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ihis/report summarizes recently developed concepts used
+to el{g}nﬁte vibration in steel and concrete strﬁctures.

’ Techniques discussed include changing of natural frequen-
cies for undamped elements, deflection limitations, control of
daﬁping and breaking of vibration §ourcesﬂ
g Guidelihea are also given for controlling the vibration

of machinery foundations.
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CHAPTER 1 P
P - INTRODUCTION

s

Vibration frequently causes structural failures and 2

‘ [
human discomfort. This report deals with techniques to control

such problems. Discussions cover conceptual design ideas‘;nd
remedies to suppress the undesirable effeéts from vibration.
Subject matter includes control of vibration in floor¥systems,
wind excited buildings, chimneys or pole-like structures, over-
head sign supports, cable structures,elevated liquid containers,
bridges and foundatiogs. Each chapter deals with a distinct
method of vibration control in relation to some of the above
mentioned occurences. Foundations are discussed in a separate
cﬁapter.

Chapter 2 discusses the techniques of changing natural
frequencies of undamped support elements and ideas.to keep
the support free of resonance, Formulae and charts are provid-
ed for quick determination of fundamental frequencies to sup-
plement the subject. Chapter 3 deals with the method of
limiting deflection as a means of preventing vibration in
floors, buildings and sign structures. Chapter 4 discusses
the amount of damping and its inherent effect in floor systems,
the methods of increasing damping and the installation of
dampers in buildings, chimneys énd overhead sign structures,

the self induced damping effects in elevated liquid containersg
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and the methqds of suppression of flutter ip cable roof

structures. Chapter 5 deals with isolators {and ‘the methods
of breaking vibration sources. Chapter 6 deal with foundation

design.
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CHAPTER 2~ I'

CHANGE OF NATURAL FREQUENCIES
\
FOR UNDAMPED SUPPORT ELEMENTS

This is a simple approach to keep the structure from
resonance(1-10), It is effective for machinery sitting on
flexible floors and other structu;es. Other methods such as
placing of isolators and increasing damping will be discussed
in later ‘'sections. The following are design guidelines to
prevent resonance and achieve human comfort.

2.1 Design Guidelines

1. Frequency ratios shall be designed within the limits

LY
shown in Table 2.1. !

Table 2.1 Permissible Range of Frequency Ratios(l)

Beam frequency

Type of end support Span Impressed frequency
J

Column Less than 20 ft. 1.5 or < 0.8
Column 20 ft, or more > 2.0 < 0.75

Girder less than 20 ft. . >2.0 < 0.75

Girder 20 ft. or more >2.0 < 0.75

2. Adjust beam frequencies either by changing beam
size or span length.
3. Where the span is long and the natural frequency

of the beam is close to the equivalent operating frequency,

P
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~ a knee brace may be used to reduce the beam span to increase

its natural frequency. ’q'

4. Add bracing to increase stiffness of the structure,
cbnsequently increasing the freéuehcy of the structure.

5. (€an3-S16.1-M78 (7) has recommendations on transient
vibrations. It states that people alone can create periodic
forces in the frequency range 1-4 Hz, therefore floors with
natural ﬁ%kquencies less than 5 Hs _for such occupancies should
be ayoided. For dancing halls, floors should have a frequency
higher than 10 Hz unless there is a large amount of damping.
For concrete construction, floof frequencies should be higher
than 15 Hz. The follow{ng constructions may be susceptible to
transient‘vibrations= '

Open web steel joists or steel beams

with concrete deck, spanning between

7-20 meters. L-5 Hez

Light wood deck floors on steel

or wood joists. - 10-25 Hz

6. Fof design of chimneys, the change of natural fre-
quencies can be achieved by varying the metai thicknesses., A
higher natural frequency can shift the criticainwind velocity
outside the usual range of wind speed, while a }oﬁer natural
frequency can reduce the effect of wind force éo that osci-
llations cannnot be maintained. Another factgg affecting
osscillations. is the change of cross sectional shape which will
have influence on stiffness, mass and construction of the .
chimneys.

<




. 7. In brldge deSLgn. the Ministry of Transgbrtatlon

and Communlcatlon of the Prov1nce of Ontario has conducted
dynamic tests on a number of brldges (8) and concluded that .
the dynamic response of a brldge is dependent upon the
*frequency match' between the brldge and the vehlcle. The
t!!t results are summarized in Table 2.2. It is recommended
athat the fundamental frequency of a brldge should be outside
the range of 2 to 5 Hz, otherwise impact facters greater than
those specified by AASHTO (11) should be adbpted; This design'
requirement (Fig.2.1) has been'incorporafed in both the 1980
supplement 'of CSA Design'of Highway Bridge (12) and the 1983
Ontario Highway Bridge De51gn Code (13).._Regarding aerodynamlc v

stability of bridges, British Standard Instltute (14) has
- A . w

\excellent discussions on the subﬁezﬁh A7 A
. 8. Fig.2.2 illustrates double cables and their equi-
valent spring sysfeﬁ. Since-the two springs are connected to
a rigid Ear[ they have the same deforﬁafion. The rlatural
frequency of the combinded system, which corresponds to a
spripg constant of K, + K, ié‘higher thap the frequency~of'
the individual cablé. When the frequency is sufficiently high,

the danger of flutter will be eliminated.

L
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Impact Fraction
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First Flexural Frequency,Hz

Fig.2.1 Impact Allowance (12)




2.2 Computation of Natural Frequencies

Outlined below are methods for quick determination of
natural frequencies: )
1. ¥Individual prismatic beams ,&'fﬂlfA- //( ( CIREE )
{

The natural frequency (1) of a simply supported beam

1 K
f =
n 2T m

where K is the beam stiffness and m is the beam mass. For

is given by

svarious support conditions and different construction materials,

frequencies of beams can be estimated from charts shown in

Appendix A, Fig. A-1 to A-5S.

2. Continuous beams

The natural frequencies of uniform continuous beams
can be obtained from Appendix A, Table A-1.Those tables of fre-
quency factors prepared by the Ministry of Transportation and
Communication (15) may also be used for quick evaluations of
straight, continuous symmetric‘multi-span beams of various
épan ratios.
3. Thin plates with uniform thickness

The natural frequencies of thin plates with different

_ edge conditions can -be obrained from Appendix A, Table A-2,

4, Cable structures
Letign denotes the mass per unit length of span, L denotes
the span length and n denotes the mode shape shown in Fig.2.3,

the natural\f&equencies of the cable systems (9,10) are given

by the following expressions:

3 - f y
14



Single cable

n H
f = — —_
n 2L m

where H is the horizontal component of the cable tension.

