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The technique of abean bag damper has been effectively ap-
plied in many engineering fields to control the vibroimpact
of a structural system. In this study, the basic parameters
responsible for the design of an effective bean bag: the size
of beans, the mass ratio of the bean bag to the structure to
which it is attached, the clearance distance and the position
of the bag, are studied by both theoretical and experimen-
tal analyses. These will provide a better understanding of
the performance of the bean bag for optimisation of damper
design. It was found that reducing the size of beans would
increase the exchange of momentum in the system due to the
increase in the effective contact areas. Within the range of
mass ratios studied, the damping performance of the damper
was found to improve with higher mass ratios. There was an
optimum clearance for any specific damper whereby the max-
imum attenuation could be achieved. The position of the bag
with respect to nodes and antipodes of the primary structure
determined the magnitude of attenuation attainable. Further-
more, the limitations of bean bags have been identified and a
general criteriafor the design of a bean bag damper has been
formulated based on the study undertaken. It was shown that
an appropriately configured bean bag damper was capable of
reducing the amplitude of vibration by 80% to 90%.
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1. Introduction

Vibroimpact is not an easily controlled phenomenon
of structural dynamics. When resonance occurs, the
system undergoes dangerously large oscillations. Res-
onance is generally to be avoided in designing struc-
tures, as the very large amplitude can cause structural
failure, fatigue failure, discomfort, loud noises, and so
on. Special vibroimpact damper or absorber can be
introduced to reduce the effect resonance.

A bean bag damper isavery effectivemethod to con-
trol thevibroimpact of astructural system. The conven-
tional vibroimpact damper is essentially arigid weight
which moves freely between collisions with an exces-
sively vibrating primary system. Its uni-directiona
movement is constrained by the ends of an attached
on a confined space in the primary vibrating system.
Attenuation of the primary system motion will occur,
possibly by elasto-plastic contact deformationsand cer-
tainly by momentumtransfer if the collisionisrepeated
and movements just before each collision are in oppo-
site directions. When the primary system vibrates, the
secondary mass moves back and forth colliding alter-
nately on either end of the container. The amplitude of
vibroimpact of the primary system is reduced signifi-
cantly by the mechanism of transfer of momentum be-
tween primary and secondary system, and partly by the
conversion of mechanical energy into wear and heat.
A bean bag damper has a pot application to reduce the
vibroimpact of antennas, gun mechanisms and flexible
robot arms etc., and it is more appealing.

In the last three decades, vibroimpact dampers have
undergone extensive research. Most studies have con-
sidered a single unit impact damper where the second
mass was a solid body, such as Masri and Ibrahim [4]
who studied the stochastic excitation of asingle system.
The coulomb friction of the damper was considered by
Mansour and Filho [5] and Hunt and Crosslet [2] stud-
ied the coefficient of restitutionin damping of vibroim-
pact. Leeand Byrun [3] gave astatistical analysis. The
stability of periodic vibroimpact was investigated by
Yasuda and Toyoda [10], Popplement et al. [7], and
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Bapat and Sankar [1], etc. Their work extended the
knowledge on a rigid-body impact damper and led to
successful application of the technol ogy.

Usually, the single rigid body led to high magnitude
of contact force and large noise. Consequently, the
rigid second mass was replaced by a soft bag filled with
ballsof small diameter, and aresilient rather than arigid
impact damper was introduced. Semercigil and Pop-
plew [9], Popplewell and Semercigil [8], and Pang et
al. [6] pointed out that the bag ball system, oftentermed
as a bean bag, to make a reduction in the pesk force
of the bean bag's resilience collision at the expense of
elongation of the vibroimpact duration. According to
this research work, it was found not only was a much
quieter operation achieved, but the bean bag was more
effective than the comparablerigid slug.

Despite utilization of several mathematical meth-
ods, such as linear momentum conservation on a sin-
ole degree-of-freedom system, the theoretical simula-
tion of a been bag vibroimpact damper has remained
complex and great uncertainty in the predictions of
the stiffness and damping factors remain because of a
non-linear nature of system. A bean bag vibroimpact
damper was grossly discontinuous, and therefore very
difficult to analyse with procedures based upon contin-
uum principlessuch asfinite difference procedures. Al-
though Discrete Element Methods could theoretically
simulate complex systems with discontinuous materi-
alssuch asabean bag damper, it wasimportant to know
how to make a bean bag damper simple and effectivein
actual applications. Thus, there was a need to explore
the dynamic performanceof the vibroimpact damper to
enable design optimisation.

