46539 23.07 679.88 39.35 1270.00 96.40
140 - —_ 407.55 14.53 597.28 24,78 1124.19  60.50
160 ' — 532.30 16.60 100672  40.52
180 ‘ : - 911,04 2846
200 831.725 20.75
220 .

240

260

280

300

320
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ti. Horizontal stiffness (K,) of one spring:

K,=K

0.77  (3.14b)

0.385 {1 +T,—h’}

Where a is the coefficient to be obtained from Fig, 3.7 for known values of %/D and 8,/A,
k is height of spring coil, and 3, is the static compression of the spring coil under vertical
load.

If there are N springs in the coil, the resultant horizontal stiffness is N.k.

iii. Stiffness (Kg) against rotation in vertical plane for a proup of springs:

I' Gd* ’
Ka = —;— 3—55 = dg (or ¥v) Xs (3.14(:)

where /' is moment of inertia of the group of isolated spring supports about the axis of rota-
tion x or y (Eq. 3.3a and 3.3b).

34

CYLINDRICAL SPRINGS*
Axial Stiffness (X, for one winding)t

spring wire {d)
22 mm 24 mm 26 mm 28 mm 30 mm 32 mm
P K P K P K, P K, P Ky P K,

kg kg/mm kg kg/mm kg kg/mm kg kg/mm kg kg/mm kg kg/mm

2376.39 708.57

2195.05 474.69 2750.00 672.00

2034.00 333,39 2562,14 472.1B 3159.85 650.36 3827.30 874.77 4564.05 1152.77

1891.87 243.04 2390.94 344.22 2958,54 474,11 3595.55 637.71 4302.31 B40.38 5060.00 1088.00
1655.41 140.64 2102.20 199.20 2613.97 274.37 319.25 369.04 3839,19 486.33 4554.91 629.57
1468.65 88,57 187),30 125.44 2334.77 172.78 2861.33 232,40 3452.88 306.26 411093 396.46
1318.41 59.33 1684.02 84.04¢ 210635 115.75 2887.91 155.69 3130.80 205.17 3737.72 265.60

1195.35 41.67 1529.72 59.02 1917.02 B8l.30 2359.84 109.35 2860.54¢ 144.10 3421.23 186.54 -

1092.90 50.38 1400.71 43.03 1758.00 59.26 2167.38 79.71 2631.28 105.05 3151.91 135,99
100639 22.83 1291.40. 32,33 1622.79 44.53 2003.15 ©59.80 2434.92 7892 2920.35 102.19
— 119768 2490 1506.54 34.30 1B61.55 46.]1%3 226512 60.79 2719.50 78,70

' — 1405.62 26.98 173B.33 36.28 2117.00 47.81 2543.87 61.80

— 1830,18 29.05 1986.75  38.28 2389.12 49.56

— 1871.88  31.13 2251.81  40.29

L 2129.22  33.2

* The values _gi;cn in this table are calculated for G=830,000 kg/cm® and T=6000 kg/cm?.
1 For a spring coil with n windipgs, divide the tabulated values by n.
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iv. Torsional stiffness (Ky) of a group of springs:
| ¥ _ I o 1
¢ 0.7 3.14d
n 8D 0.335::{1 +-577ﬁ'} (3.14d)

I is obtained for the group of gprings fram Egq. (3.3¢),

d. Piles
1. Vertical Stiffness

Bearing fiile:  The natural frequency aof vertical vibrations (@) of an end bearing pile
carrying a load W may he obtained from the relation

" BtanB=ua (3.15)
where a is the ratio of self weight of the pile to the external load carried by it, and
et B

£ and y are the modulus of elasticity and density of the material of the pile; and H is the
height of the pile.
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Table 3,5 shows the values of f {corresponding to the first mode of vibration) for various
- values of a for which equation 3.15 is valid, For a pile of known charactcnstics, thc natural
frequency may be obtained from the abgve tabulated data.
Alternatively, the natural frequency of an end bearing pile may be rgad from Fig, 3.8
suggested by Richart®#41, This figure shows the variation of natural frequency (fx in cpm)
with pile length (H in fcct) for different materials under different ranges of direct stress.

10,000
8000

8060
4000 |
3000

2000

Flg. 3.8: Characteristics of Vertical Vibra- 1900
tion of End Bearing Piles under Axial Loads
{From Richart, F. E., ]Jr., "Foundation
Vibrations”, Trans. ASCE, 127, P1. I, pp.
863-98, 1962; with permission),

1000
800

500 “TConcrete 0 =

50 Ib in2

Natural Frequency, fn. cpm

400

300 -Steel o=

5000 Ibf in?

"Concrate o =
1000 tb{ in?

100 1 N SRS 1
20 30 40 60 80100 150 200

Pile length, ft

The vertical stiffness (K,) of a single pile may be obtained from the computed natural
frequency, thus :

2
w; 3
K, = '—“(H—-—) w (3.17)
£ 3 .
Table 3.5
COEFFICIENTS FOR NATURAL FREQUENCY OF PILES
M " 0.01 0.10 0.50 0.70 0.90 1,00 1.50 2.00 3.00 4,00 5.00 10.00 20.00 100
B 0.10 0.32 0.65 0.75 0.82 0.86 0.98 1,08 1.20 1,27 1.32 1.42 1.52 1.57 w2

Equation 3, 17 assumes the validity of a single-degree freedom system with one-third of
the weight of the pile added to W for calculations. It can be verified that the error induced
in this assumption is less than 1 per centtora yalue of a=1 and this error decreases further
as « assumes still less values,

Friction pile; The expression for K, of a single pile is given by
KI:CFAI . . (318)

Where C, is the cpefficient of elastic resistance and 4, is the surface area of the pile,
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" The value of C, depends on the spaéihg of the piles and the character of the surroun-
" ding soil. Its approximate value when the spacing of the piles exceeds about six times

. the diameter (or the cross-sectional dimension of the pile) may be taken from the follo-
~wing data % - S T _ SR T

Nature of soil _ | Cy
| | (t/m?)
(2) Soft and sandy clays : 500
(b) Sandy soils 2500
{c) Loess and sandy clay 3000

If the pile spacing is small compared to the diameter then a rhultiplying correction
factor (a) given in Table 3.6 should be applied to Eq. 3.18.

. Tﬂblﬂ 3-6
CORRECTION FACTOR « FOR A PILE GROUP
S:D ' x
3 0.35
4.5 0.58
6 0.63
© 1.00

Ai.  Horizontal stiffness: Assuming that the pile is free from the surrounding soil and fixed
at top and bottom over a length 4 as in Fig. 3.9, the latera] stiffness of a single pile is
given by

12 E '
Ks (or ¥y = h's—' Is (or _I", (3.19)

IR

-
-
-
—
-

;{ ' ,:' ‘;" Fig, -33'*9: Block Founddtion pn Piles,

L -

where I, (or 4) Is moment of inertia of the pile cress-section about the x (or 3) axis; & is
generally taken } to ¢ of the total depth of pils (),

iii. Rotayy stiffnsss: The stiffness factor (Ky) against rotation of a pile group In yz
(or x2) plane is given hy | '

Ko=Lorny K, - (3.20)

‘where K, is vertical stiffaess of a .sing'lc pﬂe and I‘ ar .5 is thc.momcnt of inertly of pile
group about x (or y) axis (Eq. 3.3). '
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iv." Torsional stiffness; The stiffness factor (Ky) for torsional vibration is given by

3.3.5 Damping Coefficient ({)
a. From forced vibration test: A mechanical oscillator is mounted on a concrete block
(Fig. 3.3) in such a manner that it induces pure vertical vibrations. The vertical amplitude
response is obtained from a pick-up mounted on_its top for various frequencies of excita-
tion till the “‘resonance” is passed through. A graph (Fig. 3.104) is drawn between ampli-
tude and frequency of excitation. The frequency (fn) corresponding to the peak amplitude
represents the “resonant frequency”. =~ . R ' '

[ [ — . A\

[

= { 343
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w tt
O n || [
. > : ——t
Fig. 3.10A: Response Curve = s | / b
aunder Forced Vibration. & E : L
by
3 e P
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T |
— Hir 112

FREQUENCY (/)

The damping factor (§) can now be obtained using the relation

Ay
(=t (3.22)

where A, is the intercept between the two points on the response curve at which the ampli-
tude is 0.707 (or 1/4/2) times the peak amplitude and f; is the resonant frequency (at
which the amplitude is the maximum).

b. From free vibration test: Free vibrations are induced in the block in some suitable
way, such as by hitting the block on top with a hammer. The decay curve (Fig. 3.108) is

Fig. 3,10B: Decay Curve under
Free Vibration,

AMPLITUDE
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obtained on a vibration recorder connected to a vibration pick-up which is fixed to the
concrete b_lock. The damping factor is obtained from the formula

g =1 log-2L | (3.23)

where a, and g, are the vibration amplitudes at two successive peaks on the decay curve.



CHAPTER FOUR

Analysis and Design of Block-Type
Machine Foundations

4.1 Modes of Vibration of a Block Foundation

A BLOCK FOUNDATION has, in general, six degrees of freedom and, therefore, six natural fre-
quencies (one corresponding to each mode of vibration). Three of them are translations
along the three principal axes and the other three are rotations about the three axes (Fig.
4.1). 'The vibratory modes may be “decoupled’ or ‘intercoupled’ depending on the relative
positions of the centre of gravity of the machine foundation and the centroid of its base area.
The natural frequency is determined in a particular mode (decoupled or intercoupled)
and compared with the operating frequency.

2z
!
LI
|
YA\"'VING
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Fig. 4.1: Modes of Vibration of a Block y
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‘4.2 Review of Methods for Dynamic Analysis
a. - Empirical Methods : ' - '
These methods are based on experimental data collected from practice.
i, Tschebotarioff®4? gave an approximate relation between contact area of a
machine foundation and a variable which he termed as “reduced natural frequency™

(for). .The latter is defined as the product of the natural frequency and square root of
contact pressure.

r

Jnr= n‘\/_cr——' where o= z‘ 3 t/n (41)

W is weight of foundation and 4; is the base area. This correlation (shown in Fig. 4.2)
is used to determine the natural frequeny in terms of weight of the machine plus foundation
and the contact arca. The graph is given only for four particular types of soil and its use
for any other type of soil may not be justified. '

10,000 '\‘
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VAT
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3

Fig. 4.2: Graphical Data on Engine
Foundations (After Tschebotarioff,
G.F., “Performance Records of Engine
Foundations”, ASTM Special Technical
Publication No. 156, 1953; with
-permission).
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ii. Alpan®! made use of Tschebotarioff’s data and developed an expression for
natural frequency, in the form:

o

e AC) (42

where fu is natural frequency, W is weight of machine and foundation (in kg), At is contact
area (m®), « is a constant equal to 3900 for peats, 69,000 for plastic clays, 82,000 for sands
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and 111,000 for sand stones. Int view of the empirical nature of these methods, they may

_be used only for preliminary design purposes when the soil constants are not readily
‘available, - - R L ’ ' :

b. Methods Based on Considering Soil as a Semi-infinite Elastic Solid

The soil is considered to be a semi-infinite isotropic elastic solid (also called the “elastic
half space”) which is subjected to vibrations from an oscillator having a circular base.
The term “oscillator’ here corresponds to the machine foundation. The pertinent proper-
ties of soil as elastic body are: (1) the shear modulus G, (2) Poisson ratio v, and (3) the mass
density p. The theory predicts the amplitudes of motion resulting from a periodic force.
Under this hypothesis, three types of pressure distribution are assumed at the base of the
foundation: (1) uniform, (2) parabolic, and (3) that produced by a rigid base (Fig. 4.3). .

- - ! r
7N i) - —

_L—-, ° ’____r"" 0 o . I e

a—

|
z Z Z

(a) (b) (c)

Fig. 4.3: ‘Types of Pressure Distribution—(a) Uniform, (b} Parabolic, {c) Rigid base.

i. Among the available solutions to this problem for vertical vibrations the one that
was offered originally by Sung®-4" and later developed by Richart®®4! is popular.
This approach is based on the assumption of a rigid base-type pressure distribution under
the foundation. Two types of exciting force are considered—one type in which the
amplitude of exciting force is constant and the other in which it is dependent upon exciting
frequency. As stated in Chapter 2, only ihe latter case is of interest in the machine founda-
tions. However, for academic interest the case of constant force excitation is also discussed
below. Figs. 4.4 shows the non-dimensional plots drawn with the frequency factor (o)
and amplitude factor (a, and a;) taken respectively on the ahscissa and the mass ratio
(bz) as ordinate for various values of Poisson ratio (v).

The notation used is as follows: )

Frequency factor (wp)=w.ry1/p/G (4.3)

Mass ratio (bz)=m/ferd (4.4)
where p is the mass density of soil, m is the mass of machine foundation, 7, is the radius of

equivalent circular base ( \/ ﬂ) and A4y is the base area of foundation.
o ,

Amplitude factor (a,, a,)
Jo for constant force (P,) excitation (4.5a)

a1=a=GP
0
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3 .
ay=a,-2 % for rotating mass (meee:l) excitation ~ (4.5b)
A R— k - o o o

" where az is the resonant (vertical) amplitude.
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Fig. 1.4

ii. Arnold, Bycroft and Warburton®'? have examined the sliding and rocking
modes of vibration of a cylindrical foundation resting on the surface of a semi-infinite elastic
medium. The pressure distribution under the foundation was assumed to be of the rigid
base pattern. Only one case of Poisson ratio (equal to zero) was considered for showing
the amplitude—frequency relations. Figs. 4.5 and 4.6 show the characteristics of sliding and
rocking oscillations of the foundation. The figures are self-explanatory. For foundations
with non-circular bases, the radius of équivalent circular base is obtained as below:

- For translation rp= Ar (4.6a)
N
For rotation about one of the horizontal axes ry= '4 / %_ (4.6Db)

where I, is the moment of inertia of the base about the axis of rotation and 4 is the base
area of the foundation.
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Figs. 4.4-4.6: Characteristics of Vertical (4.4), Pure Sliding (4.5), and Rocking Oscillations
{4.6), as Functions of Inertia Ratio b, (From Richart, F. E., Jr., “Foundation Vibrations",
Trans, ASCE, 127 (1), 863-98, 1962; with permission).

The mass ratio b, in Fig. 4.5 is given by
b:u = m/pré’ (4‘.60)

'The frequency factor w, and the inertia ratio by for rotary mode in Fig. 4.6 are given by

Wy=— mgrg'\/p/—G_ (4"6d)
and
bg= 22 (4.6¢)
P .

where ry is given by equation 4.6b.

'The amplitude (a,) under pure sliding oscillations is obtained from relations similar to
Egs. 4.5a and 4.5b with a, replaced by a,.. ' '

For rocking oscillations (Fig. 4.6) the amplitude of rocking moment (M,) was assumed
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‘to be cidnstant ‘In' machine foundatlons, however, the excxtmg moment is a function
~of the operating frequcncy

_ jii._ Fsieh®2 gave an analytical treatment to the problem of a circular foundation
o under the supposition of rigid base-type pressure distribution underneath it. He exprcssed
" the equations of motion for translation of such a foundation as follows :

Translation
' mx-+ V;é—fﬁ Fayx+ F,Gryx="P,sin apt (4.72)
Rocking '
o8-+ VT TAF. -+ GrEF0—Mysin o )
where

F,, F, are functions contained in Table 4.1
o, o, are contained in the cxprcssmn for F; such that Fy==o,— AL
gy 1S "the frequency factor=wnry/p/G
and P, isthe amplitude of exciting force.

Table 4.1
FUNCTIONS F, and ¥, (Hsich, 1962)

Mode Poisson's ratio v F, F,

Vertical .0 4005 w] | 33404 o,

(0<w,<1.5) 0.25 53—1.0 w} 4¢.44+-0.8 w,

0.5 8.0—2.0 w; 6.9

Huorizontal 0 4502w} 2.440.3 &

{0 <wy<2.0) 0.25 4.8—0.2 o} 2.540.3 «,
03 5.3—0.1 0} 2.84+0.4 o,

Rocking 0 2.5—0.4 w? 0.4 «,

(0< e, < 1.5)

Torsion all 5.1—03 0} 0.5 w,

(0< 3y < 2.0)

Substituting F;=o,—x,w3, Egs. 4.7a and 4.7b reduce to the following forms

(m-oyprd) i+ 1v/pG ri Fyit2,Gryx=Psin w,,t (4.7¢)
(p-Fagpr§)i+ /G riF S+ o,Grib=Mysin ot (4.7d)

Comparing Eqs. 4.7c and 4.7d with the standard equation of motion for a single-degree
system Eq. (2.9) the following conclusions can be reached:

a. The term w,prd represents the “effective mass of soil” participating in vibration for
translatory modes. The corresponding expression for “mass moment of inertia of soil”
for rotational modes is oprg.

b. The term VpGr2F, plays the role of the equivalent damping coefficient (C) for

translatory modes, The corresponding term for rotatory modes is vV pGriF,
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The term «,Gr, is equwalcnt spnng constant of, sml for translatory modcs The
corresponding expression for rotatory miodes is a,Gry. . :

Knowing the effective mass, damping and stiffness terms of the equivalent single degree
freedom system, the natural frequencies and amplitudes can be obtained using the expres-
sions given in Table 2.1. For uniform and parabolic pressure distributions under the foot-
ing, Hsieh suggests that a radius of ar, may be used in the above expressions where a is
0.78 and 0.59 respectively. '

iv. Ford and Haddow®™13 gave an analytical method for determining natural fre-
quencies of a machine foundation. This method is based on Rayleigh’s principle of
conservation of ecnergy on the assumption that the system is conservative. The expression
for natural frequency of vertical vibration is given by

o= 9N el +e
where
By is decay.factor which represents the rate of decay of amplitude with depth below the
surface

p is the mass density
g is the acceleration due to gravity
and o is bearing pressure on soil.
The value of B, is obtained from

C
—— 49
P %/ Ay (1-—v?) (*+9)

where
o is a constant (Table 4.2) depending on shape of foundation.
C is a soil constant (C=2 for sands and 1.5 for clays)

and Ay is the base area of foundation in ft2.

Table 4.2

FACTOR =z BASED ON SHAPE OF FOUNDATION
{After Ford and Haddow, 1960)

Shape Circle Square Rectangle
Ratio L}H — 1.0 1.5 2 3 5 10 100
n: 0.96 0.95 0.94 0.92 0.88 0.82 0.71 0.37

The expression for horizontal natural frequency is as follows:

_ GPug 4.10
Je=tv= 2 \/Pglﬁu‘!‘u ( )

The parameters contained in this expression are same as those defined earlier.
- v Use of modified mass ratio: By using the so-called “modified mass ratio” for vertical
vibration introduced by Lysmer and for other modes by Hall®1® the influence of
Poisson ratio is considered directly [compare with paragraphs (i) and (i) above]. Using
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- the relations contained in Table 4.3, a unique set of curves could be plotted for magnifica-
tion factors 1+ and ¢’ (which are related to the amplitudes) and frequency factor (w,) as

functions of modified mass ratio (B) for 2ll values of Poisson ratio {v). In the charts
' presented by Richart earlier for vertical vibrations (Fig. 4.4) different curves were drawn

for different Poisson ratios.

Figs. 4.7 to 4.10 show plots of frequency factor () and magni-

fication factor (i, &’

) separately for constant force excitation (shown in broken lines) and for

rotating mass excitations (shown in solid lines} as functions of modified mass ratio.

The notations used in Table 4.3 is as vnder:

Frequency Factor (w,)

a. For vertical translation. Wy =0Ty4/p[C (4.11a)
b. For horizontal translation wg=0,.794/p[C (4.11b)
c. For rocking wo=0g754/p/G (4.11c)
d. For twisting mn——-m,rq;\/p/(}' (4.11d)
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Figs. 4.7-4.10: Characteristics of Vertical {4.7), Pure Sliding (4.8), Rocking (4.9), and Torsional
Oscillations (4.10) as Functions of Modified Inertia Ratio B. (From Richart, F. E., Jr., et al.,
Vibration of Soils and Foundalions, Prentice-Hall, New Jersey, USA, 1970; with permission)..

For a rectangular base, the equivalent circular radius (r,) is obtained from the following
relations

For translation - ry=+/Am (4.12a)

For rocking _A/ A - (4.12b)
ks

For torsion ry= V 212 where L=I+1, (4.12c)

vi. Lumped-parameter system equivalent to elastic halfspace model: A lumped-
parameter system conventionally represented by a mass spring and a dash-pot is used as the

basic model for analyzing the motion of a rigid block foundation. The equation of motion
for such a system is given by '

mi 4+ Cx4-Kx=P(t) | (4.13)

where m is equivalent mass, C is equivalent damping constant, K the equivalent spring
constant and P{¢) the time-dependent force.



' " Table 4.3 _
EXPRESSIONS FOR MASS RATIO AND AMPLITUDES

D o Resonant amplitude for
Mode Mass ratio Remarks

B Constant force Rotating mass
' excitation excitation
; (1=v) m (1~v)P, me
Vertical By= ——— — —_
_ * 4 prd 4Gr, # m
. a(1— : _ )
Rocking Bg= ”6"")-'_?;';. 31— ...A_f'?.u Mefz o — Moﬂ
Pro 8 Gré s mee s
.y (7—8v) m (7—8v) P, mge
Slidin Bp—e —— ¢ e e ’
& * B21—v) prl 32(1—v) Gr, m b
3 T T
Torsional B";’ = —‘P—sﬁ- — : i i p_' = 9 3
P 16 Gry, Pe Mgt

The mass of the machine and the foundation is taken as the lumped mass. Typical
equivalent Jumped-parameters are given in Fig. 4.11,

! i

Fig. 4.11: Equivalent Lumped Parameter Systems for (a) Vertical, (b) Sliding-cum-Rocking,
() Torsional Modes.

‘The spring constants for a rigid circular footing resting on elastic half-space for different
modes of vibration are as follows:61-17 '

Vertical K =%ﬂ _ (4.14a)
Horizontal Kp= gi(%%iiﬁ'- (4.14b)
8Grj

Rocking Kg= m ' (4.14c)
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Torsion | K¢=I—§- Gry, | | o (414d)
For a rectangular footing having base dimensions (L X B) and resting on elastic half-spaﬁe,
the spring constants may be determined from the following expressions:

Vertical K= i Eva,-\/ LB (4.15a)
Horizontal Ka=2(1-4v)Gazv/ LB (4.15b)
Rocking Ko= livmaBL? (4.15¢)

‘The parameters «,, @, and ey may be evaluated from Fig. 4.12.
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Fig. 4.12: Useful Parameters for Rectangular Foundations {From Richart, F. E., Jr.,
et al., Vibration gf Soils and Foundations, Prentice-Hall, New Jersey, USA, 1970;
with permission}.

The resonant frequency and amplitudes may be obtained from the expressions given in
Table 2.1. The damping ratio ({) may be obtained from the expressions in Table 4.4.

Table 4.4

EQUIVALENT DAMPING RATIOS
{After Richart ¢ al., 1970)

Mode Mass ratio (B;) Damping ratio (&;)
1—y) m 0.425
Vertical B= )—3 g, 4%
4  prd 2/ B,
. C Bae i—8v m 0.288
Sicine TR el “~VE
Rocki _3(1—v) % ' ' tom 0.15
eeenE TR e . T B VEs
- g WL
Torsion b= P"tf; b= 1+2B;[;
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c. Gonsideri.ng Soil as a Spring.

" These methods are based on the assumption that a certain mass of soil vibrates along with
the foundation. Interpreting this behaviour as an undamped mass-spring system, the
circular natural frequency (wn) in vertical mode is given by

mn=\/——K'— (4.16)
N m+-mg

where K is soil spring constant, m is mass of machine foundation and mj the apparent mass -
of soil vibrating with the foundation. '

The investigations carried out by various research workers have confirmed the fact that a
certain mass of soil vibrates with the foundation, and this should be accounted for in the
analysis. There is, however, no agreemcnt on the magnitude of the effective mnass of the
soil participating in vibration.

i. Pauw®-37 has suggested that the effective zone of scil bencath the foundation
may be assumed as a truncated pyramid (¥ig. 4.13) extending to infinite depth.

The other assumptions in Pauw’s method are as follows:

K N
. S \7 \ ~
R h
UNIT SURFAGE g N>~

LOAD

FTIT T T T AT P 7?7 272 7 LS LTyt

E(ZY=F(h+Z) E{Z)=F
COHESIONLESS S0IL COHESIVE SOIL

Fig. 4.13: Assumptions in Pauw’s Analysis (From Pauw, A., “A Dynamic Analogy
for Foundation Soil Systemns”’, ASTM Special Technical Publication, No. 156, 1953;
with permission}.

For cohesionless soils, the modulus of elasticity (E) is proportional to effective depth.
For cohesive soils the value of E is constant and the stress distribution over any section
parallel to the contact surface is uniform.

Stiffness factor for translation: According to this method, the spring factors K, X
and K, for translatory modes of vibration in the respective directions (Fig. 4.14) are given
by the expressions contained in Table 4.5.

The values of v; can be obtained from Fig. 4.14a for cohesionless soils and from Fig.
4.14c for cohesive soils. The notation used is as follows:

L and B are the sides of the rectangular foundation

F==0

; (4.17)
r=L|B (4.18)



BLOCK-TYPE MACHINE FOUNDATIONS 63

0.2
B\
0.5
\\ \\\\\\ K.=8B B
= oA
. \ * = .
Slen \\\\\ \ —— ] KJ = ﬂ’B:Tg'
s AR (8) p=
20 o] B’ = B/[2 (14-v]]
\ \ \ S g
\\ \ T r.’e
50 \\ \g{&\_
26 TS0
o 1 2 3 4 5
Yz/’
0.2 Y I '
1)
\\‘ -—‘—f-f.‘. Key = BBy, [rotation about x axis]
. \\ : Ty Kz = BB'vg, [rotation about y axis]
0.5 \‘Q\ - “Ir Koy = p'B* (Tex+TBy) [rotation about z axis]
Y
AhIhwAY T8
1.0 = —
AISAN ’
2w e (b) ~_Y6s
4 2.0 o ~dr=4 B
4 RN NN '
e —
SSSEL
—Tr =4
5.0 —r =
02 0.4 0.6 0.8 1.0
0 To/r
1
2 ! ﬁ—. b ] Kz = FaBry,
i f_Y_a_x 7\\ . ﬁ:, = GmB-y:
-.:‘m 5 y T Kyr = ExBg,
| ' ' 7 N Keg = EuB3y
b | P, e]
= : (®) Ky ="GuB® (g Ygy
Bzl | G B
] | T2 (14)
20 ] !
17

01 02 0.5 20 5.0

1.0
/: ° |
Fig. 4.14: Equivalent Soil Spring Constants (From Pauw, A., "A D'yna.n:lic Analogy tor Foundat'ion Soil

Systems”, ASTM Special Technical Publication, No. 176. 1953; with permission}—(a), (b) For Cohesionless
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k is equivalent surcharge defined by the ratio of foundation pressure to unit weight of soil

-« is a factor which defines the slope of the truncated pyramid and is generally taken as unity
B denotes the rate of increase of Young’s modulus with depth (zero in cohesive soils)

and §'=p/2(1+v). | : - (4.19)

Table 4.5

EXPRESSIONS FOR SPRING CONSTANTS
' {After Pauw, 1953)

Mode Spring constant ~ For cobesionless soils ~ For cohesive soils

K BBy, EaBY,
Translation

Kx = Ky B'B2Y‘ GG-BYI

Koy BBY,, EoB¥,
Rocking Ky, EB‘TGJ ExB*,

K¢ ) B’B‘(Tﬂx + Ye_,) GuB‘(T 8x+YﬂJ )

Stiffness factors for rotation: For rotational modes, the expressions for spring factors are
given in Table 4.5.

‘The values of yg, and vy, can be obtained from Fig. 4.14b & c for cohesionless and
cohesive soils separately.

Apparent soil mass: The cxpreésion for apparent soil mass mg for translatory modes of
vibration is given by
PBa Cm

Mg = ga (4‘-20)

where Cp, is a function of s and r.

i. For non-cohesive soils, Cm is obtained from -Fig. 4.15a. No graphical data is sug-
gested by Pauw for cohesive soils. '

The expression for mass moment of inertia of soil for rotational vibrations is given by

pB C;

o (4.21)

Ps =
where C; can be obtained from Fig. 4.15 a&b. In these figures, C§, C% and C5 denote the
factors of mass moments of inertia about x, y and z axes respectively. These factors can
be obtained from the Figs. 4.15a and 4.15b for cohesionless and cohesive soils separately.

For a rigid block foundation having six degrees of freedom the generalized coordinates
%, ¥, 2, 85, 8y, and ¢ are as shown in Fig. 4.16, The inertia parameters associated with
these co-ordinates used as suffixes are

Mz == my = my == m{ + ms (4.22)
The superscripts ‘f* and ‘s’ denote foundation and soil respectively.
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Fig. 4.15: Apparent Mass Factors (From Pauw, A., “A Dynamic Analogy for Foundation Soil

Systems"”, ASTM Special Technical Publication, No. 156, 1953; with permission). (a) Cohesionless Soil:

(i) Translation Modes, {(ii) to (iv) Rotary Modes about x, y and z Axes, {b) Cohesive Soils:
Rotary Modes).

Similarly, the mass moments of inertia g,z @ay, 9o; for rotation about x, y and z
axes respectively are given by the following expressions:

Pz = (Poz)! + (Pox)®
Poy = (Poy}! -+ (@oy)® (4.23)
Poz = (?0:)' + (‘Poz)B

For the foundation shown in Fig. 4.16, the six natural frequencies of the block foundation
can be written as follows: ‘
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Vertical
m?: = K;[m, (4.24a)

Sliding and rocking in xz plane

olg = 3| 22 4 BT J {4 B Rl el (a2e)

Mz Poy Pov My Qoy

Sliding and rocking yz plane

m?=er=&[f-yl 4 ES 4 Ko S+K.,, 4 \/{ Kyszi@i}z 45_1{‘,,}{”:] (4.24c)

My Qozx

*S” denotes the height of centre of gravity above the base of the foundation.
Torsional (yawing)

2 _ Ko

¥ Poe

(4.24d)

The spring constants (K) and inertia parameters (m’, ¢}) can be obtained from Pauw’s
charts (Figs. 4.14 and 4.15).

ii. Balakrishna Rao and Nagaraj®-5 suggested that the soil participating in the
vibration may be assumed to be that enclosed within the y kgfem® pressure bulb where
v kgfcm? is the unit weight of soil (y=p/g). The pressure bulb is obtained by considering
the sum of static and maximum positive dynamic load of the machine and the foundation
block to act as a concentrated load at the mass-centre of the machine foundation. The
boundary of this pressure bulb for the given load condition would vary with the nature of
soil. If W is the total concentrated load (static+dynamic), then the depth (d;) of the
deepest point of the density pressure bulb is given by

d* = 0.4775 X % (4.25)
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and the mass of soil oscillating with the foundation is

meten(z) | -(4-26)

the pressure bulb being a sphere for concentrated load.
iit. The practice prevalent in the U.S.S.R. for the design of machinery foundation

is mainly based on the method proposed by Barkan. Barkan ignores the effects of
“damping” and considers the soil as a linear weightless’ spring. According to him,
damping has only a slight effect upon the calculated natural frequency, and if the operating
and natural frequencies are well apart, the effect of damping on amplitudes can be
neglected. Regarding the effect of soil inertia, Barkan had shown that the apparent
mass of soil participating in foundation vibrations does not normally exceed 23 per cent of
total mass of machine and foundation. Thus, according to him, the calculated natural
frequency should not be in error by more than 10 per cent.

For foundations resting directly on soil, Barkan has introduced the following soil para-
meters which yicld the spring stiffnesses of soil in various modes. These parameters are
alrcady defined in Section 3.4,

Cocfficient of clastic uniform compression

for vertical translatory mode _ C.
Cocfficient of clastic nen-uniform

compression for rocking mode Co
Coecflicient of clastic uniform shear

for horizontal translatory mode C.
Coefficient of elastic non-uniform

shear for twisting (or yawing) mode C

If the common centre of gravity of machine and foundation and the centroid of the base
arca lie on the same vertical line in one of the principal planes of the foundation, it can be
shown that the translatory motion of the foundation along the vertical axis (or the z axis)
and the rotary motion about the same axis (yawing) are independent (or uncoupled).
Therefore, the motion in these two modes can be represented by two separate single-degree
systems. On the other hand, the sliding motion in the horizontal x (or ») axis and the
rocking (rotary) motion about the y {or x} axis are interdependent (or coupled). Hori-
zontal sliding and rocking motions of the foundation in xz and yz planes are, therefore,
represented by two “two-degree freedom systems™ separately.

The foregoing discussion leads to the conclusion that the dynamic analysis of a block
foundation should be carried out for the following cases illustrated in Fig. 4.17:

a. Uncoupled translatory motion along (z) axis. :

b. Coupled sliding and rocking motion- of the foundation in x~z and y-z (vertical)
planes passing through the common centre of gravity of machine and foundation.

c. Uncoupled twisting motion about z axis.

4.2.] Discussion on the Various Methods

The empirical methods suggested by Tschebotarioff and Alpan (Sec. 4.2) can be used for
preliminary design purposes if the soil beneath the foundation falls under any one of the four
categories shown in Fig. 4.2. However, these methods can be used only to check the
. occurrence of resonance which in itself is not adequate for a satisfactory design.
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e
m
‘ (=)
Myl)
M¢)" m ~—— Px{]‘
. Xy, Fig. 4.17: Modes of Vibration—(a) Vertical, (b) Coup-

led Bliding and Rocking, and {c} Torsional.

Among the methods. where soil is considered as a semi-infinite elastic solid (Sec. 4.2b)
those of Richart using the concept of modified mass ratio and the approach of an equivalent
lumped parameter system are the recent additions. The tables and charts given in
Section 4.2b can be used for the calculation of natural frequencies and resonant amplitudes
in the respective modes.  The assumptions made in the theory that the soil is 2 homogenous
elastic solid and that the contact pressure distribution under the foundation is of the rigid
base pattern are not practically valid in all cases. Besides, using this approach the analysis
can be carried out for each of the six modes independently, while, in practical cases,
some of the vibratory modes (e.g., sliding and rocking modes) are coupled. These
considerations limit the application of the above-mentioned methods in practical examples
of machine foundations. _ ‘

The methods of Pauw and Balakrishna Rao are based on the assumption that a certain
mass of soil participates in vibration with the foundation. However, the concept of
participating soil mass and its quantitative evaluation is not well established as yet.

Barkan’s method, which is based on linear spring theory and which neglects the effects
of damping and participating soil mass, is now popular in design offices. The method is
relatively simple and predicts fairly closely the true behaviour of the foundation, as evidenc-
ed from the reported investigations on niimerous existing foundations.

From the above considerations, it is recommended that in actual design practice the
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method suggested by Barkan may be used for the dynamlc analysis of block foundations.
The theoretical basm of this method i s gwcn 1n Sec. 4.3.

43 Recommended Method of Analysis for Block Foundations
As stated in Sec. 4.2.1, Barkan’s method is recommended for the dynamic analysis of
block-type machine foundations. The theoretical basis of this method is outlined below:
Let it be assumed that the combined centre of gravity of the machine and foundation
lies in the same vertical line as the centroid of base plane. It was stated earlier that for
this case, the vertical translation and twisting modes are uncoupled, while the sliding and
rocking motions in each of the two vertical planes (xz and yz planes) passing through
the common centre of gravity of machine and foundation are separately coupled. The
motion of the foundation in the xz plane will be examined first.
Fig. 4.18 shows a block foundation having a mass m (W/g) and base area 4¢ and subjected
to the action of oscillating loads P,(t), P,(t) and a moment M,(t) where ¢ is the time para-

Pelt)
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/ My l"\l ~—
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Fig- 4.18: Displacement of Foundation T — ~ _ér . 7 —p, (1)
o . / /X
under Oscillating Forces in x-z Plane. / . { /
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meter. Let the principal axes through the common centre of gravity G be-chosen as the
axes of co-ordinates and S is the height of G above the centre of elasticity of base support.
Fig. 4.19 shows how § should be measured for different types of elastic support that may be
used under the foundation. Let K}, K, and K, denote respectively the stiffnesses of the
elastic supports used in vertical compression, horizontal shear and against rotation (about
the y axis). Let p, denote the mass moment of inertia of the foundation about the
yaxis. Thenx, zand , are respectively the displacements along x and z axes and rotation
about the y axis.