Double cables . -

n |JH, + 8
_ t b

2L m

v

where Ht'and Hb are the horizontal components of the cable

tension in tob and bottom cables respectively. '
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Fig,2.3 Mode Shapes of (Cables (9,10)
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2.3 Summary “ , e ~:;___\

The general principle to obtain a 6ibration free)struc-
ture is to keep the structure from resonance.%if is recommended
that the ratio of fundamental natural frequency to disturbing -
frequency be outside the range 0.5 to 1.5. Charts and tables
shown in Appendix A can be used for rapid evaluation of
frequencies of beams and plates. CSA3-S16.1-M78 suggests the
floor natural frequencies of light residential buildings be
greater than 5 Hz, and 10 Hz in case of dancing halls. Recéht
bridge deéigﬁ"ches.propose that the value of impact is to be

determined according to the bridge natural frequency.
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CHAPTER 3

CONTROL OF DEFLECTION

Limiting deflection also eliminates‘éxcessive floor

B

A EPERTE
vibrations due to hgman occupancy andidamages in buildings

caused by wind or earthquake. Recommendations are given in
most building codes and standards. Some of tﬁgse are detailed

in the following:

3.1 Floor Beams or $labs

For floors&éﬁ%ﬁggng«up to'apprcxim§ﬂ€I§’7000 mm, control
of deflections has long been recognized as a measure for satis-
factory structural performance with respect to transient
vibration.

Tables 3.1 to 3.3 show recommendations from ACI Code (16)
and National Building Code of Canada (17). In general, live
load deflections of roof and floor beams or slabs supporting
non-structural elements likely to be damaged Sy deflection
should not exceed L/360. For beams not supporting non-structural
elements, live load deflections are limited to L/240. CsaA
standard Can3-S16,1-M?78 QtateS'THat deflection of a Steel joist
supporting wood deck should not exceéd 1/360 under 2 kPa lOgd—
ing assuming the joist is fully supported. Graﬁh similar to‘\
tﬁat in Fié.j.l is useful in the design of non-compogite met;l
decks. With this graph, one can rapidly determine if a floor

A\
\

would have vibration problem., If a plotted point falls within °
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the feasible region, theWwstructure will be satisfactory.

3.2 Glass Panels

NBC 1980 (18) recommends that\ieflections of glass
retaining members be limited to 0.0057 span 1 « They
must be stiff enough to resist excessive vibration from

wind gust.

3.3 Buildings
Can3-S16.1-M78 suggests that column sway due to wind be ~

limited to 0.00125 to 0.0025 of the height' 6f industrial type
buildings and 0,0025 for all other type buildings. For steel
buildings erected with cladding and partftions but no special
i,provision for building frame movements, magnitude of story
"dFiTt should be limited to 0.002. NBC 1980 recommends a maximum
lateral deflection ranging from 0.00t to” 0,004 of the building
height be used to prevent cracking of masonry and interior
finish. Le Messurier (19) indicated in his report that in
'recent years, the designers have tighten the lateral deflec-
tion/height ratio to 0,0016. In his experience, this criterion
is satisfactory in buildings up to 183 meters high.

3.4 oOverhead Sign Supports

1975 American Association of State Highway and Trans-
portation Officials has standard specificatioﬁs (20) for the
design of structural supports for highway signs. It states
that overhead sign structures (span type) shall be proportioned
to avoid resonance at critical wind speed by limitir\g their

vertical deflections. This can generally be accomplished by



(&

using the value d/400 as'a llmit for dead load deflection.

, Where d is the sign depth :’m feet. Nevertheless, tl;é criterion
‘ provided does_not always guarantee a safe limit. A few sign

supports spanning apprqximately 30.5 meters have been damaged L
° N ﬂ -
by wind. Either dampers or heavier sections have been. adopted. 4

7 \

3.5 Summary ,
The preaent practlce to avold transient vibratlons is
to control the flekibllity of the structures. The deflection

requirements recommended by ACI Code, National Building Code

.0f Canada and AASHTO usually provide- /satisfactory performance

of structures. ’ ) /7 " ) L
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AllowAble Iive Ioad Deflection
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Induced Frequency,cps

R = Induced Frequency
Natural Frequency

‘f

—Feasible Region for
esign

Fig.3.1 Human Response to Steady-State Vibration.
Allowable live load deflection versus induced
frequency for non-perceptible motion (26)
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CHAPTER U4

DAMPING IN BUIiDINGS AND OTHER STRUCTURES

+

‘
! . //\ «’]

e

..The best way to reduce vibration @rom én existing
structure is to increase damping. It is therefore,. important
for engiﬁeers to be acquainted with the ef}ects of damping
and the methods of increasing damping. Unfortunatel& there
is no simple method to déterminqvthe amount of damping inﬁerept
in structures unless experiments are performed. Reports become
the only reference source for design without h¥’gh cost. For
multi-mass systems, computer éhélysis will be required. The
following is a brief review regardiﬂg inherent damping,appli-
cation of daﬁpers and guidelines on ‘design.

L.1 'Damping in Floor Systems

]

Concrete Floors - Bock (21) gives damping ratios of
0.0127 to 0,0207 for concrete with cracks and less for concrete
free from cracks. Lenzen (22)‘states that the damping ratios
of concrete framed floor systems range between 0,03 to 0.05
and above 0.06 with furnishing or partitions completed. Field
tests in - Table 4.1 and 4:2 (23) for loﬁg span floors indicate
that the dampipg ratios for casf-in-place continuous floors are
in the order of 0.02 to 0.0?:gnd for inter-connected precast
beams are about 0.04. For pfestreésed beams, Penzien (24)

" reports that the damping ratios are betwee? 0.005 to 0,07

depending on the degree of cracking beiqg accepted.

o
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Steel Floors with Concrete Deck - Experiments with walk-

ing impact on composite beams and Joists have been conducted
by Allen (25). The impact was induced by a man weighting about
170 pounds lifting his heels about two and one half inches,

- relaxing and then dropping to the floor. The curves shown in
Fig.4.1 in con&unction with Table 4.3 give the amount of
damping associated with different floor constructions. Fig.
4,2 gives the initial amplitude. For gymnasiumé and similar
structures, the amplitude should be multiplied by a factor
of 1.5. Fig. 4.3 and 4.4 reflect human response from ‘which
the permissible amplitude Caﬁ be determined. Table 4.4 shows
damping coefficients recommended by Can3-S16-M78. ‘

In reviewing the gbove information and discussions from
Can3-S16.1-M78, it is noted that floor damping is generally
less than 10% critical. The addition of furnishings,ducts and
similar elements can increase damping by about 3% or more.
Partitions located in two directions provide tpe most effective
damping. When partitions are parallel to the fﬁoor beams and
further apart than approximately 6000 mm, damping may be zero.
Hints to remedy problem floors are summarized below(7,22,25):

| 1. The addition of bridging has very little effect on
vibration characteristics of a floor- system.

2. Cover plates on steel beams have negligible effect
on human perceptibility.

3. Noﬁacomposite construction tends to increase damp-
ing by about 1-2% over composite a%ftion.

L. PFor cold formed joists, ceiling boards or straps

L4
i

o
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should be attached to the bottom flange to preQent annoying
high frequency torsional vibrations in the joists.

5. The dynamic stiffness of a simply supﬁorted beam

will not be increased by continuing the beam over the supports.