The objective of this study was to establish a the-
oretical model from continuous mechanics point of
view, and to describe overall performance of a bean
bag rather than the movement of each individual ball.
The bean bag was approximated as homogenouswhich
enables the investigate of various critical parameters
and the devel opment of agenera criteriafor the design
of effective vibroimpact dampers. In the experimen-
tal study, the bean bag damper was primarily designed
for resonant attenuation. The natural frequency and
mode shape of the primary system were measured. The
optimised parameters of bean bag and the location of
bean bag in the primary system for obtaining the best
damper performance to control the vibroimpact were
also determined.

2. Mathematical model

A vibroimpact damper isnormally asmall, rigid slug
bag placedinadlightly larger cavity attached toalightly
damped resonant structure that is called the primary
system. The bean bag is called the secondary system.
Themathematical modelling combinesthetwo systems
in order to better understand and predict the bean bag
dynamic performance in the whole system.

2.1. Vibroimpact of a single-unit system

A idealised vibroimpact system is shown in Fig. 1.
Its primary system consisted of a linear spring with
stiffness K, aviscous damping constant C,, and mass
M, excited by an external harmonic load F sin(wt).
The secondary system was composed of a bean bag
with an equivalent mass M, which could move uni-
axially in a ot inside the usually much heavier mass
M,,. Thesupposed frictionless motion of M, wasinsti-
gated by collisionswith A/, which occur intermittently
because of clearance d/2. Figure 1 shown aforced sin-
gle degree-of-freedom oscillatory system with motion
limiting stops. Note that subscript p and b represent
variables of the primary system and of the bean bag, re-
spectively. The governing equation of motion of mass
M, between impacts was

(M, + Cpi + Kpa) + (Myi + Cyii)
= f(1),

where C}, was the equivalent damping coefficient of
the bean bag, f(t) was aexternal exciting force on the
primary system. It was assumed that the system was
linear and that the excitation amplitude F' and excitation
frequency w were constants. If the external excitation
was given by

f(t) = Fe“. @
substituting Eq. (2) into Eq. (1) would lead to:
(M, + Mp)i + (Cp + Cp)i + Kpz = Fe™* (3)

The particular solution to the above equation was a
steady-state oscillation of the same frequency w as that
of the excitation. Assume the particular solution to be
of the form

r= Xet?, 4

1)

where X wasthe amplitudeof oscillation and ¢ wasthe

phase of displacement with respect to the exiting force,

and was the damped system forced natural frequency.
Substituting Eqg. (4) into Eq. (1) would yield
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Fig. 1. Schematic diagram of bean bag vibroimpact systems.

F(t) =[Z4(w) + Zp(Xw)|X, (5 wy, Was the natural frequency of the primary system:
where
K Wy = % (8¢c)
Zg(w) =Cp+i (pr - f) ; (68) b

Equation (7) would give the ratio between the static
deformation and the maximum amplitude of the vibra-

Zp(X,w) = Cp + iwMy. (6b) tion of the primary system with a bean bag damper
The nondimensional expression for amplitude and attached under the same magnitude of external force.
displacement of Eq. (3) was Higher value of ratio indicated better performance of
damper.
Xo |, (@ 2 Lo, M
X | <w_n) ( * “E) @ 2.2. Coefficient of restitution

Duringimpact, therelative motion of primary system

) i) S i) e
/ wn ) Myw wn ) Mpw and secondary system was often simply represented as
half of a damped sine wave, according to the Kelvin-

where X, was the static displacement of the system: Voigt model. This was shown to be logically unten-
F able, for it indicated that the bodies must exert tension

+t

)

Xst = Fp; (8a) on one another just before separating in simple one-

. ] dimensional impact between two bodies in pure trans-

4 was the ratio of mass: lation, the classical definition of coefficient of restitu-
M, (8b) tion ewas theratio of their relative speeds after impact