The equations of motion of the foundation for the undamped case can be written as
follows:

Vertical
| mi+ K, z2=P, (t) (4.27a)
Horizontal .
m¥ + Kz (x—80y) = Pz (1) (4.27b)
Rocking

orbi— K St + (Ko WS + EaS5%) by = My (1) | (4.270)
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Fig. 4.19: Values of § for Foundation Resting on Different Supports—(a) on Seil,
(b) on Elastic Bedding, () on Springs, (d) on Piles.

It may be seen that Eq. 4.27a representing the translatory motion along the z axis is
independent of the other two coordinates x and 8 while Eqs. 4.27b and 4.27c, which
represent the horizontal sliding and rocking motions respectively, contain both x and 8.
Egs. 4.27b and 4.27c thus form a coupled set while Eq. 4.27a can be soived indepen-
dently as a separate single-degree system.

To obtain the equations of motion in the yz plane, the suffixes ¥ and y should be inter-
changed in Eqs. 4.27b and 4.27c. The equation of motion for torsion (rotation about
the z axis) under the influence of an oscillating torsional moment T sin wt is given by

P+ Ky = Tysinat (4.27d)

where g, is the mass moment of inertia about the z axis, { is the angle of twist and K is
the stiffness of the elastic support for rotation about vertical axis.

Eq. 4.27d, similar to Eq. 4.27a, is independent of the motion of the foundation in
other modes and may be solved as a separate single-degree system. The solution of the
equations of motion 4.27a to 4.27d leads to the following expressions for natural frequencies
ana amplitudes for the various modes.

a. Vertical Translation (Fig. 4.17a)

i. The circular natural frequency (w;) for uncoupled vertical translation along the z

axis is given by '
w, = 1/K[m (4.28a)

For foundations resting directly on soils

%=JQ& (4.28b)
i m )
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ii., The vertical amplitude (2;) under the action of an exciting force P, sin wm?, om
being the circular operating frequency is given by S

P,

2

e m (“‘z“m‘zn)

(4.29)

- b. Sliding and Rocking Moticn in xz Plane :

i i. MNatural frequencies: The two natural frequencies @ny, wn, which represent the coupled
motion (sliding along x axis and rocking about y axis) in the xz plane are given by the
roots of the following quadratic equation in o2

2 2 2
Oy Gy

where «, is the ratio of the mass moment of inertia (p,) about the y axis passing through
centre of gravity to the mass moment of inertia (@o,) 2bout a parallel axis through the
centre of elasticity of the base support.

oy = @y/ Py (4.31)
wﬁ, = (Kgy— WS)low 64-323)

and
w2 = Kafm ‘ ' (4.32b)

For foundations resting on soils
Coly— WS
. i = 4.33a

. o o Pov ( )

and
0l = G, 4 (4.33b)

m .

The terms w, and wg, are called the “limiting frequencies” of the coupled motion;
w, represents the natural circular frequency for “pure sliding” along the x axis when the
foundation is assumed to possess infinite resistance to rocking (about the y axis) and gy
denotes the natural circular frequency for “pure rocking” (about the y axis}) when the
foundation is assumed to possess infinite resistance to sliding (along the x axis).

The two roots wy, and wn, of Eq. 4,30 are given by

-
oty = 5| wy+ of + 4/ (hF Dt mi] (4.342)
Y
~and
.
oty =g | bt of = o/ ot o | (4.34b)

The foundation vibrates with circular natural frequencies wn; and wn, (where wn >
wn,) about two centres of rotation — O, and O, (Fig. 4.20) — which are situzted at distances



(a) ‘ (b)

Fig. 4.20: Gcntrmr of Rotation for Coupled Sliding and Rocking Motion in x-z Plane—
() First Mode, (b) Sccond Mode.

«; and a, respectively from the common centre of gravity where

w3 s

ot B B (4.35a)
x nt

and
: w? s _

oy = A : (4.35b)

X ni
It can be verified that
@y oty = Qy/m (4.35¢)

ii. Amplitudes: 'The horizontal amplitude (a,) and rotational amplitude (agy) of the
foundation subjected to the simultaneous action of an exciting force Pn sin wpf and an
. exciting moment M, sin wyt are given by

Iz =_[ (Kgy— WS + K, 82—g, k) P + (K5 S) Mg]’jT:n—z- {4.36a)
and
1
[ (K. S) Ped (Bi—mal) M, Flad) (m ) (4.36b)
_where
flod) =mey (0li—oh) (ol — Jﬂ?n) | (4.37)

The net horizontal displacement (along the x axis) of the upper edgé of the foundation
1s equal to

. a5 + (H—S) agy (4.38)
where H is height of foundation. '
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c. Slding and Rocking Motion in yz Plane
The natural frequencies of the coupled sliding (along the y axis) and rocking (about the
x axis) motion of the foundation are given by an equation similar to Eq. 4.30 obtained
with the suffixes x and y interchanged in it. . o '

The amplitudes a, and ag. may likewise be obtained from Egs. 4.36a and 4.36b
with the suffixes x and y interchanged. The net horizontal amplitude (along the » axis)
of the upper edge of foundation is then :

2y -+ (H—5) age (4.39)

d. Yawing [or Twisting Motion about z axis (Fig. 4.17c)]

As explained earlier, the yawing motion is uncoupled and the natural frequency (mq,)
for twisting mode and the amplitude under the action of a twisting moment 7T, sin ont
are given by the following expressions

: oy = o Kylps (4.40a)
For foundation resting on soils
oy =\ [ (4.40D)
Pz
1 T,
ay = (—“’5,—"”:2.1) X {-q—)z—} T, (4.41)

If the combined centre of gravity of the machine and foundation and the centroid of
the foundation base do not lie in the same vertical line, the vertical vibration is not
independent of horizontal vibration and rocking. In this case, vertical, horizontal and
rocking vibrations in xz (or yz) planes are intercoupled and the three coupled natural
frequencies ,, w, and w; (three in each plane xz and y2) are given by the roots of the follow-
ing expression:

2 2
9 2 2) (4-42.)
£ x

where w., tny, ®n, are given by Egs. 4.28a and 4.34, ¢, is the eccentricity of the centroid
of base area of foundation measured along the x axis from the cenire of gravity of machine
foundation and

o = gy/m | (4.43)

To obtain the roots of Eq. 4.42, the expression on. the right-hand side is evaluated for
various values of w2 and plotted as shown by curves 4 and B in Fig. 4.21.

A straight line is drawn corresponding to the left-hand side of the above equation. The
abscissas of the points of intersection of the two plots give the three unknown roots (w2, @3,
@d) which are the three circular natural frequencies of the coupled motion of foundation.

Note: If the eccentricity is within five per cent of the length of the corresponding side of the founda-
tion, the same may be neglected in calculations.



74 HANDBOOK OF MACHINE FOUNDATIONS

8.

Fig. 4.21: Graph lllustrating Eq. 4.42 (After Major, A., Vibration Analysis and Design of
Foundations for Machines and Turbines, Akademiai Kiado, Budapest, 1962 ; with permission).

44 Foundations for Machines Inducing Periodical Forces (Example: Reci-
procating Machinery)

Reciprocating engines having crank-type mechanism include the following category of

machines: {a) steam engines, (b) diesel engines, (c) displacement compressors, and

(d) displacement pumps.

Foundations of reciprocating machinery are generally of block-typc with openings
provided where necessary for functional reasons. The classification of machines which
induce periodical forces and the type of foundations to be provided for such machines
have been discussed in Section 1.1.

4.4.1 Special Considerations in Planning

The dimensions of the foundation should be such that for low-speed machines (operating
speed less than 500 rpm) the natural frequency is high, and vice-versa. To obtain a high
natural frequency, the foundation must have a large base area and a small self-weight.
The foundation recommended in such cases-is either of box or caisson type. To obtain
a low natural frequency, the foundation must be fairly massive or should be supported
on springs or other suitable materials.

The outline dimensions of the foundation (in-plan) are generally furnished by the
machine manufacturers. The height of the foundation may be fixed tentatively on the basis
of soil strata in sitz and the operating levels for the machinery. The dimensions so chosen
may have to be altered, if required, in the design stage to satisfy the accepted design criteria
which will be given in Section 4.4.2.

The following points will be considered while planning the foundatmns for reciprocating
engines:

i. The eccentricity of the common centre of gravity of machine and foundation referred
to the centroid of base area should not exceed 5%, of the corresponding base dimension
of the foundation.

ii. To decrease the transmission of vibrations to adjacent structures, it is necessary to
provide an air gap around the foundation. Where the elastic under layers such as spring
casings are provided below the foundation, the latter should be placed in a reinforced con-
crete trough and due provision made to give access to these under layers for periodical
inspection or replacement.
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fii. In order to reduce the horizontal amplitudes, the height of foundation should

~ be selected as small as possible. A larger base dimension is selected in the direction of the -

rocking moment, if any, acting on the foundation. :
iv. If several machines are located close-by in. the same machine hall, a2 common
foundation may be recommended for all of the machines, particularly when the underlying

.

soil is soft. However, the analysis of vibrations of the foundation for such a group of

‘machines is complicated. For practical purposes, the common foundation may be

considered as broken up into sections corresponding to individual foundations and the
computations carried out as if they were separate foundations. The permissible amplitudes

. may then be increased to .25 mm®l.

4.4.2 Design Criteria
The principal design criteria for the foundations subjected to periodical forces are as

follows:
i. The natural frequency should be at least 30 per cent away from the operating speed
of the machine. o

ii. The amplitude of the foundation should not normally exceed 0.2 mm.

iii. The stress on soil (or other elastic layers such as cork, springs, etc. where used)
under the combined influence of static and dynamic loads should be within the respective
permissible values. For preliminary designs, the bearing pressure on soil due to static
loads alone may be taken as 0.4 times the corresponding safe bearing capacity.

The minimum possible dimensions of the foundation should be selected satisfying the
above design criteria.

4.4.3 Design Data
The data to be supplied by the machine manufacturers include the following:

i. Normal speed and power of engine.

ii. Magnitude and position of static loads of the machine and the foundation.

jii. Magnitude and position of the dynamic loads which occur during the operation
of the machine. Alternatively, the designer should be supplied with all of the data
necessary for the computation of exciting forces (see Sec. 4.4.4).

iv. Position and sizes of openings provided in the foundation for anchor bolts, pipe
lines, flywheel, etc.

v. Any other specific information which the machine suppliers may wish to add
considering the speciality of the particular machine. These may include permissible
differential settlements, permissible amplitudes of motion, etc. (if they differ from' the
normal design values).

4.4.4 Calculation of Induced Forces and Moments

Let a block foundation be acted upon by an exciting force P, the components of which
in the respective directions are Py, Py and P, (Fig. 4.22). Let (%, s Z,) denote the
coordinates of the point of application of the force referred to the principal axes passing
through the common centre of gravity (G) as axes of coordinates. The unbalanced
moments M, M, and M. about the respective axes can be expressed .as

M, =P.y. + Py 2o (4.442)
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Fig. 4.22: Gencral Representation of Exciting Forces on a Block Foundation,

My=ng;+Pna€3 (4.4‘4‘1))
Mz = P:_yd + Py.ra (4‘.4’4‘6)

The method of evaluating the induced forces for a simple crank mechanism has been
explained in Sec. 1.5. It may be recalled that reciprocating masses produce both primary
inertial forces as well as forces corresponding to higher harmonics. The latter are
generally neglected since their contribution is small.

w. Multi-cylinder Engines
For a multi-cylinder engine having parallel cylinders, the induced forces (neglecting higher
harmonics) are given by the following expressions:

i. Parallel to cylinder axis (P,)

P = 2":: L] i (mrot + myeq) cos (wmt + Bp) ] (4.45a)
n=1

ii. Perpendicular to the shaft axis (P,)

n=l

P,= % [r,. w2, mrot sin (omt + Bn) ] (4.45b)

where ry, is radius of crank for the nth cylinder, wm is the angular speed ‘of rotation,
mrec and mrot are the total reciprocating and rotating masses respectively, f, is the
wedging angle (angle between the crank of the nth cylinder and the first crank) and m is
the number of cylinders in the engine. The wedging angles for various crank settings
are given in Table 4.6. ‘

For arbitrary position of cylinders, the induced forces shall be considered for each
cylinder separately. Apart from the induced forces, there also occurs induced moments,
the magnitudes of which are evaluated using Eq. (4.44). For multi-cylinder engines the
algebraic sum of the induced moments in each cylinder should be considered.

The following example illustrates the calculation of exciting forces and moments for a
two-cylinder vertical engine,
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Table 4.6
WEDGING ANGLES FOR MULTI-CYLINDER ENGINE

Type of engine and Wedging angles

crank setting (Ba)

1. Two-cylinder engines

: {a) Cranks in same direction Bi=0; Py=2m

(b) Cranks forming 90° ' B1=0; By=m/2
(¢) Cranks forming 180° ' B;=0; fy=m

2. Three-cylinder engines By=0; By=2n/3, By—4m/3

3. Four-cylinder engines By=0; By=r, By=rr, B,=2%

B,=0, By=2n/3, By=4n/3

4, Six;c lihdcr en ;nw
Py & Bu=4r/3, B;=2w, By=Br/3

Consider a two-cylinder vertical engine (Fig. 4.23) having identical cylinders with the
cranks set 90° apart. The induced forces in the cylinders along the axis of the cylinders
(vertical axis) arc P, and P, and those in the perpendicular direction are P,, and P,,.
The height of the common shaft is /.. The expressions for induced forces and moments

ﬁ Pz! Pzz
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- ; 7
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A— --_-—-nn————.- — — -—, pr ——— —
I Ix IY%-!'Z-'
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Fig. 4.23: Exciting Forces in a Two-Cylinder Reciprocating Engine.
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on the foundation fdr the cqnﬁéur_étion shown in Fig. 423 are given. below:
i, Induced forces purallel io .gr_l.'.;‘fz_dy.’it_:a_l axis (z axu) | . o
P,l = r 2, (Mrot + Mrec) COS wmt | (4.46a)
Pyy = r &2, (mrot + Mree) cos (ﬁ;mt 4 %) (#4.46b)

= — rw? (mrot + mMrec) sin @mt
‘Total force (P,)=2P,,+P;,

= r w?, {mrot + mirec) (COS Omi—sin wmt)

— T
= 4/ 2 1w (mrot -+ mirec) cos ( Wit + “4—) (4.47)
ii.  Induced forces perpendicular to cylinder axis (x axis) :
Pyy = rol, mrot Sin wm! (4.48a)
Pu:a =T mi‘ Myt SN ( wmt ;‘r—) (4.48]3)

Total force (Ps) = P,, + P,

= 1 w2, mrot (sin wm! + cos wpt)

= 4/"2 r w2 mo sin (mmt + %) (4.49)

The total induced force in either direction is thus 4/2 times the force induced in each
cyliuder.

Hi.  [Induced momenis: Referring to Fig. 4.23 again, the induced moments about the

axes of coordinates passing through the common centre of gravity of machine and founda-
tion (G) can be written as

Mz= P, ly + P 1y,  (4.50a)
My = (Pz! + Pﬂ?:) I + (le + Pzz) lx (4'50]))
M: =Pz1 ly; + ng [yg (4‘500)

The foregoing relations are valid only for engines having main cylinders and no auxiliaries
(exbaust cylinders, etc.). If the engines have auxiliary cylinders, ther in the computation
of induced forces, the loads imposed by these auxiliaries should be added to those produced
by main cylinders. The forces induced by the auxiliaries are generally very small and
may be neglected in the computation of foundation vibrations.

b. Newcomb’s Procedure for Design of Engine Foundations
Newcomb®*® expressed the inertial forces (P) acting along the axis of the piston
in the form

P =0.0000284 Wif2 (cosﬂ + - cos 2 e) (4.51)
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where P is the inertial force in pounds, 7 is the radius of crank in inches, W is weight of
reciprocating parts in pounds, fm is engine speed in rpm, and [ is the length of connectmg
rod in inches and 8 is the inclination of the crank to the piston axis.

The first term in the bracket represents the primary inertial forcc and the second term
is the scconda.ry inertial force.

The maxunum force corresponds to 0 = 0 and hence

Pumax = 0.0000284 Wg” (1 + —) | (4.52)

Table 4.7
UNBALANCED FORCES FOR MULTI-CYLINDER ENGINES
(after Newcomb, 1957)C3.28

¥orces Moments
Crank "Arrangement Primary Secondary  Primary  Secondary
(P (P (M) (M)
P, without counter
i. Single crank weights. 0.5P, with P, Zero Zero
counter weights.
ii. Two cranks at 180° . P D without
o o counter weights.
a. In line cylinders Zero 2P, P,D[2with Zero
counter weights.
b. Opposed cylin- D_E_D
ders Zero Zero Zero Zero
1.41 P, without 1.41 P.D without
iii. Two cranka at 90° I 2 counter weights.  Zero . counter weights. P,D
0.707 P; with 0.707 P, D without
counter weights, counter weights.
iv. Two cylinders on 7 P, without counter
One crank— i welghts. zero with 1.41P, Zero Zero
cylinders at 90° counter weights.
2 P, without )
v. Two cylinders on counter weights,  Zero Zero . Zero
One crank—opposed P, with counter
cylinders weights.

vi, Three cranks ' 3.46 P, D without
at 120° /]\ . Zero Zero counter weights, 3.46P,D
. 1.73 P,D with
counter weights,

vii. Four cylinders M ,
a. Cranks at 180° ] ' Zero - Zero Zero Zero

b. Crank at 90° + L Zero Zero 1.41 P,D without 4.0P;D

counter weights.,
0.707 P, D with
counter weights,

viii, 8ix cylinders J\ [ : It : | : l: : | : Zero Zero Zero Zero
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Maximum primary force (P) = 0.0000284 Wif2

Maximum secondary force (Pg) = Py %

(4.53a)

(4',.531))'

“Table 4.7 gives the unbalanced forces developed by multi-cylinder 6;1gincé having
identical cylinders. If the cylinders are not identical, this table should not be used.
The unbalanced forces should then be computed for each cylinder separately and the results

superimposed.

As stated in Section 1.5, the unbalanced forces for a particular machine should be avail-
able from the machine manufacturers, since theese quantities would have been required

for the original design of the machine.

‘Where they are not supplied, the foundation

designer should be furnished with all of the data necessary to compute them.

4.4.5 Forces Acting on the Foundation
For the structural design, the following forces which maintain the foundation in equilibrinm

should be considered:

1. Induced forces (and moments) multiplied by a fatigue factor

2. Inertial forces
3. Dynamic forces

The mecthod of calculating the induced forces and moments for various types of engines

has been given in the earlier scction.

The fatigue factor () may be taken as 3.

The expressions for inertial and dynamic forces (and moments) for various cases of excit-
ing forces and moments are given in Table 4.8. |

Table 4.8

FORCES ON THE FOUNDATION

Casge

Inertial force (F)
and moment (M)

Dynamic force (F,)
and moment (M)

1. Exciting force acting verti-
cally and passing through
the combined centre of
gravity of machine and
foundation (Fig. 4¢.24a)

2, Exciting{orce acting verti-
cally but eccentric to both
axes (Fig. 4.24b)

3. Exciting force acting hori-
zontally in x (or y) direc-
tion at a certain height
above centre of gravity
(Fig, 4.24c)

4, Exciting moment (tor-
sional) about z axis pass-
ing through centre of
gravity (Fig. 4.24d)

0
(i)

(i)

(Fm) =fmawg

(Fu): = Emaze?,
(Fon)e =Emaa?
(Fn)y =Emaged
(me)x=E?:cﬂe.xm;f.
(Mn)y= Eq’vaﬁymx?l
(Fm)z =0

(Fl'ﬂ)x = Emalmff.
(Fn)y =Emayal
(Mm):: ﬁa?maﬂzm:ﬁ
(Mm)y =EPyagywl
(Fm):n = (Fm)y': (Fn.-).-;= 0
(Mm)z = (Mm)y=0
.(Mm): =Eq’z“\pmng.

(Fu)s =EK.a,

(Fa): =Ekia,

(Fqu =Effm(a£-—.5‘a,,w)
(Foly =EEy(ay—Sagz)
(ﬂ’fu)m =ERgpagy
(ﬂ:’[,;)u =EK8yﬂ'ag

(i) (Fd)z =0
(i) (Fa)z =EHa(aw—Sap,)
(Fa)y =EKy(ay—Sag,)
(i) (Ma)s =EKpzaps
(M1)v =EK8yaey
(Fa)e = {Fu)y=(F));=0
(My)z = (Mg)y=0
(ﬂ’fd)z =EKLPG* ’

—
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(a) I L

N

G\ \\T°

(e) (d)

Fig. 4.24: Exciting Force in Different Directions.

The following notation is used in these expressions:
m Mass of machine and foundation
wy Operating circular frequency
K,, K,,, K. Stiffnesses in x, y and z direction
4, Qy, dz Amplitudes' of translation in respective directions
faz, Ogy, Gg: Amplitudes of rotation about respective directions
(Fr)es (Frn)ys (Fin): Inertial forces in respective directions
(Fa)as (Fa)ys (Fa). Dynamic forces in respective directions
(Mn)z, (Mm)y, (Mm): Inertial moments in respective directions
(Ma)e, (Ma)y, (Mg), Dynamic moments in respective directions.

4.4.6 Distribution of Inertial Forces
The total inertial force (vertical and horizontal), as well as inertial moment acting on the

foundation, may be evaluated from the expressions given in Table 4.8. How the inertial
forces are shared by the machine and various parts of the foundation body is explained
below. '

Fig. 4.25 shows a foundation consisting of a number of rectangular portions ABB' A,
CDEF and C'D'F'E'. Let us consider one of these portions, say CDEF. Considering
the motion in the xz plane, let a; and a, denote the vertical and horizontal amplitudes

and ag, the rotational amplitude of the foundation. The centre of rotation ‘0" is defined

by the coordinates x, and z, (referred to the principal axes through the common centre of
gravity G as coordinate axes).
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: A_F
I .
]
? / |BEKANE
A .
&
r4
[[]II] VERTICAL INERTIAL FORCE
E HORIZONTAL INERTIAL FORCE
Fig. 4.25: Distribution of Inertial Forces.
‘Where
% = —azfag, (4.54a)
Zy= —a,,/ae, {4.54Db)

Let (Fm)z, (Fm)s denote the total inertial force and (M), the total inertial moment, the
expressions for which are given in Table 4.8. Let W, be the weight of this part of the
foundation and (x, z) are the coordinates of its centre of gravity (G, ) referred to the common
centre of gravity G as origin. The inertial force shared by this portion of the foundation
(having weight W,) is given by the following relations.

Vertical inertial force ()., shared by weight W,

(Faiz)y = WII:(F;,)’ n (ﬂ;:‘)" _;‘_] (4.552)

Horizontal inertial force (F,..) shared by weight W]

— (Mm)v g
(Fm)l_wll: e g] (4.55b)

where Wis the total weight of a machine and its foundation and @, is the mass moment
of inertial about the axis of rotation. '
The inertia force distribution diagram may be in the form of a trapezium or a pair of
triangles depending on the position of the centre of rotation (Fig. 4.25).
Egs. 4.55a and 4.55b can be written in a more compact form as

W, X
(Fmz)y = ;f (Ma)y - (4.56a)
and . _
(Fm::)]. = K-— (ﬂfm) —‘-\?':— ) ) (4‘56}3) .
Py g
where '

X=x—x, (4.57a)
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and ' o
' _ K=z—z o .  (4:57h)
X and £ are the coordinates of G, referred to the centre of rotation (0) as origin.

Assuming a uniform mass' distribution, the end ordinates of the inertial force distribution
diagram for each rectangular part of the foundation can be evaluated from the following
considerations: : ,

i. The line joining the end ordinates of vertical inertial force shall meet the horizontal
base line at a point which lies on the vertical line passing through the centre of rotation.

ii. The line joining the end ordinates of horizontal inertial force shall meet jts base
line (a vertical line in this case) at a point which lies on the horizontal line passing through
the centre of rotation.,

iii. The net area of the inertial force distribution diagram (full area in the case of a
trapezium and difference of areas in case of a pair of triangles)—vertical or horizontal—
should be equal tn the magnitudes cvaluated by Egs. 4.56a or 4.56b, as the case may be.

"The computation of inertial forces may be omitted if the natural frequency of foundation
(/n) is considerably greater than the operating frequency of machine () as they will be
very insignificant in that case.  The foundation may then be considered to be in equilibrium
under the influence of (f) induced forces multiplied by the fatigue factor (E), and (ii) the
dynamic forces. The latter occur in the form of reactive pressure of soil, spring forces,
cte. Example (1) given in Scction 4.4.8 is an illustration for this case.

On the other hand, if f, is considerably smaller than fy, the dynamic forces will be
insignificant. The foundation may then be considered to be in equilibirum under the
influence of (f) incrtial force, and (i) the induced forces multiplied by the fatigue factor
(8). Example (2) given in Section 4.4.8 is an illustration for this case,

4.4.7 Foundations on Vibration Absorbers

In special cases due to environmental conditions it may become necessary to limit the
amplitudes of vibration to much lower values than those usually adopted. It may not be
practicable to achieve this requirement by proper selection of mass or base area of. the
foundation. In such cases, spring absorbers are rccommended to be used under the
foundation. Springs are relatively less expensive and are effective in decreasing the ampli-
tudes of forced vibrations. The type of spring absorbers to be used and the method of using
them will be explained in detail in Chapter 8. The theory of these absorbers as applied to
foundations of reciprocating engines is given below.

The absorbers are usually placed on isolated pedestals or a thin slab called “sole plate™,
which rest on the soil. The absorbers support on their top the upper foundation block
(where needed) to which the machine is anchored.

"The use of absorbers under a block foundation results in a system of two masses supported
on two springs. Although each mass (considered rigid) has in general six degrees of
freedom—thus making a total of 12 degrees of freedom for the whole system—for practical
purposes it may be considered that the vibrations in the vertical direction are independent
of other modes. The system thus reduces to a two-degree spring mass system shown in
Fig. 2.3.  In this case m, is the mass of the foundation on which the springs are placed, m,
is mass of the foundation (including that of machine mounted on it) above the springs,
; 1s the stiffness of supporting soil under the lower mass and X, is the stiffness of spring
absorber assembly.
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The amplitudes @, and a, of masses m, and m; under the influence of an mduced
_oscﬂlatmg force P sm ! a.ctmg on mass ms are given in Chaptcr 2,

o O p 2.31
“T R
and
[(l + u) mnl"l- amnz_mm]
. 2.31b
i (0L) b (2.31b)
where
a2, — ;’{.:; (2.23a)
~y K, )
= | (2.23b)
Slol) = o — (1 4+ o) (@, + @) 0 + (1 + o) 0% o (2-32)
and o= mz/m1

Since the cxc1t1ng force is proportional to square of the opera.tmg frequency of the
enging (wm)

Py=v mm ' (4-58)

where y is a factor which depends on the characteristics of engine.
Substituting Eq. 4.58 on the right-hand side of Eq. 2.31a and solving

. U 4.59
"=y IS Fa) (0 T mi—nin) (+:59)
where g = B (4.60)
mm "
and N = Doz : + (4.61)
Wm

Ifno absorbers are used, neglecting damping in the system the amplitude 2, of the founda-
tion is given by

Py
= — 4.62
%= () (@5—ah) (+.62)
In terms of ¥ and ua,

=X 1 1 4.6%
T T WD (463

The degree of absorption B is deﬁﬁcd as

— g 2 3

B':a_._ I—(1+a) (0§ + ni—nf ni) (4.64)

g  (I4+e) (ni-1) =}
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It can be verified from Eq. 4.64 that when 130, B> oo and when 93—+ oo, 8+ 1.0.
Fig. 4.26 shows the variation of 1, with B. It can be seen from the diagram that the absor-

ber will be effective (i.e., B<—1) only when 7, lies between zero and a value 1,.where
Mo can be expressed as

- (1+Fa)ni—1
o JubmuﬁA) - (+.65)

) .

+ 1.0 —

Fig. 4.26: Figurc lllustrating Zonc of Effcc-
tiveness of Absorbers {(Afier Barkan, D. D.,
Dynamics of Bases and Foundations, McGraw-
Hill, New York, 18962; with permission).

If the degree of absorption B is known, then from Eq. (4.64), 0, can be obtained as

_ 1—(l+«) 2 | -
=T F e D) (D) (4.66)

These relations are applied in Example (3) illustrated in Section 4.4.8 for the design of
a block foundation for a vertical engine resting on spring absorbers.

4.4.8 Numerical Examples
1. Design of a Block Foundation for a Horizontal Compressor

The outline dimensions of the foundation for a horizontal compressor as suggested by the
machine suppliers are shown in Fig. 4.27. The data are as follows:

a. Machine data . :
i Operating speed of engine { i) 150 rpm

ii. Horizontal unbalanced force in the direction of the piston (Fx) 12 t
iti. Weight of machine (#) 36t

tv.  The horizontal unbalanced force acts at a height of 0.6 m above the
top of the foundation (level 4 0.0)

b. Soil data ‘
" i. Nature of soil ' . ....... . . . sandy
ii. Bearing capacity of soil 2 kgfcm®
ili. Coefficient of elastic uniform shear (C) 2.25 kgfcm?®

c. Grade of concrete M-150
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Tt is reqmred to check the dynaxmc stablhty of' the foundation and to smtably des:gn
'the same.

Stages in Camputatwn

a. Centre of gravity: Referring to Table 49 and Fig. 4.27, the coordinates (x, 7 Z)
of the common centre of gravxty of machmc and foundation are given by

Tmex, _ 149.22

Xy gTag  TRm
_ Smoy_ 117.88

=g g =378 m
__Smiz_ 3898 _

2= = grag — A9 m

Eccentricity of common centre of gravity with respect to centroid of base arca:
(4.75~4.745) x 100

Eccentricity in x direction = -~ 95 T = 0.053%
. .. 3.75--3. 0
Eccentricity in » direction = (275 377;8) x 10 = 0.427%,

The eccentricitics are within the permissible limit of five per cerit of the length of founda-
tion in cither direction.

b. Design paramelers:
i. Mass of the foundation {m) my
from Table 4.9 = 31.44 tsec?/m
ii. Moment (M) caused by the horizontal
exciting force (P,) acting at a height of 0.6 m

Il

)

above the top of foundation (M) =12(2.2 4 0.6 — 1.239)
= 18.732 t-m
iii. Operating frequency of the machine (/) = 150 rpm
Circular frequency (wg) = 2z (150/60)
= 15.71 sec?

iv. The moment of incrtia (1) of the base area about the axis passing through its centre
of gravity and perpendicular to the plane of vibration

7.5 x 9.5%

=73

= 535.86 m*

v. The mass moment of inertia (@,) of the whole system about the y axis passing through
the common centre of gravity and perpendicular to the plane of vibration

1
Py = 75 Z My (fz 521\ + T m (rg‘—l— gfn}

oy
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= 182.73 +9.20 (From Table 4.9)
= 191.93 t-m-sec?
vi. The mass moment of inertia (p,) about the axis passing through the centroid of the
base area a.nd perpendicular to the plane of vibration :

Poy = Py + mZ?
= 101.93 + 31.44 x (1.239)2
= 240,16 t-m-sec?

vii. The ratio ()} is given by
ty = 9ulen (Eq. 431)

191.93

240.16

= 0.8
viii. Limiting frequencies

wgy = (Cg -y — Wz)/ow

9% 10% x 535.86—308.34 x 1.239-
o 240.16

= 20.08 x 10° sec™?

C.4
miz kb
m
225 x108x9.5X7.5
o 31.44
= 5.098 x 10% sec®
c. Coupled natural frequencies:
0 2
T “e; ©f _g (Eq. 4.30)

Y Gy .

Substituting the values and solving the roots wn; and wna are obtained from Eq. 4.34 as
ol = ‘26.576 X 10% sec™®
w2, = 4.796 X 10° sec™?
The corresponding natural frequencies are
= 26.00 cps

f>=11.03 cps



90 HANDBOOK OF MACHINE FOUNDATIONS

Tﬁe lower of the two mnatural frequencies is well above the operating speed. Hencg,

there 1s no possibility of resonance. |
d. Amplitudes: The coefficient f(w2) from Eq. (4.37)
Flak) = mey (wh—ol) (03, —a?)

Substituting the values we obtain
S(@?) =72.55 % 10
Horizontal amplitude (a,) given by Eq. (4.36a):

. 1
ay = [(Ca I,—WS+ G, Iﬁh §P= 9y wp) Pe o+ (C, A1) M,,] S (wn)

Substituting § = 7 = 1.239 and other values in the above expression, we obtain
a2, = 0.0882 mm
Rotational amplitude (a4,) given by Eq. 4.36b is

C 418 C. Ar—mol
aev:f(wg;) Pt+ - f(m2m)_-— Mi‘

Substituting the values
agy, = 0.0072
Net amplitude at base level
= a, — Sag,
= 0.0882 — 1.239 x 0.0072
= 0.0792 mm
Net horizontal amplitude at top of the foundation (Eq. 4.38)
= ay+ (H—8) ag,
= 0.0882 4 (2.2 — 1.239) x 0.0072
= 0.095! mm '
< 0.2 mm (permissible)

e. Dynamic forces: (see Table 4.8) Taking a fatigue factor of 3, horizontal dynamic force
(Fa) =3x2.25x10%x 9.5 x 7.5 x 0.0792 x 10-3
= 38.10t
Dynamic moment (My)= 3x9 x 10°® x 535.86 % 0.0072 x 10-2
=104.52 t-m

f. Check for soil stress: Static weight of machine and foundation
W=308.44 1t

Maximum and minimum stresses on soil are given by

_ 308.44  104.52 (9.5—4.745)
9=465%x75 535.86




BLOCK-TYPE MACHINE FOUNDATIONS 9]

= 4.329 1 0.928
Omaxy = 5.257 t/m2 <20 t[m2
~ Omin = 3.401 t/m?

g Structural design—longitudinal direction :

i. Staticloads: The eccentricity of the centre of ravity of the machine and foundation
with respect to centroid of base area being very small, the soil reaction due to dead loads
may be assumed as uniform

308.44

9.5 % 7.5
= 4.329 t/m? _
Table 4.10 contains the weights of various parts of the foundation block (Fig. 4.27).