6. For slabs spanning between 7 to 13.7 meters, the
. incredse of concrgte slab thickness tends to increase the
damping,decrease the initial amplitude while the frequency
remains unchanged. For sbans over 15 me£ers. human sensitivity
can be reduced by decreasing the steel or concrete.

7. Installation of damper posts as per Fig.4.5 can
significantly increase the amount of damping by as much as
10%.

9. A tuned damper may be constructed by attaching a mass
to a spring. Upon installation, the spring can be tuhed to be
out of phase with respect to the floor. Neoprene may be added
as a filétlonal damper between the mass and the floor. Due to
the qu s%ronable reliability of the damper, this type of
arrangement is not recommended in areas where significant
amount of loading chénges are anticipéted. Allen (25) reported
'the case he successfully installed ;uch a damper to a prqblem
floor in a school, but no analysis has been discussed. The
equivalent mass-spring system will be similar to that shown
in Fig.4.10 of which my is the floor, mass, K, is the floor

stiffness, m, is the damper mass, Kzais the spring constant

. of the damper and C is the damping coefficient.

e
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Table 4.3 Description of Floors for Figure 4.1 (25)

25

Curve No.
Fig. 4.1

% Critical
Damping

Description of Floor

1.

0-2.5%

2.5" concrete on 1.5" steel deck,
with open web joists or steel
beams, no suspended ceiling
below, no air'conditioning ducts,
bare floor, no partitions.

6%

2.5" concrete on 1.5" steel deck,
with open web joists or steel
beams, suspended ceiling below,
air conditioning ducts and
electrical conduits installed,
floor finished, furnished and
carpeted, no partitioning.

3.

as sh own
Fig.4.1

5"concrete on steel beams (Or
open web joists), suspended
ceiling below, ducts & conduit
installed, space 6pen but
finished, furnished, carpeted,
and occupied.

14%

All spans and floor construction
with at least ceiling height
partitions. Partitions do not
have to be connected to floor
above to be effective. Partial
height partitions, of light
construction, appear to give more
than 10- 12% critical damping for
all spans.
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Table 4.4 Damping in Steel Floor Systems (7)
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Damping

Description of Floor % Critical
Bare steel and concrete deck floor:
Composite 2
Non-composite 3-4
Finished floor with ceiling, ductg and 6
floorings
Finished floor with partitions 12

AL
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" 4.2 "Damping in Buildings )

As shown in Table 4.5, most tall buildings possess
daﬁping of abouf 1% critical. Values in excess of 1.5% are
normally associated with high loads, damaged or iﬁadequately
deﬁigned structures., Values between 2 to 5% are sometimes
used in wind response calculations (28). The following are
case studies for applications of viscoelastic dampers and

tuned dampers.

Viscoelastic Dampers - Fig.4.6 shows framing of the

World Trade Center in U.S.A. (29) The primary.central core
has adequate strength to resist seismic forces. The secondary
floor beams inter~connected with viscoelastic dampers aré\ziff/}
to the primary cgre through expansion Jjoints., When the build-
ings undergoes oscillations, the strain energy of the mass of
the floor results in a reduction in dynamic response.: -As an
alternative, the central core may be formed by light weight
steel members so that the kinetic‘energy of the entire floor
can be dissipated. There are two general types of tpeatments
in viscoelastic dampers (Fig.4.7). The following are the impe-
diments ih giving these treatments (30):

1, The thickness of the viscoelastic material should
Be small in comparison to the base structure.

2, Vibration amplitude must be small,

3. Bending stiffness of the constraining layers must

be small compared to the basic structure,

4, Young's modulus of the damping layer must be small

| )

1

|t



Ceon o ‘ 30
‘compared fo the»faciné 1ayerhand sufficieﬁtly large to make
. thlckness changes.in the damping layer negllglble.
| e5. The product of the loss factor and’ the stiffness of
. ‘the damping layer is far lessfthan that of the undamped panel.
‘ The foilowing are some guidelines f;r thé placement of
these dampers: k
1. Apply according to manufacturer's recommendations.
' 2. The constralnlng layers need not be anchored when
they are properly assembled, -
3. Increase shear strain by placing more constraining
‘layers. ‘ .
| L, Optimize effectlve length of constralnlng layers
to obtain maximum energy dissipation.
5. Increase damplng by p1a01ng the viscoelastic materlal

and the constralnlng layers alternatlvely.

v
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VISCOELASTIC
MATERIAL -

e

DETAIL OF DAMPER

AAA .
SUPPORT .,
VAVAVA "ALA/ '
DAMPER

AVAVAVAV " SN\ANN

VAVAVAW AVAVAVAN

Fig.4.6 Viscoelastic Dampers used in
the World Trade Center (29)

)

—— Viscoelastic Material
—Structure .

)/7 7t //‘//Jl (5 [ T

Free Surface Treatment. Constrained Layers Treatment

AN

Fig.4.7 Typical Treatments of Viscoelastic Dampers (30)
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Tuned Mass Damper - A tuned mass damper has been

inétalled on top of the City Corp Center (Fig.4.8). -The
.damping machanisﬁ'(Fig.4.9) works in response to6 a signall
When the building moves, the.-control actuato; will pump the
0il to the.bearings 1ifting the mass up and back to rest. ’
Both the spring and the c@ntrol actuator éan-be_fine tuned

to the effort that the périodical motion of the mass coincides
with the movement of the  building (31).’As shown inﬁFig.b.lo,
my represents’the mass$ of the building, K, is the stiffness

of the members which restrain the mgss, m, i's the mass of

2
the dynamic damper, C is the damping'coefficient, X, is the

 stiffness of the damper, Z(t) is the absolute displacement

_of the“grouﬁd surfgce, xl(t) is the displacement of the mass
m, relative to the ground surface, and Xz(t) is the Fisplace—
ment of the mass m, relative to the mass m, .
néfural frequency of thebstrdctﬁre and the predoﬁinant peridd’

« KnoWwing the

of ground motion, the frequency ratio can'bé found. With an
assumeéﬁhass ratio, the opti frequency and damping ratio
“required for tuning can e detdrmined (32),
Other.architéctural solutions such as optimum selection

of building shape, surface texture and the'hse of spoilers

can also reduce dynamic excitation,

E]

~
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Fig.4.9 Tuned Mass Dampef.(ji)
(City Cofp Center, New-Xork) ,

5 4 10 Equlvalent Spring System of a
Tuned Damper in Buildings (32)
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4,3 Damping in Chimneys

> Reinforced concrete chimneys uéually have an‘avérage
.damping value of five percent critical and stgel chimneys
‘have an average damping value of 1-2% critical including
lining. When the amount of daﬁbiﬂg in percentage of critical
equals or exceeds 0.07, aerodynamic stability can be achieved
(33). Following are a few ideas for increasing structural

damping s .

N
1. Add coating, lining or mass.