=1, to that before, so that



346 A.Q. Liuet a./ The effective design of bean bag as a vibroimpact damper

iy — il =—e(d, —iy). 9

where i, &, were impacting speed of primary sys-
tem respectively beforeand after, and ", @, wereim-
pacting speed of secondary system respectively before
and after. Assuming that the motion of the bean bag
was frictionless, speeds respectively before and after
the impact were of the same magnitude but in opposite
directions, i.e.

it =y (10)

p

Because of external excitation, the speeds of the pri-
mary system before and after impact were

:'c;," = —wX sin p; (11a)

and

&, = —wX sin(wt + ). (11b)

where ¢ was the phase of impact, i.e. when the impact
starts. = X cos ¢ and X cos(p + ).
From Egs. (9) to (11b), we could have

x;(T) = —wX (g) sin ¢; (12a)
and

(T 1+e)\ .

(24 (22}

where 7 was reaction time between primary and sec-
ondary system.

2.3. Energyloss

In order to estimate the energy loss during impact,
two variables, W was the work done by impact force
per cycle and P was the rate of work in each cycle as
follows:

W = /27“ f(H)XdX; (13a)
and 0

P= / - fHXdX, (13b)
wherethei r(r)1pact forcewas

f(t) = MyXy, + Cp X, (14)

Substitute Eq. (14) into Eq. (13) would lead to

W:/w (MbXb-l-CbXb)XdX
0

(15a)
= wawQXE;

and

™

P= / ’ (MbXb + CbXb)XdX
0

o

150
= My X2 (150)

According to the principle of impulse and momen-
tum, the following relationship held

/ f@)dt = M (i —z, ) = —2Myi), (16)
0
and the average impact force within a cycle could be
written as

f@t) = —2Myi} /7. (17

The impact force was zero between the two impacts
during each cycle, thus the energy equations became

W =AM wX? Gj> sin? (183)
—e
and
P = AM,wX? (?) cos @ sin . (18b)
—e
Combining Eq. (15) with Eqg. (18), we would have
Cy 4 (1+e . 9
= — S : 1
Mo 7 (1_e>bm ©; (193)
and
Mb 4 1+e
— = ———)si 5 Q. 1
M, 7r<l_e>blng0(:05<p (19b)

The ratio ;7 was the non-dimensional damping
coefficient of bean bag. A higher value indicated a
better performance. Substituting Eq. (19) into Eq. (6)
would lead to

Xst

2
{1—(1) [1+4—M<1j>sing@cos<p]}
W, m™ \1l—e
2 2 (20)
A2 12 e
W m\l—e
+<i>2 C }
wn ) Mpyw

Note that the higher the ratio in Eq. (20), the better
the damping effect. It was obvious from the above ex-

pression that one would prefer a higher damping coef-
ficient e.
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2.4. Clearance and massratio

It was clear from Eq. (20) that the performance X
of a bean bag wstem was mainly dependent on the
frequency ratio A = -, the mass ratio 1 = j\‘gb , and
the coefficient of restltutlon e. While under a stable
motion, the clearance d between bean bag and cavity

could be defined as

™

/0 “ X — ()]
then

d_ 1+e . 9 cos
X—7r T, sin ¢ cos | .

where e was the coefficient of restitution. The optimal

and %b , depending on the value of
4 for every e. leferentlan ng Eq. (22) with respect to

¢ would give the optimisation of £, ;72 and % at

d= (21)

(22)

=73
d(%) B 1+e
s S{,:i_ (1—@) (23a)
(J\wa> _é 1+6 . (23b)
dp Ca\l—-e)’
3
d [ Mo
<M‘”> —0. (23¢)
dip

=

[NE]

When Eq. (20) was differentiated with respect to .=,
it would give

w 1

M, Cv+Cp (24)
Wn Mp —~bTp
\/ Lt iy + =nc”
then, the maximum of ‘ X—’ could be written as
1 + ;1 —|— cﬁjg
P
‘X—St max B \/_ + Cb+c , (25)

If the system damping was very week, i.e., C), = 0,
Eq. (25) became

(1—e) 1
=+ —, 26
XSt max 4\/§M(1 + 6) \/5 ( )
It was shown that with an increasing mass ratio, the
value of 2 reduced; but the reduction was only

St Imax

obvious at small massratios. According to the figure,
at p = 0.03, the bean bag system provided the most
effective damping of the system vibration. When the
ratio was bigger than 0.1, the reduction was not effec-
tive. Thus a heavy bean bag damper, only increased
the total weight of the system and probably the size of
the structure without contributes much to the original
purpose. Usualy, for engineering practice, values of 1
between 0.03 and 0.1 would be chosen.