* Following are the net bending moments induced at various sections under the influence
of static loads and resulting soil pressure,

(Ms); = 64.03 t-m
(Mgt)n = 80‘71 t-m
(Mgt)“l == 21.66 t-m

Intensity of soil reaction =

Table 4.10
EVALUATION OF INERTIAL FORCES

Weight of Inertial forces

Element (i)  the clement
of the system () % z; Xi=(x;—x,) & i={z;—z,) Vertical Haoarizontal
®  (m) () (m) (m) (6) (©

Machine 36.00 —1.095 —1.56] —1.095 10.646 —0.02148 0.2089

Foundation part
1 102,60 4-0.005 40.939 +0.005 13.146 0.00028 0.7351
2 - 184.32 40005 ~0.161 --0.005 12.046 0.00050 1.2099
3A 7.81 40755 —1.161 +0.,755 11.046 0.00321 0.0470
3B 7.81 +0.755 —1.161 +0.755 11.046 0.00321 0.0470
4 —17.28 —2.745 —0.161 —2.745 12.046 0.02585 —0.1134
5 —12,80 +41.605 —0.361 +4-1.605 11.846 —0,01128 —0.0833

X=10 2 = 2.0512

ii. Dynamic loads: The foundation is acted upon by the following dynamic loads:
a. Exciting moment multiplied by a fatigue factor of three which equals 56.196 t-m.
"The largest ordinate of the varying distributed _ 56.196 X 6
loading (Fig. 4.28a)  (9.5)2
— 3.736 t/m

b. Dynamic moment (104.52 t-m) which acts in the form of a varying distributed load,
the largest ordinate being (Fig. 4.28b):

6 X 104.52

— 6,949t
(9.5) fm



9
+

(b)

Fig. 4.28: Varying Distributed Load Due to (a} Exciting Moment, (b) Dynamic Moment.

c. Imertial forces: The inertial forces may be neglected here, the frequency ratio

(_-.];E) being very small. However, for purpose of illustration, they are evaluated below
-

to show that they are relatively very small.
Inertial force (Fp),=Em a, wl
=3 X 31.44 X 0.0882 x 103 x 15.71% = 2.053 ¢

Inertial moment (Mn)y = Egy agy w2

=3 X 191.93 X 0.0072 x 10-% x 15.712

=1.026 t-m
The coordinates of centre of rotation O(Xy, Z,) are obtained from Eqs. 4.54a and 4.54b,
substituting a, = 0 '

xo"—"-o

_ — .__' 0.0882
2= e 0.0072

= —-12.207 m

Table 4.10 shows the inertial forces (vertical and horizontal) shared by various parts
of the foundation body and the machine given by Eqgs. 4.56a and 4.56b. In this table,
(%1, ;) are the coordinates of the centre of gravity of part i .of the foundation referred
to the common centre of gravity of machine foundation as origin and (X3, %) are the
coordinates of the same point referred to centre of rotation as origin.

In view of the small magnitudes of the inertial forces computed in Table 4.10, they may
be neglected in the computation of net dynamic moments. Table 4.11 shows the net dyna-
mic moments at the sections chosen. :
Hi. Net moments (M + My)

M; =64.03F 1310 = 50.93; 77.13 t-m
My =80.71 4 22.64 = 103.35; 58.07 tm
My, =21.66-- 3.84= 25.50; 17.82 tm
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Table 4,11
DYNAMIC MOMENTS AT BASE LEVEL

Moment due to dynamic Moment due to exciting Net dynamic
Secction (Fig. 4.27) forces " forces . moment
t.m t.m tm
I-I +28.33 +15.23 F13.10
11-11 448,97 F26.33 +22.64
II1-111 4 831 F 4.47 + 3.84

Thirty numbers of 22 mm ¢ bars (at 25 cm spacing) are prowded at sectxons I and II
with alternate bars bent at.section 1II (Fig. 4.27). A similar procedure is adopted for
analysis in the y direction.

+ Fig. 4.27 shows the disposition of reinforcement in the foundation block. Nominal

| Pz“'1-5' - 1\
/////////// ////
_c____/ //// . _ // -
L%L ':,Jm _!IJ—

(c)

Fig. 4.29: Foundation for a Diese! Engine—(a) Section 4-4, (b) Section B-B, {c) Plan at G-C.
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“to the ‘code of practice (IS 456-1964). = SN ST
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2. Design of a Block Foundation for a Diesel Bngine | _.
The schematio dfagram of the proposed foundation for a four-cylinder diesel engine is shown
in Fig. 4.29. ' o 7 _

Data:

i. 'Total weight of machine {Wn) ' 6t

ii. Operating speed of machine {fip) - : 1200 rpm
iii. Vertical exciting force (Py) +1.5¢
iv. Permissible amplitude at floor level 0.04 mm
v. Nature of s0il stiff clay

Since the permissible amplitude (0.04 mm) is very low, spring absorbers shall be placed
under the foundation block. The spring casings are placed on rigid pedestals and
the foundation block is supported on them as shown in Fig. 4.29.

This example illustrates the principles of analysis and design of a block foundation
resting on springs. Since the soil is stif and the pedestals supporting the spring

casings are short and rigid, the influence of soil may be ignored in design. The analysis

is thus carried out for the foundation block resting on springs which are placed on a
rigid base.

Stages in Compuiation
a. Centre of gravity G(x, z): Referring to Table 4.12

Table 4.12
COMPUTATIONS FOR CENTRE OF GRAVITY AND MASS MOMENTS OF INERTIA

Mass moment of iﬁcrtia about
an axis parallel to the ¥ axis

Part w, my x; z; w,x; w,z; and passing through the com-
mon centre of gravity (py)
() (tsectfm) (m) (m) (tm) (tm) (tm.sec?)
Engine 4.0% 0.408 3.50*% 2,55+ 14.00 10.20 1.103
Motor 2.0* 0.204 1.50*  2.25% 3.00 4.50 0.368
Foundation block  59.4 6.055 2.75 0.75 163.35 44.55 16.549
Sum - 65.4 6.667 . 180.35 59.25 18,020

* Figuies based on data supplied.

- D Wix,
xf—_—z m

- = 180.3/65.4

=2.757 m
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= 50.25/65.4
= (0.906 m

b. Mass moment of inertia (p): Table 4.12 contains the mass moment of inertia of the
machine foundation about an axis parallel to the y axis and passing through the centre of
gravity. .

@, = 18.020 t. m.sec?
The moment of inertia (py,) about the parallel axis (parallel to the » axic) through
the base
Pov = @y + mS*
= 18.020 4 6.667 x 1.006% (since §= z+ 0.1)
= 24.767 t-m-sec?
The factor «, is given by Eq. (4.31)

ty = @y/Poy
= (0.728

c. Dimensioning the springs: The spring assembly consists of cight spring casings, each
containing nine spiral springs.
Total number of springs = 72

3

Static load on each spring (Pg,) = 65'4,;(2_10—

. =908.4kg
From Table 3.4, the springs having the following characteristics are chosen:
Diameter of coil (D) = 120 mm
Diameter of spring wire (d) = 20 mm
Number of turns (n) =25
Spring coefficient (&) - = 96.4/5 kg/mm

= 19.28 t/m

Load-carrying capacity of
spring (P) (see Table 3.4) = 1270 kg
Moment of inertia of base resting on springs (Eq. 3.3b)
IL,=6x 9 x 25
= 337.5 m?®

d. Frequency calculations:
i. Vertical vibration
The vertical spring coefficient (K) = nk,
= 72 % 19.28
, = 1388 tfm
Mass of the whole system (m) = 65.4/9.81
= 6.667 t sec?{m
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- Jn:=4/1388/6.667
= 14.43 sec?
= 137.87 cpm

‘The vertical natural frequency = @y, = ,\/ X

Vibrations in the xz plane
Length of spiral under static load {k) = 18 cm
Slenderness ratio /D = 180/120 = 1.5
Compression of the spring under static load

1
= .
K, w
= 65.4/1388
= 0.04712 m = 4.712 cm
%’— =4.712/18
= 0.262

The value of « taken from Fig. 3.8 is 1.3.
The spring coefficient against horizontal translation (&)

1

h 2
2 X 0.385 [1 i 0.77(5) ]

1

= 1388 T35 0885 1 7077 X 159
= 1015 t/m

=K,

‘The spring coefficient against rotation (Kp,)
= K1,
= 19.28 X 337.5 = 6507 t/m
Limiting frequencies

iy =~ % (Neglecting WS in Eq. 4.32a)
Doy

= 6507/24.767 = 262.7 sec™?
Ko

m
= 1015/6.667 = 152.2 sec-?

1]
2 —
Wy =

The equation for the coupled natural frequencies (Eq. 4.30) gives:

, 2 2 2 2
LEH] —]—(ﬂ ) L))
m‘; By xmﬁ ! ir™= —p

oy Gy

Substituting the values and solving,
w?, = 447.41 sec?
o, = 21.15 sec-?
w?, = 122.82 sec?
wy, = 11.08 sec?

(3.18b)

(3.18)

(4.33b)
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fm = 21.15{0.105 = 202 cpm
S = 11 08/0 105 = 106 cpm

e Amphtude calculat:ons'
i. The vertical amplitude

P, | | i
o | (4.29)

PR ; B
P om(ef,—ol)

e b by s

; where  @m = 1200 X (2 =/60) sec™
== 125,66 sec!
: o ) .15
= §.667[(1%. 23)7—(125.66)’]
= —0.143 x 104 m
= —0.0143 mm<0.04 mm (pcrm:sSIble)

ii. Horizontal amplitude (a,)

(4.37)

S (03) = mpy (05 — o) (0l — o?)
= 6.667 X 18.020(4—47.4-1 — 15790.44)(122.82 — 15790.44) = 288.8 x 108
P, being zero, amplitude (g;) is given from Eq. 4.36a as

K:S ‘ '
az = W M, (4.36a)

where M= P
=1.5x 0.750 = 1.125 t-m

Substituting the values

1015 x 1,006 x 1.125

= 288.8 X 10°
= 3.978 X 10-® m (very small)
ili. Rotational amplitude (ag,)
2 :
K —moom (4.36b)

WS Ty
(1015 —6.667 x 15790)
= 586.8 X 10° X 1.125

= —0.406 x 10-*
Net horizontal amplitude on the top face of foundation, neglecting the value of a, which

is small,
ajop = (1.5 — 1.006)ag,
= —0.494 x 0.406 x 105

= —0.0020 mm <0.04 mm (allowed)

f.  Dynamic forces:
i. Vertical dynamic force

= :‘:EKzaz
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= —3 % 1388 x 0.143 x 104
. = —0.0595 t | |
it. Horizontal dynamic force
Hy=4EK, (a,— Sagy)
= T+ 3 X 1015 (4.124 x 10-9)
= 4 0.0123 t
iii, The dynamic moment in the vertical plane
Ma= £ EKgy agy
= <4 3 X 6507 x 4.06 x 10-¢
= 0.0793 t-m

; W;_.J__..;wm

The dynamic forces are obviously very small, the frequency ratio (%’5 ) being large.
n

g- Dynamic loading on the springs: 1In view of the transient resonance (f, being less than
Jm} twice the generating force may be considered as static equivalent force for purpose of

checking the total load exerted on springs

Fo=42x1.5

=43t
The associated moment (M) is given by
M,=P..e :
- =3x0.75
=225 t-m ,
The dynamic Joad on the farthest spring is given by
Pqg= - [% + llln?

where z is the number of springs
[ is the distance between extreme spring casings
ny is the number of springs on one side.
Substituting the values

3000 995000,
Pa=£| 5+ s1E % 97

The maximum load on the farthest spring is given by
Prax = Pgt + Pa
= 908.4 -+ 58.33
— 966.73 kg
< 1270 kg (safe)

h. Inertial forces: Coordinates of centre of rotation

xg= — =% = 3522 m

gy

% — 0.0099 m
asj

lp = —

. (4.54a)

(4.54b)
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Since 2z, is very small, the horizontal i_ncttial forces acting on t_he block maf be

The foundation is in equilibrium under the action of thrice the exciting force (where
factor three is the fatigue coefficient) the inertial forces and the dynamic forces. For
structural design the dynamic forces may be neglected in this case since their magnitudes

are very small.
Fig. 4.30 shows the equilibrating forces acting on the foundation.

~i. Thrice the exciting force (4.5 t) acting from above and

ii. Inertial forces. o _
3P,

750 2000

1500

5500

1.488t/m

0.149t/m

j |
| L i.00Tt/m
0.819t/m

Fig, 4.30: Equilibrating Forces on the Foundation.

For equilibrium the end ordinates of the vertical inertial force distribution diagram and
the pressure distribution diagram due to the eccentric load of 4.5 t should have equal
magnitudes. Their lines of action should, however, be opposite to one another. The
end ordinates (Fig. 4.30) are given by

=§.§1[1ii£] L

45 6 x 0.75
= 5.5(1 t—55 )

= 1.488 t/m: 0.149 t/m

From Fig. (4.30), the following moments may be calculated
Bending moment at the section where the load of 4.5 t acts 2.051 t.m

Bending moment at the middle section 1.408 tm
These moments being small, nominal reinforcement as per constructional practice

(see Section 8.2) may be provided.

3. Design of a Block Foundation for a Vertical Compressor on.Spring Absorbers
The foundation for a compressor is to be located close toa precision machine shop. Design

a suitable foundation given the following data:
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i, Output of engine _ . =100kW
.~ ii. Operating speed of machine o . =360rpm
iii.  Exciting force in vertical direction (P,) =3t
" .iv. Permissible amplitude of foundation (as) =0.04 mm
v. Coefficient of elastic uniform compression of '
soil (C;) ' ' =2 X 10° t/m®

This example illustrates the application of suspended spring absorbers. The upper
foundation block supporting the machine is suspended by springs which are provided in
‘ an enclosure around the foundation as shown in Fig. .31, The system is considered here
as having two degrees of freedom and the analysis is carried out on the lines explained in
Section 4.4.7.

The selected dimensions of the foundation as shown in Fig. 4.31 give the following
data for computations:

Foundation area in contact with soil 15.84 m?

Weight of foundation below the springs  41.8]1 t

ABSORBE‘RS {Sea Fig 4.32 for detail }

k=]
8..,_.._-
g| A 8
Nl —Aa 3
TAR FELT
A o it fee et
o)
B /é
(a)
- %/%1’7//////”////’/////////////////////
4 Sl o iyl ephigtomiii 8
S i }1 077 o
- { ! =
- '~==______: ] 250 ©
. | I
LI, /////,_
1600 | 16008 _l 1600
4800
(b}

Fig. 4.31: Compressnr Foundation Suspended from Springs—(a) Section B-B, (b) Section A4-4,



Weight of foundation above the springs =42t

Coefficient of rigidity of base (K;) =~ = =G4 =
e - =2 X 10® x 15.84

- = 31.68 x 10® t/m

Mass (m,) of foundation below springs = 41.81/9.81

= 4,261 t sec®/m
Mass (m,) of foundation above springs = 42/9.81

: ‘ = 4,281 t sec’/m
Limiting natural frequency (wn,) is given by Eq. 2.23b

—y_ Kl
O My + mg
31.680 x 108

= 4261 - 4.981
= 3.708 x 10° sec™?

The cocfficient (n,) according to Eq. 4.60 is given by

o 3.708 X 10°
m=""12x)3

= 2.609

Mass ratio (a)

4.281

R Y e

For the chosen dimensions of the foundation, the amplitude of vertical vibrations when

there are no absorbers should be according to Eq. 4.62

P,
ag = ;
(mymy) (0f— en)
L 3
"~ (4.261 + 4.281) (3.708 — 1.421) 103
= 0.154 mm
Permissible amplitude (a,} of the foundation from the data given = 0.04 mm
0.154
The efficiency of absorber to be designed () = 505
= 3.84

From Fig. 4.26 adopting a value of B =— 5, and using E.Iq. 4.66 the required value of

Tg 18 obtained as
2 1 — (1+1.005) 2,609
2= T 11.005) (—5—1) (2.6002—1)
= 0219
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e 4 FromEq 461 mn,—'l}zx m2
R _._0219x (12x)®
= 31063

Also O ah=

£ ‘
m

The rigidity of absorbers (K,) is given by
Ky = 310.63 x 4.281

= 1329.8 t/m
‘a. JMNatural frequencies: The natural frequencies of the system are given by the roots
of Eq. 2.22 * ,
ws — (14 1.005) (3708 4 310.63) ©? 4 (1 4 1.005) 3708 x 310.63 =0
This gives

ol = 7.760 x 10° sec?
and %= 0.298 x 10 sec-?
so  f,=14.02 cps
and  fy=2.75 cps

The two frequencies are well away from the operating frequency of 6 cps.

b. . Design of spring absorber assembly: Let n; be the number of springs in each casing and
ny the number of casings.

The rigidity of each spring (Kg) = nfi:
2
Assuming n, = 2 and ny = 8, Ky = %
= 83.11 t/m

From Table 3.4 adopting springs having coil diameter (D) equal to 80 mm, and wire

diameter (d) equal to 24 mm, the stiffness of each spring having eight turns is equal to
672/8 = 84 t/m.

From Table 3.4, the permissible load on the spring (P) = 2.75 t. Actual load on spring
= K, (ap ~ a;) where a; and @, are the amplitudes of masses my; and m,.

c. Amplitudes: From Eq. 2.32;

J(&Y =wf — (1 +a) (@2, + &) o + (1 +«) @2, &2,

= (12r)* — (1 + 1.005) (0.5106 + 3. 708)103 (12m)% -+ (1 + 1.005) (0.3106 x 3.708)10°
= 7.122 % 10°

From Eq. 2.31b
o L(14a) 3+ — k) Py
: My f (mm)

_ [(1+41.005) 3.708 x 10°-+ 1.005 X 0.3106 x 10% — (12%)7] 3.0
B 28I X — 71X 10°

= — 0.6224 mm
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From (Eq. 4.64):

&y _ 0154

Dynamic force on the spring absorbers (Fd) = Ky(ay ~ ay)
(Fa) = 1329.8( — 0.6224 4 0.0307) X 10~

==(.8685 t
Total load on springs = W+ Fy '
= 42 4 0.8685
Load on each spring = -4—2?66——52 =2.679t

This is less than 2,75 t which is the permissible load on each spring.
Fig. 4.32 shows the mounting details of the suspended type of absorbers.

Fig. 4.32: Detail of Spring Absorbers in Sus-
pended System—(1) Upper Foundation Block §
(2) Lower Foundation Block. * ]

2500

500

45 Foundations Subject to Impact-Type Forces (Example: Hammers)

Hammers are typical examples of impact-type machines. From the designer’s point of
view, two types of hammer are considered. In one of them the anvil is fixed while in the
other, it also moves similar to the falling tup. The latter type of hammer is termed
“counter-blow” hammer. _

Hammer foundations are generally of reinforced concrete block type of construction
(Fig. 4.33). The anvil (2) on which the tup (1) falls repeatedly is usually placed on an
elastic layer (J,) which may be in the form of timber grillage, cork, etc. The foundation
(3) may be placed cither directly on soil as in Fig. 4.33(b) or on a suitable elastic layer
(J2) as in Fig. 4.33a. These elastic underlayers below the foundation serve the purpose
of providing isolation and protecting the environment from the harmful effects of vibration
caused by the impacts.

The frame of the hammer (4) may cither rest directly on the foundation (as shown
in Fig. 4.33) or it may be supported from outside as per convenience.

4.5.1 Special Considerations In Planning _
a. The foundation shpuld be so laid that the centre line of anvil and the centroid of the
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Fig. 4.33: Typical Hammer Foundation—
{») (a)Resting on Elastic Supports, {b) Res-
ting on Soil, (I} Tup, (2) Anvil,
(3) Foundation, (£) Frame, (5) RC
Trough (From 18: 2974-1966; with
permission of the Indian Standards
1 Institution, New Delhi).

(b)

base area lie on the vertical line passing through the common centre of gravity of the
machine and its foundation.

b. Where elastic underlayers are used under the anvil and the foundation base, care
should be taken to ensure uniform distribution of loading and protection of these materials
against water, oil, etc., which may cause progressive deterioration of their elastic
properties. It is recommended that the foundation be laidin a reinforced concrete trough
formed by retaining walls on all of the sides. The foundation and the side walls may be
separated by means of an air gap or a cavity filled with some elastic material.

¢, If timber is used as elastic support under the anvil, the timber beams should be laid
horizontally in the form of a grillage. The beams must be impregnated with preservative
for protection against moisture. '

d. The thickness of the elastic layers provided is governed by permissible stresses in the
respective materials, Table 4.13 gives guidance for the thickness of pads under the anvil.



Table 4.13 |

THICKNESS OF TIMBER PADS UNDER ANVIL
" (After Major, 1962) R

Thickness of bad for a falling weight of -

Type of hammer
’ upto 1t ‘18t >3t
(m) (m) (m)
Douhble acting drop hammers 0.2 0;2 to 0.6 0.6t0 1.2
Single acting drop hammers 0.1 0.1 t0 0.4 0.4 to 0.9

Forging hammers 0.2 - 0.2t0 0.6 0.6 to . 1.00

e. When two neighbouring foundations are laid at different depths, the straight line
connecting the adjacent edges should form an angle not exceeding 25° to the horizontal

(Fig. 4.34). However, if the foundations are too close, they may be laid to the same depth
and a common mat provided as base.

ADJACENT
FOUNDATION
- 4 ADJACENT
2 2 FOUNDATION
L. 7]
-4 ; A ‘
VI TIPS VI T I T I ITTIIITITII Y
[ . MACHINE ‘

FOUNDATION ‘o

I ENNIZIIII]

Fig. 4.34: Criteria for Location of Neighbouring Foundations (From 1S: 2974, Pt. II-1966;
with permission of Indian Standards Institution, New Delhi}.

4.5.2 Design Data

The following data are required to be supplied to the designer:
Type of hammer

Weight of failing tup (W})

Weight of anvil {Wg)

Weight of hammer stand supported on foundation (Wgt)

Dimensions of base area of anvil (Lg X Bp)

Maximum stroke or fall of hammer (&)

Effective working pressure () on piston and area of piston (4)

Outline of the foundation showing the position of anchor bolts, level of the operating floor, position of
adjacent foundations, etc, )

PR Mo D g

4.5.3 Design Criteria

a. The amplitudes of foundation block and anvil should not exceed the permissible values
given below:

i. For the foundation block (a;):
The maximum vertical vibration amplitude of foundation should not exceed 1.2 mm.

In the case of foundations resting on sand below ground water table, the permissible
amplitude limit should be 0.8 mm.

T Y U



- ii. - For the anvil (aa): - _ =
... . The permissible amplitudes of anvil which depend on the weight of falling tup are as
T follows: . B o e o
. Weghtofmp (W) - - CDple 2% 3t
- Maximum permissible amplitude © 1 mm " 2mm 3-4 mm
b. The maximum stresses on soil and other elastic layers shall be less than the permissible
. limits for the respective materials. '

4.5.4 Foundations Resting on Soll : Principal Stages in Design Calculations
a. Minimum Weight of Foundations and Base Area Requaired

The minimum weight (W) of the foundation is based on the requirement that the ampli-._ -
tude of vibration is less than the permissible limit of 1 mm. This gives the expressign

Wmin = M[B(l + Ky — _ui;;;t_l‘ya—t] (4.67)
where £ is coefficient of impact (k=0.5 for stamping hammers and 0.25 for forging
hammers), and v is the initial velocity of hammer head. The term W should be used.
in Eq. 4.67 only if the hammer stand is directly resting on foundation.

The minimum base area of the foundation is decided: on the requirement that the stress
on the soil should be within the permissible limit (op). This gives the expression

20(1
Amlu — -_(..—}_-.k_)u

Up

Wi | (4.68)

Table 4.14 gives the minimum thickness of foundation below the anvil base for different
weights of hammer head.
Table 4.14

MINIMUM THICKNESS OF FOUNDATION
(After Major, 1962)

Weight of hammer head (t) Minimum thickness of
foundation under Anvil (m)-
Upto 1.0 ' 1.0
2.0 . 1,25
4.0 1.75
6.0 2.25
>6.0 _ >2.25

b. Analysis for Vertical Vibrations

Hammer foundations are analysed essentially for vertical vibrations. The principal

steps involved in the dynamic analysis for vertical vibrations are explained below:
The following notation is used :

Mass of tup mi Wilg (t.sec/*m)

Mass of anvil my = Walg (t.sec?/m)
Mass of foundation mp = Wylg (t.sect/m)
Mass of hammer stand resting on the foundation mat= Wpyi/g (t.sec?/m)



B s e

BLOCK-TYPE MACHINE FOUNDATIONS 107

Area of foundation base = LXB (m?)

Area of anvil base B == Ly % By (m%)
Tlsickness of clastic pad under anvil = f (m)
Modulus of elasticity of the elastic pad under anvil _ = Eg {/m?®
Initial velocity of impact o = p mfsec

For the analysis of vertical vibrations, the two-mass spring system shown in Fig. 4.35
shall be adopted. The analysis of such a system subjected to free vibrations has been given
in Section 2.3, . ' : o

My
Fig. 4.35: Model System for Dynamic Analysis—Anvil and
Foundation, . my
K;
i. . Masses; .
| mp=(Wy+ Wu)/g (4.69a)

ii.  Stiffnesses of spring layers : The vertical stiffness (&) of soil is given by
K.:= Ci{4, - (4.70)
where Ci ==zl ' (i._7,0a)-

C; is the coefficient of elastic uniform compression of soil corresponding to the actual
base area of the foundation and « an experimentally determined factor which may be
taken as three for hammer foundations.

Stiffness of pad under anvil (Xz) is given by

Ky= Epdufta | (4.71)

iii. Limiting frequencies (ws, wz): The square of the limiting frequency (wa) defined
as the frequency of natural vibration of the anvil assuming the soil to be rigid (Ky=oa)
is given by

(4.72)

The square of the other limiting frequency (o,) of the entire system assuming Ky=oo
is given by ' '
K,
mt - mg - mat

- (4.73)

wl=
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': mgt should bc added in thc denommator only lf thc ha.mmcr stand is dn'ectly rcstmg on thc ’

o foundatlon

‘ .Natural freguenam (mm), (mng) From the a.na.lys:s of a two-degree system (Flg
4 35) subjected to free vibrations as explained in Sec. 2.3, the two circular natural

frequencies n,, ©n, shall be determined as roots of the following quadratlc equatlon
\2
in L0 '

-mn—(ma_+m2)(l+a)mn+(l+u)m§m=. 479
where _ ‘
e (4.75)

v. Velocity of tup (v) before tmpact:
(a) For a free-fall hammer

v=ay/Zghy . (476)

where hy is height of fall
« is correction factor which characterizes the resistance of exhaust steam (w'-'l

for well-adjusted hammers).
(b) For a double-acting hammer

2g(Whi + pA)!
y= ‘\/ 7 (4.77)

where p is the mean pressure on piston
a is the area of piston
and [ is length of stroke
o varies from 0.5 to 0.8. An average value of 0.65 may be taken.
If the energy of impact (E,) is given by the manufacturers, then
hy=Ey{ W} (4.78a)
and

ve= /0 (4.78b)

vi. Velocily after impact (V): For a central blow, the velocity ( V) with which the system
would move after the impact is given by '
14+k)
ve LA -
LAY (4.79)
Wi

where W is the weight of the system receiving impact. (Here, W=Wj).

For an eccentric blow, the initial velocity (¥) and initial angular velocity () of the
moving system after impact are given by the following relations. '

)

W — R (4.805).

ot
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and

G (ke T
ECEAr | o

where i®==g/m, ¢ being the mass moment of inertia of the moving system about the axis
of rotation m is its mass and e is eccentricity of impact.

1

vii. Amplitudes (a): The amplitude of foundation (ar) is given by
—(ef —ol){el—ol)V
mﬁ(wﬁx - m%g)mm

.(4.81a)

ap=

The amplitude of anvil (as) is given by

(02— k) V

p =
: (m?u - m?xz)mnz

(4.81b)

The above relations are the same as Egs. (2.29a and b) with appropriate changes in notation.

c. Compuﬁﬁon of Dynamic Forces (Fy)
i. The dynamic force under the foundation (Fa)r is given by

(Fd)f = E-Kzat (4.82a)

where & is the fatigue factor which may be assumed as three.
ii, The dynamic force under anvil (Fy)a is given by

(Fa)a = &(ar — as} K (4.82D)

d. Checks on Design .

i. The amplitudes calculated from Egs. 4.81a and 4.81b should be within the permissible
values given under design criteria (Section 4.5.3).

ii. The stress on soil (o} assuming uniform distribution of load is given by

_ W+ (Fa)r

Oy A[ (4‘. 83)

where W is total weight of machine and foundation. The stress (ca) on the elastic layer
used under the anvil is given by ‘

g — WH‘TE%)A (4.84)

The stresses (og and o) shall be within the permissible limits for the respective materials,

e, Structural Design

Bending moments due to dynamic loads: Referring to Fig. 4.36, let (Fa)s be the dynamic
force on the anvil base and (F3)¢ be the dynamic force under the foundation. The founda-
tion block is in equilibrium under the action of these two dynamic forces and the inertia
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(a)

(b)
Fig. 4.36: Forces Acting on a Hammer Foundation—({a) Scction 4-4, (b) Plan.

force (Fp). Assuming the amplitudes ar and aa to be both positive, for ethbnum the
following relation shall be satisfied.

Fun§ =(Fa)s t +(Fa)r4 (4.85)

"The arrows indicate the direction of forces.
If the foundation consists of 2 number of réctangular blocks (1, 2, etc.), as shown in Fig.

4.36, the total inertial force F is apportloned to these various parts of the foundation
body by the relation

] Wi
(Faht= sp—Fm (4.86)
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Inertial forces associated with parts of the machine (e.g., hammer stand) resting on
foundation should be considered in the tame manner. o

The bending moments (Ma) and shear (Q4) at any section due to dynamic loads can
be calculated from Fig. 4.36 considering all forces acting to the left or right of the particular
section. '

The net moments and shears for design are
M= Mg+ My ‘ (4:87)
Q= Qat:t Qa (4.88)

where Myt and Q et are respectively the moments and shears at the section due to static
loads.

The area of reinforcing steel calculated on the basis of the bending moments is generally
small in hammer foundations. A certain minimum reinforcement is therefore prescribed
in practice. '

The minimum reinforcement under the anvil consists of at least two layers of horizontal
steel grillages formed by 14-20 mm diameter bars at 20-30 cm spacing in both directions.

Besides this, three-directional reinforcement amounting to a minimum of 25 kg/m?® of
concrete should be provided in the foundation block as a whole.**

Fig. 4.37 shows the typical disposition of reinforcement in a hammer foundation. The

analysis and design of a hammer foundation resting on soil is illustrated in example 1
in Sec. 4.5.7.

and

1

\

Fig. 4.37: Typical Reinforeement in a
Hammer Foundation—(/) Anvil Block,

{2) R. C. Foundation. TP
. e b \ i -
[ enall l A Y

2

4.5.5 Foundations on Vibration Absorbers

In order to reduce the amplitudes of vibration of a hammer foundation resting on soil the
mass of the foundation and its base area should be increased. This, however, may not
always be possible due to practical difficulties, such as limitations of space, etc. Moreover,
the environmental conditions may sometimes necessitate the vibration amplitudes under
the foundation to be reduced to a value much lower than the usually accepted value of
1 mm. Insuch cases, use of vibration absorbers is recommended. Spring-type absorbers

are commonly used for this purpose. The spring casings are interposed between two por-
tions of the foundation block, as shown in Fig. 4.38. '
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 1——|:|-

- Fig: 4.38: Hammer Foundation on
2 Springs—(7) Tup, (2) Anvil, (3) Upper
] Wi Foundation Block, (¢) Spring Layer,
(5) Lower Foundation Block, (6) Soil

o Spring Layer,

We

]
5——4545#%5%####

a, Data Required
Besides the data mentioned in the earlier section, it is necessary to obtain the permissible

amplitudes of the anvil block and the foundation. The latter is prescribed taking into
account the environmental conditions.

b. .Analysis of Vertical Vibrations
As a first approximation, considering the vibrating system as having one degree of freedom

(neglecting the elasticity of any cushioning layer used under the anvil block), the amplitude
of vibration of the upper portion of the foundation block can be expressed as

_{+nmy '
where W, the weight of sprung part, is equal to the weight of anvil Wa plus the weight
of upper foundation block (Wr,). Substituting wps= J where K3 is the stiffness

‘of spring absorber, Eq. 4.89 becomes

1+BWY -« o
T VW AEg  VEW (+:90)

where

%= (1+k)mv% (4.91)

The static settlement (3) of the part of foundation above the springs is given by

5= WK, - (4.92)

The value of 8 may initially be assumed as 0.01 to 0.02 m.°*'!* From Egs. 4.90 and
492 the following relations which define the total weight of the foundation above the
springs and the necessary stiffness of the spring assembly to be used are obtained:
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W=_2 % O (4.93)
: N - ' -
K= —?_' (4.94)

The effect of elastic layer, if any,
The justification for this assumptio:

generally very large compared to
under the foundation,

Placed under the anvil is neglected in this approach.
n is that the stiffness of elastic layer-under the anvil is
the stiffness of the spring assembly (Eq. 4.94) used

¢. The Principal Stages in Design Calculations
i. The value of ¢ is computed from Eq. (4.91). :
ii. Using the assumed values of 8(0.01 t0 0.02 m) and the known value of the permis-

sible amplitude of the anvil (aa), the total weight W above the absorbers is computed
from Eq. 4.93,

iii. The weight of the upper foundation block (
the weight of anvil (W,) and other parts of machi
on the foundation.

iv.  The spring cocfficient of the absorbers (X3) is obtained from Eq. 4.94,

v. Considering the systern shown in Fig. 4.38 for the analysis of vertical vibrations, the
limiting circular frequencies (wa, w;) in this case are

Wh) is equal to the total weight W mihus
nery such as hammer frame ( Wat) resting

2= Ksg - 4.95

@ JWI:.‘J‘ Wa+ Wat ( ) )
2= Kag 4.96)

® \/ Wat Wyt Wk Wy (4.96)

vi. The coupled natural frequencies are obtained from Eq. 4.74.
vii. The amplitudes of lower foundation block (ar;) and upper foundation block {ar,)

may be obtained from Egs. 4.81a and 4.81b respectively. The velocity (V) is obtained
from Eq. (4.79) with W, replaced by (W, -+ Was- Wat)

d. Design of Spring Absorbers

Let n, be the number of spring casings in the absorber assembly and n, be the number of
spring coils in each casing. Required rigidity of each spring

K=t (4.97)
T fg
The actual rigidity of each spring K is given by
|
e 4.98
Ki= -5 G . (4.98)

where n is number of turns in the spring coil
d is the diameter of spring wire
D is the diameter of spring coil
and G is the shear modulus of material of spring.
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' Table 3.4 contains the values of K; fora=1 and G=8.3X 10° kgjcm?®. From Eqs. 497

Snky D e
nyny = G! = - R (4.99)

The total number of spring casings () and the required number of springs (ny) in each
casing can be suitably selected from the above expression. :

e. Checks on Design

i, The total load on each spring should be less than the permissible load (Table 3.4)
for the spring used. : .

ii. The stress on soil shall not exceed the allowable limit.

f. Structural Design

Let Fabe the dynamic force on springs and Wi, be the weight of upper foundation block
Wy, =ZWr). If the clastic supports under the foundation are closely spaced, as in the
example 2 illustrated in See. 45.7, the foundation may be considered to be supported
evenly on the bearing area shown in section lines in Fig. 4.39. Fig. 4.39 also shows
the forces which maintain the foundation in equilibrium. The total inertial force Fm in

1 wa%(f:m)a
—— ] + — "; :
¥ e | \@*F”}IE

e ~ el BN
s szisz\ // WratFm2

|

2Fp

]
2Fp LFG | LFq
SECTION Y-Y
lx Fig. 4.39: Forces Acting on a Foundation

7 Resting on Spring Supports.
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. this case is equal to Fy and its distribution to various parts” of the foundation and machine

is done in the same way as explained in the previous case (according to Eq. 4.86). The

 distributed reactive forces offered by the springs Fy and F, (shown in Fig. 4.39) can be ex-

pressed as follows:

‘ Fr= (Fr)statlp + (Fr) dynamic

and ’ 'Fq-—_-'(Fq)statlc + (Fq)dynnmlc
=[W..+ W;iFd]m—_Ll_—B)- " (4.101)

where L and B are as shown in Fig. 4.39 and W;is the weight of foundation including
parts of the machine (e.g., hammer stand) directly resting on it.

"The positions of these forces are shown in plan (Fig. 4.39). The bending moments and
shears at the middle section and at the anvil edge can be calculated as before, and the
requirement of steel computed accordingly. '

The design of a hammer foundation resting on springs is illustrated in example 2
in Section 4.5.7, '

4.5.6 Foundations for Counter-Blow Hammers :

Counter-blow hammers are characterized by the fact that the impact is caused by the strik-
ing of the upper and lower sliding assemblies moving towards each other. They are operat-
ed by compressed air or steam. The upper and lower moving parts are generally of unequal
weights, the lower one being heavier. Compared to the hammers with fixed anvil (for
which the design criteria were given in the preceding sections), counter-blow hammers
transmit relatively less impact energy to their foundations. Fig. 4.40 shows the working
system of such a hammer. ' ' :

4
-

w;

Fig. 4.40: Working System of a
Counter-blow Hammer.