2. Attach wire ropes.-*

3. Install dampers with wire ropes.,

'U, Install damping pads at base of chimneys,

Experiments for installation of damping pads have been
conducted at the University of Technology in Loughborough,
England'(jb). Two chimneys constructed with steel were tested.
Fof chimney A, damping pads were placed with the twelve foun-
dation séuds. The materials of the pads were bonded cork or
éomposite layers of neoprene rubber and asbestos between the
outer layers of elastomeric bghded cork materiél. Results show
that despite the significant increase in damping i} was in-
sufficient to prevent wind-induced oscillations. For|chimney
B, construction of the chimney was similar to A but a, damping

pad was installed over the entire area between the base plate

and the foundation. Oscillations were eliminated. The»desir—

2 md

able level of damping has been found to be FD > 17, where

m is the mass per unit length, 2 is the alr density, D is the

’diameter and § is the logarithmic decrement.

o~
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L.y Déﬁpingﬂin Elevated Liquid Containers

An elevated tank behaves like an inverted .pendulum
‘which has a large mass concentrated at the top. When earth-
quake occurs, the vertical motion of the water (sloshing)
acts as = dampér resulting in reduction in seismic response.
‘The hydrodynamic analysis\is complicated. For simplicity,
graphs can be established to determine the complex.cqnsta§ts
used in hydrodynamic equations. Two degrees of freedom are

suggested in order to obtain precise analytical results.

" 4,5 Damping in Cable Structures

Therelare two phenomena associatga‘wiih cable struc—h
tdres, ﬁamely forced vibr;tién and self inhucgd vibration
or(flutter (9,10 ). Flutter is a sudden and fiolent vibratioﬁu
occurfing at a critical wind speed which corresponds to a : *
critical frquency. By introdpcing the double cable systems
similar to those in Fig.4.11 and 4.,12,the danger of flutter ean
be confrolled. When éownWard loads are applied, the load
carrying cables will be subjected to tension while the secondary
cables will be subjected to compression. The natural frequencies
of the opposite cables will drift apart and damping achieved.
When the combined frequency is sufficiently high, flutter
will be eliminated. For cable grid systems shown in'Fig.u.lj.
the systems themselves are damped and rigid. Therefore it is
not necessary to predict the natural frequency. For singl;

cable structures, stability can be achieved by increasing the

weight of the structures.
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A, 240 FEET DIAMETER

SEC A . SEC B

"Fig.4.12 Utica Memorial Auditorium (10)
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Fig.4.13 Cable Grid Systems (10)
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4.6 Damping in Overhead Sign Supports

As previously discussed, limit of deflections does not
always prevent the undesirable effects from vibration, Follow-
ing the collapse of two sign brid'ges,. ‘one of the major
fabricators requested the National Research Council of Canada
to conduct investigations (35). As a result, dampers were
developed.

The bridge being investigated is presented in Fig.lL.14 /
and %.15. Fig.4.16 shows the arrangement of the damper. From
the observations of the model tests, it has been found that
large amplitude of vertical oscillations existed due to vortex
shedding 'behind the sign panels. At a damping ratio of 0.25 %
vortex induced oscillations were strong, while at a damping
ratio of 0.58 % there were no self starting oscillations.

A damper formed by an air-foil ‘flat plate was attached to
the top of each sign panel and the result was good. The excess-
ive vibration was suppressed. Fig.4.17 shows effect of wind
speed. Ot}}er factors affecting oscillation include size and -
configuration of dampers, size of sign panels and configuration
of the support.

k.7 Summary ‘

Inherent damping is an important factor affecting floor
vibrations. This chapter \briefly reviews the amount of damping
inherent in floor systems and the vibration response of comp-
ositewﬂa,nd non-composite steel structures investigated by
"Allen (25). The method for complete analysis can be found from

many texts. Case studies for damping device's cover damper posts



Ny

. . ; . L . .
in floor systems, viscoelastic and tuned dampers in tall

‘Jbuildings,‘ damping pads in‘-chimneys and ’air-foi'.lyni)lates on -

overhead slgn: supports of Wthh the appllcatlons will rely

on more research and fleld 1nvest1gatlons. The concept of

[

slosh:.ng effec’c in elevated liquid tanks and suppress:Lon of

‘flutter in’ cable structures are preSented. i '
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CHAPTER V°

ISOLATION OF VIBRATION SOURCES

1 . w

The discussion of vibration isqlatidnﬂconsists of two
parts. The first part is the basic introduction of mounting

» isolators. For machinery located in buildings, it is important

13

to place the maéhinéry away from sensitive ‘areas. The concept

of seiecting isolators is reviewed. The,chéracteristibs of

-

P

resilient materials &nd instaliation details are briefly

reviewed., The second part consists of the ideas of breaking
a ‘ - : : '

wind induced oscillations. Contents include conceptual design v

(.‘ ’ :&

of a shock absorbed story in tall buildings, discharge air

current and the method for installation of a vortex breaker

[

on chimneys. . : ’ *

ot

5.1 Mounting of isolators

The measurement of the’effect of isolators can be
exﬁressed by means‘of isolag}dnkefficiency or ﬁypport deflec-
tion. The isolation efficiency is a fuﬁcfion of the rat;o R
of Aisturbing frequency to natural frequency of the mounted
machine. Assuming the mountings have a uniform défiection rate
and no excessive damping, the percentage of isolation efficiéncg
(36) can be expressed as ~ ' ;

E = 100 ( 1-




P

o [
and the natural frequency (38) is - ‘ :

i

b
= — = 15,8/~ 2
2TV w > d {(mm) -

where W = weight of the machine
J K'= spring constant of isolators
, L £ '
"d = deflection of isolgtors

3

As it can be seen, the isolation efficiency is a fgpction of
the support deflection, <Table 5.1 and 5.2 show f}olation
efficiencies recommended by the manufacturer of the resilient
materials. Using the charts shown in Fig.5.1 or 5.2, with

the recommended efficiency, the requi;ed static deflection and
are, supported on a s%iff‘sﬁpport. qu machines mouﬁted on
fle*ible floor séfuctures, the amount of defleption f%ovideq
by the isolators should be the sumgéf the required static w
deflection plus the floor deflection. Table 5.3 and 5.4 show
recomménded static deflections required for méchines‘si%ting
on flexiple structurés. The. above theoéy applies to normal
eduipment where the grea®test floor sensitivity is in tﬁe .
vertical direction.‘For machines with heaQy vibrafions, there
are six degrees of freedom to be gonsinred. Caref@l evalua;'
tion may be necessary far”eaé; of the six frequenciés prior

to selection of isolatérs. As presented in Fig.5. 3, the.
torsional mode is rarely'a significant problem. The remaining

~ four modes can be coupled with vertical frequency and the

solution becomes simple (6,37, 38).

e

type of mountings can be determined assuming that the isolators

¢
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-, Table 5,3 Minimum Mounting Deflection (36)

Bosament Upper Story L
Opaerating Negligible Rigid Light N
Speed . Floor Concrete Conerete Wood
RPM ¢ Deflection Floor Floor Floor
300 1.50" 3.00" 3.50" 4.00"
500 .63 1.25 1.65 1.95
800 .25 .60 1.00 1.25
1200 .20 45 .80 1.00 .
1800 10 .3§ .80 1.00
3600 ' .03 .20 .80 1.00
7200 .03 .20 .80 1.00
; .
. »
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Fig.5.3 Modes of Vibration Having Four Resillent
Supports  (37) °

’ )
& ,
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The following is a brief review for resilient 'materials

(36937) ¢

Cork - This material is good for isolation at high

vibration frequencies between 50-60 Hz. The acceptable static
deflection is approximately .08 inch. It can easily be crushed
or disintegrated when wet, therefore chemical impregnation

or asphalt felt is required for industrial applications.