3. Experimental analysis

The above theoretical analysis gave some prelimi-
nary results for how to design a bean bag vibroimpact
damper. In particular, severa other key parameters
were identified and their influence discussed by exper-
imental method. Based on this, an experiment inves-
tigating a vibroimpact damper system under excitation
was designed.

3.1. Experimental set-up

The primary system investigated was an aluminium
pipeand theimpact damper used was aplastic bagfilled
with hardened steel bearing balls. The plastic bagsand
bearing balls were chosen dueto their easy availability
and varieties. The bean bag consisted of bearing balls
of ¢4 mm, 8 mm and $20 mm, respectively, closely
packed into a plastic bag with strings attached to both
ends of the bag. The strings where to site the bean
bag at the desired location within the pipe. The whole
design of the bean bag and strings were considered as
the secondary damper system. The aluminium pipe
investigated was set up to simulate afree-freeboundary
condition; supported by strings hanging in the vertical
plane while excitation was applied in the horizontal
planeas shownin Fig. 2. Thiswould enable usto study
the damping effect on several fundamental frequencies
at the sametime.

Dimensions of the aluminium pipe were illustrated
in Table 1. Prior to the commencement of test, the in-
strumentation system was calibrated whereby the pipe
shown in Fig. 2 was replaced by a calibration mass of
1996¢. Upon excitation, the signals detected by the
force transducer and the accelerometer were analysed
and a nearly constant magnitude was expected over the
frequency range. Fine adjustment of the equipment
sensitivity was made to achieve the desired magnitude.
The system was then calibrated again at the end of all
tests to ensure consistency in overall sensitivity of the
system.
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(1) Accelerometer, B & K Type 4393

@ Charge amplifier, B & K Type 2635

@ Digital storage oscilloscope, Tektronix 2211

(4) Multichannel analysis system, B & K Type 3550
@ Power amplifier, PA-118

@ Electrodyamic shaker, ET-126

@ Force transducer, B & K Type 8200

Fig. 2. Schematic diagram of experimental set-up for bean bag
vibroimpact system.

Table 1

Parameters of primary system
Aluminium pipe  Parameters

Mass 0.332 kg

Length 1.39m

External diameter 26.0 mm

Internal diameter 23.5mm

Young' modulus 69 GPa

3.2. Experimental procedure

The following set of procedure was carried out for
all tests performed. Firstly, the equipment as shown
in Fig. 2 was set up. Secondly, with the signal gen-
erator (built-in B&K mullet-channel analysis system,
Type 3550) activated, the gain of power amplifier was
adjusted to an indicated level (marked out by the ex-
perimenter). Next, the system was left to run for 10
minutes before any measurements were taken, allow-
ing the system to stabilise. Finally, three consecutive

A.Q. Liuet a./ The effective design of bean bag as a vibroimpact damper

sets of frequency responseswerethen obtained for each
particular configuration.

A reference frequency response (natural response of
primary system without damper) was obtained prior to
the commencement of the experiments conducted for
every different set of tests. Not al influential param-
eters identified in the theoretical analysis can be sys-
tematically tested, for example, the coefficient of resti-
tution e. It was impossible to control precisely the
value of e since during the collisions in the cavity, the
tightness of the bean bag would change, which would
eventually lead to achangein e. Dueto the small bore
of aluminium pipe used in this test, it was also impos-
sibleto test different values of the tightness of the bag.
But as noted by Pang et a. [6] from their tests, the
attenuation of vibration was virtually unaffected by the
tightness of bean bag packaging. Thus, only three sets
of tests were conducted for the following parameters:
mass ratio, size of balls and the position of bean bagin
the pipe.