(a) | (b)
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. Data Reqmred for Des:gn _ _
Tota.l wexght of machine - S - W (t)
Weight of uppertup = * ' - Wy (t)

s chght of lower tup Wi (t)

. Terminal velocity of the striking parts before impact v (m/sec)
Length of travel of cach tup £ {m)

- Operating frequency of hammer Jm (rpm)

b Prin&pal Stages in Dehlgn Calculations
The working process of the hammer involves two successive impacts. For design purpose,

their cumulative effect shall be considered. The procedure given below is based on the
approach suggested by Rausch.6u1s

1. First impact: The effect of first imiaact may be considered as if a tup of weight
Wa=(Wy—W\) strikes with a velocity ». The impact momentum (8;) is given by

5, = Hav (4.102)
g
ue
Acceleration with which the tups strike (2) = o "(4.103)
W a
Impact force (P) - = —'?dz— (4.104)
. . 2h
Period of impact (T) = ' (4.103)
The natural period (Tn) of foundation
assuming a single-degree freedom system = 2n \/ ? (4.106)

where K is the stiffness of elastic layer (or soil) under the foundation and m is the total
mass of machine and foundation. Assuming the load-time relationship of the impact
pulse to be of rectangular form, the maximum dynamic factor (p) may be obtained from
Fig. 2.10. The theoretical basis for this case has been explained in Chapter 2. The
-dynamic force (F;) due to first impact is given by

=EuP (4.107)

where E is a fatigue factor which may be assumed as 3.
il. Secondimpact: After the first impact, the upper tup goes away with a relative velocity
(V) given by B
. 4 Wyv

=Wt W (4.108)

Due to gravity, however, the upper tup falls back and strikes again with the same
velocity, thus causing a second impact. Since the two impacts occur one after another,
it is necessary to consider their combined effect for the foundation, design.
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For the calculation of the dynamic force due to the second impact, it is necessary to know

the stiffness (K, 5) of the band spnngs which control the movement of the tups. The. impact

force mduced in the band spnngs (P,) is glven by

P, = V\/f_fe__”_’y . (4.109)

Assuming that the second impact is caused by the lower tup (which is heavier), the
expression for dynamic force due to second impact may be obtained from

=75 V\/KB Wa W1 (4.110)

The factor 7.5 is product of a fatigue factor equal to'3, a dynamic factor 2 and
a correction factor of 1.25 which accounts for possible uncertainties in the evaluation
of stifiness of band springs.

Total dynamic force

=F+F, (4.111)
c. Alternative Design Procedure
The following simplified procedure®'14 may be adopted when the natural frequency of the
foundation is low (%} 2), as in the case when the foundation is supported on spring
n

absorbers. For foundations resting directly on soil, this method over-estimates the
dynamic forces on the foundation and is therefore too conservative,

Impact momentum (§,} due to W

first impact g ° (4.112)
Impact momentum (S,) due to —1.95 W1 7

second impact o (4.113)

where V is given by Eq. 4.108 and the multiplier 1.25 is the correction factor which
accounts for possible uncertainties in evaluating the stiffness of the band springs.

Total impact momentum (§)=(S,+5,)(14-k) (4.114)
where k is the coefficient of the impact which may be taken.as 0.6.

If o is the natural frequency of the foundation, the total dynamic force

(Fa) =Ewn § | (4.115)

.where E is fatigue factor equal to 3.

d. Checks on Design
i. For foundations resting on soils, the maximum stress on soil (gs) is given by

05 = (Wm + Wi+ Fa)/A: which shall be <oy (4.116)
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. whee Wm, Wi, and Ar denote the ~weight of machmc, wexght of foundatlon and area of
foundatlon base respectively. '

- For foundations resting on springs, thc total load on one spring should be less than the
perm:s'ublc load (Table 3.4).

e, Siructoral Design :

Fig. 4.41 shows a rectangular block foindation for a counter-blow hammer. (LX B) are
the base dimensions of the foundation, and (!X b} are the dimensions of the base plate of
machine. Wy, is the weight of the machine and Fa is the dynamic force induced by
its working. '
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'Fig. 441: A Rectangular Foundation
Resting on Seil

11 -—II

From Fig. 4.41, the bending moment at mid-section XX and XY can be written as

Mas =[W;“B§C—ﬂ] [L—-!] (4.117)

My,;[ﬁﬂ%ﬂ] I:B——b] (}.113)

The shear at thc edgc of the base plate (Q) is given by

QI_!_[Wmeng] [L z] S "'(4_119)

and
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| S | : Qn-n:[meﬂ:Fd] [B;b] | . (4120) |

‘Foundations resting on springs (or other elastic .'supp'orts) .arrangcd along the péﬁmctér
of the base (E_‘ig. 4.42) may be considered in the same way as explained in Sec, 4.5.5. '

. o W £(Fm) m
. SEEEREREND
L : \ s N 4
\ / N\ //
\ // \ 7
N/ N
WikFm //./r \ ,//\]\\ Wi % Fm,,
N
~ 3/ '/sz*Fm'; //{V!z*sz\ '\
’ s Ny PN

Fig. 4.42: A Foundation Resting on 2Fp 2F g 2Fq 2Fp
T Spring Supports.
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; 4.5.7 Numerical Examples

? 1. Design of a Hammer Foundation Resting on Soil

a. DATA

Weight of tup (Wh) 3,400 kg
Weight of anvil (W5) 75,000 kg
Weight of frame (W) resting on foundation block 38,350 kg
Area of anvil base (4a) - 8.32%10% em?®
Thickness of timber layer () under anvil 60 cm
Elasticity of timber layer (E,) . 13x 10% kg/cm?
Velocity of fall of tup (2) 600 cm/sec
Coefficient of restitution (k) 0.25
Bearing capacity of soil (ap) 3.5 kgfcm?
Coeflicient of elastic compression of soil (C,) 3.8 kg/cm?

b. PRELIMINARY DIMENSIONING
i. From Table 4,14 minimum thickness of foundation .
to be provided under anvil (by interpolation) ‘ 1.50 m
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- Thickness provided R . 1.60 m

From Table 4.13 thickness of clastlc pad to be

- provided under the anvil . ... . . 06t 1.2m

- Thickness prowded (ta) SR B o 60 cm

iii.

Minimum welght of foundation (Eq. 4. 67)

E W[IIiin=Wt[8(l+k)U-—-Mt]

=34 [3 (1 4 0.25) 6.0 — 7_5—'3—29_'?3:"’]

= 90.65 t

Weight of foundation provided (Fig. 4.43)

Gross weight=(7.1 X 4.7 2.62)2.4=209.8 t

Deducting for

Anvil pit——(3.2% 2.6  1.02)2.4=—20.36

Edge strips (2 Nos.)=—2(0.55% 1.4 % 7.1 X 2.4)=—26.24
Net weight (I#;)=209.8—20.36—26.24=163.2 t
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Fig. 4.43; Foundation for a 3.4 t Forge Hammer—(a} Section y-y, (b) Section x-x, (¢) Plan.
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iv. Minimum base area required (Eq. 4.68)

20 (1 + k)2 W,
' .Amln = ( + ) ? .t.
. o
20><125X60>< 3.4
35
= 14,57 m?
Area provided (Fig. 4.43) =7.1%x4.7
' ' =33.37 m*
e I
D IC G
A iB H | 550
5 I T S _500]
y 0.5Wet ! 0.5Wst 9lg
P SR 1o B 1+ A [
OI—flt-----~-- — . T Erq—
e X 5000
B8 W 550
D c G
1l X l
1950 ] 3200 1950
7100
Fig. 4.44: Plan of the Foundation.
€. DYNAMIC ANALYSIS
Coefficient of rigidity (Xa) of the pad By 4
under the anvil (Eq. 4.71) &
__13x103x8.32X 104
60
= 18.02x 10% kgfcm
. Wa 75 x 108
Mass of anvil (ma) = = ~ 981
— 76.45 kg-sectfcm
Square of the limiting {requerncy (w2) _ K
of the anvil (Eq. 4.72) T ma
_18.02x10°
~ 7645

= 23.57 X 10%ec™®
The coefficient of rigidity (K) of base under foundation (Eq. 4.70)
=C" A1
=3%3.8%x33.37x10*
=380.42 x 10 kg/cm

121
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- Total mass of foundauon (mf—l—mgt) | |
e | _. WitWa - 163200438350

R -2 ' 981
= 205.5 kg sec?/cm

The square of the limiting frequency (02) of the whole system (Eq. 4.73)

I{z
- matme-tmigt
380.42 x 104
~ 764542055
=1.349 x 10¢ sec-2

The ratio («) of the mass of anvil to the mass of foundation (Eq. 4.75)

= 76.45/205.5

= (.372
. ] .25
Velocity (V) after impact (Eq. 4.79) = :—?T_—;;T—gof

=32.53 cm/sec
The frequency equation (Eq. 4.74) gives |
— (it o)) (14w ol 4+ (142 02 2=0
Substitgting and solving, we obtain
| w2 ——- 32.861 X 104 sec2 ; w,, = 573.3 sec!

wl = 1.328 X 104 sec- 3 O = 115.22 sec1

e (a2 2 2_ .2
Amplitude (ar) of the foundation (Eq. 4.81a) = (o = ) (@) — ) ¥

mi (m1211 _ mxzu) Oy

- (23.57 — 1. 328)10% (23.57 — 32. 861)10* x 32.53

23.57 x 104 (32 861 — 1.328)10* x 115.22
= (.785 mm

7,0
Amplitude (as) of the anvil (Eq. 481b) = — (@ — )V

(mﬁl - miz) Ws

— (23.57 — 32.861)10% x 32.53
(32.861— 1.328)10¢ % 115.22
= 0.832 mm

e
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The amplitudes are within the acceptable limit of 1 mm.
Dynamic force (Fg)a under the anvil (Eq. 4.82b) = E Kq (ar — a5) $

=3 x 1802 X 10¢ (0.7851 — 0.8328)10-24
— 95354 ¢

The arrow indicates the direction of force,
Dynamic force (Fy)r under the foundatiog (Eq. 4.82a)
= EKz ar T
= 3. X 38.042 x 10* % 0.7851 % 108
= 896 t ¢

(253.54 4- 75) x 108
8.32 x 10¢
= 3.95 kg/cm?

Stress (oa) on the timber pad (Eq. 4.84) =

(896 4 163.2 4- 75-38.35)108
33.37 x 108
= 3.5 kg/cm?

Stress (og) on the soil (Eq. 4.83) =

d. STRUGTURAL DESIGN

Considering the 77 direction, the bending moments due to static and dynamic loads are
calculated as follows:

i Static loads (+): Referring to Fig. 4.44 and Table 4.15 and substituting
We=175t; Wy=3W, + Wy = 163.2 + 38.35 — 201.55t; L=7.1 m; /=32 m and

ZW, [, =204.19
the bending moments at middle section and anvil edge are obtained as follows:

Myt at middle section: ( 201,55 4 75 ) 7.1 — E 3—2 —204.1°

2 4 2 4
= 10.65 t.m
b 20155475 1.95
Mg at the edge of the anvil = (W) 4,7 % 1.95 x -5 67.87
=6.19 tm

. Dynamic loads (1) : Referring to Fig. 4.44 and Table 4.15 and substituting, the
bending moments (My) are obtainded thus:

Mgy at middle section: Eg_ﬁ(_l_l_) —__-2_—5;-'2%( %?— — 650,73

=43.11 t.m
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” o ‘Table 4.15 L
BENDING - MOMENTS ABOUT TRANSVERSE AXIS (X—X)
Dynamic force under anvil (Fa)a=Ku(ar—a5)=253.54 '

Dynamic force under foundation (Fa}=E K,ar=B96 t4
Inertial force (Fm)=s(Fa)e4- (Fa)a—=642.46 t

‘Inertial Distance of cen- Moment due to
force tre of gravity -
. {Frui) of each part Self-weight " Inertial forces
Founda- Weight (W;) of part i of Wi f Frq '
tion part  the foundation (Fig. 4.44) _('—.) From From At At At At

anvil middle anvil middle anvili middle
edge section edge section cdge  section

(t) (1) (m) (m)  (tm) (tm) (tm) (tm)

ABB’'4’ (1.95 % 3.6 x1.4x2.4)==23.57 7518 0975 2575 23.0 60.74  73.3 153.59
bec'n’ (1.95x4.7%1.22x2.4)=26.84 855¢ 0975 2575 26.17 69.11 834 220.27

CGG'C’ (1.6 x 47x1.22x2.4)=22.02 70.18 — 0800 — 1762 — 56.14
BHKF
BH'E'F 2(16x0.5x1.4 x 2.4)=5376 1713 — 0800 — 430 — 13.70
FKK'F* (1'6 x 2.6%0.38x2.4)=3.794 1209 — 0800 — 3.04 9.67
Machine
frame 3 (38. 35).=19 175 6111 0875 2575 1870 4938  59.58  157.36
Sum T 10080 32123 67.87 20419 21628  650.73
896 1.952
My at the edge of the anvil = ——— X 4.7 X - 216.28
47 % 7.1
= 23.65 t.m

ii. Net moments: Net moment at mlddle section (Myxy) = 10.95 4- 43.11
= 54.06; — 32.1 t.m
Net moment at anvil edge (M) = 6.19 4 23.65
= 29.84 t.m; —17.47 tm
The steel reqiirement for the bending moments calculated above is small. Nominal
reinforcement comprising of 20 mm diameter bars at 30 cm spacing is provided at the
bottom of the foundation. :
(201.55+75)

7.1 x 4.7

Net shear at anvil edge = 4.7 X 1.95 — (23.59 + 26.84 4- 19.175)

4.7 X 1.95
47 % 7.1
= 30.6; — 17.9t

4 896 X F (75.18 4 85.54 + 61.11)

30.6
Inclined steel requirement for shear = m

= 15.46 cm?

~ Six numbers of 20 mm diameter inclined bars are provided at the anvil edge. An
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additional three numbers of 20 mm diameter inclined bars are provided at a farther

distance from centre, as shown in Fig. 4.43. ~ A similar procedure is adopted for arriving at
the steel requirement in the other direction. The disposition of reinforcement in the

foundation is shown in Fig. 4.43, - '

2. Design of Hammer Foundation Resting on Spring Absorbers
Design a suitable foundation for the forge hammer data for which is given in the previous
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Fig. 4.45: Foundation for a 3.4 t Hammer on Springs—(a) Section y-y, {b) Plan at 5-8.
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example if the amplitude of movement of the soil under the foundation shall be limited to
0.2 mm and that of the anvil to 3 mm: The bearing capacity of soil is 1.5. kg/em? and
~ the coefficient of elastic uniform compression is- 3.8 kglcma ‘Grade of concrete uscd for
the foundation is M-150.
Spring absorbers are proposed to be used in this case. Thc conﬁguratlon of thc founda-
tion is as shown in Fig. 4.45.

a. PRELIMINARY DIMENSIONING
From Eq. 4.91, using £ = 0.25

(14+8 WiV

Factor o =

g _
1.25 X 3.4 X 6.0

o ~/9.81
= 8.14 o
Required weight of the foundation (W) (including «,./§
machine) above the springs from Eq. 4.93 = T
Assuming 8 = 0.01 m and substituting _ 8.14,/0.01
~ 0.003
=271.33 t
Wcﬁ;}:t) of the concrete foundation above thc springs — 271.33— (weight of anvil-frame)
3
. = 271.33 — (75 4 38.35)
=158t

Choosmg the dimensions of the upper foundation block same as that adopted in thc
previous example,
The actual weight of the foundation block above

the springs (Wr,) =163.2t
Total weight above the springs as provided = 163.2 4 75 4 38.35
= 27655t

The thickness of foundation slab below the springs is chosen as 0.5 m and that of ﬁdc
retaining wall as 0.15 m.

b. DYNAMIC ANALYSIS
1. Stiffness Factors
Required rigidity of spring absorbers (Ii'g) _276.55
from (Eq. 4.94) 102
= 2.766 X 10% t/m

= 180.2 x 104 t/m

Stiffness of wooden layer under the anvil (K3)
as calculated in the previous example

Stiffness of soil spring under the lower

i 3
foundation block (Ir,) =3X 38X 10°x 8.8 x 6.4

= 6421 x 10* t/m

The dynamic analysis is carried out considering a two-degree system formed by the upper
and lower foundation blocks, the anvil being considered to be rigidly attached to the
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former. 'This assumption is Justlﬁcd in this ‘case since the wooden layer under the anvil
is rcla.twcly vcry stlﬁ' - : :

ii. Masm |
Upper mass (mn) = (Wa-+-Wa + Wiz
75 + 38.35 |- 163.2
. 9.81
== 28.190 t sec’/m
Lower mass (m) including side ‘walls _
== 95.05/9.81 = 9.689 t sect/m
iii, Lzmztmg Frequencies (@a, ©z)
0)2 = Kglmn
= 2,766 % 104/28.190=9.812 X 10? (sec™?)
wl = K[ (my + my)
= 64.21 x 10%/37.879 = 169.5 X 10? (sec™?)
Mass ratio (o) = myfmy
= 28.190/9.689 = 2.909
iv. Coupled Frequencies (®ny, ©ng)
of — (@2 + of) (14a) o} + (I +a) of o] =0 (Eq. 4.74)
‘wf — (9.812 + 169.5) 10? (1 + 2.909) w24 (14 2.909) 9.812 X 169.5 X 10°=0
Solving
: n1 = 691.530 x 10 (sec~?)
w2y = 9.401 X 10* (sec%)
©p, = 262.97 sec!
wpg = 30.66 sec?
v. Velocity after Impact (V)
= (14+ k) Wio/(Wi+ Wa + Wit + W)
= (1.25 X 3.4 X 6)/(3.4+75 + 38.35 4 163.2) = 0.0911 m]scc
vi. Amplitudes
Upper foundation block (with anvil)
—(0z—om) V
ar, =

(mil - mxaﬂ.) mnﬁ

_ —(9.812 — 691.530)10° X 0.0911
T (691.530 — 9.401)10% x 30.66

= -+ 2,97 mm < 3 mm

Lower foundation block (or soil)

— (0] — o) (i — o)V
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 —(9.812—9.401)10% (9.812—691.530) x 108x 0.0911
=T SEm T TSI~ O <O2m )

Cc. DESIGN OF SPRINGC ABSORBERS

The springs having the following dimensions are adopted:
Diameter of coil {D)

= 100 mm
Diameter of spring wire (d) = 32mm
Number of windings (n) = 5
. . 10,880.
From Table 3.4, Stiffness of each spring =5 = 2176 kg/cm
and permissible load on each spring == 5060 kg
. . 2.766 x 104
Number of springs required =176 = 127
Provide 22 spring casings each containing six spiral springs
.. . . 5060
Permissible compression (8) of spring =176 = 2.326 cm
Actual compression =38+ ap,
=14 0.297 = 1.297 cm
< 2.326 cm

d. DYNAMIC FORGCES (Fg; and Fy,)
Dynamic force (Fg,) on springs = § Ky (ar, — an)

=3 X 2.766 x 10* (2.97 — 0.124)10-3
=236.2¢t
Dynamic force on soil (Fy,) =E&K:ay

=3 x 64.21 x 104 x 0.124 x 103
= 2389t '

¢. INERTIAL FORCES (Fm)

For dynamic equilibrium (Fr) § = (Fa), }

The total inertial force in the
upper foundation block

This is shared by the various portions of the foundation block in proportion to their

mg .
>m % Fm;. The computations are
i

= 236.2 t

masses. The inertial force shared by mass my is

shown in Table 4.16.

f. CHECKS ON DESIGN
(i} Total load on springs

(Static 4 dynamic) = 276.55 - 236.2
: =512.75 t
Yoad per spring - - = 512.75/132
= 3.884 t

< 5.06 t (safe)
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(ii) Total load on soil.

(Stauc+dynamm) = 276.55 + 95.05 +2 238, 9 |
© o =6105t -
Soil stress . =610.5/(8.8 X 6.4)
— 10.84 t/m?

< 15 t/m? (safe)

g. STRUCTURAL DESIGN

Considering bending in the Y'Y direction, the bendxng moments and shears are computed
as shown below.
The superimposed static and dyna.tmc loa.ds on the upper foundation block are carried
uniformly along the perimeter (21.4 m) of the spring assembly (Fig. 4.45)
i, Static loads
Referring to Fig. 4.39 reactive force per 276.55

metre length of the spring support T 12.92 tm
(Fpa - =12.92 X 4.15 = 53.62 ¢
(Fo)s =12.92 % 3.275=42.32 t

From Fig. 4.39 and Table 4.16

Table 4.16

DESIGN OF UPPER FOUNDATION BLOCK

Dynamic force on springs (Fq,)=236.2 t 4
Total inertial force B (Fu )= (Fag)=236.2 t |

Inertial Distance of centre of Static moment Dynamic moment
force gravity {m)
(F m); . )
Foundation Weight F From From At anvil At At At
Part i W;: Z W, ( middle edge middle anvil middle
{) (t) cdgc section section “edge section
X; % WiX; wit; FmiX; F; 1
(m) {m) (t.m) {t.m) (t.m) (t.m)
ABB' A’ 23.59 20.14 0.975 2.575 23.00 60.74 19.64 51.86
Falaogds i 26.84 22.92 0.975 2.575 26,17 69.11 22.35 59.02
ceeer 22.02 18.80 —_ 0.800 — 17.62 — 15.04
BHKF 5.376 4.59 — 0.800 — 4.30 — 3.67
B'H'K'F* :
FERKK'F’ 3.794 3.24 — 0.800 — 3.04 — 2.59
Machine frame 19.175 16.37 0.975 2.575 18.70 49,38 15.96 42,15
Anvil 37.500 32,02 — " 0.800 — 30.00 — 25.62
Sum 138.3 118.08 67.87 234.19 537.95 199.95

o & x235.7

Static bending moment at mid-section XX
(Mp)ze = [(Fa)s + (Fo)s] 3.275 — T W,y
= (53.62 4 42.32) 3.275 — 234.19
= 80.02 t.m
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- Bendmg moment at anvil edge
' ‘ _ ' (i’tf[,,)n = [03.62 4 (12.92 x 1. 675)] 1 675 — 67.87
= 58 2 tm

Referring to Fig. 4.39 and Table 4.16 again
Dynamic load per metre length

of spring assembly . = =236.2/21.4
=11.0¢ tfm
{F)a =11.04 x 4.15
=45811t
(Fo)a = 11.04 x 3.975
= 36.16 t

Bending moment at middle section (Ma)e == [(Fp)a + (F,)a} 3.275 — T Finq W
=.(45.81 + 36.16)3.275 — 199 95
= 68.50 t.m
Bending moment at anvil edge = (45.81 + 11.04 X 1.675) 1.675 — 57.95
(Md)” = 49.56 t.m
iii. Net moments (Mg 4 My)

At the middle section = 80.02 £+ 68.50
' = 148.52 t.m; 11.52 t.m
At the anvil edge = 58.2 4 49.56

‘ =107.76 t.m; 8.64 t.m
iv. Shear
Shear force at the anvil edge =12.92 (4.15 4 2 X 1.675) — (23.59 - 26.84 4- 19.175)

£ 1104 (415 + 2 X 1.675) F (20.14 + 22.92 - 16.37)
= 53.66 t; 3.92 t

v. Reinforcement

5
Steel required at middle section = 148.52 X 10 = 79.12 cm?

1400 x 0.865 x 135
26 numbers of 20 mm diameter bars are provided at bottom.

=225 97.18 o

1.43/2

"Ten numbers of 20 mm diameter inclined bars are provided. An additional five numbers
of inclined bars are provided at a farther distance from centre as shown in Fig. 4.45.
Two layers each consisting of 10 numbers of 20 mm diameter bars are provided under
- the anvil.
Reinforcement provided on other .faces is nominal.
The complete disposition of reinforcement is shown in Fig. 4.45.

Inclined steel required at the edge of the anvil

3. Design of Foundation for a Counter-Blow Hammer
MACHINE DATA

Weight of whole machine (Wm) =170t
Weight of upper tup (W) : - =315t
Weight of lower tup (W1) o - =345t
Stroke of the tups (&) =0.7m

Terminal velocity of the tups (v) =3.0 m/sec
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Operating spced ( fm) ' : -, =10-60 blows/min

Stiffness of band springs used S =205x 108 tim
SOIL DATA o

The safe bearing capacity of soil (ap) =30 t/m?

The coefficient of elastic uniform compression (G,) =6 kg/cm3

The dimensions of the foundation satisfying the mechanical requirements are shown
in Fig. 4.46. ' ' : '

:
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Fig. 4.46: Foundation of a Counter-blow Hammer—(a) Section -y, (b) Section x-x, (c) Plan.
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' STAGES IN COMPUTATION
- Weight of foundation: (Fig. 4. 46)

~ Weight of portion 1=9x 5.5x 0.4X 2.4 =47.520 t
~ 'Weight of portion IT=9x5.5x 3.2 2.4 ‘ =380.160
Deduct for holes=6x 0.3x 0.3 1.425%x 2.4 =(—)1.85t¢t
Net weight of foundation . =47.524-380.16—1.85
o - ‘ =425.83 ¢
. Total weight of machine plus foundation =425.834-170
=593.83 t
b. Dynamic analysis: SR
Velacity of tups before impact () =3 m/szc
Difference in weights of tups (Wa) =3t
i. First impact o
Acceleration (z) of the tups (Eq. 4.103) T 2k
= 23)::)?7 =6.43m/sec?
Impact force P; (Eq. 4.104) = W: <
-3 X 6.43=1.971t
9.81
2k
Period of the blow (T) (Eq. 4.105) =
= 220'7 = 0.466 sec

_Natural period (7Ty) of foundation soil system ( fn) (Eq._4.10_6)_ = 25 J Iﬂfl

—9n 595.83
6000 x 9 X 5.5 x 9.81
0.09 sec

Period ratio (7/7x) 4.96 :
From Fig. 2.10 the corresponding value of maximum dynamic factor (1) is 2.0

Dynamic force (F;) due to first impact (Eq. 4.107) =EX X P
=3 X 2.0 x 1.97
=11.82 t
ii. Second impact .
Velocity (¥} with which the upper tup falls on the lower _ 4tWau
one causing the second impact (Eq. 4.108) Wy W,
4x3x3
31.5 4- 34.5
: _ = 0.545 m/sec
Stiffness (K5) of the " and springs used = 20.5 X 10* t/m
Dynamic force (F;) induced on the founda- 3L.5 34.5
tion due to second impact (Eq. 4. 110) 75 % 0. 543 \/ 9.81 20.5x 10% 5 315

=363.22 t
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- . #

Total dynamic force (Fa) (Eq. 4.111) ) . =R +F |
' - ' =11.92 - 363.22
=37514¢
iii. Aliter: : : -
Using the alternative design procedure given in Section 4.5.6(c)  Wau
Impact momentum (S,) associated with the first impact (Eq. 4.112) — 4
3x3
98I
- == 0.92 t.sec.
Impact momentum (S,) associated with second _ 34.5
impact (Eq. 4.113) =125 X 55 %0545
= 2.4 t.sec
Total impact momentum (S) (Eq. 4.114) = (0.92 + 2.4)(1 + 0.6)
_ = 35.31 tsec
Total dynamic force (Eq. 4.115) — 3 % 21 x ?5%8 % 5.31
= 1113.78 t

This value is more than three times the value obtajned in the preceding section.
As stated in Section 4.5.6, this procedure over-estimates considerably the dynamic force
on the foundation, since the natural frequency is quite large compared to the operating
speed.

c. Check for soil siress:
i

Maximum stress on soil = /0 T 425.83 4-375.14 =19.66 <C 30 t/m?* (safe)

9 %55

d. Structural desipn:

. From Figs. 441 and 4.46 and Eq. 4.117 the bending moments are calculated a5~
follows: .

i. Longitudinal direction

Moment at middle section = (170 & 373'14) (9—6) == 204.43 t.m.
204483 x 105
"~ 1400 x 0.865 % 310

20 numbers of 20 mm diameter bars are provided.

Steel required (Agt)

= 54.4 cm?

Shear force (Q) at the edge of base plate . = (375'142+ 170) (1_2_62 =90.86 t
3
Inclined steel required = ?(;f&)-———%o—_ = 45.89 cm?

15 numbers of 20 mm diameter bars are provided as shown in Fig. 4.46.
ii. Cross direction
Moment at middle section ( y-y) = (170 + 375.14) (5.5 — 2.2)/8
, = 2249 t.m " '
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2249 X 108
~ 1400 X 0.865 x 310
== 60.0 cm?

S

* Provide 20 nos. 20 mm diameter bars
Shear force (Q) at the edge of base plate

(375.14+4 170) % (5.5—~2.2)
5.5 ' 2
= 163.5¢
163.5 x 108
1400 +/2
= 82.6 cm?®

Ast =

27 nos. of 20 mm diameter bars are provided.

The disposition of reinforcement is shown in Fig. 4.46. Reinforcement provided on the
side faces is nominal. The side walls may be designed as retaining walls.



CHAPTER FIVE |

Analysis and Design of Framed
Foundations for High-Speed
Machinery

Hicu-sPEED machines such as turbo-generators are generally mounted on framed-type
foundations (Fig. 5.1). The turbo-generator foundation is a vital and expensive part in
a power plant corplex.  Itis, therefore, essential that the foundation is designed adequate-
ly for all possible combinations of static and dynamic loads. While the mechanical
engineers usually furnish the layout diagram—showing the broad outlines of the founda-

- tion and clearances required for piping, linkages, etc. and also the loading diagram—it is

the task of the structural designer to check the adequacy of the foundation under static and
dynamic conditions. At times, it may become necessary to suitably alter the dimensions
of the foundation as suggested by the machine manufacturers so as to satisfy the design
requirements. Any alterations thus found necessary must, however, have the prior con-
currence of the mechanical engineers to ensure that these changes do not affect the erection
or operation of the machine. It is desirable, therefore, to have a close coordination
between the foundation designers and the erection staff (of the mechanical and electrical
installations) from the early planning stage until the foundation is completed and the
machine installed.

In the early stages of development, turbo-generators were mounted on the so-called
“wall-type foundations” consisting of a pair of walls on which were seated the turbine and
generator (Fig. 1.1c). With the increase in the size and ouptut of the machinery, more
sophisticated types of foundation had to be devised for functional reasons. Framed
foundations are now popular for supporting high-speed machinery, on account of their
many advantages, such as saving in space, saving in materials, easy accessibility to all
machine parts for inspection and less liability to cracking due to settlement and tempera-
ture changes. The common materials of construction used for these foundations are
reinforced concrete and steel. Reinforced concrete foundations are common hoth in India
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The conventmnal framed foundation consists of (Fig. 5.1) a heavy foundation slab (called
- #650le plate”) which is supported from underneath by soil (or piles) and which supports on
' its top a series of columns, The columns are connected at their top ends by longitudinal

‘Fig. 5.1: Typical Framed Foundation—
(1) Lower Slab, {2) Column, (3) Upper Slab.

and transverse beams forming a rigid table (called “upper plate” or “table plate”) on which
rest the turbine and generator. The condensers rest generally on independent supports
below the turbine portion on the foundation slab.

5.1 Design Data
m. Machine Data
i. The data required include a detailed loading diagram showing the magnitude and
position of all loads (static and rotating loads separately) acting on the foundation. The
loading diagram should contain not only the loads but also the area over which the loads
will be distributed on the foundation. A typical loading diagram is shown in Fig. 5.2.

ii. The rated capacity of the machine.

iii. Operating speed of machine.

iv. The lay-out of auxiliary equipment and platforms at the floor level of the machine
hall. '

v. The distribution of pipe lines and the temperature of their outer surfaces.

vi. A detailed drawing showing the sizes and location of all anchor bolts, pipe lines,
chases, pockets, inserts, etc.

b. Soil Data
i. Soil profile and characteristics of soil upto at least thrice the width of the turbine

foundation or till hard strata are reached.
ii. The relative positions of the ground water table in different seasons of the year.

5.2 Special Considerations in Planning
a. The foundation should be completely separated from the main building or other
neighbouring foundations by providing a clear gap all around. This avoids transfer of
vibrations to the surroundings.

b. All the beams and columns of the foundation should be provided with a.dequate
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Fig.5.2: Loading Diagram for a Turbo-generator Foundation—(a) Plan, {b) Elevation. (1,2, 3) Weight
Due to Cylinder, Turbine Rotor and Foundation Plates, (3,4) Weight Due to Cylinder, Bearing Plate
and Rotors of Generator, (5} Load Due to Depression in Condenser, (6) Load Due to Generator Stator,
Gas Coolers, Shiclds and Foundation Plate, (7) Load Due to Exciter and Foundation Plate, (8) Hori-
zontal Load in the Longitudinal Direction, (9) Miscellancous Loads Due to Platform Adjoining the
Turbo set, Emergency Stop valves, Qil tank, etc., (1¢) Load Due to Short-circuit Moment.

haunches to ensure rigidity of joints and to avoid large concentration of stresses.

c. As far as possible, it is desirable to avoid overhanging cantilevered projections.
Where they are unavoidable, they should be so designed as to ensure adequate rigidity
against vibrations.

d. The base slab should be rigid to prevent non-uniform settlement of soil. According

to the prevailing standard codes on_the subject, the effective thickness of the base slab -

should be at least one-tenth of its length or the minimum width of column, whichever is
more. Further, the codes stipulate that the : weight of the base slab should be not less than
the total weight of machine plus the weight of the foundation excluding the base slab.
The_mw:)f the base should be 2 m.

A
Ly

and the eccentric loading on the transverse girders be avoided.
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f. .As' far as possible, the foundation should be so dimensioned that the resultant force
due to the weight of the machine and foundation including the upper deck, intermediate
slabs, if any, the base slab and the columns passes through the centre of gravity of the base -

5.3 Principal Design Criteria . .
a. From the point of view of vibration, the natural frequencies of foundation system
should be far away from the operating speed of machine as well as the critical speeds of the
rotor. A clear separating margin of at least 20 per cent should be_ensured in_design,

b. The amplitudes of vibration should be within the permissible limits. The permissible
limits specified at the bearing level of the machine.are stated as under: '

1. For machines with operating speeds of 3000 rpm or more:

Vertical vibrations 0.02 mm
Horizontal vibrations 0.04 mm

ii. For machines with operating speeds less than 3000 rpm:
Vertical vibrations 0.04 mm :

Horizontal vibrations  0.07 mm

ii. The static calculation should be carried out separately for cach loading case—dead
loads, dynamic (or cquivalent static) forces in vertical or horizontal directions, short-circuit
force, and forces due to thermal and shrinkage effects. The bending moments obtained
for the most unfavourable combination of these loading cases should be considered for
design. The effect of vertical and horizontal dynamic forces should not be added since
they do not occur simultancously.

iv. The soil stress below the base slab of the foundation should not exceed the

-allowable bearing pressure on soil. For the computation of the total load on the soil,

only half the vertical dynamic force need be considered. :
v. The torsional moments in frame girders caused by eccentric loading of the machine

~should be accounted for in structural design.

5.4 Dynamic Analysis
For the dynamic analysis of framed foundations, three methods are available at present,
namely, the “resonance method” developed by Rausch in Germany, the “amplitude

——

method” proposed by Barkan in the U.S.S.R. and the “‘combined method” proposed by
Major in Hungary. The brief outlines of these three methods are "al
their relativé advantages and disadvantages.

According to the resonance method, the primary requirement is that the foundation
should be “out of tune” with the machine. This means that the natural frequency of
the foundation should differ by at least 20 per cent from the operating speed of the
machine.