Rubber - The damping is remarkably influenced by the
hardness. It is not recommended for use as vibration mountings
when hardness is above 70 durometer. Correction factors for
computation of deflections can be obtained.from reference 3€.
Chlorine rubber has damping ratio ranging between 0.03 and
0,08, Natural rubber has damping ratio ranging between 0,01
to 0.08 and is applicable between the temperature -50 to 100° C.
It requires anti-ozonants to resist attack from ozone. The use
of carbon black filler may inhibit deterioration due to girept
sunk ght, therefore its application is not recommehaéd‘where
substantial oil contamination is likely to occgr{/&eoprene
pad has great load °carrying capacity and excellent resistance
to oils, solvents, weather,, oxgen and temperature. The natural
frequency ranges between 12 and 25 Hz. Maximum damping ratio
is about 0.1,

Steel Spring - It is recommended where high deflection
and low frequéncy is desired. The frequency is‘approximately
3-10 Hz. and the deflection can be up to 175 mm,

Once the type of isolator is selected, the next problem

.1s to study the details of installation (36,40). Refer to
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sketches shown in Fig.5.4 and nete the floowing:

(é) This detail applies where area 1s large and pressure
is low particularly where low acoustic frequency is required,
e.g.‘printing machine, diesel engines, roll—grindérs and fans.
Cork, rubber and neoprene are the resilient materials commonly
used for this installation.

(b) The combination of a concrete block and double
cushions can reduce vibrating forces transmitted to the struc-
ture. It may be useful for'machines with large unbalanced
forces located on upper levels of a building.

(c) The attachment of an inertia block to steel springs
pro&ides good rigidity, stability, small amplitude and better
alignment between the mounting components. This detall is
useful for~mpunting of pumps, centrifugal chillers, high
pressure fans, air compressors, reciprocating fridge compressors
and internal combustion engines. The depth of the steel beams
may be 1/10th of the span (36) with limitafion of fourteen
inches maximum. The required mass ratio of concrete block to
machine usually ranges between 1:1 to 6:1 (38) depending on
the machine installed.

(d) This detail shows installation of cork around a
footing. It is often used for horizontal compressors, pumps,
newspaper press, centrifugal compressors and other basement
located equipment, Tpe transmission of vibration to floor,
piping and elgctrical‘equipment is minimized., The omission
of cork underneath the foundation block can reduce vertical

yielding of the footing consequently vibrations on the piping.
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(e) This sketch shows typical examples of prefabricated
fﬁbber or neopre%e type supports. Tﬁe hanger is primary used
to isolatg vibrations from piping or equipment to ceiling.
The mounting pad can be ued under flat base machine without

bolting. They are made of skid'resistant base plates, easy to

install and the cost is low.

1
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SECTION A

ELEVATION

Fig,5.5 Details of Shock Absorbing Story (39)
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5.2 Breaking of Wind Induced Oscillations

]

Provision of a Shock Absorbed Soft Story -~ The idea of,

providing a soft stéry is to confine the earthquake and wind
mot}ons of tall buildings.(39). The motion is to be confined-
to one level shielding the stories abovq from damage. The ,
proposed system (Fig.5.5) consists of coiumns, elastomeric
strips and stabili?y walls which contributes only the minimum

amount of lateral deformation due to seismic loads. The

period of the equivalent spring system (Fig.5.6 ) is given by

3 = . . ,
T = 27| — 5 ( }
KX ) . ) t ’

where m is the total mass.-above

. . Total Mass _-—]
the soft story and K 1is the. , -4
) . {
"stiffness of the supporting J (spring) /
" elements including columns and - / Damper |/
, A S K
elastomeric links. As the values ' [ /
of equivalent period, damping f /
rd C.Ol
ratio, yielding capacity and
ratio of stiffness of elasto- i . i

meric strips to columns are . !
. . ) Fig.5.6 Single Degree of
given, the relative displacement Freedom System (39)
and optimum choice of the neoprene

pads can be determined.



Discharge Air~Current - -
. Refer to Fig.5.7 for the air -

~disghérged system (29Q. The air

can be disgharged from the lee- T ’i;//’—‘*
ward surface of the building to Wind . 7 : -j;r’.’
downward stream through the - -
[N ' ) . m." _— 9 \_—?
. central hollow core, ‘mechanical: Teor—t——t—t" >

ducts and areas of occupancj.
Release of the air will avoid . _ ) .
Fig.5.7 Discharge Air
provocation of vortex. The mass- - Systém (29)
ive exterior columns can also be
used for the s;mefpurpose_but
caution shall be taken‘not. to

create tﬁrbulence ¢f the éurrent. N

Installation of Vortex Breaker on Chimneys - The device

(33)'shdqn'in Fig.5.8 ﬁaé been suécessfully used for years. It
cbﬂ%ists,qf three start spirals aﬁd is plaéed at the top third
of the chimneys. Each strike has a fadiél heighf of 0,09
diameter of the chimn;y‘énd a revolution ;n height edﬁal to

" five times the diametéfgof the chimney. Other forms such as

saw-tool spoilers or perforated ¢astings can also be used.

5.3 Summary

The successful selection of isolators can be achieved by

. ’ . . Lt
applying the basic. principle'of reguired static deflection and .

the charts furnishéd by the manufacturer. This is usually
adequate for mounting of isolators for building equipment.

There .are available in the mérkét many high performance .

o

+
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isolating items which have not been included in thisgeport. -

[

The simplest form is a piece of resilient material or steél

spfing. The implications for the ideas of discharge current h
or soft story to break wind induced oscillation iny practice

are not yet known but introciuctign is*included for the inter-

est of individualsﬂ. Theé application of sp?rals on qh'imneys is

~
»

useful. e .
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. As ?he\frequency of the exciting

. As shown in Fig.6.1, .

.machinery foundation can be

treated as'a

force approaches the freq'ue’n'cy
of the footing, resonance takes’

place.

Fo llowi

‘Cypes of foundation supports: -

v Q - R ’ 64 )

HAPTER, VI ° : | .

MAGHINERY FOUNDATIONS

“'f
B I\E:‘coiting Force '
mass-spring system, AP ‘Mass\ Foundation +

Machine

)
a

. ‘Fig.6.1 Foundation Sys'‘tem.
ng, are two general . - o . ' o

»

.