3.3. Szeof bearing balls, mass ratio and position of
damper

The mass ratio was varied by changing the number
of bearing balls (¢4 mm) packed in the bean bags. The
ratio was varied from 5% to 14% at 1% increment. In
the tests, the bean bag was placed at the mid span of
pipe as the primary concern was to reduce the ampli-
tude of the first mode vibration. Then fixed at a mass
ratio of 10%, bean bags with bearing balls of different
sizes (¢4 mm, $8 mm, ¢10 mm and ¢20 mm) were
studied. The bean bag was positioned at various loca-
tions along the pipe and at the mid span of pipe. The
aluminium pipe natural frequencies of the first three
modes were given in Fig. 3. The phenomenaof “twin
peaks’ were observed for thethird mode. The presence
of twin peaks was due to the slight non-symmetry in
cross-section of pipe resulting in the exhibition of two
close modes. On the whole, the natural frequencies
determined experimentally were relatively close to the
calculated values.

Themagnitudeat the second mode (220 Hz—235 Hz),
however, wasrelatively low. Thiswas dueto the sensi-
tivity of frequency response analysis to the location of
response point. Asthe accelerometer was positioned at
or very closeto the node of the structure’ ssecond mode,
it was very difficult to make effective measurement of
this particular mode. Hence, for the evaluation of the
bean bag effectiveness, only the first and third modes
were considered; with the first mode attenuation being
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Fig. 3. Frequency response of primary system.

the primary concern. Figures 4 and 5 shown the per-
centage reduction in vibration amplitude with respect
to variationsin the size of bearing balls and massratio.
Note that the bean bag was placed at the mid span of
pipe during these tests.

For different sizesof ball bearingsasshowninFig. 4,
where the mass ratio was kept at 8%, the percentage
of reduction increases with a smaller diameter of balls.
This was because smaller balls provide more contact
surface thus dissipate more energy. However this did
not mean that balls should be as small as possible.
When the particles in the bag were too fine, the be-
haviour would be more fluid-like and energy dissipa-
tion due to internal contact motion would be reduced.
Furthermore, it appeared that the third mode attenua-
tion wasfound to be generally better than thefirst mode
and not sensitive to the ball diameter.

As for the variation of mass ratio, Figure 5 shown
that for balls of 4 mm, at a mass ratio of 8%, the per-
centage of reduction for modes 1 and 3 reaches more
than 90%. Further increase in mass ratio did not sig-
nificantly improve the performance. Figure 6 shown
that the attenuation was greater when the bean bag was
positioned at or around the antinodes of the particular
modes. For the third mode vibration, the attenuation
was observed to be relatively more significant than the
first mode.

All experimental results were tabulated in Tables 2—
4. The performance of bean bag was encouraging and
the experimental results would be discussed below.

3.4. Discussion of experimental results

In the study of performance of a bean bag damper,
the mass of primary system, an aluminium pipe, was
merely 332 g. To ensure minimum alterations to
the characteristics of the primary system, the mass of
damper used was limited to a mass ratio of 14%. This
was important as the introduction of additional mass
would shift the natural frequencies of primary system
and might not be desired in some applications. In ad-
dition, the fundamental mode attenuation was of prime
concern. The first parameter being investigated was
the variation of size of bearing balls. This was done
to select an optimum diameter of the ball. As depicted
by Fig. 4, the diameter of 4 mm ball bearings exhib-
ited superior damping efficiency. It was expected that
smaller ballswould giveabetter damping performance.
Thiscould not betested, normally, dueto unavailability
of the balls. An optimal ball size should exist which
would give the best damping effectiveness.

With the selection of 4 mm diameter steel balls, the
variation in mass ratio was studied. As seenin Fig. 5,
the reduction of amplitude increased with mass ratio
for mode 1 and 3. At amass ratio of 8%, the amount
of reduction reached an order of 90%. With the se-
lection of a mass ratio of 8%, therefore, the vibration
amplitude of the primary system was reduced by the
maximum effectiveness of 90%. Moreover, an addi-
tional mass added to the primary system would alter
the characteristics of system to a greater extent.
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Fig. 4. Variation of vibration reduction with size of ball bearing.