Tt has been realized subsequently that the resonance method is not complete in itself
and it suffers from many drawbacks, some of which are explained below.

a. A check on resonance does not guarantee adequate design if, for example, the
natural {requency of the foundation is considerably lower than the operating speed (i.e.,
if the foundation is under-tuned). Actual observations have shown that in case of under-
tuned foundations, even though the natural frequency is well away from the operating
speed (which means that the resonance conditions would be satisfied) excessive vibration

given below along with
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is still noticed every time the machine speed passes through the natural frequency value
- during acceleration and deceleration stages. ' N . '
_b. Tt has also been found in some cases that although the natural frequency of the
- foundation. is close to the operating speed of machine (which means that there is theore-
tically a possibility of resonance}, no damage is caused to the foundation. In such cases,
although resonance might have occurred, the resulting amplitudes are so small that it does
not damage the structure. ' |

c. For the analysis of frequencies, a single spring-mass system is suggested. This is an
over-simplification of the real system.

‘The basic objection to the resonance method is that it does not predict the extent of
damage to the foundation, since the determination of amplitudes is omitted.

‘This has led to the adoption of the amplitude method developed by Barkan. According
to this method, the fundamental requirement is that the —amplitudc .of foundation under
forced vibrations should not exceed a certain permissible value. Based on various
investigations, different permissible amplitudes are prescribed for different machines.
The method is based on a system with two degrees of freedom, which is an obvious im-
provement over the resonance method. The method, however, neglects the fact that the
amplitudes increase during acceleration and deceleration stages (in case of under-tuned
foundations). Actual observations showed that the amplitudes computed by this method
are smaller than those actually measured on under-tuned foundations.

In fact, the resonance mecthod and the amplitude method are complimentary. This
gave risc to the third method, known as “combined method”, also termed the “extended
resonance method”.  According to this method, while the possibility of resonance is investi-
gated, the amplitudes should also be determined. In the case of under-tuned foundations,
the maximum dynamic effects that occur during acceleration and deceleration stages are
also considered in design.

All the methods mentioned above indicate that for purpose of dynamic analysis,

-each cross-frame-of the foundation may be considered independently. It has been found
from practical observations that the resonant range of the first natural frequency is wide
and this gradually narrows down for the second and higher-order frequencies. —This led~
to the belief that dangerous resonance at higher frequencies is remote and_that only the
fundamental natural frequency may be considered._for checking the occurrence of
resonance and for the determination of amplitudes. T

A summary of the various stages in computation based on the three methods mentioned
above is given below:

5.4.1 Resonance Method

a. Determination of the Natural Frequencies _

The natural frequency in the vertical direction is the average of the frequencies of individual
cross-frames. For the calculation of vertical natural frequencies of cross-frames, the self-
weights and super-imposed loads on longitudinal girders are considered as concentrated
loads over columns (Fig. 5.3). For the horizontal frequencies, the bottom slab is assumed
to be infinitely rigid. In both cases, a single-degree freedom system is assumed for analysis,
As a farther check, the vertical frequencies may also be computed on the basis of a

two-degree system with the soil under the base slab acting as an elastic spring
(Fig. 5.4).
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%//: m=P+Q+2N Fig, 53: Model System for a Cross-frame
' (Resonance and Combined Methods).

K

My L
2

Ky
Fig. 5.4: Coupled System for Vertical Vibrations—(7) Upper 3

Slab, (2) Frame, (3) Lower Slab, (¢) Soil. 7

, (3) (#) m O

4

Kz

i.  Vertical Frequency
Zh

n

Jo= (5.1)

where f; is the frequency of the ith cross-frame. (Total number of frames is n.) The

natural frequency is obtained ‘on the assumption of a single-degree freedom system

(Fig. 2.1).
The circular frequency (wy) is given by
g = 'pr-g— Sec! . (2.7)
Expressing the frequency in rpm and substituting % = Jgt

where 8yt is the static displacement, it can be easily deduced that

. .30 cpm)
f;l_— ‘\/sst (Pm

where 8;; is in metres, : ,
The vertical frequency of the cross-frame is then expressed as

on= 30/ (cpm) (5.2)
where By is the total vertical deflection in metres at the mid-point of cross-beam.

B S S (5.3)
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where 8,, &, 8, and 8. are given by Eq 5.4.
The followmg notations are used =~ .
P = Concentrated load of machme
- q¢ = Self-weight per unit length of cross-beam
N = Concentrated load on columns
Ay = Area of cross-section of beam
Ae = Area of cross-section of column
Iy == Moment of i inertia of beam
Iy = Moment of inertia of column
E = Modulus of elasticity of foundation material

h = Effective height of column
{ = Effective span of beam

I &
K = TT

Deflection* due to concentrated load (P)

P 2K+1

5= S, K12 (5.42)
Deflection* due to uniform distributed load (Q = ¢i)
__ QP 5K42
=g &, K12 (5.4b)
Deflection* due to shear ]
3 1 Q
3, =54 (P +_§_?_) (5.4c)

Compression of column due to axial load* (V) transferred from longitudinal girders

EQ(N+-P+Q) (5.4d)

Fig. 5.3 shows the loads, P, Q and N acting on a typical cross-frame.

8, =

ii, Horizontal Frequency
Assuming a single-degree system

() =350, Fuuct Fon L. T P (5.5)
w

w = Total load of machine and upper table (z)

Kny, Kny ,...= Lateral stiffnesses of individual cross-frames (tfm)

The lateral stiffness of frame “i” neglecting joint rotation is given by

K.;I2EQ(6K+1
M= 3K+2

(5.6)

* Kleinlogel: “Rigid Frame Formulae” {1964), Frederick Ungar Publication Co., N.Y.
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b Dynamm Forces § o o

‘According to DIN 4024,°¢7 which is based on the resonance ~method, the dynamic (or
- equivalent static) force (F) on the foundation of a rotating machine having operating
- speed f (in rpm) is given by -

— " Rfa : ‘
F=13 [—T1] 3000 | (5.7)

where 7 is ratio of the natural frequency (f,) to the operating frequency ( f) of machine
and R is weight of rotor. The value of F shall be limited to a maximum value given by

Fmax =15 R = | (5.8)
DIN 4024°7 further suggests that a 10 per cent more unfavourable value for “y’ may
be adopted in calculation so as to get a higher dynamic force.  For under-tuned foundation
(n<<1) a 10 per cent addition (i.e., 1.1 f3) is to be made for the computed natural frequency,
and for over-tuned cases (m>1) a 10 per cent reduction is made (0.9 f)

5.4.2 Amplitude Method

As in the resonance method, the vibration analysis is carried out for each cross-frame
independently.  For the computation of vertical and horizontal frequencies, however, a
two-degree system is adopted (Fig. 5.5). The main criterion for design is that the ampli-
tudes due to forced vibrations are within the permissible limit.

1 Fo Sin we

Zy| | 7

m: =2 ! O
i 1 5 2

2 'mz K2 /(2
Ky K __+2Zy Fig.5.5: Model System for Vertical

5 5 m Vibrations (Amplitude Method),
2
K

i.  Unbalanced Forces

From simple dynamics, it can be shown that the centrifugal force of an unbalanced rotating
shaft is given by

Ci= fg‘ig ©l | (5.9)

where ¢ is the eccentricity of rotor, which may be assumed as 0.05 mm for a 3000 rpm
machine, 0.2 mm for a 1500 rpm machine and 0.35 to 0.8 mm for a 750 rpm machine, R is
weight of rotor and wp, is angular frequency of rotation. ‘

The vertical (P,) and horizontal (Pr) components of the exciting force are given by
Py =Cisin omt (5.10a)
Pp = Cy cos AN (5.10b)
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it. Vertical Natural Frequengy ‘ u _ | o B :
For the vertical frequency a two-degree spring-mass system shown in Fig. 5.5 is adopted.
The equivalent weight (m;) assumed to be concentrated at centre of transverse beam is
given by ' S ' o ' '

mg=mo+0.45m, (5.11)

whercmo(= EP-) is the concentrated mass of the machine carried by the girder and my, is

the mass of the cross-girder.
The mass my lumped over the columns is given by

my = mg -+ 0.255 mp 4 0.35 m, (5.12)

wherc my is the mass transferred from the longitudinal girders. This includes the own mass

of the longitudinal girders and mass due to loads carried by them and me is the mass of
columns, '

The stiffness (K,) of the frame columns is given by

K= 224 (5.13)

The stiffness (K3) of frame beam is obtained from

Ko=1/3, (5.14)
where
s _ B(142K) 31
= GELETE T SC4 (5-13)

G is the modulus of rigidity which is generally taken as half of £.  The two natural circular
frequencies of the system are obtained by solving Eq. 2.32 (see Chapter 2)

iil.  Vertical Amplitude
The equations of motion for forced vibration of the system (Fig. 5.5) having two degrees
of freedom are given by Eqgs. 2.30a and 2.30b.

"The amplitudes of motion ¢, and a; of masses m; and m, are obtained from Egs. 2.31a
and b. '

iv.  Horizontal Natural Frequengy

The upper and lower foundation slabs are assumed to be infinitely rigid and the columns
act as leaf-springs, the stiffness of which'is equal to the lateral stiffness of mndividual cross-
frames. The elasticity of soil is not considered in this approach.

Fig. 5.6 shows the model system used for the analysis of horizontal vibrations. The
springs represent the cross-frames and the stiffness of the spring is the lateral stiffness of the
particular cross-frame. o

The equivalent mass () lumped over the spring (representing frame i) is given by

My = oy ~+ mpe + 0.3 me; + my, (5.16)
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o Xea ) Xce .
. Xgg Aep
fWa W, W v, pw
1 [ ¥ m
! L]
A Bl H Glc D wE

‘K l l l Fig. 5.6: Model System for Horizontal
HKna e . Kpe Kwp 1Ky Vibrations (Amplirude and Combined
Xoa Hal Xue Xup I ‘ Methods).

e Xog

H : CENTRE OF ELASTICITY
G : CENTRE OF INERTIA

where

Moy = mass of machine resting on cross-beam of frame i

mypy = mass of cross-beam 7 ' '

Mgy = mass of columns of frame 1

Mgy = mass transferred from longitudinal girders on either side

Considering the upper slab as a rigid body resting on springs, the equations of motion
for lateral translation (x) and rotation (6) in the horizontal plane are given by

i+ Kx -+ Ked — C sin ot | (5.17)
95 + Kex + (Ke? + v) 0=»M, sin ot (5.18)

where . |
m is the total mass on the upper slab (3 m;) (5.19)
"K' is the sum of the lateral stiffnesses of cross-frames (Z Kns) (5.20)
| ¥ = BKp XL, (5.21)
p=3m X3 (5.22)
C is the total centrifugal force calculated from Eq. 5.9 (Z C) o (5.23)
Mo =3 (Gi Xg) (5.24)

¢ is the distance between the centre of inertia G and centre of rigidity H (Fig. 5.6)
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i refers'to one of the cross-frames of the foundation and the summation ¥, is ovér the total

number of crosssframes. The coupled natural frequencies of horizontal mb_tion‘-o;pl_
and wyg of the system are obtained from the roots of the following qiadratic'equation

inai |

S(0n) = ©f — (a0? + 0F) 02 + w2l =0 . (5.29)

where I _ _“_'_ : _ o
e \/i’: (5.26)

wm [T o)
)

=142 " (5.28)
and r = o/m (5.29)

v. Horizontal Amplitudes

Selving Eqs. 5.17 and 5.18 the following cxpressions for amplitudes a, and ag can be
derived:

L twl_aa )8 2 Mo
ap = (frot-+ od - )m e (5.30a)
) S e,
and
LT (op — o) (5.30b)
L 7o)
The net amplitudg of horizontal vibration is
tn = ag gy ¥ (5.31)

where 3' is the distance of the farthest point of the foundation from the centre of
gravity 6. ‘

vi. Dynamic Forces ~
According to the 11.5.S.R. specifications™" the vertical dynamic force (Py) is given by:
Py =175K, ay (5.32a)

where Ky is the stiffness factor of frame beam or column (& or K;) and ay is the correspond-
ing vertical amplitude, '

The horizontal dynamic force on cach cross-frame is given by

Py=7.5Knay - ~ (5.32b)

where K}y is the lateral stiffness of the cross-frame and
an is the net amplitude given by Eq. 5.31
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| '5 4.3 Combined Method
"1, . Vertical Frequencies

: The vertlcal natural ﬁ-equenmes of mdwxdual cross-fra.mes are calculated: as in the case of

the resonance methed using Egs. 5.1 to 5. 4-

ii. Horizontal Frequencies
The horizontal natural frcqucncics are obtained from the cxpression

TEn Iy '
(fn h—BO,\/an;E\/ W T (5.33) |

where (see Fig, 5.6)
Ky = lateral stiffness of the cross-frame i {¢/m)
W, = total weight on frame i, including machine weight, weight of transverse beam
and weight transmitted by Iongltudlnal girders
IG—EWX = W, X5, + WeX2% + ..

Xg being the distance of weight W from the vertical axis through centre of gravity.
Iy = 2K X5 = Ky Xy + Kip X + ..

Xuis the distance of each fraiae from the centre of rigidity (H)

and
1 SKne  ZKug
—— 2
%= [‘" To T3W, T I, ] (5.34)

iii. Amplitudes
The following steps lead to the evaluation of amplitudes in vertical and horizontal
directions: _

-StEP 1: The dynamic factor (i) is computed from the following expression

1

5.35)
EITOF: |
'\/( fi + T S fi ‘
where A is logarithmic decrement of da.mping, which may be assumed as 0.4 for concrete
foundations. For under-tuned foundations, i.e., jfa < fm, fa =/m Should be used in the

above formula.
Then

I_L:

b= ‘—:- and for A=04, p=17.85

Step 2: The centrifugal force (C) caused by the rotation of unbalanced shaft is obtained
for under-tuned foundations (fy < fm) as

Ci=aR [%2— : (5.36)

where o is as given below for different machine speeds.
a = 0.2 for ¥ 2> 3000 rpm (5.36a)
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‘= 0.16 for V' == 1500 rpm . (5.36b)

= 0.10 for N = 750 rpm I ~ (5.36¢c)

"The above values of & correspond to the normal balanced state of the rotor.
For over-tuned cases (i.e., fu > fu) '

Ci=«-R o o (5.37)

'SteP 3(a): Vertical amplitudes (av)

ay = 8y | (5.38)

where

5, CfB 2K4+1 3 ! 1 h} (5.39)

T ESL K2 54 T2 4

& and C arc obtained from steps (1) and (2) above. For under-tuned foundations, 4 is
taken as z/A or 7.85, which is the maximum value.

Step 3(b): Horizontal amplitudes (ap)

For computing the horizontal amplitudes, the horizontal centrifugal forces acting on in-
dividual frames arc determined in the following manner. The horizontal centrifugal
force obtained from Eqgs. 5.36 or 5.37 (as the case may be) is distributed to various frames
in proportion to their lateral rigidities.

1 o Ko CKni Xme
G=Cikm o Ia

(5.40)

where
Iy =ZKm X3

C  is the total centrifugal force (ZC;)
ey is eccentricity of the resultant of centrifugal forces from the centre of elasticity =
Xg—Xc, where Xg is the centre of elasticity (centre of gravity of forces Ky) and
Xc is the centre of gravity of centrifugal forces or the rotating weights.
ZKn¢ is the sum of lateral rigidities of cross-frames
Xpg is the distance of each frame from the centre of elasticity.
If C; is the centrifugal force on the frame i (Eq. 5.36 or 5.37), the lateral deflection
8; under the static influence of C; is given by

.G
S Y 41

"The horizontal amplitude ap; of cross-frame i is given by

anhg = p.shi (5.‘1’2)
where p is given by Eq. (5.35).
Since the horizontal frequency is generally very low, as compared to operating frequency,
the maximum value of ¢ equal to 7.85 may be taken for the computation of horizontal
amplitudes.
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.."w .D_ynamw Forces R '
To account for possible uncertainties in the calculauon of natural frcqucnclea, th\.. com-

o :puted natural frequency should be modified by multlplymg it.by a term

" (1 & @) such that f7, =f(l+ 2 | B (543)
whcrc xisa corrcctlon factor which may be taken as 0.2, The plus sign may be taken when

o< fm and minus sign ‘when Jo > fo. If_ﬁ.klm between lf-l: and fm ,thenf,

fn may be used.
The following expressions may bc used for the calculation of dynamic forces:
Case (@): fi<fm

-

when fm == 3000 rpm, F= lﬁR(;’“ ) (5.44n)
when fy = 1500 rpm F= 12R(§“ )’ (5.44b)
when fy= 750 rpm, F= 8R(§; ) | (5.44c)

where R is the rotating weight on the frame.
The maximum values of F should be as follows:

when fi= 3000 rpm, Fpax=16R (5:45a)
Jm=1500 rpm, Fryx == 12.R (5,45b)
‘Jm= 750 rpm, Fax= BR | (B,A4be)
Case (b): fo >/fm
F= 2f‘m“A 57\ © (5.46)
NO-rart) H(5) (sarsy #
where Fmax = 1.0 R for 3000 rpm machine ' (5.46a)
= 0.8 R for 1500 rpm machine ' (5,46!:)
—0.5R for 750 rpm machine | (5.46c)
Case (c): If fu lies between lj-tf nd lj-;: ., then p = -E =~ 8.0,
From Eq. (5.46),
F =16 R for fu = 3000 (5,:47a)
F=12R for fn = 1500 (8.47b)
F= B8R for fm =750 . (5,47c)

The coefficients 1, 0.8 and 0.5 in the Eq. 5.46 correspond to the worst possible un-
. balanced state of rotor at which the amplitudes built up are five times the corresponding
values under normal balanced state equations (5.36 a, b, c).
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‘To compute the vertical dynamic force which acts at the mid-point of cross-beam, the .

rotatmg weight on cross-beam (Rp) alone should be substituted for R in the abovc ex-

pressions and for the calculation of horizontal dynamic force which acts ‘transversely at the

beam level, the total rotating weight (Ry +- Re), including the rotating welght transf'crred
from longitudinal girders on to the columns, should be considered.

5.4.4 Commentary on the Yarious Methods

Of the three methods described above for the vibration analysis of framed foundations, the .

combined method recommended by Major is most popular in design oﬁiccs, bccausc of the
following advantages:

a. It combines the advantages of the resonance and amphtude methods in that it checks
for occurrence of resonance as well as for the limitation of amplitudes.

b. Itaccounts (although conservatively) for the occurrence of transient resonance which
inevitably occurs in under-tuned foundations.

5.5 Structural Design

Having evaluated the equivalent static loads occurring during the operation of machine, the
structural design is done as in the static case. The design consists of calculating the bending
moments, shears, etc., in the frame members, considering the worst combination of the
various loading cases given in the next section. Fig..5.7 shows the diagramatic view of the
various loading cases to be_considered in design. '

LOADING CASES

B
. S

NAMIC LOAD DUE TO DIFFERENTIAL ~ SHEINKAGE

STATIC LOADS AND DYNA
CONSTRUCTION LOADS LOADS DEPRESSIONIN  TEMPERATURE (-10°C)
| CONDENSERS + 20°C)
DUE TO SHGRT- DUE TO IMBALANCE EARTHQUAKE
CIRCUIT FORCE IN MACHINE AT FORCES
ON GENERATOR BEARING LOCATIONS |
SUPPORT ,

Fig. 5.7: Loading Cases.

5.5.1 Loading Cases ‘
The loading diagram furnished by mechanical engineers gives the magnitude, point of -
application and direction of all loads—both stationary and rotating.

n. Construction Loads

Construction loads occur only when the machine is being erected. As such they are not
to be considered as acting simultaneously with the dynamic loads which occur only during
the operation of the machine. The construction loads are generally taken as a uniformly
distributed load varying from 1000 kg/m® to 3000 kg/m? depending on the size of the
machine unit.
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b. Dynamic Loads _
- The dynamic loads exerted on the foundation are of two types: _
- i.. Centrifugal forces (equal to me w?, where m is the unbalanced mass, ¢ the eccentri-
ctiy and @ the circular rotating frequency) caused by the rotation of imperfectly balanced
rotors. This is a periodic load. o '

ji. Loads which are impulsive (shock-like} in nature and which act irregularly,

The dynamic effects caused by faulty balancing of the machine have been considered
in Chapter 2. o

The impulsive loads are caused by the mutual magnetic efféct between the stator and
rotor. The shock, which is in the form of a couple known as “short-circuit moment,”’
‘tends to break the stator off the foundation and this imposes vertical loads on the longi-
tudinal beam supporting the generator stator. The machine suppliers usually furnish
information leading to the determination of this impulsive load. If accurate data is not
available, the short-circuit moment (M) may be taken empirically as four times the rated
capacity (in MW) of the turbo-generator unit. The following formula may also be used

RDN

where R is weight of rotor (in t), D is diameter of generator casing (in m)-and N is fre-
quency of rotation (in rpm). _

‘The Russian practice is to take seven times the normal rated torque as thé short-circuit
moment.

c. Loads Due to Depression in Condensers

Owing to the depression in the condenser, a suction effect occurs between the condenser
and the turbine. The magnitude of this load depends on the nature of coupling between
them. If the coupling tie is elastic, this causes an increased load on the turbine and conse-
~quently on the foundation. The condenser supports are correspondingly relieved of the
same amount of load. However, if the condenser connection is rigid, the depression has
no effect on the foundation. The load due to depression in condenser, if not supplied
by the manufacturer, can be evaluated from the following formula

P=A4(p1~p)

where 4 is the cross-sectional area of the connecting tie between the condenser and turbine
and (py—p,) is the difference between internal pressure in condenser and the external
pressure. This difference in pressure may be taken as 10 t/m?.

The load due to the condenser being a force without mass should not be considered in the
computation of natural frequencies.

d. Effects of Temperature and Shrinkage

When designing framed foundations, the effect of differential thermal expansion and
shrinkage should also be considered. Where exact data is not available, a differential
temperature of 20°C may be assumed between the upper and lower slabs. Besides, a
cifferential temperature of 20°C may be assumed between the inner and outer faces of the
upper slab. The upper slab should be treated as a horizontal closed frame and analysed
for the induced moments due to differential temperature,
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"To account for the shrinkage of the upper slab relative to the base slab, a temperature
fall of 10°C may be assumed. If the frames are concreted more than two months afier the
base slab is cast, the temperature fall of 15°C may be assumed. '

e. Forces Due to Earthquake Effecis )

The force due to earthquake is generally considered as a lateral force acting on the indivi-
dual cross frames of the foundation. The evaluation of this force depends on the seismic
zone in which the foundation is located and has been illustrated in the example worked
out in Section 5.6. For foundations located in power stations, the Indian Standard Code
1S: 1893-1970 (“Criteria for Earthquake Resistant Design of Structures”) recommends a
50 per cent increase in the seismic coefficient considered for normal buildings. This is
in view of the post-earthquake importance of these structures. When earthquake forces
are considered in elastic design, the permissible stresses in materials and the allowable

bearing pressure .on soils may be incrcased by a suitable proportion as suggested in the
above Code.

5.5.2 Design of Cross-Frames
The bending moments, shears, etc. in the frame members are evaluated separately for
cach of the above loading cases. The worst combination of the effects of these various
loading cases should be considered for design. The bending moments and shears in the
cross-frames may be evaluated by the use of expressions given by Kleinlogel.

Where haunches are provided at the beam-column junctions as shown in Fig. 5.8, the
effective span () and height (%) are calculated from

I=1}-2Xa (5.49a)
h=h,— 2o | (5.49h)
P
lN l Q N
. X
T —
X
e — — rT | —————
A== [k ! ol
i | |
hﬂ ! /0 ho ’L ,D .l
| | i |
ST T T T T _H—////] /74 -~ ////I//// m————— - f///al'l/n
{a) : : {b)

Fiz..5.8: A Typical Cross-Frame—(a) With Haunches, (b) Without Haunches,



- whare X and 2 are as marked in Fig. 5.8 and g is a factor to be determined from Fig. 5.9,

"It may be found that the sections of the foundation members as given in the draw- -

) ings supplied by the manufacturers are too massive for the induced moments and shears
in these members. According to the standard codes on the subject,®% €47 atleast 50 kg
of steel per m? of concrete section should be provided in all of the foundation members.
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nolle :ﬁ [
. 2
o 0.20 ) Al 2T
' e /’_ LT '1 g0 |
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0.04 0.08 012 0.16 0.20 0.24
Xilo
Fig. 5.9: Graph for Determination of Coefficient « for Haunched Frames {From Major, A.,

Vibration Analysis and Design of Foundations for Machines and Turbines, Akademiai Kiado,
Budapest,1962; with permission).

5.5.3 Design of Longitudinal Frames
The analysis of the longitudinal frame is carried out by any of the well-known methods
for the various loading cases given below and the reinforcement is provided accordingly.

a. Static loads including self-weight of longitudinal girders and machine loads shown
in loading diagram. - |

b. Short-circuit force as distributed load on generator support.

€. Vacuum effect of condenser. If the condenser connection with the turbine is rigid,
this need not be considered.
. d. Construction, loads considered as distributed load on platforms projecting from

longitudinal girders. This may generally be taken as 2000 kg/m®.

e. Vertical dynamic forces (if any) acting on longitudinal girder.

f. Half the horizontal dynamic force which is considered to act along the axis of
longitudinal girders.®1:12

g.- Differential temperature of 20°C between the upper and lower foundation slabs.

h. Shrinkage corresponding to a temperature fall of 10°C.

i. Earthquake forces (only horizontal forces need be considered.)

For considering the worst combination of the moments due to various leads, the follow-
ing points should be borne in mind.

a. The construction loads should not be considered to act with the dynamic loads.
'The former occur only when the machine is being assembled or at rest.

b. Vertical and horizontal dynamic loads should not be considered simultanecusly.

c. Since the effects of temperature and shrinkage are mutually of opposite nature,
they may not be considered together in evaluating the net moments.
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d. The cffects of carthquake and ._dynauiic forees from the machinery may be consider-
cd_togetht_:_x‘i Lo e : : R :
5.5.4 Design of Foundation Sab ' ' .
The basc arca of foundation slab should be such that the maximum bearing pressure on

- soil i3 hot more than the permisslblo beariiig pressure.

Having found the soil pressures and the load transmitted by each column, the structural
design of the foundation slab is done as an ordinary raft. | _

A practical example of the design of an under-tuned framed foundation for a 200 MW
turbo-generator machine has been illustrated in Section 5.6.

5.6. Numerical Example for Design of Framed Foundation for a 200 MW

Turbo-Generator
Figs. 5.10-5.12 contain the outline dimensions of the foundation in mm proposed by the

w
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machine manufacturers. The loading diagram shown in Fig. 5.13 contains the total loads
acting at different positions on the upper table of the foundation. The rotating loads are
shown in brackets. The permissible soil stress is 2 kg/cm?®.  Density of concrete used is
2.5 t/m®. It is required to check the dynamic stability and design the foundation.

‘The foundation consists of six transverse frames standing on a 2 m thick sole plate.
The dynamic analysis of the foundation is carried out on the basis of the “combined method”
explained in Section 5.4.3. The computations consist of the following steps:

a. Natural frequency calculations ' -

i. Vertical frequencies of cross-frames
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; . Fig. 5.13: Loading Diagram at 9,000 (* Short Circuit Force)

ii Horizontal frequencies of the foundation
h. Amplitude calculations
i. Vertical amplitudes
ii. Horizontal amplitudes
c. Dynamic forces
i.  Vertical dynamic forces
ii. Horizontal dynamic forces
d. Design of cross-frames
e. Design of longitudinal frames
f. Design of foundation slab

a. Natural Fregquency Calculntions -
 Vertical Frequencies. of Cross-Frames: The geometri¢al data and loading on the cross-
frames are given in Table 5.1. ‘ ’
Frame A
The moment of merha of the framc beam
= 1/12 x 1.3 X 1.4% = 0.30m*
The moment of inertia of frame columin
= 1/12 X 0.8 x 1.0® = 0.067 m?
* Area of cross-section of frame beam
Ap = 1.4 X 1.3 = 1.82m?
Arca of cross-section of frame column
A= 1.0 x 0.8 = 0.8 m*®
Effective span (1) and height (&) :
Referring to Fig. 5.8

o =75m : hy =97 m
£ =07 : X=10.5
ho 9.7
= =1,
A 75 293
X 0.5
- = = 6
lo 7.5 0.067

Referring to Fig. 5.9, « = 0.13
Effective span ({)={—2X a=7.5—2%0.5x0.13=7.37 m
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| Eﬁhctivc height (A) =—ho—ez¢—~9.7=ru 7%0.13=9. 51 m
"I'he frame constant (I(') Is givcn by - : _

9 HBﬁl S

i
5
%
+

| hbom est
Static loads on frame ; .
_ Beam weight (Q, =4i) = 1,82%25%6,5=29.6¢
Machine weight (P') = 400t
j Grouting on beam (P') = 0.54x1.3%24X25=421
1 Total (P) = #42ct .
‘ " Load on column (N) _ .
Load from longitudinal beam = 3.36%20%1.4%2.5=235t
One third self-weight of column = 0.8%245 (%-—'1.4) =41t
Load due to plpe lines reating on long’ltudlnal beam = ; 4‘-53 6.0 4 é ig x60=525t
Total load (N) = 32.85¢
The deflection at beam centre due to concentrated load (P)
PP 2K+1

)

1= 06 EL, K12

442X 737 2x584+1
“ 96 x3x10°x 0.30 5.84 12
331.02X 10~¢ m

The dcﬂcctmn at beam centre due to uniformly distributed load { Q)

QP 5K+2
~38&EL K42

_ 29.6 X 7.37* 5 X 584+
T 3B84x3xX10°x 030 58442
= 136.44X10*m

8y =

'The deflection at centre of heam due to shearing forces

_ 9 gl
=5 a [P+ ]

—5'
3 7.37 29.6
=_3><10¢><132_[442+ ]

3
= 47.78X 10 m

The axlal compraaaian gf calnmn dllﬁ tn vertical load

3‘“@4 [”*Ptﬂ]
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X - 4424296
TIxTotx08 | 028t 2 _] :
 =279.3x10-%m |

' 'I.'he’ total vertical displacement of the centre of beam (3)

8=28 43,4+ 8+ 3,
= 794.54 x 10-* m

The vertical natural frequency of frame 4 is

30 30

=75 = /794.5% % 10-5
= 1064.2 cpm

‘Table 5.1 coni.ins the vertical deflections and vertical natural frequencies of all of the
frames.

ii.  Horizontal Frequencies: The loads carried by the frames (I47):
Wi =P4Q,42N,; '

Wa =4424-29.6465.70 = 13950t |
s =77.34+32.14-109 = 2184t '
We =83.254-29.44-254.3 = 366.95¢

Wp =38.61-46.34+353.4 = 4383t

Wy =9.348-+33.104-310.04 = 352.49 ¢

Wy =20.3484-86.24-}-88.2 = 194.79 ¢
From Table 5.2, the distance of the centre of inertia from the axis of Frame 4 (Xo) is
given by
' ., 30355.08
*o=T7i043 — 775 m

Table 5.2

HORIZONTAL‘ FREQUENCIES

Distance of _
Frame Total load ?E;Bt;: Rigidity
(t) . factor
axis of
Frame A
(£) (Wiy d; Wi d; Ky Ky & sg=(Xg—di) xp=(Xy—di)
A 139.5 — — 4.79x 102 —_— 17.75 16.43
B 218.4 5.43 1184.82 4,78 % 10° 25.03 % 108 12.32 11.00
o} 366.95 10.96 4019.94 20.89 % 103 298,805 109 6.79 5.47
D 438.3 19.46 8527.13 23.35% 10° 45420% 108 — 1L.71 —~ 3.03
E 352.49 27.71 9765.68 13.05 x 10 361.62x 108 — 9.96 —11.28
F

194,79 . 35321 | 6857.51 - 148x 108 52.17x 100 —1746 —18.78

Sum 1710.43 30355.08 68.34 ¢ 10° 112272 x 100
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Displacement due to unit load acting horizontally along- the axis of the frame beam (3n)

B 3K+2 6k [\, Aok IBK® ] B 18K?
= 1{3FL 6K +1 1 5E4 [1+_Ah__l GEFIA) T B4 E GEF IR
sy 9.618 3x584+2 . 6x 096l
(Cn)a =153 x 10° X 0.067 6 X 584 + 1.0 * 5 X 3 x 10° X 0.8

T4 0Bx96l  18x588 ] N 9.618
1.82 X 7.37 (6 X 5.84  1.0)3] " % 10° x 0.8 X 7.37%

18 % (5.84)® | |
(6% 5-8(4+ 1).0)2 = 208.76 x 10-° m/t

Similarly for other frames .
(3n)p=209.21x 10~ mft . (3n)p= 42.83X 108 mft  (8n)=675.68x 10-° m/t

(Sn)o= 47.87x 10~ mft  (Su)g= 76.63x 10~ mjt

Rigidity factors An = (—;—) of frames A to F are given in Table 5.2.
h

The distance of the resultant of forces H (centre of clasticity) from the axis of frame A

3
1122.72 x 10 — 16.43 m

Xd = 53 3E X I°

The eccentricity (e)=Xz—Xg=17.75—16.43=1.32 m
Table 5.2 contains the distances xg and %y of the axis of each individual frame from the

positio. 7 and H respectively.
I =SwWaxl = 139.5 x 17.7584-218.4 x 12.322+4366.95 X 6.79+438.3 X (—1.71)?

435249 x (—9.96)24+-194.79 X {—17.46)%
= 189.65 x 103 _
Ig=3Knx? = 4.79 x 10° x 16.432 4 4.78 X 10°® x 11.00* 4 20.89 X 10° x 5.47*
+ 23.35 X 10° (—3.03)% 4 13.05 x 10° x (—11.28)% 4 1.48 x 10°
%X (—18.78)2 . _
= 4893.28 x 10°
Factor oo is_given by Eq. (5.34)

. 622 Ky XEw | Im
aﬂ—%[: IG + EW‘ +"I;

_, J(1:32)" x 68.34 x 10°  68.34 x 108 | 4893.28 x 103]
=3 189.65 X 107 1.710 X 10° © 189.65 X 108

= 33.20

The horizontal natural frequencies are from Eq. (5.33)

S I In
(fn)n=30JaoiJaa—ﬂ,%7§
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' 53 34 % 107 x 4893.28 % JO°
_ t
(fn)1—30\/33 20 \/33 20~ —1710.45 % 169.65 X 107
= 149.37cpm o

R “fB.34 x [0® x 4893.98 x ]0°
— ]
and (fn)a 30/\/33 24 N/BS P = 71045 % 180.65 X 10°
- = 193.5] cpm |

b. Amplitude Calculations

i, Vertical Ampliiudes: Ratating weights on cross beam (Ry) .
: (Ro)a=6.0¢ (Rb),,—-ll 00t (Rp)o=135t (Rp)p=18.5t (Ry)g=0
Rotating weights on frame columns (Re) - taken together

45
(Ro)a=0 (Re)n=19.25+2x 10.5x g_ﬁ__aa 10t
(Re)p=0 (Re)p=2%10.54-2x 10.5 X E{g_g_ga 1t
(Re)o= 2X1323 _ 1995t (Re)pe 0

Centrifugal forces (Cp) on beams are given by

c-oie (£)
6

2
(Co)a = 0.2 X (‘gg;‘gf) = 0.150 ¢
32
(Co)s = 0.2 x 11 (‘;?)io:) = 0.150 ¢t
2
(Go)e = 0.2 X 13.5 (1??7:6_5) — 0.350 ¢
1
(Ci)o = 0.2 x 18.5 (13330‘) — 0,600 ¢
2 . -
(Co)e = 0.2 X 2.5 ii)l{)'g — 0.046't

Centrifugal forces on columns (Cc) taken together

(Ce)a= 0

(Ge)s = 0
2

(Ce)e = 0.2 X 19.25 (%) == (0,492 t
2

(Ce)p = 0.2 X 33.10 (l——_—__golgol) = 1.077 t
-3

(Co)e = 0.2 x 28.1 (‘;5__%1‘) — 0929 ¢

. (GU)F == 0
The vertical amplitudes (cz)v are given by
av = 3y X 7.85

(Ro)p=2.5t
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where 8y is vertical displacement at beam centre due to ccntnfugal forces and 7. 85 is
the maximum dynamlc factor : ' '

GoB 2K+1 Cn+6'c h
Ne=gEr, Fr2 5 5 Edy Cb+EA[ ]

0.150 X 7.37 - 2 x 5.84+1 7.37

5

(Sv)a = 95X 3x 10°% 030 584 F2 "‘5 3x10°x182xo'15-0+_
961 013 ) 556 108 m

3x108x08 2

The vertical amplitﬁdc at the middle of cross-beam of Frame A is

(av)a = 1.556 X 10-% x 7.85 = 12.22 um

The deflections (8y) and the amplitudes (ay) for all of the frames are contained in
Table 5.3.