1.‘ Macnlnes supported dlpectly on foo uJ.né;s ‘or on piles. ,

If a machlne

is located high above the floor,. vertlca‘ _ -

oscﬂ" ation, horlzontal translatlon, rocking and torsional

' 0801lla tions may all exist, For machlnes located close to the

. floor, only verdical oscillation will be revelven‘t

-2 Macnlnes moun‘ced on 1solators.e & sprlng, rubber,

gork or felt.

’
[

) maéh‘ines.

" In orde

should be und

"(3,50-48).

,

Thls_ is more often appllcable for high speed

. "o . ‘
r to achieve sufficient control, the following -
a ;

\ * L] ',
erstood and design must be properly unde,r“taken
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6.1 Major Factors Affecting Dynamic Response of Foundations

ihe major parameters influencing vibration characteris-
tics of foundations include dimension of footings, piling,
ratio of foundation weight t¢ equipment weiéht and soil .
.chéracteristics. Soft’ ground provides lower frequencieé of
footings while stiff ground provides higher frequencies. These
factors should be carefully considered in dealing the dynamic
‘@espQ?se of" footings. ‘ i 7.

6.2' Design Guidelines

1. For low speed machinery,e.g. cCompressors, pumps.and
some reciprocating machine§ with operating frequency lower
than 500 rpm, foundatior-soil system with a natural‘frquenéy
twice the operating frequency is usually provided.

2. For'machinery operating higher thqp 1000 rpm, e.g.
generators, compregsor§, forced and induced fans, the -
foundation-soil system sﬁould have a frequency no more than
half of the operating frequency. In mény cases, this can
easily be achieved by providing a minimum mass ratio as
reipmmended in Table 6,1, For repiprocqting pumps, the minimum
ratio is usually no less than 3.0, f&r cen}rffugal pumps, a
mininum ratio of 5.0 is often employed.

gj. Soil static pressure shéuld not excgfé 50% of the
s01il allowable pressure, | '

» .

4, Soil pressure created by static and modified dynamic .

N

load should not exceed 75% of the allowable load.

\
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Table 6.1 Suggested Mass Ratios (3)

Equipment operating \Ratio of foundation weight
. fret&uency to weight of vibrating part,
N . % of machiae
Up to 600 rpm \ 3.0
| 900 ™ b5
’ ‘ 1200 T 6.0 )
* o //
‘ 1800 . 8.0
- ‘ " )//—//
’ 5. The magnitude of settlement should wbe within the

limits recommended by the panufacturer.
6. The centroid of dynamic and static loads should be

within six inches of the center of gravity of the footing.

For rocking motion, the axis of rocking should ccincide with
) the principal axis of the footing. _
7. To insure stability, it is preferable that the total

p "

t ~ width of the foundation be at least eq\:lal to the measurement

from the center of gravity of the machine to the bottom of the

. . >
. footing. . . , —

8. The maximum amplitude ofl‘mo'tion should be within
the allowable limit specified by the manufacturer. Table{‘é.z

. . | .
shows opsérvations and recommendations from Barkan.

. \
SN .- i

.



)} Table 6.2 Permissible Amplitude (41) . =~
N (Barkan 1962)
/ Equipment ' ‘ Amplitude (mm)
Low speed machinery, 5QQ rpm . »02
Hammer foundations . 1 -

High speed machinery:-

3000 rpm:
hor.vib%ations : Ob to 105
vert,. vibrations : . .92 to .63
1500 rpm:
hor.vibrations - .07 to .09

vert,vibrations ' .04 to .06

L)

)

. ———
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6.3 Vibration Control "

}

Methods of vibration control include: : |

1. Cot\un(ter balancing existing loads imposed by the| .
‘engine.

2. Stabilizing the soil by injecting cement or chemical
agent. If the soil contains granular materials, stabilizal;ion
may be required only at the edge of the footing and not th:fz
entire area. By increasing rigidity of the base, frequency‘\‘of
the footing will be increased subsequently leading to reduc-
tion in vibration, -

3. Increasing foundatior; natural frequency by‘ increasing
the soil contact area, moment inenti;a or driving piles. Piles
v;lill be effective to resist vibration only.when they are
subject to appreciable forces. Fig.,6.2 shows frequency vs
pile length of bearing piles on rock.

b, Reduci'ng foundation frequency by increasing founda- ‘
tion weight.

5. Increasing foundatién embedment depth in soil 12.0
reduce vibration motions

6. Compacting soil to increase rigidity.

7. Placing of machinery deeper than adjacent structure
to prevent transmiséion of vibration to the struqture.

n 8., Placing of isolation joints to prevent transr;lission
of vibration to adjacent structures,

9. PlaciAng of attached slabs as dampers.

10, Placing of isolators,



Matgriol £, 1b/in? y, 1bsf1?
Steet 294 1108 ' 480
Concrete 30x10% 150
Wood 1 2x10° ‘40 -
' 10,000

- Vert Motion :

aooo\ :
K .

6000 .

L4

Natural Frequency, fn, Cpm

150 A = Area of NG
pile section.
100L L N S A |

1
20 30 40 60 80 100 150 200 ‘
" Pie Length, ft

Fig.6.2 Resonant Frequency of Vertical 0scillation.
for a Point-bearing Pile Carrying a Static Load (45)
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6.4 Design of Footings

BZ’BX'BY'BG

DZ’DX'D .D9

List of Symbols

™

d&namic amplitude
mass' ratios defined in Table 6.4

damping ratios defined in' Table 6.4

natural frequency of vibrations

circular freduency of vibrations = 21\'fn

frequency of excitiné force; angular velocity

of machine rotation

shear modulus of soil

spring constants defined in Tables 6.3 and

6.4

dynamic ﬁagnification fac%or

amplitude of exciting force

eqdivalent radius . of rectangular footings - | ’
Poisson's ratio

L3

soil density

The following is a simple method presented by Richart,

Woods and Hall in 1970 (45) for evaluation of natural frequen-

cies'and amplitudes of machinery foundations. The systenm

L]
consists of a lump mass @gsuppérted on linear and rotational *

springs. Elastic-half-space theory is applied. The same method

has been reviewed by Richart in Foundation Engineering Hand-

book in 1975 (46). thlined below are the design procedures:

1. Check with manufacturer for mechanical data, e.g.

»
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acceptable amplitude, magnitude and frequency of unbalanced
forces.

2. Field test for soil parameters. Perform dynamic test -
if possible. Data required include soil density, Polisson's
ratio, shear modulus or modulus of subgrade reaction.

3. Assume sizes of a rectangular footing. Convert the
.rectangular base 2c x 2d into an equivalent circular base radius
using the formulae shown in Table 6.3,

4. Compute mass ratio, damping ratio and spring constant
according to Tables 6.3 and 6.4, )
5. Determine natural frequency/of the footing.

6. Compute magnification factor and vibration amplitude.

For an exciting force P = PO sinwt, the magnification factor

can be obtained using the following formula:

A 1
Py / K (1-(W/0) D7 + (2D(We )"

-M =

where D,K and w, are the damping ratio, spring constant and
natural circular frequency obtained from steps 4 and S.