At this juncture, it should be noted that the posi-
tions of excitation (from shaker) and signal reception
(through accelerometer) contributed to the difference
in the responses obtained for different modes. As the
accel erometer was located at node of the second mode
vibration, only the first and third modes were consid-
ered, with the former being the primary interest.

Finally, with the bean bag placed at different po-
sitions aong the pipe, it could be observed that the
attenuation of vibration was more pronounced at the

antinodes of the respective mode shapes. This verified
that the bean bag was a resonant damper and the po-
sition of bean bag would be critical for its respective
applications.

4. Conclusions

In spite of superior damping performance of a bean
bag damper, there were several limitations to the ap-
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Fig. 5. Variation of vibration reduction with mass ratio.

plication of damper. Firstly, the design of a bean bag
damper required consideration of the entire sophisti-
cated system and its behavioura characteristics have
yet been fully developed. Moreover, exact mathemat-
ical modelling of bean bag has not been fully estab-
lished. Hence, the effectiveness of this type of damper

has to be determined experimentally, and extra effort
will be required for its application.

Secondly, a bean bag being a directional resonant
damper might only be effective if the primary system
has discrete resonant characteristics. In addition, sys-
tems subjected to random vibration in various direc-
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Fig. 6. Variation of vibration reduction with position of damper.

tions might not attain the desired level of attenuation
as a bean bag damper is effective in one or two cer-
tain directions. Also, the installation of a bean bag
damper posed another constraint to its application. As
thelocation of damper relativeto the primary systemis
critical for its damping performance, the availability of

spacetoinstall at effectivelocation would beimportant.
Furthermore, the container which holds the bean bag,
which is then mounted to the primary system has to
be properly designed to ensure that the various criteria
responsible for the damping performance of the bean
bag damper are satisfied. Consolidating the results of
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Table 2
Variation of ball bearings size (mass ratio 8%)
Diameter of Ball Reduction in Vibration Amplitude
Bearings (mm) Mode 1 Mode 2 Mode 3
B % dB % B %
4 179 873 31 300 230 929
8 40 369 04 —47 298 968
10 135 789  —-16 -—202 241 938
20 13 139 40 369 198 898
Table 3
Variation of massratio (ball diameter 4mm)
Mass Ratio (%) Reduction in Vibration Amplitude
Mode 1 Mode 2 Mode 3
B % dB % B %
5 149 820 0.9 98 145 812
6 169 857 1.0 109 173 864
7 214 915 16 168 215 916
8 241 938 32 308 22 R2
9 226 926 16 168 239 936
10 208 909 0.9 98 239 936
1 200 900 -12 -148 241 938
12 239 936 26 —349 262 951
13 211 912 11 -135 271 956
14 27 927 04 —47 262 951
Table 4
Variation of position of damper (massratio 8% and ball diameter 4mm)
Position of damper (x L) Reduction in Vibration Amplitude
Mode 1 Mode 2 Mode 3
B % dB % B %
0.095 212 913 35 332 86 628
0.132 196 895 58 487 143 807
0.224 04 45 15 159 192 890
0.316 181 87.6 12 129 135 789
0.356 209 910 08 88 7.7 588
05 243 939 07 -84 214 915
0.644 28 928 54 463 55 46.9
0.684 150 822 22 24 137 793
0.776 35 332 48 425 215 916
0.868 156 834 06 —72 79 59.7
0.905 202 902 36 339 49 431
various analyses performed in this project, the follow- The above procedure was derived based on the spe-
ing procedure may be adopted in designing an impact cific configuration of the bean bag damper studied, and
damper, particularl a been bag damper: thusmight not be applicableto dampersof other config-
urations. However, the trends observed should gener-
(@) determine the inherent characteristics and natu- ally be valid and further justifications would definitely
ral responses of the structure of interest; be favourable.

(b) identify the type of loading(s) that would be ex-
perienced by the structure;
(c) locate the appropriate site for impact damper Acknowledgement
with respect to the type of loading (excitation)
and space availability; The authors acknowledge the Defence Technol-
(d) choose the optimum mass ratio and clearance ogy Group for funding the project under grant
distance (if possible) for the structure. NTU/MINDEF 11/94.
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