Table 5.3
VERTICAL AMPLITUDES

Frame Vertical displacement Vertical Amplitude

{&v) x 10-° (ay)
m pm

A 1.556 12.22

B 1.907 14.97

C 2.225 17.47

D 3.08 23.61

E 1.272 9.98

F 0.429 5.37

ii. Horizontal Amplitudes (an): Substituting the higher of the two patural frequencies
in Eq. (5.36) with R = Z(R» 4 Ro)

B0y =0.23 (By + Ro) (J}‘)

193.51\?

=02 x 131.95 (ﬁﬁ‘o‘) —0.1098 ¢t

-

The centrifugal force being proportional to the rotating weights, the centre of gravity of
centrifugal forces is the same as the centre of gravity of rotating weights on frames.
Total rotating weight TR = 3R+ ZR:

= 131.95 t*
The horizontal amplitudes are computed using two alternative methods as shown below:

fia. Based on single-degree system:
ZCh
h
0.1098
= 68.34x 10°
= 1.606 X 10-* m

Lateral deflection of upper table (8n) =
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Consldermg a maximum dyna.ﬁuc factor of 7.85,
_ Honzontal amplitude (an) = 1.606 X 10-8 % 7. 85 = 12 61 pm '
"jib. ‘Based on combined method (Sectlon 5.4.3): ' '

The dxstancc of the resultant of the rotating weights from the axis of Frame A is

1 - :
Xp= 13195 {11 X 5.43 4+ 32,75 x 10.96 4 51.6 x 19.46
+28.1 X 27.71 +2.5 % 3521}
= 17.35m
Eccentricity (¢,) of centre of elasticity with respect to centre of gravity of centrifugal forces is
o= Xg—Xp

= 16.43—17.35

= — 092 m
"The horizontal centrifugal force (Cu) acting on each individual frame is from Eq. (5.40).

K Kng
Che = ZC, SK —l— y L0 73— Xp
Substituting the values for Frame A
4.79 x 102 0.1098 x 4.79 X 10°® x16.43
(Ci)a = 0.1098 X oo yoe + (—0.92) % 893.28 X 10°

= (.00608 t

Similarly for other frames
(Cn)s = 0.0066 t
(Ch)e = 0,0312 ¢
(Cn)p = 0.0389 t
(Co)g = 0.0240 ¢
(Cn)e = 0.0029 t
ZCh = 0.1098 t
Lateral displacement (3p); = G
o K
Substituting the values
(Bu)a = 0.00608
AT EI9 X 108
o= 1.269 X 10®m
Similarly (8n)g = 1.378 X 10~ m
(Bn)o = 1.493 x 10-°m
(3h)p = 1.668 X 10-* m
(8n)e = 1.839 x 10 m
(811):: = 1,993 X 10~ m _
Since the higher. of the two horizontal natural frequencies (193.51 cpm) is below the
operating speed (3000 cpm) the maximum dynamic factor of 7.85 shall be used to obtain
the horizontal amplitudes of individual frames.
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Thus
' (an)a = (8n)a X 7.85 _
= 1.269 x 10-% x 7.85
= 9.96 pm
The amplitudes of other frames are similarly computed and are found to bc nearly the
same as that of frame A.

c. Dynamic Forces

i. Vertical Dynamic Forces: The corrected frequencxcs (f7) are gwen by

Su o o =l2x
(fo)a = 1.2 x 1064.2°
= 1277.04 cpm

Since the corrected natural frequency is less than the operating frequency, the vertical
dynamic force is obtained from the Eq. 5.44a

. 2
= 16 Ry S5 ]

Sm

2
(Fo)a= 16 X 6 (_l_%_gf_'*) —17.40 ¢t

Substituting

Similary the dynamic forces on columns are obtained by substituting Re for Ry in Eq.

5.44a,
The minimum design vertical dynamic force (F) is four times the corresponding rotatmg

load on the cross frames.
Table 5.4 gives the vertical dynamic forces which are used in structural design.

Table 5.4
VERTICAL DYNAMIC FORCES

Maodified Rotating loads Vertical dynamic force  Design values of vertical dyna-

frequency (t) {t) mic forees (t)
(fa)
Frame cpm on beam on column  on beam on column on cross-beam  on column
Ry Ry Fy F B 9 taken together
=4XRp Fc
=4X R,
A 1277.04 6.0 0 17.40 0 24 0
B 938.87 11.0 0 17.24 0 44 0
C 1286.95 13.5 19.25 39.75 56.68 54 71.0
D 1452.06 18.5 33.10 69.35 124.10 74 132.4
E 1464.48 0 28.10 0 107.14 0 112.4
F 1093.2 2.5 0 5.31 0 10 0

ii. Horizonlal Dynamic Forces: The corrected horizontal frequencies are 1.2 times the
calculated values .

fo, = 149.37 x 1.2 =179.24 cpm

Jan = 19351 x 1.2 = 232.21 cpm



' Thc total honzontal dynamxc forcc (Fh) is given by

F,, 162[(Rb)+(Ro)]_( ﬁ:‘ ) |

. 932,21 \!
=16 x 18195 (“'BW‘) — 12,66 ¢

The dynamic force (Fn) sharch by frame { is given by

_Cne
Substituting for Frame A
12.66 % 0.00 608
(Fh)a = 0.1098
=0.701 t

Since this is less than the specified minimum horizontal dynamic force which is equal
to the rotating weight (Ry + Rc) on the cross-frame, the design values should be as
follows: :

(Fn)a = 6.0 t.

(Fu)s = 11.0 t. |

(Fu)e = 13541925 =32.75¢t.
(Fu)p = 18.54-33.1 =516t
(Fn)e = 04-28.1 =281t
(Fn)e = 2.5 ¢

d. Design of Cross-Framesn
The various loads on the cross-frames are as follows:

i. Concentrated static load (P) at the beam centre.

if. Distributed static load on beam (gi).

iii. Vertical dynamic load (Fu) at beam centre

iv. Horizontal dynamic load (Fn)

v. Lateral force due to earthquake (Fy)

vi. Load due to differential temperature between base slab and frame beam. For
design purpose a temperature difference of 20°C is assumed.

vii. Load due to shrinkage corresponding to a temperature drop of 10°C.

The worst combination of these loading cases should be considered in design.

Frame A: The expressions for moments and shears for various loading cases are taken
from Kleinlogel*.
i. Concentrated static load (P) at beam centre (Fig. 5.14a)

Load P=4421t

* Kleinlogel (1952), Rigid Frame Formulge, Frederick Unger Publ. Co., N.Y.
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4.55t/m

—]
—1
—1
=
=
=
3

rnan i (NTH o

(b}

5.64

Rl

..mltllllll!""“”"'

(c} td)

(e}

'S 3.94 3.94
e TS

D

(f)

(g)

Fig. 5.14: Moment Diagram Dueto (a) Concentrated Static Load, (b) Uniformly Distributed
Load, {¢) Vertical Dynamic Force, (d) Horizontal Dynamic Force, (e) Earthquake Load,
' (f) Differential Temperature (20°C), (g) Shrinkage (— 10°C).



" Frame constant K=5.84 (Table 5.1)
o Jomt Moments :
| My =M, =

TETD
44.2 x 7.37
8 (5.84 4 2)
3.19 tm
My= —2M,
= — 10.38 t.m.
Maximum moment at beam centre (Mp):

I

!

M,

!
MP=P—+M

- 442:..___737 —10.38 = 71.10 t.m
Shears (Q ):
Qo =0Q, =221t

. Distributed static load (g!), (Fig. 5.14b)
Total distributed load (¢f) = 29.6 t
Joint moments:

My = My = — &

AR 12 (K + 2)
29.6 x 7.37
= ——- . . = 2.32 t.
12(5.84 F 2) o
My = Mg = — 2 M, = — 4.64 t.m.
Maximum moment (M)

: 2
Mo= 2. 4 M

29.6x 7.37 :
=5 - 4.64 = 22.63 tm.

Shears (@)
Qs=Q,=1481
iii. Vertical dynamic forces (Fp), (Fig. 5.14c)

(Fo)a = =4 24t
Moments (M) and Shears (@)
Using the same formulae for moments and shears used in (i) above
M, — M 24x7.37

" B(5.84+9)
= 4 2.82 t.m
My = Mg=—2 M,
= F 564 tm
Mp=i(g4—>;7i _5.54)
— 4 1647 tm

Qs=Qc=412¢
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iv. Horizontal dyna.mlc force (Fn) (Fig. 5. l4d)
(Fu)a £ 6.0t
_]omt moments
. (Fh)AthBK""I
: My = 2 \6K+1
i __ 6.0x9.6]1 { 3x5.84+1.0
o 2 6x5.84+41.0
= F 14.8] t.m.
: Mp = ~— My = 41481 tm
: M — (Fo)axh({ 3K
2 6 K+1
6%9.61 3x5.84
=— 32 ~ &xssatrp = 40ltm
| Mg = — Ms = F 140l tm
|~ Shear (Q)
_ 2Ms  __ 2x1401
p=——7— =7 ~—-f§7——:|:3.80t

Qa‘“‘—‘— Q,o::ES.BOt
v. Earthquake force (Fg) (Fig. 5.14¢)
Total load on Frame A = 139.5 t
Assuming the structure to be located in seismic zone III, the seismic coefficient according
to IS: 1893-1970 is taken as 0.04. In view of the post-earthqua.ke importance of turbo-
generator foundations located in power stations, a 50 per cent increase in seismic coefficient
should be considered (vide Clause 3.44, IS: 1893-1970). The design seismic coefficient
is therefore 0.06.
The lateral force due to earthquake=0.06x139.5 -
=837t
Taking pr0portmnate values ngen under (iv),
Joint moments are
M, = F 20.66 t.m
My = — M, = 4-20.66 tm
My = 4+ M= F 19.54 tm

Shear (Q)
_ —2Ms  __ 2Xx19.54
QB— ‘_t"'—:i:-——7"3'7— —:]:S.SOt
Qo= —0Qp=TF530t ' '
vi. Load due to differential temperature between base slab (Fig. 5.14f ) and frame beam
3ELeT
My = Mc= TR ETD)
where £ = Modulus of elasticity
¢ = Thermal expansion coefficient (e=11 X 107%/°C)
T = Change in temperature in degrees (20°C)
3 x 3 x 108 x0.30 x 11 x 10-¢

My = Mo = — 9.61 (5.84 + 2)
 =—788tm
MA=MD =—MB(K‘-K-FI )
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5 84+l

554 _--9231:111

- _783x

B ._-_'vu | Load due to shrinkage cquwalent to —-lO"C (Flg 5.14 g). _Téking pf_opbrﬁonatc_ |

values from case (vi) with reversed sign
10

M,—= M= 90 X 923 = —4.62 tm
| - 10 - | o
M= My= — 20 (— 7.88) = + 3.94 tm

The bending moments are summarized in Table 5.5.

Table 5.5
JOINT MOMENTS IN FRAME A

Moment due to M, My My
{t.m) {t.m) (t.m)
1. Concentrated static load 5.19 —10.38 +-71.10
2. Distributed static load 2.32 — 464 +422.63
3. Vertical dynamic load 4 2.82 F 5.64 £1647
4, Horizontal dynamic load F14.81 +14.01 —
5. FEarthguake T20.66 +19.5¢ —_
6. Diflerential temperature + 9.23 - 7.88 — 7.88
7. Shrinkage — 4.62 + 3.94 + 3.94
Maximum +52.21 +22.47 +114.14
Minimum --32.58 —56.45 4 69.38 _

The steel requirement in the frame members can be obtamed as per normal design
practice. . .

e. Design of Longitudinal Frames
The various loads which are to be considered for design of longitudinal frames are as follows
(Fig. 5.15):
i. Static loads comprising of:
a. Self-weight of longitudinal girders (W1)
b. Loads due to machinery placed on longitudinal girders (Wmn).

ii. Short-circuit force (Ws) equal to twice the value given in the loading diagram. In
this case W; is equal to 290 t. This load is considered as a uniformally distributed load
(Fig. 5.15) over 3 m length,
~ jii. Construction loads (W3} whxch are assumed as 2000 kg/m?.

iv. Loads due to differential temperature (equal to 20°C) between the base slab and
the upper table.

v. Load due to shrinkage equal to a temperature drop of 10°C.

vi. Vertical dynamic loads (Wa). acting at points where the rotating loads are placed
on longitudinal girders (Table 5.6). - As the longitudinal girders of the individual spans

considered as fixed beams are essentially over-tuned, the vertical dynam.lc loads in these =

spans are computed from Eq. 5.46.
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e ——

93361 -} 34251
a ' . —t
CE—A4250— 2800w _
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Fig. 5.153:  Loads Acting on Longitudinal Frame,
Table 5.6
VERTICAL DYNAMIC LOADS ON LONGITUDINAL BEAMS
Span Moment of Natural frequency Rotating load Vertical
Member ) Inertia (/fa) in cpm from on span, dynamic load
(Fig. 5.15) (m) (N Appendix A6 (iv) o (Eq. 5.46)
mé ’
3-4 8.5 1.0743 4836.19 19.25 93.36

4-5 8.25 1.65 5988.72 10.50 34.25

vii. Longitudinal dynamic force which may be assumed equal to half of the total
dynamic force in the lateral direction (Wh)a.

viii. Earthquake loads (Weq).

ix. Loads due to non-uniform heating of the upper slab for which a temperature
difference of 20°C (interior warmer than exterior) is assumed. For this calculation,
Rauscho!%® recommends that reduced values of modulus of elasticity (= 0.5E) and
moment of inertia of beam section (= 0.3Iy) may be considered. These values have been
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used in the example for computing moments in the upper slab due to non-uniform
hea.tmg“” (Fig. 5. 16) :

—3032 +3393 —27.05 +3997 —47.28 +8847 6688 +1253 +940 C 4119
T g § @ =‘-° :
1] o + - m -
+ ! T + |

| 5]
o
[ ] .N
o S
'™
Ty20C T%.20°C 7% 20°C
& o

1 T 2 T 3 T 4 5 §

. 5425 5530 8500 B 8250 » 7500, .
! 1 ' e 2 - -1

Fig. 5.16: Momncnts in Upper Table Due to Non-uniform Temperature,

Table 5.7 shows the moments induced in the frame members for the loading cases (i)
to (viii) explained above. The net moments are evaluated in the same manner as for the

cross-frame.

CHECK FOR TORSION
The torsional moments induced as a result of eccentric loading of the machme (static
plus dynamic loads) on the frame members should be duly accounted for in the structural

design.

f. Design of Foundation Slab
Table 5.8 shows the loads transferred to the foundation slab through the columns. -

Table 5.8
LOADS TRANSMITTED TO BASE SLAB

I‘_.oacl on each Vertical dynamic  Total load on each column of the
column  in- load on frame

cluding full
Frame Concentrated Distributed weight of Beam Column When the dyna- When the dyna-

load load column {Fn) (F.) mic forece acts mic force acts

i (Pi) (Qq) (N) vertically horizantally
) . m‘l’. WI“.';

(t} (t) {t) () (t}
A 442 29.6 41.10 24 0 90.0 78.0
B 77.3 32.1 63.4 44 0 140.1 118.1
C 83.25 294 140.8 54 77 262.6 197.1
D 38.6 46.3 190.4 74 132.4 336.05 233.0
E 9.348 33.1 166.02 0 112.4 24344 187.24
F

20.348 86.2¢ = 48.60 - .10 0 - 106.89 101.89

1179.08 915.33

5500
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InTable 53

Wu= : ( ﬁ_—;_g_,_ )+ ( Ffa '2|' Fy )_"'.N_f_ Wa = ( —P'—;-g—’) + -_f_\fi

" " OHECK FOR THE SOIL STRESSES
- Area of foundation provided ='37.105 x 9.5
. _ = 353.4 m?®
i. Longitudinal direction:
(a) Static loads plus vertical dynamic loads

The distance of centre of gravity of column loads in the direction is

v BWix

o= Z Wy
_ 1 [(2 x 90 (1.0) + 2 x 140.1 (6.425) + 2 x 262.6 (11.955) + 2% 336.15
235816 (20.45) 4- 2 x 243.44 x 28.705) 4 2 x 106.894 x 36.205)]
= 18.54 m

Eccentricity (¢) = 18.54—18.6025 = — 0.063
The end ordinates of soil stress — E—% I 4 GLC ]
2358.16

~ §5%37.905 [ b+

= 6.482 [1570.01]
Maximum soil stress = 6.739 t/m? < (20 t/m?)
Minimum soil stress = 6.605 t/m?

The pressure distribution diagram is as shown in Fig, 5.17.
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140.1t

is

2626t

e

336.05¢

lo

243441

L.

6 (—0.063)
~37.205

106.891

le

7.88¢/m2
——] !__
-2.471/m* 8.73%91/m?2
-—

A

] ll | i
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1 ! ! !
‘ l | Gé | l
.! | . . '
[[_']w1 q]w, 3 . 4 W, T
| | I T
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E—Bl/m“z-“/m 1000 5425 m 5530 8500 8250 7500 _‘IJQCLD
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Fig. 5.17: Loading on Base Slab.

9.99/m2
——
- -0.37t/m?2

T W

i
(=)
(=)
]
[=1]

- 0,371/m2
5991/m?2
—_

(c)

6.739/m



" b. Static loads plus horizontal dynamic loads S
1 [78x 141181 X 6.425 + 197.1 X 11.95 4- 233 X 20.455 + 187.24 x

%o = 51535 x 28.705 + 101.89 X 36.205]

= 18.5951 m : .
Eccentricity (¢) = 18.5951 — 18.6025 = — 0.0074

, ~1830.66 | o (—00074) T
Soil stress -—.m[liﬁx —

9.5
Maximum soil stress = 5.20 t/m? -
Minimum soil stress = 5.15 t/m®
ii. Cross-direction: ,
a. Static loads plus vertical dynamic load
When the dynamic force is acting vertically due to symmetry, the ecceritricity in the

cross-dircction is zero. The intensity of uniform soil pressure is then 6.739 t/m? (Fig.
5.17b).

b. Static load plus horizontal dynamic loads
When, however, the dynamic force is acting in the transverse (horizontal) ‘direction,

the moment caused by these forces about the base should be taken into account.
Moment about the base = 5 Fy.h

where % is the height of the axis of the shaft above the base.
Since Fy =131.95and A= 115m

the moment = 131.95 x 11.5 = 1517.43 t.m

Total load (W} transmitted through the columns (Table 5.8)

= 2 % 915.33 = 1830.66

1517.43
ici = = _8
Eccentricity (e) 183066 - 0 3m
: P 6e
Soil stress = __[14+ =2
o1l str ¥ ( i 5 )
1830.66 6 0.83
_—— 1 rr————
353.4 [ = 9.5 ]

= 7.89 t/m?; 247 t/m?

The variation of the soil pressure is shown in Fig. 5.17a.
c. Static load plus horizontal dynamic load plus earthquake load

'The equivalent earthquake load Fj, is taken as 0.06 times the total load on the top table
(Table 5.2).

Fg = 0.06 x 1710.43
= [02.63 t
Moment about the base = (131.95 +4- 102.63) 11.5
= 2697.67 t.m

2697.67

= Ts3065 — ' m

Eccentricity (¢)



Regult;;';f éi_:rcss on soil due to combined effect of dynamic load and earthquake force
_ 183066  6x147
~ 3534 9.5

= 9.99 t/m?; 0.37 t/m?

The maximum soil pressure is within the permissible limit. The variation of soil pressures
in cross-direction is shown in Fig. 5.17c.

The foundation slab ma'y'b.c désignéd as a raft qﬁbjéctcd to the soil pressures and loads -
shown in Fig. 5.17.




CHAPTER SIX

Foundations for Miscellaneous
Machines

6.1 Rotary-Type Machines with Low Frequency
The machines under this category include rolling mills, crushing mills, pumps, motor
generators and rotary compressors having operating speéds less than 1500 rmp.

6.1.1 Design Data _
For the type of machines listed above the following information should be furnished by the
machine manufacturers to the foundation designer.

a. Rolling Mills,

i
1l.

iv,

Weight of rolling mill.

Weight of motor driving the rolling mill. The weight of rotor and stator should be
separately specified. : .
The maximum torque on the shaft.

Loads expected during erection and assembly of machine.

b. Crushing Mills

1.
iii,
iv.

Weight of crusher and its various parts.

Weight of motor. )

Speed of main shaft.

Generating forces or data required for their evaluation.

c. Pumps

i.
1.
1ii,
v,

ot v

Weight of the pump.

Speed of the pump.

Frequency of pressure fluctuations in the discharge through the pump.
Number of impeller vanes.



‘i Characteristics of driving motor, - _
ii.- Distance of the axis of drum from the upper plane of the foundation.

. ...il. Loading data consisting of the weight of mill casing, the ball charge and the

.. weight of material to be ground.

e. Motor Generators :
i. Weights of driving motor and generator.

il. Weights of rotors—separately for motor and generator.

iii. Weight of fly-wheel. '

iv. Operating speed.

v. Short-circuit force or moment.

Apart from this, for every machine a detailed lay-out diagram showing the position
of anchor bolts, channels and other embedments in the foundation should be furnished along
with the loading diagram showing the magnitude and points of application of all of the
loads (static and rotating) to be considered in the design of foundation. As in the case of
other types of foundation, the soil data which include the soil profile (bore log) upto a
depth cqual to three times the width of the foundation below the base (or upto hard
strata, if hard soil is met with within that depth), dynamic shear modulus of soil and the
level of ground water table in various seasons should be obtained from site investigations.

6.1.2 Design Criteria

Foundations for machines having low operating frequency should be so designed as to
have a higher natural frequency. For the purpose of foundation design, the permissible
limit of the amplitude may be taken from Fig. 1.4. IS 2974 (Part IV)-1968 recommends
a value of 0.3 mm as a general guidance to the designer.%*4

It is recommended that all bearings of the main shaft be located on one common
foundation. This avoids unequal settlement which may cause distortion of the machine
shaft. When several machines are to be accommodated on one long and continuous mat
(which may be necessitated by soil conditions and close spacing between the machines
themselves), the dynamic analysis of the foundation may be carried out independently as
explained in Section 4.4 for reciprocating engines. The permissible limit of amplitude
may then be increased by about 30 per cent.

"To avoid transmission of vibrations to adjacent parts, it is desirable to provide suitable
isolation between the machine foundation and adjacent structures. Where it becomes
unavoidable to support minor structural elements of adjacent structures on the machine
foundation, suitable measures should be taken to make the connection resilient by
introducing gaskets made of rubber, cork, etc. : '

Foundations of low-frequency rotary-type machinesmaybe of either block-type or framed-
type, depending on the operating floor level, positioning of auxiliary equipment, etc.
For preliminary dimensioning, the weight of foundation may be taken as 2.5 times the
weight of the machine, %44 '

6.1.3 Principles of Design
a. Rolling Mill
Rolling mills generally have the following three main components:
i. Driving motor, ii. Motor generator set, and iii. Roller stand and gear box.
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i.  Driving motor: 'This is a DG motor which controls the speed of rollers. It usually
has a block foundation, the analysis for which may be carried out as explained in Section
As the bloom enters or leaves the rollers, the dynamic effect gives rise to a torque on the

shaft of the rotor.,  This causes the foundation to rotate. If g is the amplitude of
rotation caused by this dynamic torque, the maximum stress on the soil will be given by®44

Omax = 71?1',‘ + CB bﬂ (6.1)

where I is total weight of machinie and foundation, & is half the length of the foundation
in the plane of torque and 4 is basc area,

As a conscrvative measure, the dynamic torque may be taken in the design as an
cquivalent static moment equal to twice the normal torque suggested by the manufacturers.

u. Motor gencrator sel:  The motor gencrator set supplies direct current to the motor
of the rolling mill. The following loads should be considered in design:
a.  Constructional loads during asscmbly,
b, Weight of machine multiplied by a dynamic factor of two.
¢ Atorque (T) given Ly

2rpdV
T~ 65 g ©.2)

where ¢ is mass moment of inertia of all rotating masses of the set and V is the speed;
dlir . . _ . -
Is the rate of change of speed which varies in practice from 2.8 to 10.4 and is gene-

rally specified by manufacturers, This torque shall be used with a dynamic factor of two.
If the foundation is of the framed type, the design may be carried out on the lines explain-
ed in Section 5.4.3.

iil.  Roller stand and gear box: The purpose of the roller stand is to support the bearings
of rollers, and the forces arising during rolling are transmitted by it to the foundation,
'The gear box contains the gears which drive the rollers. .

The gear box is subjected to a torque which is of the same order of magnitude as that
of the shaft of the driving motor (Equation 6.2). The foundation for the gear box, if
provided separately, should be designed in the same way as for the driving motor.

1f the roller stand, gear box and driving motor are supported on a common mat, only the
load of the machinery and the weight of the foundation need be considered.

The following loads should be considered in design of foundation for rolling mills:

i Weight of rolling mill equipment multiplied by two.
li. Maximum mioment on the motor shaft.
ni.  Weight of driving motor multiplied by two.
iv.  Horizontal force transmitted to the foundation during its working.
v.  Constructional loads.
The analysis of foundation consists of the following steps:
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i Stress analysis of - 1nd1v1dual umts of foundatlon such as those wcakencd by
opemngs, cantllcvcrs, ete.. : SRR : - o :
ii, Computatlon of prcssures tra.nsnnttcd to thc sml g
“In the above calculations, the weight of the rolling mill equlpment and the weight of
dnvmg motor should be mult:phﬁ-d by a dynamic ¢oefficient of two.%4'4

b. Crushing Mills :
Two types of crushing mill commonly encountered are: (1) jaw crushers, and (2) cone
crushers,

In both typcs, forced vibrations are caused by the unbalanced inertial forces. Where
framed-type foundations are adopted, the - analysis may be carried out as explained in
Section 5.4.3.

The unbalanced inertial forces in vertical (Fy); and horizontal (fm)x directions for
a jaw crusher are given in Table 6.1 for various schematic arrangements.

The following notation is used in the expressions given in Table 6.1

my  Mass of moving jaw
me  Mass of the connecting rod
mo  Mass of the eccentric or half of the mass of the crank shaft
ma  Mass of the counter weights
r Distance between the centre line of the shaft and the pivot of the arm
r, Distance between axis of rotation and cenitre of gravity of counter weights
®y  Angular velocity of machine
The unbalanced incrtial force for a cone crusher is given byt

Fo={mn—myry) w? (6.3)

where
my is total mass of main shaft and crushing cone attached to it
my is mass of cam shaft and units such as gears, counter weights, etc. rigidly con-
nected with it
1y is distance between shaft of the crusher and centre of gravity of the main shalt
re s distance between the shaft of the crusher and centre of gravity of cam shaft
© is angular frequency of the cam shaft
"This force acts in all directions in the plane of rotation.
The loads to be considered in the design of foundation are:
i. The weight of machine multiplied by five®
ii. Weight of foundation
iii. Constructional loads, if any
iv.  The unbalanced inertial force (Eq. 6.3)
The analysis may be carried out as explained in Sec. 4.3.

c. Pumps
Vibration is not a major problem in the design of foundations for pumping . installations.
Pumps are generally operated at low speeds. However, sometimes due to insufficient
clearance between the impeller and casing, the pressure surges increase and the ensuring
wave propagates through the water to the casing and the foundation. The frcqucncy
of such induced vibration in cps is given by.%**
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Table 6.1 : T

‘UNBALANCED INERTIAL FORCES IN JAW CRUSHERS

_ { After, Ma_jor, A., Vibraiion Analysis and Desipn of Foundations for Machines arid Turbines, Akadcmtax
"Kiado, Budapest, Collet’s Holdings, London, 1962; with permission).

Schematic Arrangements of

Typ Yaw Crushers Approximate Values ‘of Mass Forces

(Fm)s = (mg+-me) rw? sin wf

1
. A Em" o (F“‘)n = (my+0.8 me) re® cos w?
I (Fm)z = [(mg+mc) r—mar,] ©* sin ol
(Fm)z = 0.25 mp r w? sin o!

(Fm): = (mg+-mu)rw? sin of

2 A ZEEB ! (Fm)y = {my+0.5me) rwt cos wi
(Fn)z = [(my-+rmu) r—mar;] 02 sin 0!

11,
’ (Fm)e = [{my+0.5 mu) r—mar,] w* cos nt

1 (Fm): = (mo+0.7mc)rw? sin w!

B (Fm)x = {mp+me+0.5mp) rv? cos wi
3 2
Ag A i () =0
(Fm)e = [(mp+mc+0.5 mp)r—mur,] ? cos w!

1 (Fm)z = (my+me) ro?® sin w!

(Fn)a = (mg+0Bme)ro® cosed
B .
* Ag (Fm)z = [(mg+-mc) r—mar] ©? sin wt

I {Fm)z = 0.25 my ©® sin ot
1 (Fm): = (mo+0.7 mg)rw? sin wf
2 (Fm)z = (mp-+me+0.5mp) r w? cos wt
A B .
(Fr)z = [{mo+ma+0.5 my) r—mar;] * cos wt
(Fm)z = {my+me+0.5mp) rw? sin wt
I

(Fm)g = (mn+0-7 'TEQ'I-O.S mb)rm’ cos w}

6 ,2 ’ {(Fm)z = '[(mo—l-m;—l—O.S mp) r—mary] @2 sin wi
h I (Fm)z = [(me+0.7 me+-0.5 my) r—mar,] ©* cos ot

\l

(Fm)z = (mn+m=)fm= sin wt

I (Fu)e = (my+0.8mg)r @ cos at
7 ;/ Bth I (Fin)z = [{my--me) r—mar,] ©* sin of

(Fm)z = 0.25myrw® sin wt

A—TFixed jaw B—Maovable jaw
I—Without counter weights II—With counter weights



. f _ 60 _ S o ( )
: whcre .N is sPeed of rotation of pump in rpm and n is the number of unpcllcr vanes.
*The foundatlon should be so des:gncd as to avoid resonance with this operating frequency.

d. Grinding Mills
Tube mills and drum mills are examples of this type. For the design of mill foundations,

dynamic analysis is generally not necessary. However, it is necessary to check the soil

stresses underneath the foundation. For checking the soil stress, both the direct load due
. to the weight of machine and the weight of foundation and the momznt caused by the
horizontal component of the centrifugal force acting at a certain height above the base
of the foundation should be taken into account. The horizontal component of centri-
fugal force acting in the direction of motion is taken as 0.1 W and 0.2W respectively for
short drum type and tube-type grinding mills, where W is the weight of the mill (ex-
cluding the ball charge) and the material to be ground.c4-4

In case of poor soils (6,<1.5 kgfcm?®) it is recommended that the entire mill be
placed on a common foundation. If soil is favourable, separate foundations inay be pro-
vided for both the intake and discharge ends of the mill.  The motor and gear box should,
however, be placed on a2 common foundation.

The design of a foundation for a tube mill has been illustrated in Section 6.8.

e. Motor Generators

Block or framed-type of foundations are adopted for these machines whose principles of
analysis are already given in the preceding chapters.  The loads to be considered in design
are given under rolling mills (item ii, Section 6.1.3a).

6.2 Machine Tools

For foundations of machine tools, the dynamic analysis is usually not needed. Considera-
tion of static loads with due margin of safety is generally sufficient. Examples of this
type are lathes and milling, drilling and boring machines. For some of the precision
machines, it may be necessary to protect the machine foundation against external vibra-
tionssuch as those caused by hammers and compressors located nearby. The foundation
in such cases should be mounted on suitable isolating layers in order to limit the amplitude

of motion caused by the vibration of floor itself, The theory of passwe 1solatlon apph—
cable in such cases is given in Chapter 7.

6.2.1 Design Data
a. Magnitude and position of loads
b. Weight of material to be processed on the machine tool ‘
c. Layout diagram showing the holes for foundation bolts, recesses, channels,
etc. if any, needed in the foundation body
d. Soil data including bearing capacity
€. Any special requirements in connection with foundation.

6.2.2 Design Criteria
Medium type machine tools such as lathes, milling machines, drilling and boring machines

i;ﬁ%
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may be rigidly bolted to the concrete floor, which should be at least 20 cm thick. If sepa~
rate foundations are provided, the depth of the foundation block may be taken as 0.5/, L,
where L is length of foundation in metres.%*?

6.3 Impact-Type Machines other than Hammers
Examples are forging and stamping presses and pig breakers. The general guidelines for
design of foundations of this group of machines are given below:

6.3.1 Forging and Stamping Presses
a. Dain Required for Design

i. Layout drawing of the installation showmg pos:tmn of anchor bolts, embedded

picces, etc.

ii. Thrust exerted by the press.

iti.  Stroke of the press.

iv.  Weight of the press equipment.

v. Maximum weight of material to be forged.

vi. Load-time relationship of the pulse or dynamic overloading due to forging or

stamping.
vii. Dynamic torque in horizontal plane (in case of friction presses).
viil.  Soil data.

b. Principles of Analysis and Design
Three types of stamping press are commonly adopted:
i. Hydraulic-type presses, ii. Eccentric-type presses, and iii. Friction-type presses.
The dynamic effect produced by hydraulic presses is very little. Dynamic analysis may,
therefore, be omitted for these machines. IS 2974-Pt. V recommends a dynamic overload
factor of 2 and that twice the weight of the material to be forged should be considered
“in design. In stamping presses, the dynamic overload is caused by the drop of the upper
ram on the forge piece. In case of friction-type presses, the dynamic torque in the

i
] : b
B
v/
. . 2
Fig. 6.1: Hydraulic Press—(/) Cross Head - Ty "
{2) Anchor Columns. : ! : 777
4 11! | ,
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" “considered as follows.
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hunzontal pla.nc nf the fnundatlon should a.lso bc cons:dered _
“In the case of hydrauhc presses of large capa.mt:cs, the dynanuc ovcrloadmg can be
C1-15 “If hand 4 denote the height and cross-sectional area of anchor
columns (Fig..6.1), the elastic compression § of these columns is g:vcn by

8= WHEA . (65)

where W is the weight of the machme minus wclght of the movmg cross-head.
The dynamic factor v is given by®:18

g o
=— 6.6
where v is velocity of impact.
The dynamic force P is given by
P=EW (6.7)

where [ is the fatigue factor, which may be taken as 1.5 in this case.
In the case of large eccentric presses (Fig. 6.2), other forms of dynamic load also occur.

‘As seen from the Fig. 6.2, the operation of the press causes an impact moment M accom-

panied by a centrifugal force P. The latter acting at a height causes an additional
moment on the foundation.

If the period of impact is not given, Rausch®!® suggests that five times the normal
torque M and five times the. normal centrifugal force P be considered as an equivalent
statically applied moment and load respectively.

|
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Fig. 6.2: Eccentric Press—(a) Front View, (b) Side View,
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6.3.2 Pig Breakers or Drop-Welght Crushers
These are characterized by the very high impact energy caused by the fall of ram. To
avoid damage to the environment due to vibration, these machines shoild bé located as
far a.way as possible from structures susceptxble to vibration and sensitive equlpment ‘The
minimum distances suggested are given in Table 6.2.