7+ Ensure frequency and amplitude are within the design

\

limits. o

Kauffmann (47) has compared various methods of analysis
.and concluded that the methods from Richart and Barkan yield ’
approximately the same results, but comparision was limi ted

to vertical frequency only.

v
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Table 6.3 Equivalent Radius and Spring Constants

-~

of Reetangular

Footings (46)

72

N A
Mode of Spring Constant Equivalent Radius
Vibration '
¢
' n
Vertical K, = lG_ - B, \/ 4ed r,B = ;d

Horizontal

Rocking X

Torsion X

il

" G 2

= T BY 8cd

_ 16 3
e~ 3 ¢ T

_ cd
L(1+v) GBx‘/ cd r, = f—ﬁ———

_ 4 lécd3
Yo “ V737
S L{/lé cd(c?+d?)
BT

Table 6.4 Mass Ratio, Damping Ratio and Spring

Constant for Rigid Circular Footing on The Semi-
infinite Elastic Body (46)

Damping Rano Sprng Constant
Mode of V.bration  Mass {or inertial Ratio o 3
(1-w) m 0425 4
Vertical B8, - 2 Dy = —= k‘, . Gro
4 pro \ﬁ: 1-»
- (7-8v) m o 0.288 3200 - )
Shding = _— - o k.= ’o
, 320 - vl pry L% “ 7-8w
LR T3 " o 015 . 8Gry
Rock: 8y * [ . o =
™ v 8 Dl; v {1 ’B‘,)\Iﬁ; 4 3t - »l
g 0.50 6 3
T J 80 - — Dg = -— — ke — Gr
orsona o pra (4 1+ 28, 3
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6.5 'Design of Dampers

' The installation of an

‘attached slabe as a damper(Fig.6.3)

can effectively reduce the ampli- o P sinQ{t
' ' / P R . -t .
tude of rocking and horizontal | A1
. : H .
Vibrations o? a footing. The . .TTf, ‘ ﬁ; — -
. !

following are the formulae
presented by Barkan (4i). The

natural frequency of rocking

i 3 ot : ' Fig, 6.3 Foundation with
vibrations of a footing with an _an Attached Slab
attached slab is (41) ‘

‘ 2
. g c¢I - Wh + Hl CrAl'f o

2
Wy + myH,y

The amplitude of rdcking vibrations of the footing is

‘ P H
1 T Ty +me'2)'(f 2 %)
0 171 nél .
where Ay = soil gbntace area of attached slab -
Cor Cp = coefficients of elastic nonuniform comp;ession.
shear of soil
H = distance between line of action of exciting
forces and bottom of foundation *
- H1 = distance bétween tié and bottom of foundation
T = moment of inertia of foundation area in contact

with sdil, with respect to axis of rotaticn

m1 = mass of attached slab - -



7

PX sinwt = magnitude of horizontal exciting force
induced by engine
WO = moment of inertia of foundation mass and

mass of engine with respect to axis of

o vibrations

PR

As it can be seen from the above formulae, the effect
of the a%tached“slab on decrease of vibrations is a function
of the.height of the slab, the coefficient of rigidity‘cr and
~ the corfesponding natural frequency of horizontal vibrétioné

of the slab. Barkan also mentioned the analysis of two attached

siabs of which the maintenance -and tuning 'is difficult and is

P

rarely used.
/

6.6 Design of Isolators

| High speed machines of ordinary sizes are often mounted
on a resilient base andl§upported on a massive footing. The
engine is usually running'smoéth and the exciting force is
rélatively small, In this 'case, the selection of isolators °
can be dgtermiﬁed according to the recoﬁﬁen&ation from,tﬁel
manufacturer of the resiliént material and similar to that
described in Chapte? V.

For rec%procatihg enéines-with 1arée unbalanced forces,
‘hammers and similar équipment, the placemeht of a concrete
block above the resilient material‘wodld be necessary to
reduce the motion, .For ofﬁer‘méchines such as roll—grin@ers
. and pléning machines, £he attachment of a coﬁcfete block
with isolators may increase the rigidity‘of Fhe supportﬂ’By
considgring an undamped two degrees of freedom maégfspring )

system as shown in Fig.é.él‘Barkan (41) has indecated that

o

P



the vibratiop,gmpiiﬁud; of th;

foundétién éan be reduced onlty -.
ifthé natural frequency of the
' ‘foundation system is.small in
comparision with the operating
ffeqhency. In situation where
the natural frequencyoof the
foundatlon system exceeds the

operating frequency, the nat-

ural frequency must be increas- e Absorbers and Mass

/.’
ed so that the associated (4%)

amplltude decreases. Let k2 be."the total coefficient of rigidity
=of all sprlngs. The natural frequency of the complete foundation

system assuming that no absorbers are used equals

-4

Fig.6.4 Foundation with

14

where k1 . = coefficient of elastic rigidity of base under

foundation beneath spririgs

-]

[}

'm, ,m, = masses of foundation system beneath and above

2
.springs .

The amplitude of .the base beneath the springs:
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tn

. o ¥ B
) : :9 o - . \ " . : 76
The degree of absorption o§<vibration;\\ . ' : ;
. - b v ‘ {
» 2 2 \2 : :
o 1+ (1 +u)(e)® + eq,° - - e189, ) . R ~.
= - 2 2 ‘
(1+ u)(e),” - 1) e N

(%3
Py
N

" where u is tne ratio of m& to my. In %réctice,xhe majority of '

" vibrating systems possess six degrees of freedom, As it

“has been stated, careful considerations and analysis may be . . ¥
t
_necessary prior to choos;ng of 1solators. ) 7. ¥
Comnary .
? Sum mar . -
' .

[N

(- Foundations suijcted to dynamic loads can be treated

as a mass mounted to top of a spring' When the operating

frequency ‘is higher than 1. 4 tlmes the na%ural frequency of
the spring, * the v1bratlonx plltude can he- reduo&d .and the
de51gn can 31mﬁ1y be governed by a mass, ratio, In’ cgse the
natural frequency exceeds the operating frequency, the n tural <,

frequency must be 1ncreased to av01d»the dynamlc ef?ects. his

can be acco%pllshed by 1ncreas;ng the footlng area, st%ffening

r the s01l, driving plles or othier means. A'further~apprdach'~ p s\

‘for decreaeing vibration is‘balancing the unbaianced"forces

“by miéhsfef counferweigpt. This‘}nvolves specialized tecnniques ;-
in mechanégﬁl engineering.'AnotHer very popularlaoproach }s;h
the mounting of isolators. For analyeis, the simplified method.
'presen ed by Richart, Woods and Héll is generally’ sufflclent
for 1nq%allatlon of 1ndustr1al .equipment., The analytical ,
methodi of dampers and 1sola§ors presented by Barnan wene ’

1. ¥ o
reviewed. : . ’ t



- frequencies. A simple formula for calcul@tlon of frequencies

methods fdé control of vabrations induce?‘by dynamic loads

of‘cngnete floors does not seem available., This deficiency

CHAPTER VII
, " CONGLUSION
*

/ . . : s "
. The main objective of this report is fq introduce’ the.

from people, machinery and wind. The method selected depends
- v (/ ! ) ' ‘ b
on the source of vibration, environmental factors and type of

. ' . .
structures involved.