Table 6.2

SAFE DISTANCES FROM DROP-WEIGHT CRUSHERS
[After 1S: 2074 (Pt. V)-1970]

Safe ‘distance in ‘metres for a ram weight

Type of soil {in tonnes)

<3t 3-7t¢t >7c
1. Rocky soil 20 30 50
2. Dry sandy soil, clay, sandy clay 30 40 60
3. Watcr-logged soil 50 80 100

a. Data Required for Design
i. Layout and outline drawing of whole installation showing also the position of
anchor bolts and other embedded parts.
ii. Weight of scrap to be crushed.
iii, Weight of ram and its height of {all.
iv. Construction loads.

b. Principles of Design

Fig. 6.3a shows one type of foundation for a crusher platform. To avoid damage due
to impact, the top surface may be covered with blast furnace slag. To increase the
crushing efficiency, a layer of steel ingots with interstices filled with fine scrap may be
placed between the sand and slag layers. The anvil of the crusher may also be placed on an
RCC block in a rectangular or circular well as shown in Fig. 6.3b.

The design criteria for such a foundation are similar to those for 2 hammer foundation
gwen in Section 4.5.3. The permissible amplitude of foundation may be taken as 1.2 mm.
Tt is recommended that suitable arrangement be made for intercepting the flying chips
from crusher platform. For this purpose, timber battens with rubber lining inside may

be suspended on hinges from a metallic ring installed above the well. The battens may be
tied at intervals by a rope. - :

6.4 Fans and Blowers

A fan consists of a rotor with seveial blades so arranged as to cause an axial flow of air,
whereas in 2 blower the air flows in axial direction and then radiates out in all directions.
Machines of this type operate in wide range of speeds depending on size and service loads.
In general, the operating spced decreases as the size of the fan or blower increases. In
this case the predominant sources of vibration are rotor imbalance and forces in connecting

belts as well as the motor impulse. The machine manufacturers furnish ‘the data ncccssary_

for the calculation of exciting forces,
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Fig. 6.3: Types of Foundation for a Drop Weight Crusher—(a)(7) Compact Sand, {2) Slag,
{3) Side Retaining Walls, (¢) Timber Lining; {b) (/) Compact Sand, (2) Concrete Block,
(3) Timber Layer,(4) Retaining Walls,

Generally block foundations are provided for such machines and for the analysis, the
method recommended in Section 4.3 may be employed.

6.5 Looms

The principal components of a cloth-weaving loom are the lay and the shuttle. The lay,
which is a relatively heavy member undergoing horizontal reciprocating motion, is driven
by a pair of cranks and connecting rods. A “shuttle” travels alternately in opposite direc-
tions across the lay from one shuttle box to another. The two principal sources of vibr-
ation and shock resulting from the operation of a loom are:

a. The inertial force created by the reciprocating motion of the lay. This is a harmonic
force acting in the horizontal direction and the reaction upon the frame of the loom is at
the level of the crank shaft.

b. The force that propels the shuttle in the form of an impact. The complexity of
mechanism employed for this purpose makes the exact nature and 'direction of this impact
uncertain,

When looms are installed on the upper floors of mills, the entire building may sway at
the frequency of loom motion. The floors supporting the looms are prone to sway and
bending under the influence of the moment resulting from the lay force acting on the loom
frame at the height of the crank shaft. The natural frequencies of the floors should be well
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away from the operating speed of the loom and the building should be designed adequately
for the calculated dynamic (or equivalent static) forces.

6.6 Testing Machine with Pulsator

6.6.1 Design Procedure

A testing machine connected with pulsator (which is generally used for fatigue tests)
operates in a range of frequencies (usually 300-1500 rpm) and not at one particular
frequency like other machines. The supporting structure for this machine should
be designed, therefore, to avoid resonance in the entire range of operating frequencies.
The natural frequency of the foundation should be at least 20.per cent below the lower
limit or 20 per cent above the upper limit of the operating range. To obtain low natural
frequencies it may be necessary to mount the foundation on springs or on rubber discs. The
sum of the unbalanced forces due to the working of the pulsator and the testing machine
should be considered in the design of the foundation. The unbalanced force P is
given by

P= _[gf— Se, (6.8)

where W is the moving weight, S is the stroke and o2 is the operating frequency (sec™}.
The maximum dynamic factor (g} is given by

_ - |
Sl ey (©9)

where fin is the operating speed nearest to the natural frequency (/n). The foundation
is analysed as explained in Section 4.4.

An example has been worked out in Section 6.8 illustrating the design of a block founda-
tion for a testing machine with pulsator.

6.7 Machines Installed on Building Floors

Machines such as small electric motors, textile machines and machine tools which do not
induce excessive vibration may be set directly on the building floors. However, during
the installation, the following points should be considered:

i Suitable vibration isolating layers should be provided under the base plate of the
machine in order to reduce the transmission of dynamic forces, even if they are negligible.
One such arrangement is shown in Fig. 6.4. ‘Use of rubber washers is also recommended
between the machine stand and the foundation bolts.  Fig. 6.5 shows an arrangement for
fixing the machine leg to the floor. .

ii. The natural frequency of the building floor should be well away from the lowest
operating frequency of the machine. Accurate determination of natural frequency of
building is difficult due to many influencing factors involved. Therefore, for the deter-
mination of natural frequencics, experimental data are most reliable in existing cases.

i, Where the environment is sensitive to vibrations the machine should be placed
on soft springs made of steel or rubber. The machine may either be placed directly on these
resilient supports (if the machine is rigid enough) or mounted on another reinforced concrete
block which rests on springs placed underneath it.
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Fig, 6.4: Sctting Machine on Building Floor (After, Major, A., Vibration Analysis and Design
of Foundations for Machines and Turbines, Akademiai Kiado, Budapest, 1962; with permission )}—
(I} Machine, (2) Floor Slab, (3) Concrete Block, (¢) Lean Concrete, (5) Vibration Absurbing Layer.

Fig, 6.5: Tixing Machine Leg on Floor—

(1) Rubber Block, (2) Rubber Washer,

{3) Anchor Bolt, (4) Machine Leg, (5) Rubber
Slecve, '

iv. Reinforced concrete floors should be protected from chemical attack occurring due
to leakage of machine oil, etc. Vitreous glazed tiles may be used to gov'ér the top surface
of the machine hall. Oil traps or ducts should also be provided to avoid accumulation
of oil on the floor.

6.8 Numerical Examples

1. Design of Foundation for a Tube Mill

A. DATA .

"The schematic arrangement of the foundation for a tube mill is shown in Fig. 6.6. The
site investigation had given the value of permissible stress of soil as 1.5 kgfem® The data
of the machine are as follows: b

1. Weight of the cylindrical tube without charge (W) 80t
ii.  Weight of steel balls (W) 40 t
iii. Maximum weight of material to be pulverized (W5) 8t

128 ¢
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Fig. 6.6: Foundation for a Tube Mill-—(a) Inlet End, {b) Discharge End.

‘Weight of the machinery at the discharge end, including
motor and gear-box assembly (Wm) 30¢
The inlet and discharge ends of the mill are provided on separate foundations as shown

in Fig. 6.6.

B. ANALYSIS
i. Analysis of foundation at the inlet end:
a. Static load

Weight of machine =3} %X 128t =641t
Weight of foundation block
(Fig. 6.6) =50%55x20x24430x15x05%24
= 1374 t '
Total static weight = 2014t
Base area provided =5 % 55=27.5m?
Stress due to static load on the
soil (oat) = 201.4/27.5 tjm? = 0.7323 kg/cm?

b. Dynamic load

The horizontal centrifuga1 force = 0.2 W

80
P, =0.2XT==~8'.’
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The dynamic moment about the

~ base (Ma) - =8X3=24tm
© . The stress induced at the base ' 4
due to dynamic moment (oy) 24 0
= t = 0.0952 k. 2
Fx50x GoR™ 2 kg/em
Stresses on soil = ogt + 04

= (.7323 4 0.0952 = 0.8275 kg/cm?
and 0.6371 kg/cm?®
The maximum stress on soil is thus within the permissible limit.
1i. Foundation at the discharge end

a. Static lpads
Weight of the machinery at
the discharge end = 64 4 30
=94t
Sclf-weight of foundation
(Fig. 6.6) =79 x 35x20x 244 2(1.5 % 3.0 £ 0.5
X 24)—(2.5 x55 x 08 x 24)
= 208.56 4+ 10.8—26.4 = 193 ¢

Base arca 7 = 7.9 % 5.5 = 43.45 m?
94 4- 193
Ot = -
43.45
287 .

i.e., 0.66 kg/cm?®
b. Dynamic load
The moment due to dynamic

load at the base = 24 t.m
24
97 /6 x 7.9 % (5.5)°
= 0.06 kg/cm?
The stresses on soil == Ogt + 04

= 0.66 4 0.6 kg/cm?

= 0.72 or 0.6 kg/cm?

< 1.5 kgfem? (safe)

c. Design
Having obtained the variation of reactive pressures from soil, the structural design of the

foundation may be carried out as in a normal raft. Although the structural requirements
do not necessitate the provision of reinforcing steel in the foundation, nominal reinforce-
ment consisting of 16-20 mm diameter bars at 25 cm centres are provided on all faces of
the foundation block.

Fig. 6.6 shows the disposition of reinforcement in the foundation.

2. Design of a Foundation for a Testing Machine with Pulsator
A. DATA

i.  Weight of machine complex 8.3 t (total)
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ii. Permissible bearing capacity of soil (broadly

classified as sandy)

iii. Data for unbalanced ‘forces in machine

Moving weight of pulsator (Wp)
Stroke length (Sp)

Moving weight of testing ma.chme (W)

Stroke length (St)
Operating frequency
iv. Permissible amplitude

“B., - ‘DYNAMIC ANALYSIS

1.5 kggfem?

+3.5 cm

700 kg

+0.5 em

From 300-750 cps

- =0.5 mm

ThIS foundaton is analysed primarily for vertical vibrations.

Base arca (4r) provided, as suggested by
the machine manufacturers

Height of the block

C: corresponding to an area of 10 m? and
ap=1.5 kg/cm? (Table 3.3)

C. corresponding to actual arca

Effective spring constant (K7)

Weight of foundation
Weight of machine
Total weight

Corresponding mass

Vertical natural {requency in cpm

Max. operating frequency of machine
Frequency margin
Unbalanced forces (#) in

1. Testing machine

ji. Pulsator

Total unbalanced force (P)
Dynamic factors (@):
Case 1: fn=2880 cpm; fm=300 cpm

=2.7 mX 2.84 m=7.668 m?
=1.2 m (assumed)

=3 kg/cm?
3X/T0
= a7 x08E 3.426 kg/cm?
=C:A~I
=3.426 X 2.7x 2.84 % 10* kgfcm
=26.271 X 10* kg/cm
=2.7x2.84x1.2%2.4=22.083 t
=830t
=30.383 t
30.383 x 102

081
1 26.271
= —x10°
o \/ 30.97
=880 cpm

=750 cpm
=130 cpm = 20%

=30.97 kg.sec?/cm

X 60

W,
—* X St><m
g

700 2t % 750\
=981 X O'S(T) =22t

W,

45 2w 750\2
= EQTX 35(7) =0.99 t

=2.204-0.99 t=3.19¢

45kg - s
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Case 2: fn=880 cpm; fm==750 cpm

(880)%
F=gg0 7508 000
The latter governs the design: o e
Static equivalent force (Fy=EurP
where E is fatigue factor which may be assumed as three
“Substituting F=3%3.655%3.19
' - =3498¢t
Total load on soil ~ =Static}dynamic
" ==30.383+-34.98=65.37 t
: 8
Stress on soil “_“62?7—3%3}'49 =().852 kg[crp"‘ (safe)

Amplitude

. 10%% 3.655
y= ( P ) 3.19x10°x 3.6 — 0.04cm

T )" 3426 % 7.688% 104
This is less than the permissible value of 0.5 mm.

C. STRUCTURAL DETAIL

Fig. 6.7 shows the structural details of the foundation. The portion marked (P) in the

figure shows the detail of a bracket support necessary for the control panel of the pulsator.
The foundation is separated from the surrounding retaining walls by a layer of insulation

boards 35 mm thick (shown hatched in Fig. 6.7).

e i



CHAPTER SEVEN

Vibration Isolation

IF A macHINE is rigidly bolted to the floor, the vibratory movement of the machine itsell
may be reduced, but the vibration transmitted to the floor will be large. This may produce
harmful effects even at large distances. On the other hand, if a fexible support
i5 provided under the machine or its foundation, the vibration transmitted to the fAoor will
be considerably reduced, but this may cause significant motion to the machine itself during
normal operation or during the starting and stopping stages. Some compromise has,
therefore, to be reached between the two requirements. This is achieved in design practice
by selecting a suitable natural frequency for the machine foundation.

For machines running at a steady speed the degree of isolation is determined by the
ratio 7 (defined as the ratio of the operating frequency of the machine fi to the natural
frequency of foundation fn). By choosing a suitable natural frequency, therefore, it is
possible to obtain the required degree of isolation which obviously depends on the
environmental conditions at site.

To avoid excessive vibration due to the working of a machine the following points should
be considered in the planning stage.

a. Selection of site: Vibration causing machinery (forge presses, hammers, com-
pressors, etc.) should be located far away from the region which is m=ant for precision work.

b. Balancing of dynamic loads: The machine should be dynamically balanced to limit
the unbalanced forces generated by its operation.

c. Adopting suitable foundations: The foundation for the machine should be designed
using accepted criteria and not by rule, of thumb. The necessary design parameters such
as soil constants should be evaluated at the site where the machine foundation is to be
located. 'This is especially necessary in cases where vibration-causing machinery such as
hammers, compressors are to be installed.
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d. Providing isolation: . Machme founda.tmns‘ should be completely scpara.ted from ad-
_]ommg ﬂoors and bulldmg components by prov]dmg smta.ble 1solat1ng Iaycrs in bctwecn

7.1 Actwe and Passwe Types of Isolatxon——'l‘ransmxsslblhty

From the point of view of isolation, two types of vibration problems are encountered in
industrial practice: (a) active isolation, and (b) passive isolation. In the active type, the
" isolation is required against vibration caused by the machine itself. The foundation for
such a machine should be so designed as to reduce the transmitted vibration (to
the environment) to the permissible level prescnbed In the passive type of vibration
isolation, the foundation for a delicate machinery is designed in such a way that the
amplitude of its motion due to floor vibration (caused by a disturbing source in the
vicinity) is reduced to an acceptable limit. These two cases are illustrated in Fig. 7.1.

P .
T $

L o S & LJC L X
2 2 } 72 2

(a) (b)

‘Fig. 7.1; Vibration Isolation—(a) Active Type, (b) Passive Type.

The term “transmissibility” is defined in the case of active isolation (Fig. 7.1a) as the
ratio of force transmitted to the foundation to the vibratory force developed by the machine
itself. In the case of passive type of isolation (Fig. 7.1b), the term is defined as the ratio
of the amplitude of the sensitive instrument to the amplitude of the base. From the

theory of vibration, a common expression for transmissibility can be derived for both these
cases as

. 1 + 4n2e
= (1"712):1:-4712? | b

where y is frequency ratio and ¢ is the damping factor.
The variation of transmissibility with damping and frequency ratio is shown in Fig. 7.2.

If the degree of damping is so small that it may be neglected, then a simplified expression
for transmissibility can be used, i.e., .

T= (7.2)

Ifm_fa

Itis obvious from the above relation that with greater values of n{(n>+/ 2 ) the transmissibility

= l—q

1/Ed 239311 094%
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will be less. Hence, for effective isolation, the value of yshould be as high as possible. This -
' means that the natural frequency of the isolated system should be made as Jow as possible,
-~ in relation to the forcing frequency. It may also be seen from Fig. 7.2 that for values of

]
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~ }
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n ] 9.50
(72
= 1.0
2 1.0
E ] M
0 ———
0 1.0 V2 20 3.0 4.0 5.0

FREQUENCY RATIO n

Fig. 7.2: Transmissibility (7T} versus Frequency Ratio (3).

n< \/_2—the transmissibility will be more than unity, which is not desirable. Itis recommen-
ded that the frequency ratio be at least equal to two in all cases of vibration isolation.
Fig. 7.3 gives data useful in problems of isolation. This data is obtained from Eq. 7.2
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Fig. 7.3: Isolation Efficiency for Resiliently Mounted Systems.
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by replacing fa = -Q-l—“— Vv g[8 wht_:.rc_:.B._.is‘.jtl.lé__s'tatic deflection of the system. The transmi-
ssibility is then expressedas . . Sl She
g . .

Solving for fm in cpm, the following equation may be obtained. -

fams[H(+1)  Gmem 04

fn = 300 J —;-(r“l’—z—g) (7.5)

where R = (1 — T) represents the relative reduction of the transmitted vibration.

So far, the discussion has been limited to bodies with motion in one direction only.
In general, a rigid body mounted on a spring has six degrees of freedom and hence six modes
of vibration. The design should ensure adequate isolation in all possible modes of
vibration. Eq. 7.1 applies to translatory as well as rotatory modes: of vibration.

which may also be written as

7.2 Methods of Isolation in Machine Foundations :

It was the conventional belief that a heavy foundation block would provide adequate
isolation against vibrations produced from the operating machinery mounted on it. This
concept had led to suggesting many empirical formulae for the weight of the foundation
block in relation to the capacity or the weight of the machine itself. Subsequently, it
was felt desirable to place the machine on a foundation block which is placed in a rein-
forced concrete trough lined with isolating material. It is now realized that to provide
effective isolation, the machine or its foundation should be mounted on a suitable isolating
medium properly designed on the basis of the theory of transmissibility explained in the
preceding section. Different forms of isolating media are available in commercial
practice. Rubber carpet mountings of different patterns are available. Steel helical
springs are widely used in practice. Two forms of spring coil assemblies used for suppor-
ting machine foundations are shown in Fig. 7.4. In some of the advanced countries
rubber-in-shear mountings commercially available in many forms are commonly used.
Such mountings are placed directly between the base of the machine and the floor,
thus avoiding expensive foundations. A comparatively recent system of anti-vibration
mounting makes use of air springs, such as those used in vehicle suspension. Grootenhuis®-17
~ suggested an air-bellow mounting system for isolation of low-frequency vibrations.

7.3 Isolation in Existing Machine Foundations

The occurrence of resonance and the consequent effect on increase of vibration amplitudes
is one of the most common sources of trouble in machine foundations. This is evidently
due to faulty design based on improper estimation of design parameters such as stiffhess
of supporting media and. unbalanced forces in the machine. The high ground
water table is sometimes responsible for excessive propagation of vibration. If the level of

e e e
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Fig. 74: Two Forms of Spring Coil Assembly (After Major, A., Vibration Analysis and Design
of Foundations for Machines and Turbines, Akademiai Kiado, Budapest, 1962; with permission}—
{1) Restraining Anchor Belt, (2} Springs, (3) Assembly Bolts, (¢) Upper Casing,

(5) Lower Casing,

water table rises above the base level of the foundation, the vibration is felt up to large
distances from the source. The possible methods of vibration isolation in machine
foundations are discussed below.

a. Counter-Balancing the Exciting Loads

The best way of reducing- the vibration is to treat the source itself. In the case
of rotating-type machinery, it is possible to counter-balance completely the exciting
forces in the direction perpendicular to the motion of piston and partly in the direction
of motion of the piston. The efficiency of a certain method of counter-balancing
depends on the type of engine and the nature of vibration. For example, in the case of
horizontal reciprocating engines, the dangerous vibrations are those occurring in the
direction of sliding (in the direction of axis of piston) accompanied by rocking in the
vertical plane containing the axis of shaft. In this case, the method of counter-balancing
should be such that the first harmonic of the exciting forces in the direction of piston are

¥
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balanced, although this slightly increases the component in the perpendicular direction.
The method of countcr-balancing does not require long interruption in the operation

of the machine. The mtcrrupt:on is only for the time necessary for attachmg the counter-

weights. This operanon is generally carrled out by the mcchamcal engmeers

b. Stabilization of Soils .
Stabilization of soil increases the rigidity of the base and, therefore, increases the natural
frequencies of the foundation resting directly on soil. This is, however, possible only in
the case of sandy soils for which chemical or cement stabilization is generally adopted.
Further, this method does not involve prolonged interruption of the working of the machine.

The nature of vibration determines the limits of stabilized zones of soil. For foundations
subjected to rocking vibrations, only a portion of the soil near the edges of the foundation
need be stabilized to a depth generally not less than about 2 m.

c. Use of Structural Measures

Suitable structural measures may also be adopted to change the natural frequencies of a
foundation and to ensure the required margin of safety from the operating frequency of the
machine. The choice of structural measures depends on the nature of vibration and the

ratio of natural frequency to the operating frequency. Following are the possible
structural measures that can be adopted in appropriate cases.

i. Increasing Base Area or Mass of Foundation
If the operating frequency of the machine is less than the natural frequency (i.e., for over-
tuned type foundation), the structural measures are directed to further increase the natural

frequencies of the foundation. This purpose is achieved by enlarging the base area of the
foundation.

For under-tuned foundations whose natural frequency is lower than the operating fre-

quency, the desired purpose is achieved by increasing the foundation mass w1th0ut appre-
ciably increasing the area of contact with soil,

If a vibrating foundation lies close to another foundation, it may be helpful to connect the
two foundations so as to increase the rigidity as a whole,

In doubtful cases, it is recommended to leave projecting reinforcement from the founda-
tion block to facilitate increasing the base area or mass (as the situation may necessitate) at
a later stage if excessive vibration is noticed.

it. Use of Slabs Attached to Foundation

Fig. 7.5 shows a foundation with an attached slab. The dimensions of this slab are so chosen

that the amplitude of vibration in rocking modc of the foundation-slab system is
reduced to the required limit.

Referring to Fig. 7.5, the differential equation of motion for forced vibration in
rocking mode is given by

(o + myh2) B 4 (Col — WS + h*G,4,)0 = PyH sin wnt (7.6)

where m, is mass of the attached slab and 4, is its base area. Other symbols have been
defined in Chapter 4. The amplitude and frequency of rocking vibrations are given by
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Fig. 7.5: Use of Attached Slab—(/) Foundation, (2) Attached Slab,

P H
7.7
= (o ¥ ) (0} — ok (7.78)
and
b = (Col — WS -+ K2C.4,)/ (g + myl?) (7.7b)

In order that the slab may be effective in changing the natural frequencies and reducing
the amplitudes of the original system, the following inequalities should apply:

wz 7= g (7.8a)
ag < ag . (7.8b)
The superscript ©“°* suggests that the values correspond to the situation when the slab

does not exist as part of the system.

Values a§ and wj are obtained from Eq. 7.7, omlttmg the terms pertaining to the
slab.
Egs. 7.8a and 7.8b yield the following relations after substitution:

Cedy , CoL (7.92)
m, Po
da 1
and @ L PCA <l (7.9b)
Gyl

Eq. (7.9a) suggests that the dimensions of the slab should be so selected that its natural
frequency of horizontal translation is not equal to the frequency of rocking vibrations of the
foundation. '

To satisfy Eq. (7.9b), & and C_ 4, should be made as large as possible. In other
words, the slab should be located as close as possible to the ground level and the natural
frequency of horizontal vibration of the slab should be made as large as possible (by
installing it on piles or otherwise). Short frictional piles made of reinforced concrete
may be used for the purpose, '
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iii. Use of Auxiliary Spring-mass Systems : R T TP
a. Vibration neutralizers: One of the methods of reducing _qxcessive _vibrat_ion of a
foundation is to attach to it a suitably designed auxiliary mass m, by means-of a spring
" having appropriate stiffness K, in the desired mode (Fig. 7.6a): Assuming that the
primary system—comprising of the foundation mass m, resting on soil (or any other
elastic layers) having stiffness K,—behaves essentially as a single-degree freedom

system, and isin resonance with the speed of the machine 1t supports, 1.€., Oy = \j -1
: X ml

Mg My
K2 ) K2
' ==c
72 77 vz
1 . 7 7 %
? 1 % ié ml ///
m ma
7
%/////K/W///é Y
1 K3
(a) : {b)

Fig. 7.6: Use of Auxiliary Mass System for Vibration Isolation—(a) Without Damping,
(b) With Damping.

the parameters of the auxiliary system, viz., mass m, and stiffness X, may be so chosen that
the vibration of the parent system is completely eliminated. This remedy is, however,
possible “only if”” the exciting frequency (®m) is constant. '

When the auxiliary system is appended to the primary system, the resulting system
possesses two degrees of freedom, the theoretical treatment for which has already been given
in Section 2.3.

It was shown in Sec. 2.3 (see Fig. 2.5a) that the displacement of the primary system is

zero when _ -
By = f"‘ﬂ — om (7.10)
i -m2

Also from Eq. 2.35a, the amplitude of mass m, is given by

(7.11)

From Eq. 7.10 again, R S S
K, = myu? : _ (7.12)
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v _For the dcs:gn of auxxhary system, the following steps apply:
1 ~-Choose my: such that g, is within reasonable lnmts consxdenng the avallable space
- for its movement (use Eq. 7.11). - ' : -

2 Determine qu from Eq. 7. 12. : :
3. Knowing K,, my and op, desxgn a suitable auxlhary spring-mass system.
" The above procedure applies for any uncoupled mode of vibration (e.g., translation alor.g

or rotation about vertical a.xxs)

- Since the need for the mounting of an auxiliary mass system arises only when the primary

~

K
system is in resonance, i.e., when —= = wp,and from the above theoretical considerations

. my
the auxiliary system should satisfy Eq 7.10, it may be deduced that the particular case,
K, I,
viz, Tnul = m_ considered in Sec. 2.3 has a practical significance in problems of vibration
1 2

isolation. The data compiled in Tables 2.2 and 2.3 will, therefore, be useful to designers.

If the operating frequency of the machine is not constant or it varies in wide limits,
it is not possible to design an “auxiliary mass vibration neutralizer” unless it is possible
to design such a system that the natural frequency (wn,) changes correspondingly
with the operating frequency of the machine (wm) and Eq. 7.12 is always satisfied. Sys-
tems of this category have not yet been perfected and will not be considered further
here.

b. Vibration dampers : It has been stated earlier that if the exciting frequency is not
constant, it is not possible to reduce undesirable vibrations by using the principle of
vibration neutralizer. However, by introducing appropriate damping (c) in the auxiliary
system, it is possible to keep the movement of the primary system within tolerable limits
(Fig. 7.6b). 'The theorctical treatment for this case has also been described in Section 2.3.

i. The frequency of the auxiliary system (wn,) is given by

- [k, _ 1 £
fhe = my, 1+ a\/ my (7.13)
ii. The optimum damping to be provided in the auxiliary system is given by
¢ 3
C= ?e““r\/ 81+ )® (7.14)

Where & = my/m, and Ce =

ili. The maximum displacement enax of the primary system is given by

' 5’-’m:z.:vc=laat,Jl—-|_2 : (7.15)

o

thre agt = Pﬂ/}fl

The procedure for the design of the damper is as follows.
i, Select the auxiliary mass m, from Eq. 7.15 such that the maximum displacement
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of foundation (amax) is within tolerable limits. Egs. 7.13 and 7.14 then give the values of |
spring stiffness K, and damping . - o ) S

© ii, The damping is provided by a viscous dash-pot suitably designed to yield the desired -
viscous coefficient C obtained from Eq. (7.14). - :

d. Isolation by Trench Barriers

It has been suggested that the presence of a trench in the path of a wave reduces
the onward transmission of vibration (Fig. 7.7). Experience has shown that trenches
are not suitable for general application and are less effective, particularly for isolating
low-frequency vibrations. According to Barkan,®™! for effective isolation the depth

-of the trench should be at least one-third of the wavelength of vibration. Thus, if

the velocity of vibration in a particular soil is 200 m/sec and the frequency of vibration
is 10 cps, the wavelength would be 20 m and the trench would have to be at least 7 m.

T i /1

(a)

A

(b)

Fig. 7.7: Vibration Isolation by Trenches—(a) Active, (b) Passive.
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Trenches ﬁlled w1th bentomtc s]urry are - reported to ‘have shown better 1soIa.t10n
. ';' : Charactcnsncs : AR T '

e Isolatmn in Buildinga : S
Vertical separation between parts of a bmldmg would help to prevcnt vibrations due
to machinery located in one part of the building from causing trouble elsewhere. Addi-
tional rigidity imparted to the floors may sometimes help to reduce local vibration,
This should, however, be applied cautiously and may be tried only when the natural
frequency of the floor is above the operating frequency of machinery placed on it.

7.4 Case Histories
In this section, are described a few selected case histories concerning structural vibrations
arising’ out of defective planning, design or construction of machine foundations in an
industrial environment,

a. Resonance as the Main Cause of Vibration

i. Barkanc!? reports the problem of a foundation for a steam engine (650 HP) that
caused vibrations in an adjacent 45 m high structure. The speed of the engine was 150
rpm., Vibration measurements had shown that the resonance curve of the structure
had a very sharp peak (0.37 mm) corresponding to the speed of the engine (150 rpm).
The amplitude at resonance was so sensitive that a small change of frequency of even 5
per cent of the machine speed either way, had shown marked effect in reducing the
amplitudes. The resonant range was thus very narrow and the measurements confirmed
that this range was in close proximity to the first natural frequency of the structure itself.

ii. Yet another interesting example was given by the same author.c* A framed
structure 20 m high was experiencing annoying vibrations caused by compressors working
at a speed of 100 rpm. Due to variations in the operating speed, typical of reciprocating
engines, and the occurrence of ““resonance” at a particular speed of machine within this
range of variation, the vibration record showed amplitudes of the order of 2.23 mm. Further,
the waveform graduzilly reduced to a near zero amplitude condition and again increased
as the speed of the machine approached the resonant stage. '

Obviously in both the examples given above, the natural frequency of the structure was
in close proximity to the frequency of the wave propagating from the foundation. In
other words, resonance was the main cause of vibration of these structures.

‘Situations are often encountered where a structure located close to a machine foundation
may not experience excessive vibration while another located farther away may undergo
perceptible or everi dangerous vibration. This can be explained by the fact that the
frequency of the farther structure is close to the frequency of the propagating waves, while
that of the nearer one is at a safer margin from the frequency of the waves.

The obvious remedy in such cases is to change the speed of the machine if such a proposal
is feasible from the operational point of view. Alternatively, the natural frequency of the
structure itself may be altered by any of the methods discussed earlier.

h. Change in Soil Conditions and High Level of Ground Water Table as Causes of Vibration
Vibration in machine foundations are influenced to a large extent by the seasonal changes
in the supporting soil medium. The changes in soil moisture and fluctuations in ground
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" water level, especially in areas close to sea or river beds, cause a change in the resonant '
frequency of the system and correspondingly the amplitudes of motion. An increase in
- soil moisture causes a decrease in the effective stiffness. This in turn causes a decrease

" in the natural frequency of structures founded on such soils. Other conditions remaining
same, this situation results in an increased transmission of wave energy to the surrounding
structure. -~ The foregomg pomts will be illustrated by practlcal examples explained
below.

" A heavy duty double acting hammcr installed in a factory was reported to be
causmg excessive annoyance to personnel working in the vicinity when it was working.
It was also alleged that the vibration resulting from its working was affecting the func-
tionirig of certain sensitive machines located elsewhere in the same factory. - The site
inspection revealed that the foundation bolts had become loose and the grout had failed.
The concrete beneath the foundation had also failed causing the anvil to tilt. A few interim
measures were suggested to restore the working of the hammer without causing loss of
production to the factory. These included resetting of the base plate on a rich concrete
bed and proper installation of foundation bolts in a non-shrink grout (embeco, epoxy
or equivalent), An open trench was provided around the foundation to reduce the onward
transmission of vibration from the sides of the foundation. The performance of hammer
appeared satisfactory for some period after its reinstallation. But the problem reappeared

in the monsoon season, though to a relatively less extent. '

Detailed calculations based on soil data supplied by the factory had shown that the
amplitude of vibration was (1.36 mm) only marginally in excess of the usually acceptable
limit of 1.2 mm. The amplitudes measured at the time when the water table was very
close to ground level were, however, still higher—of the order of 1.8 mm. This was
attributed to the high water table resulting in a low stiffness of soil in saturated condition.
The amplitudes evidently increase under these conditions. Besides, ground water is known
to be a good conductor of vibration waves. The problem was temporarily solved in
monsoon by lowering the water level by artificial means. A permanent solution would be
to re-erect the machine on a new foundation suitably designed and constructed taking
into account the range of soil characteristics in different seasons.

ii. Crockett®®® has described the problem of a large forge hammer foundation, the
falling weight of the hammer being about 30 t. The soil consisted of hard marl containing
water logged lenses of rock. The anvil rested on a timber pad giving a natural frequency
of 13 cps. After some period, it was noticed that the frequency of vibration was decreasing,
finally reaching about 7 cps. Exploratory investigation of the soil revealed that the
vibration was stirring up water in the lenses of rock into marl producing a soft slurry of
practically no strength. The slurry was further being pumped into the voids of the founda-
tion due to impact and this led to a total break down of the system.

. The machine had to be re-erected on a new foundation designed as a three dimensionally
prestressed block to improve its fatigue resistance. The block is further mounted on
very soft rubber spiings to reduce the live load transmitted to the soil below. The entire
foundation block was placed in a prestressed concrete trough to avoid a direct contact. of
the main foundation body with the surrounding soil.

The above two illustrations show how changes in soil COHdlthIlS give rise to vibration
problems in machine foundations. '
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c. Faﬁgue as the Cause of Failure : ' : :
_Crocketto®8 refers to yet another example of a forging hammer foundation in pre-
- stressed concrete. - Dynamic calculations of the hammer foundation showed that the oscilla-
~ tory live load acting on the foundation block (which supported the anvil) was about. six
times greater than the dead load. Experience had shown that reinforced concrete cannot
withstand a ratio of live to dead load of this magnitude and would have probably failed ina
short period of time by concrete itself fatiguing and consequent other effects following it,
The foundation was therefore decided to be built in prestressed concrete, the stressing of
the block having been done in three directions. It was claimed-that after the construction
and commissioning of the hammer, the foundation performed better and had withstood
more than three hundred million stress reversals. o
As illustrated in the two examples quoted above from the experiences of Crockett, pre-
-stressed concrete foundations possess increased fatigue resistance as compared to normal
reinforced concrete ones. Partial prestressing (class II1I) may be used where adequate
damping capacity is needed to cope up with extreme resonant vibrations, in the case of
steady state machinery. Although the number of prestressed machine foundations actually
built and reported about are few, yet there is potential scope for its application to machine
foundations in future, considering the present trend of development in machine industry.

d. Use of Air bellow Mountings for Vibration Isolation
Grootenhuis®®1? reports the application of air suspension for supporting a hydraulic
fatigue machine which caused a low frequency continuous disturbing force and a shock
load (caused by a sudden brittle type fracture of the test specimen) as well. The machine
was fixed to a 40 tons inertia block which is mounted on two long air bellows. The
stability in the lateral direction which was lacking otherwise was provided by cantilever
springs while the longitudinal stability was good. 'The installation had proved satisfactory
both for steady state vibration isolation as well as for shock isolation.

* - Yet another example showing application of air bellows is narrated by the same authorc®17
for a strong floor in a structural laboratory supporting fatigue testing machines running
at low frequency. It is claimed that with air suspension springs, one could realise as low a
frequency as 1 ¢ps.  Air bellow mountings are, therefore, ideal for low frequency vibration
isolation and have a promising future in foundation installations supporting low speed
machines. '

e. Use of Dynanuc Absorbers .

Russelo®6 illustrates an interesting application of a dynamic vibration absorber
(earlier referred to as auxiliary mass vibration neutralizer) to a compressor foundation to
eliminate excessive vibration. The compressor was running at 600 rpm and the natural
frequency of foundation was also found to be of the same order. The compressor produced
a vertical dynamic force of 7t which atted eccentrically on the foundation. While all
other possible methods of solving the problem were found to be not feasible the adoption of
vibration absorber (described in Sec. 7.2) was finally decided. Calculations showed
that 10 dynamic absorbers were required and these were positioned on the sides of the
foundation in pairs so that they produced an equal but opposite force to that created by the
compressor. The foundation was thus made “out of tune” with the operating speed of the
compressor mounted on it, '
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- £ Use of Trenches : - -
A jig boring machine was wrongly located in the stamping shop of a factory The ex-
‘pected tolerance. of this machine was 1 pm. Vibration measurements conducted at
_site have shown that the peak amplitude recorded on. this foundation when the largest
press (500 t) was working at a distance of about 50 m was of the order of 5pm peak to peak.
Besides, a few other sensitive. machines were also planned to be located very near to the jig
boring machine. It was, therefore, felt appropriate to structurally isolate the region of
the heavy duty presses from the location of the sensitive machines. A trench 2 m deep and
30 cm wide was suggested to be dug across the shop floor with retaining walls on either side
which are covered on top by precast boards placed on flexible pads on the bearing area.
The depth of trench was arrived at as little more than one-third of the wavelength of vibra-
tion which was measured at site, The trench was suggested to be kept unfilled (air gap)
to ensure better isolation. The isolation thus provided was found to be good enough for
the desired purpose.

In the foregoing paras, only a few selected and typical examples of case studies were
narrated. It may be realised that the solutions offered in each of the cases explained
above may not be unique. However, the narration of a case study generates new ideas
and alternative solutions possible for each problem. For fuller details of each of the case

study examples briefly explained above, the readers may refer to the relevant sources cata-
logued at the end of the text.

7.5 Properties of Isolating Materials

a. Cork

Cork is an effective isolating medium against vibration, shock and sound. It has low
density, high compressibility and high impermeability. It is used generally in the form of
slabs which are made by pressing cork particles under high pressure and subsequently
baking them with steam. Cork slabs are placed either directly under the base of machine
or under the concrete foundation. The stiffness of cork is relatively large and the surface
area of cork required in most applications is very small. © Consequently, the cork is applied
in the form of spaced pads. Cork has a relatively small range of stiffnesses and is available
only in slab form capable of carrying loads only in compression. In contrast to this, rubber
can be moulded in many complex shapes and can be loaded in compression, shear or
flexure.

Cork has low density varying from 2 to 4 gfcm®. The maximum recommended loading
is equivalent to a pressure of 2 kg/cm? for low density and 4 kg/cm® for high-density cork.
The natural frequencies for several densities of cork as function of the intensity of load
will be supplied by the cork manufacturers for various thicknesses.

The logarithmic decrement A of cork in compression is approximately 0.4, and this
corresponds to a damping ratio (G) of six per cent. Cork looses its efficiency if allowed
to expand on all sides. Cork sheets need therefore to be enclosed in a steel frame to prevent
their lateral expansion. The resilient properties of cork deteriorate when it comes into

contact with water or oil. It is recommended that these sheets are treated with a pre-
servative before use.

bh. Felt
Felt is a fabric built up by the interlocking of fibres by some mechanical process or chemical
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action. Tt may consist of wool or other. synthetic fibres. Felt is used in the form of small
"pads ciit to the required area and placing them under the machine to be supported. . It

is generally glued to the mounted machine and to the floor.  ‘The natural. frequencies-

as a function of intensity of load for various densities of felt are usually supplied by the
felt manufacturers. The force-deflection curve of a felt pad in compression is fairly linear
- upto a deflection as great as 25 per cent of its thickness, but thereafter the stiffness increases
rapidly. The compressive strength of felt is around 80 kg/cm® and its elastic modulus is
about 800 kg/cm®. When used over long periods and under conditions of altcrnatmg wet
and dry condxtlons, felt looses its elastic properties. :

c. Rubber
Rubber springs have the advantage of enduring compression as well as shear. The
characteristics of rubber in compression depend on the ratio of the load carrying area to
the lateral expansion area. This ratio is defined as the “area ratio” (4r). For a rectan-
gular block of dimensions , b, and 4, it is given by

b
4= T H (7.16)

Pads whose area ratios are equal deflect the same percentage of their thickness when support-
ing loads causing the same intensity of pressure (i.e., load per unit.area). Rubber may
be -deflected under a compressive force only if it is permitted to expand laterally. In
contrast to cork, therefore, rubber should not be confined on all sides. Two forms of
rubber pads used in compression are shown in Fig. 7.8. In Fig. 7.8b the area ratio is re-
duced since the lateral expansion area is increased by the central hole. Consequently,
the pad shown in Fig. 7.8b is less stiff than that shown in Fig. 7.8a. The maximum de-
formation (8) in relation to the height of the rubber block (%) may be taken as 0.2 in com-
pression and 0.4 in shear respectively. The allowable stress may be taken as about 8 kg/cm?
in compression and 3 kg/cm? in shear for rubber. having a shore hardness of 40°, These

R\\

) _ Fig. 7.8: Bonded Rubber Pads in Compression—
{1} Metal Plate, (2} Rubber Prism.
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values increase as the hardness increases to about 16 kg/cm2 in compression, and 5 kgfcm®
" in shear corresponding to a shore hardness of 70°. .

.Table 7.1 contains the’ properties of . natural rubbcr compounds €3-30 A property
known as “shore hardness” decides the quahty of rubber and hence its demgn characteristics,
The shear stiffness (KH) of a rubber block of thickness & and cross-sectional area 4 can
be deterrnmed from the shear modulus & usmg the relation

K‘5=—G;li x (1)

The above formula assumes that the height to width ratio is small enough to ignore
deformation due to bending.

Table 7.1
PROPERTIES OF NATURAL RUBBER COMPOUNDSe3-30

Shore hardness Shear modulus Young's modulus Buik modulus
sy (G) kglem* (E) kgfem? (B) kgfem? i
40 4.59 : 15.29 10193.68 0.85
45 5.50 18,35 10193.68 0.80
50 6.52 22.43 10499.49 0.73
55 8.26 33.13 11111.11 0.64
60 10.81 45.36 11722.73 0.57
65 13.97 59.63 12334,35 0.54
70 17.64 74.92 §2945.97 0.53

The stiffness of a rubber pad in compression (K¢) is given by

I
T{;="Z[E(1+2m5)+?] (7.18)
Where E, B and « are given in Table 7.1 and other terms defined earlier.

The application of rubber springs in compression and shear is illustrated in Example 3
given 1n Sec. 7.6.

d. Steel Springs

Steel springs have the advantage that their properties are known more precisely than other
materials described earlier. This enables a more accurate design of spring isolators and
hence they are preferred to other materials in normal practice. Springs are often used
in groups (See Fig. 7.4). The properties of helical spring are given in Sec. 3.5.

7.6 Numerical Examples

1. A machine having an operating frequency of 1000 rpm is mounted on a resilient pad
which has undergone a static deflection of 0.8 cm under the weight of machine. Determine
the percentage reduction of the transmitted vibration. '

Solution: ‘Natural frequency (fa) = 300/4/0-8
- = 335.3 cpm
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Frequency ratio (1) = fmlfn
' : o = 1000/335.5
=2.982
Transmissibiliy (7) = 1{(g® — 1)

= 0.127=212.7%
Percentage reduction (R)=1 — T
= 87.3%

2. A machine weighing 200 kg is supported on a group of springs having a total stiffness
of 4000 kg/cm. The machine has an unbalanced disturbing force of 50 kg at a speed of
3000 rpm. Assuming a damping factor.of 0.2, determine (a} the amplitude of motion

of the machine foundation due to unbalance, (b) transmissibility, and (c) transmitted force. -

Solution:  Static deflection of the system = 200/4000

= 0.05 cm
Natural frequency in cpm = 300/4/0.05
= 1341.6 cpm
Frcquency ratio (y) = 3000/1341.6
= 2.236
. . . P,
i. Amplitude of motion from Eq. (2:12a)= B (o) o @)
Substituting the value = 0.00305 cm

_ |TT4(2.236%0.2)
= N T—2-236)%+(2X2-236 X 0.2)%

ii. Transmissibility, from Eq. (7.1)

= 0.3273
iii. The transmitted force (Fy) is the disturbing force multiplied by the transmissibility( T)
Fr=50xT ‘
= 16.365 kg

3. A rotating machine has an operating speed of 1500 rpm. Design a'suitable rubber
spring for one of the machine legs transferring 2 load of 200 kg 1f the degree of isolation
expected is 87.5%,.

A. Rubber Block Used as a Compression Spring

Operating frequency (©m) . = 1500/60 = 25 cps
Percentage reduction in vibration = 87.59%
ie., R = 0.875

or T=1—R=0.125
Neglecting damping and substituting in Eq. (7.2), the frequency ratio (y} works out to 3.

Natural frequency (fn) = 1500/3 = 500 cpm
The compression (§) of the rubber spring is gwen by the relation
300 500
Vs
This gives § = 036 cm
Stiffness (K) = 200/0.36 == 555.6 kg/cm

From Table 7.1, selecting natural rubber with a shore hardness 55° and choosing the
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dimensions of the rubber block asb=5cm, /=10 cmand k=4 cm, the stiffness can be
calculated as follows: - o oL '

e loxs -
A;ca. ratio (4,) =IX 41015 5

=04166 . AT
From Eq. (7.18) L | -

I 4 C 1
K. 10%35 [(33.129(1 T9) % 0.64% 0.4166)+11111 ; 11]
K,=504.5¢ kg/em |

i. Deflection (8 = 50455
=~ 0.4 cm
< 0.2 times the height of the block.
ii. Stress on the Rubber block = —2&
. 5x 10
= 4 kg/cm?

The deflection and compressive stress are within the permissible values,

B.  Rubber Block Used as a Shear Sﬁriﬁg
Using the same data as in case A above, and adopting a double ‘shear sandwich (Fig.
7.9) comprising of two rubber blocks of the same dimensions (as in the previous example)

Fig. 7.9: Bonded Rubber Pad in .

Double Shear,
AREA

= : :
VS| N7 LSS S A

the shear stiffness X, is found from Eq. 7.17 as
K, 8257 xqu X 50)
= 206.426 Kg/cm
Note that twice the area of one block is used in this case as the block is in double shear,

_ om0
i. Shear deflection — 206.496

= 0,97 cm
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e o <04-hmmtheth1ckness

i Shea.i' stress . 200 '
- Raear A 7 (Gx10)

a = 2 kgfcm? -

ess are thus within the allowable limits. Figure

' The shear deformation and the shear str
ber spnng used as a doublc shear sandvnch

7.9 shows one form of application of a rub
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SR CHAPTER EIGHT

Constructional Details of
Machine Foundations

IN THIS CHAPTER are discussed the main aspects of structural detailing of machine founda-
tions which are of interest to the designer as well as to the engineer at site. Apart from the
normal requirements of reinforced concrete construction as given in relevant codes of

practiceC®11 the additional points specially applicable to the construction of machine
foundations are discussed below.

8.1 Concreting

At least M 150 grade concrete should be used for block foundations and M 200 for the
Superstructure of framed foundations. The foundation should be concreted in horizontal
lifts. The concreting of the superstructure should preferably be done in a single operation
and care taken to avoid cold joints in the body of the foundation. .In the case of framed
foundations, however, the base slab may be concreted first and the codcreting of the
super structure may be delayed. The location of construction joints should be judiciously
chosen by the designer and every care taken by the site engineer to enfure monolithicity
of the structure at the joint. This is achieved by providing a suitable number of dowels
through the joint, providing shear keys and ensuring good quality control and supervision
during concreting. To establish better bond between old and new concrete, the upper
surface should be honey-combed and wired with a wire brush and 2 thin layer of cement
mortor applied to the old surface before pouring the new concrete thereon. Cement

grout with non-shrinkable additive should be used under the machine bed-plate and for
the pockets of anchor bolts.

8.2 Reinforcement

Reinforcement should be used on all surfaces, around openings, cavities, etc. which are to
be provided in the body of foundation for mechanical requirements. In block-type
foundations (Fig. 4.33) and in the base-slab of framed foundations (Fig. 8.1) the reinforce-
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Fig. 8.1: Typical Reinforcement in Base Slab of a Framed Foundation.
ment should be used in three directions. The minimum reinforcement in block foundations
should be 25 kg/m? of concrete. The reinforcement usually consists of 16-25 ‘mm bars
kept at 20-30 cm spacing in both directions and also on the lateral faces of the foundation.
The concrete cover for protection of reinforcement should be a minimum of 75 mm at
bottom and 50 mm on sides and at top. The minimum amount of steel in the base slab
of framed foundations (Fig. 8.1} is generally kept around 50 kg/m®. For circular openings,
the reinforcement should overlap for a length equal to 50 times the diameter or should
be extended beyond their point of intersection to 40 times the diameter. Around all
openings, pits, etc., steel reinforcement equal to 0.5-0.75 per cent of cross-sectional area of
the opening should be provided. This must be provided in the form of a cage (Fig. 8.2).

1 L |

Fig. 8.2: Typical Reinforcement Around an Opening a, o P

Figs. 8.3-8.5 show typical details of reinforcement in framed foundations. Fig. 8.6 shows
the detail at a typical beam~column junction.

e J ] |

(a) (b)

Fig. 8.3: Reinforcement in a Typical Cross-Beam of a Framed - Fig. 8.4: Typical Reinforcement in
Foundation. : Longitudinal Beams with Cantilever
Projection,
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b " : ' /
Fig. 8.5: Typical .~ Fig. B.6: Detail at a Beam-Column
Reinforcement in Junction,
Column,

8.3 Expansion Joiuts

Machine foundations should invariably be separated from adjoining structural elements
to prevent transmission of vibration. The Joints so provided should be kept clear of debris
which may block them. Where direct contact with adjoining structural parts is unavoid-
able, two layers of felt or other resilient packing may be used at the interface. Foundations
of adjoining structures built on different soil strata should invariably be separated by such
Joints to avoid failures due to differential settlement,

8.4 Connecting Elements

Machines are generally fixed to the foundation through base plates and anchor bolts. For
this purpose, the concreting of the foundation should be stopped at the level of the base
plate. This gap will be filled by mortar after levelling. For base plates of 20-30 cm
width, the underfilling is usually 2-3 c¢m thick. With wider plates, the thickness may be

1 b b

>
g

,|

Fig. 8.7: Positioning of Anchor Bolts—(a) Plan; -
(b) Section x-x, (1) Template, (2) Foundation, . (@)
(3) Anchor RBolts,
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L :'_‘larger upto 5 cm.. The base plate can be levelled by wcdgcs or by screw-jacks, enabling
o thc machine to be lcvelled accurately.

- "Base plates are fixed to the foundation block by anchor bolts, which must be correctly
* i"posmoned in ‘the foundation corresponding to the holes in the base plate. It is advisable
to position the bolt holes by means of template (Fig. 8.7). All bolts must be fixed
, to the template in position by nuts which may be removed after the hardening of concrete.
" It is also possible to leave holes in the form-work to form pockets in concrete for the anchor
bolts. The holes are filled with mortar after the base plate is placed and the bolts aligned.
. The bolt holes should be open at the bottom into a horizontal duct leading to the outer sur-
- face of foundation block (Fig. 8.8), or they should be extended throughout the thickness,
This will facilitate the cleaning of holes before concreting and also to have access during
fixing. The bolt holes should not be too large. A 15X 15 cm hole is generally sufficient,
A minimum clearance of 8 cm should be provided from the edge of the bolt hole to the

1008Q‘
T 1
| B
] P!
i

! !
| |
! ! § Fig. 8.8: Typical Detail of a Bolt Hole Close
! ! to Edge. (Dimensions in mm.)
i |
! |
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nearest edge of the foundation. The length of bolt to be concreted is generally 30-40
times the diameter. If the thickness of the foundation member does not permit this length,
a washer and a nut may be provided at the end for securing the bolt to the foun dation.
A typical form of fastening the anchor bolt is shown in Fig. 8.9. Bolt holes should invariably
be filled with concrete. The locations of the bolt holes should always be made with
reference to the machine axes which are firmly marked and not from edges of foundation
members such as beams and columns, since the latter might be displaced during construc-
tion. To avoid excessive transmission of vibration to the foundation through the anchor
bolt, the base plate of the machine may be fixed on a vibration-absorbing medium. The
bolts should be placed and the bolt holes concreted only after the shrinkage of concrete
is completed. Concreting the spaces under the machines should be done with extréme
care usiug a mortar mix of 1 : 2. The sand should be well graded and optimum cement
content used in the mortar so as to reduce shrinkage and increase strength, Concreting

under the base plate should be done evenly and without interruption to achieve a dense.

congrete. Grouting is recommended wherever possible. Machines should not be

operated for at least 15 days after under-filling, since vibrations from the machine have .

harmful effect on fresh mortar.

The edges of the foundation should be protected by providing a border of steel angles
(Fig. 8.10). Holes are generally left in the body of the concrete for the lugs of the angle
iron which are subsequently concreted along with the floor finish. The steel angles are



r
X

Fig. 8.9: Typical Detail of Fixing Anchor Bolt—(a) Section at -y,

(b) Plan at x-x. | , (a)
r'? -
Y 14
o laoe(] <
i
L4 )
{b)

Fig. 8.10: Typical Detail at the Edge—
(1} Angle Tron Border, (2) Lug.

lgenerally 75 mm X 75 mm X 8 mm and the lugs are 12 mm diameter bars spaced at 50 crn.
In the case of generator foundation, reinforcement on either side of bus openings should
. be insulated to a length of at least 15 cm from the intersection point to avoid any stray
currents. Haunches should be provided at beam-column junctions (in case of framed
foundations) to ensure the rigidity of the Joint, )

8.5 Methods of Laying Spring Absorhers

It has been stated earlier that spring absorbers are commonly used for providing isolation
in machine foundatiens. Two types of spring mounting system are adopted in machinery
installations: (a} supported system, and (b) suspended system.

The principle is, however, same in both these types. While in the former, the springs
are placed directly under the machine or the foundation (Fig. 8.11) in the latter type the-
foundation is suspended from springs which are located at or close to the floor level
(see Fig. 4.32). The latter type permits easy access to the springs for future maintenance
or replacement. A brief description as to when (under what circumstances) and how the
two types of spring mounting systems are adopted in practice is given below,
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(a) . | ] - ()

Fig. 8.11: Two Forms [(a)and (b)] of Using Spring Absorbers in Supported-Type Construction
(From Barkan, D. D., Dynamics of Bases and Foundations, McGraw-Hill, New York, 1962; with
permission}— (7} Machine, (2) Rigid Frame, (3) Spring Casing, (£) Basc Slab,

{5) Upper Foundation Block.

a. Supported System

For machines which are well balanced and for which the exciting forces associated with
the higher harmonics of the operating speed are negligible, the mounting system does not
necessitate a heavy mass above the springs. Such machines can be directly mounted on a
rigid metal frame (made of rolled steel sections) supported by the spring casings which
are placed at appropriate locations (Fig. 8.1 la).

However, for machines possessing large unbalanced forces corresponding to higher
harmonics of operating speed, the mass above the springs may be increased by providing
an additional concrete block above the springs, as shown in Fig. 8.11b. In either case
the machine or the foundation is directly supported on the springs and hence the name
“supported system.”

"The principal stages in the construction of a spring-supported type of foundation in the
general case are as follows. '

i. The base slab of appropriate thickness (0.2-1 m, depending on the type and size of
engine and soil properties) is laid on a levelled soil surface. The side walls forming the
passage around the foundation are also constructed.

ii. After the concrete of the base slab has hardened, the top surface is covered with
rubberoid, tar paper or ply wood sheet to prevent direct contact between the base slab
and the upper slab to be ‘cast over it,

iii. The lower plates of the spring absorbers are then placed at proper locations.

iv. Above these plates, a prefabricated metal frame of rolled steel beams is installed.

v. The form-work is then laid over it and the upper foundation block is cast (Fig. 8.11b).
The rolled steel beams are embedded in the lower part of this block. Cavities should,
however, be left in the upper foundation to facilitate access to the springs.

vi. After the concrete of the upper foundation has hardened, the springs are placed on
the lower plates of the absorbers. The springs are covered on top by another plate which
is rigidly bolted to the girders.

vii. Finally, the restraining anchor bolt is installed to permit lifting of the mass above the
springs. ‘The lifting should be done evenly and regulated carefully by a level, .

Fig. 8.11b shows this arrangement. In cases where the upper foundation block can be
avoided, stages (ii) and (v) listed above may be omitted.
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Where ﬁhe springs of the form shown in Fig. 7.4b are used, the upper foundation block
may be cast over those spring casings which are kept in position and are precompressed

by means of the side assembly bolts. After the concrete is hardened the holts are evenly-

loosened, thus transferring the entire weight of the foundation on to the springs. In Sup-
ported-type construction a passage should be provided all around to give access to the

spring casings for periodical checking. .

~b. Suspended System
As already stated, suspended absorbers are preferred in cases where easy access is to be

provided to the spring casings. A detail of this system is shown in Fig. 4.32. As can be
noticed, this type of construction differs from the supported type only by the length of the
restraining anchor bolt which passes through the absorber assembly. The lower end of
the restraining anchor bolt is connected to a girder which is cantilevered out from the upper
foundation block. The spring absorbers are located at the upper edge of the foundation
close to the floor level.

"The constructional procedure for laying the suspended type of absorber is similar to that
of supported type described earlier.

8.6 Provision for Tuning

Where the design data are uncertain or the necessary margin of safety cannot be realized
in design stage to avoid the resonant range, it is desirable to give due provision in the
construction for tuning the foundations at a later stage. By “‘tuning” is meant changing
the natural frequency of the foundation system as may be found necessary at a later
stage. Increasing the foundation base area would result in increasing the stiffness provided
- the consequent addition of mass is negligible. This would increase the natural frequency.
To reduce the natural frequency, addition of mass for the same base area will be useful.
Due provision shall therefore be made during construction to enable these subsequent
alterations. By suitably altering the natural frequency of the foundation, it would be pos-
sible to avoid resonant range (0.7 fma >/fa > 1.3 fn) and consequently the build-up of
amplitudes. To facilitate the subsequent enlargement of foundation, dowels should be
provided in the foundation to ensure a good bond between the old and new concrete,
- Tschebotarioff®**® has suggested the use of voids or hollows in the foundation block which
may subsequently be concreted, if so needed, to increase the mass of the foundation with
the same base area. - .

In the case of framed structures, tuning is possible by altering the rigidity of the frame.
"The effective length of columns can be reduced by connecting the columns at intermediate
level. Dowels or projecting reinforcement should be left in the columns at appropriate
levels for this purpose. : ' '

2 e —
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APPENDIX A

U:sefuIDa.t'a for Ready Reference

A.1 Characteristics of Simple Spring Mass Systems under Free and Forced
Vibrations

a. Single-Degree Freedom System (Fig. 2.1)

Nature of vibration
Characteristic quantity

Undamped case Damped case

Free Forced Free Forced

Circular frequency of vibration {tn) \/ Kim g a\/ m 4\/ 1—¢ —_—

Natural frequency (fn) cps L \/ K ,'m. D BRI ES 1 —

2 Vi m

Natural frequency (fu) cpm .(25_0_\/ Kim 6(:“‘“ il (\/ E 1—rge

1
Amplitude (a) Constant %" 12 ' - %\/ (1—n?)24(20%)2

1
. 1
Dynamic factor (g) — p— ,\/(1—7}’)’ + (2n0)*

“m

where 9= = {=C/C, and C,=24/Fpm and P, is the amplitude of exciting force.
n .




b Two-Degree Spring-Mass System (F:g 2 3)
' Free vibrations .

. Circular natural ﬁ'cquencxes :

My my \ 4K\ K,
Wnn ne =5 9 [ml 1 mg (l‘l‘ ):I:,\/ (1+ ml) My My
Forced vibrations

il. Amphtudes when mass m, is undcr the influence of an oscillating forcc
Pysin eyt

mnz

Py
T mf(en) '
_ (1t a)ad, +asi,— of
= my f (o)
where Bfig = K

Mg

p - Ky

" my 4 my

@ = —2
m

and

flod) =of — @k +ai) (1 + 0ok + (1 + )eh sl

ifi. Amplitudes when mass m; is under the influence of an oscillating force Py sin @nt

2 =

mlf(m ) ["‘"112 ]

P, — 9
mf(eg) (5!
where f(©l) is as defined above.

and 2, =

R Y P
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- A2 Resultant Stiffness (K' ) of Spnngs Used in Combmatmn

Type of Connection R Fxgurc o . Expression

(a) PBaralle]

K=K + K,
. =)
m
. 1 1 1
(b) Serjes 7 X -- i
(b)
A.3 Stiffness of Helical Springs
Direction Expression
Axial K= Cd (for one spring)
.1a. .- | "= BaD? pring
= NKs : ' (for NV springs)
Lateral - Ka=K, 1 (for one spring)

2
0.385u{l + 0. TM }

= N- K, for N springs

Bending Ky = I'K, or LK,
Torsional ‘ Ky= LK, 0T I:K,
0.385a l:l + ]

where  dis diameter of wire
D is diameter of coil
n is number of windings
G is shear modulus
.k is height of spring coil
@ is a factor to be taken from F1g 3.7
I, I and I, are to be computed from Eq. 3.3.
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A4 Moment éf Inertia (/) of Common Sections

r— ] . Figure Expression

— T : r : .'..Im ) Iy
[5//, 2. i il

a. Rectangle | 7///:'///7' 12 _ 12

w4 A
b, Circle _ﬁ . o ‘qu

c.  Hollow circle

D= (D)

nD3¢ D3¢
d. Thin-walled tube 8 B
. ' ‘ //% wDd3 = D3d
e. Elhpsc ! Z o i i
V .
I

A.5 Mass Moments of Inertia (®) of Rectangular Prisms and Solid Cylinders

Shape Expression for
P Py Pz
i. Rectangular prism (Fig. 3.22) Sy BTN o +12) Sz 412
: 1277 T 12V 70 12 V& 0
ii. Solid cylinder (Fig. 8.21) = (ape+ ) I pe = (8D 4 ny
12 8 12

m=mass of element

A6 Fundamental Natural Frequency of Transverse Vibration of Beams with

Various End-conditions ‘
' Bl :
wp=9.55¢ \/ o cpm
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wherc l is eﬂ'cctwe span - :

: I is moment of inertia of section -
w is mass per unit length of beam
Eis modulus of elasticity A

and  « is a factor given below for vanous cases

L

T e a4

LK}

Type _ - Figure o
a. Cantilever o ' g 8.52
. o . T o w
!
b, Both ends simply supported — — 9.87
{b)
[
2441 4
c. Both ends frec N 22.4
: - te}
1
d. Fixed beam a 22.4
th
1 !
&, Fixed at one end and supported at other % 1.4
(s}
n2ny
15.4

f. One end hinged and other end free ‘

A7 Fundamental Natural Frequencies of Thin Plates of Circular and Square

Shapes Having Uniform Thickness

- '\/ Eit
U T ENeD(T—¥)
where E is Young's modulus (kg/cm?)
¢ is thickness of plate (cm)
p is mass density (kg.sec?/cm?)
D is diameter of plate or side of a square plate

vy is Poisson ratio
is a factor given below for various boundary conditions



Shape =~ " Boundary condition ISR Figure i3

(1) Gircular " a. Clamped 11.84
b. Free 6.09
c. Simply supported . m@ 4.35

o
{2) Square a. Clamped 2 10.4
..... e
b, Two adjacent edges clamped D 2.01
and other two free
-L.-: rrrrr
i
{b)
T
) ' o
c. All edges free 4,07
4 —
(<)
VVvVYy
-
> - :
d. All edges simply supported Bl > < 5.7
. ) B
A AR A
D
a1
<
D <
e. One edge fixed, and others <
simply supported [< 6.8
: D
' te)
- o

f. Two opposite edges fixed and
other two simply supported ' 8.37

i)
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A.8 Permissible Stresses m Goncrete

" All values in kgfcm?

Bond
Concrete Compression Shear Mild steel . High-strength steel
mix .
Bending  Direct Average Local Average Local
M-150 50 40 5 6 10 - B.04 14.0
M-200 70 30 7 8 13 11.2 18.2
M-250 .85 60 -8 -9 : 15 12.6 - 2L0
M-300 - 100 80 g9 10 17 14.0 23.8
M-350 115 90 10 11 18 154 25.2
M-400 130 100 11 12 19 16.8 26.6
A.9 Reinforcing Characteristics
Size Arca Weight Perimeter Length
(mm) (cm?) {kg/m) {cm) per tonne {m)
5] 0.283 0.222 1.89 4510
8 0.503 '0.395 2,51 2532
10 ‘ 0.785 0.617 3.14 1621
12 1.131 0.888 3.77 1125
14 1.539 1,208 4.40 829
16 2.011 1.578 5.03 633
18 ‘ 2.545 2.000 5.65 500
20 3.142 2,466 6.28 405
22 3.8081 2.980 6.91 336
25 4,909 3.854 785 260
28 6.157 4.830 © B.80 207
32 8.042 6.313 10.05 ' 159
36 10.179 7.990 11.31 125
40 12.566 9.864 12.57 101
45 15.904 . - 12,490 14.14 80
50 19.635 15.410 15.71 63
A.10 Conversion Factors for British and Metric Units
Metric British _ ‘ Reciprocal
Length 0.394 in 2.54
lem 0.033 ft 30.50
3.28 ft 0.805
1m '1.004 vd 0.914
Area 0155 it 6452
1 em? .  L08x10-® fi* S 9290
T ' ' ' - 10.76 fiz 0.093

lm: ' 1.196 yd? 0.838




A.10 - Conversion Factors for British and Metric Units {Contd.)
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Metric : " British ~ Reciprocal
Volume . 0.0619 int 16.387
1 cm? 35.31 fits 0.0283
I m? 1.308 yds 0.765
Mass force
lg 0.0353 oz 28.35
1 kg 2,205 1b 0.454
1 tonne . 2205.0 b 0.00045
Density , :
1 kgfems 36.1 Ibfin® 0.0277
I kg/m? 0.0624 Ib/fis 16.02
Second moment of area
1 cmt 0.024 int 41.623
1 m¢ 115.9 int 0.00863
Pressure, stress
1 kgfem 5.6 ibfin 0.178
1 kg/m 0.672 Ib/ft 1.488
1 kg/mm? 1422.0 lbfin? 0.0007
1.422 kipfin® 0.703
1 kg/cm? 14.22 Ihfin? 0.0703
1 kg/m® 0.205 Ib/fi 4.88
1 tonnefm? 205.0 Ibffir 0.0045
Moment, Torgque :
1 kg. cm 0.868 in. b 1.152
: 0.0723 ft. 1b 13.825
1 kg. m 7.231 it. 1b 0.138
1 tonne-cm 868.0 in. Ib 0.00115
72.3 fi.1b 0.0138
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- APPENDIX B

- Terminology

For THE sAKE of convenience, definitions of terms which are used most frequently in
the field of machine foundations are assembled here.*

Acceleration. A quantity that specifies
the rate of change of velocity with
time.

Amplitude. Maximum value of a quan-
tity that varies with time according to
sine or cosine rule,

Angular frequency (also called circular
frequency). A periodic quantity de-
noting the angular frequency (in units of
rad/sec),

Balancing. Balancing is a method of
adjusting the mass distribution of a rotor
so that the amplitude at bearings are
reduced or controlled. ‘

Circular frequency. See ‘“angular fre-
quenCY.”

Coupled modes. Modes of vibration
that are interdependent and which
influence each other because of energy
transfer from one mode to another.

Critical damping. It is the minimum
viscous damping that allows a displaced

" *Some of the definitions listed here bave been reproduced from Harris, C. M. and Cre_dc.,'Shack and

system to return to its initial position
without oscillation.

Critical speed. Speed of a rotating sys-
tem that corresponds to a resonant fre-
quency of the system.

Cycle. The full sequence of a periodic -
quantity occurring during a period.
Damped natural frequency. Fre-
quency of free vibration of a damped

linear system.

Damping. Dissipation of energy.

Degrees of freedom. Number of deg-
rees of freedom of a mechanical system
is equal to the number of independent
coordinates required to completely
define the position of the system at any
instant of time.

Displacement. Change of position of a
body from the position of equilibrium.

Auxiliary mass vibration neutralizer.
An anxiliary mass-spring system which
tends to neutralize the vibration of a

Vibration Handbook, Vol. I, McGraw-Hill Book Co. Inc., New York; with permission.

e o a2
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‘foundation to which it is - attached.
The basic principle of its 'ope'ra,tion
- is inducing vibration out of phase with
~the vibration of -the foundation *jtself,
‘thus applying a counter-acting force.

Auxiliary mass vibration damper.
As above, but with damping introduced
in auxiliary system to comntrol amplitudes

- for a variable-frequency machine,

Excitation. External force applied to a
system that causes the system to respond.

Forced vibration, Vibration in which
the response is imposed by an external
force (under excitation),

Foundation, A structure that supports
the machinery on top.

Free vibration. Vibration that occurs in
the absence of an external force acting
on it.

Frequency., A periodic function in time
and is inverse of period. Unit is cps
[also called Hertz (Hz)].

Fundamental frequency. The lowest
natural frequency of an oscillating
system,

Fundamental mode. The mode of
vibration associated with the lowest
frequency.

Impact. A single collision of one mass in
motion with a second mass which may
be either at rest or in motion.

Impulse. Product of force and the time
during which the force acts,

Isolation. Reduction in capacity of a
System to respond to an excitation usually
provided by an elastic support.

Lissajous figure, A stationary pattern

Sén on an oscilloscope when the

frequencies of two - periodic  signals
given to the vertical and horizontal
amplifiers of the OSCﬂ.Ii()St:Dpe are rela-
ted to each other as a raijg of two
whole integers, ' o
Logarithmic decrement, The natural
logarithm of the ratio of any two succes-
sive amplitudes of same sign in the

C ez et 1 B g

. APPENDICES 227

- "decay curve obtained in a;'free-vib;jati_gn |

. Mode- ,;IPf 'V'ib!‘_a-,ﬁ_on.“ A - charééfefistic

_ pattern assumed by a system in which
the motion of every particle is simple
barmonic with same frequency. ,

Natural frequency. Frequency of free
vibration of a system. | '

Oscillation. Another term to mean
vibration. D :

Over-tuned foundation, A machine
foundation whose fundamenta] natural
frequency is greater than the operating
frequency of the mounted machine.

Period of vibration. Reciprocal of
natural frequency in cps.

Phase of a periodic quantity. Fractig-
nal part of a period through which
the variable has -advanced ang
measured from an arbitrary reference. -

Resonance. A term that occurs in forced
vibrations. Resonance is the stage at
which a slight change in the frequency
of excitation causes a decrease in the
response.  Insimple terms, it is the stage

- when the frequency of excitation be-
comes equal to the natural frequency of
the system. _

Resonant frequency. Frequency at
which resonance occurs.

Response. The motion resulting from an
excitation.

Simple Harmonic Motion (also called
“harmonic motion”). The motion in
which the displacement is a sinusoidal
function of time.

Shock. Transient excitation—charac-
terized by severity and suddenness of
application.

Single degree of freedom system. A
system In which only one coordinate is
required to define completely the con-
figuration of the system at any instant,

Steady-state vibration., Vibration in
which the peak amplitude remains
constant, ' c
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S_i;iﬁ'nésé, Ratio of chaﬁg_e of force {or -

_ moment) to the corresponding change in

~ trawslational (or rotational) deflection

of an elastic element.

Transmissibility, Non-dlfmensional
ratio of the response amplitude (force,
displacement, etc.) of a system .under
steady-state forced vibration to the
excitation amplitude.

Uncoupled mode. An uncoupled mode
of vibration is 2 mode that can exist
simultaneously with,” but independently
of, other modes.

Undamped natural frequency. Fre-
quency of free vibration resulting from
a system having no damping or energy-
dissipating device.

Under-tuned foundation. A foundation

‘whose fundamental natural frequency is
- below the operating speed of the machine
it supports, o -

Vibration isolator. A resilient support
that tends to isolate a system from steady-
state excitation,

Viscous damping. Dissipation of energy
such that every particle is resisted by a
force proportional to the velocity of the
particle and acting in an opposite
direction.

Wave. A measure of disturbance that is
propagated in a medium at any instant
of time,

Wavelength. The distance between two
points in a wave having a difference
in phase equal to one full period.
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