, Por machinery suppaorted on fldor beams, it is a common

L]

practice to have the beam frequency checked during the design

stage. Change of beam frequencies 1mp}1es varying gf beam
! L]

"span or beam stiffness. C;;%ts and tablesishown in Appendlx A

and reference‘ié can}be used for\iglck evajuatlonapf beam ,

can be remeqied by field tests. Where possible, the fundamental

L 4

frequency of a beam sﬁould‘ﬁe kept greater than the operating
' £
i‘requency o:f‘ the machlne, in oq‘der tha? resonance w1ll not

occur at Bhe e&ilpment start~up and shutdown. Gdhdellnes

a

gLven in Can3- Slé M78 may " be used for de51gn of comp051te and

¢ 3

non—compos1te steel.deck, Igzzégggnlng bridges, recommenda-

]

tigns are given for the.effedts of vibration due to vehicle

oscillation and impact caused by uneven foaé*surface. British .
Standard Institute €14) has detailed rgcqmmendétiohs and ** -
f ~ {

. [ . “ ;
. criteria faor design of aerodynamic stability.‘Discussions hagve ¢

« 3
v
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: . . 78
not been given here. '

1

' . O R ,
For Floor construction, deflection limitations have been.

3 3

the prime concern considered in byf}ding codes for both static

and dynamic load analysis. This mainly is due to the recent

P trend of developments in highastr%ngth materials which result

dn more 'slender structures. The control of stiffness will

ensure better satisfaction of ove}allistrength and resonant

-

frequencies of the members. A similarfapproach has also been

\

adopted by AASHTO specification to keep.th¢ oscillations of
" overhead signs or signal sﬁpports within the limits, and
adopted by building codes to keep the oscillations of the

| buildings below the complaint level and damages in non-
. Y
structural elements minimal, Nevertheless, experience shows

that the provision of this criterion alone is not always

'sufficient’tq~sa£eguard structures. Y
' \
Damping has been of great promise in providing vibration

"
- ) s

free performance in new and existing structures. In general,
the amount of damping inherent in most materials'is‘small.
Metal possesses less daﬁping'than concrete and rubber. Pre-

v

stressedlconcrete possesses less damping than reinforced
"" ‘goncrete. The data which can be adopted to new design include
the‘invegtigat;on of floor v;bratibns from Al%gn (25); the
1 © damping coeff}cienps.recommended by Can%—Sl -M78, the field
‘ studies for lqng span concrete floor systems shown in Table 4,1
and 4.2, the studies forytall buildings presented in Table L,s

C— . and the research of overhead,sign suppofts. }nformatiod'is
- . . £ Y

. rare. Except for very minor problems, the installation of

. v 1‘ )



field investigations and computer aid, ¢
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dampers normally involves extensive field work and ingenious

problem-solving., Tuned dampers are not preferable for struc-* ‘

tural applications due to the'uncertainty éf their reliability
and difficult maintenance. The detailed analysis of sloshing
effegt in liquid containers and tﬁe dynamic response in cable
structures needs additional researéh and is oﬁt o} the sdope
of this report, |

The sfandard’Selection charts for mounting of’iéolators
are‘usually proyided jgr only one mode of vibration. In extreme
cases where large unbalanced forces are present, a mgre com-
plicated approach is necessary. For methods of breaking wind
induced oscillations in structures, ideas seem sketchy excebt\
for chimneys,

With reéard to machinery foundations: the ope%a%ing
frequency of the machine must be sufficiently differ from the
ngtural freqdency of the foundation-soil system and amplitude’
must be withinhthe aéceptable limit, The‘tedious analysis is
net always necessary whén the operating frequency,is high. ﬁb

In conclusion, we aware that &implified methods for

. { .
dynamic control are applicable only when we are dealing with

simple structures, An exact analysis will rely heavily on the

.
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. Appendix A
' Figures and Tables r

for Design of Natural Frequencies.
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Table A-1 Natural Freqﬁencies of Continuous

Uniform Steel Beams (6)
r A2
2 L.
structures [ EEE ‘ n=2 ‘ ne3 ‘ nmd | n=s

2

Extreme Ends Sunply Supported

1 | 3173 | 12604 | 28561 | S0776 | 793.37
2 | 31.73 49.50 | 12694 | 160.68 | 28581
3| 3173 4052 5956 | 12694 | 143.98
¢ ) 3173 37.02 49.59 63.99 | 120.04
5| 3173 34 99 “19 55.29 66.72 |.gh
% 6 | 3173 | 3432 | 4052 | 495 | 50.56
e 7| 3173 | 3367 33.40 4570 | 53.63
| SYSLSE (PO S 8 | 31.73 3302 37.02 42.70 49.59
: 9 | 3173 3302 35.66 40.52 46.46
10 | 3173 33.02 34.99 39.10 44.19
n{ 373 3237 3432 37.70 4197 .
12 | 3173 3237 3132 37.02 40.52
Extreme Ends Clamped
1 | 7236 | 19834 | 33875 | 64263 | 959.98
2 | 4959 7236 | 16066 | 19834 | 33520
' 3 40 52 59 36 7236 143.98 178 25 .
- 4 | 3702 49 59 6399 7236 | 137.30 .
2 "5 | 3199 1419 5529 66.72 72.36
D=7 | | 343 | ws2 | s | s9% | eres
L ol 7 | 3387 38.40 4570 53.63 62.20
L L—~L— L 8 33.02 37.02 4270 49.59 56.93
. e 9 | 33.02 35.66 10,52 4646 | 52.81
. 10 { 3302 34 99 3910 4410 49 59
1 | 32.37 34.32 37.70 4197 47.23
\ . 12 | 32.37 34.32 37.02 40.52 44.94
N ) Extreme Ends Clamped-Supported -
1 | 4959 | 160.66 | 3352 57321 | §74.69
2 ] 3702 | 6399 | 13730 | 13585 | 301.05
3 | 13432 49.59 67.65 | 13207 | 160.66 -
: 4| 3302 4270 56.98 6951 | 12949 o
5 | 3302 3910 49.59 6131 7045
6 | 3237 37.02 41,94 54.46 63.99
g 7 | 3237 35.66 41.97 49 59 57.8
e 8 | 3237 | 3493 | 398 4570 | 3363 .
9 | 31.73 3432 33.40 43 44 19 59
10 | 31.73 33.67 3702 41.24 4646
n | 3173 33.67 36.33 3981 4119
12 | 3173 3302 35 66 39.10 42.70
. +
fn: Natural Frequency,cps, n = Mode Number '
| . . .
, r = Radius of Gyration,in. N = Number of Spans
1 = Span Length,in. N
- R ’ \
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