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OBJECTIVES Many passive mechanical dampers {e.g. [1-3]) have amplitude-dependent,
i.e., nonlinear, properties. The effectiveness of such dampers may depend on
amplitude and frequency of vibration. Shaking-table tests, computer simulations, or
analytical solutions for the simpler cases may provide details of nonlinear behavior;
but compactly summarized properties as dampers are preferable for preliminary design.
The first objective

here is to use the idea of 7 r T
frequency- and amplitude- | :
dependent virtual mass, : |
mv, and dashpot, cv, in I O I
the ) description of e | ___~_J o 5
nonlinear dampers. A

procedure to approximate TMD (linear) Tuned Liquid Chain Impact Classical Impact
these properties is Damper Damper Damper
suggested. Fig.1(a)-(d) (2) (b) (e) (d)

are examples of damper Fig.1 Emamples of passive mechanical dampers

that may be attached.

The second objective is to study the possibility of further summarizing these mv and
cv information. One way 1is to use an analogy with a model for which the frequency
dependence of mv and cv are set by a few parameters. For example, a nonlinear TLD
(tuned 1liquid damper) may have a TMD (tuned mass damper) analogy (Fig.l(a)), meaning
amplitude-dependent but frequency-independent effective mass, ma, dashpot, ca, and
natural frequency, wa. To avoid confusion, 'virtual' and 'effective' are to be used
separately; 'effective’' properties are to be independent of excitation frequency.

DEFINITION AND CALIBRATION OF VIRTUAL MASS AND DASHPOT For simplicity consider the
SDOF structure without inherent damping in Fig.2(a). The steady-state displacement at
the structure-damper interface is harmonic: x(t) = X exp(iwt). Virtual mass, mv, and
dashpot, cv, (Fig.2(c)) are defined such that the response to p(t) is x(t) in both
Figs.2(a) and 2(c).

t

These mv and cv can K Eﬁt) ‘ ﬁi‘) k Eii)
be related to the , s ittt oy s RN
interface force f(t) moh i mo pe— m m
(2(b)). For example, s ! f(t) T v
assuming that f(t) R ! c,
is of the form: ot R X

. . x(t)=xe x(t)=xe'®t x(t)=xe "
f=m, x+c, x (1) (a) (b) (c)
then (also see [2]): Fig.2 Virtual mass and dashpot in harmonic dieplacement

e s i R B i
m= o £(t) x(t) dt / nw3X2= m (w,X); ¢ = Jo £(t) x(t) dt / neX2= ¢ (w,X) (2),(3)

where the integration is over one cycle of x(t); T = 2n/w. If the damper is linear,
Eq.(1) 1is true; and Eqs.(2) and (3) are exact. If the damper is nonlinear, Eq.(1) is
approximate, since only the fundamental Fourier component of f(t) would be in the form
of the right hand side of Eq.(1). Only that fundamental harmonic contributes in the
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integrals of Egs.(2) and (3), while the final effect of higher harmonics on x(t) is
assumed to be secondary.

From discretized records of f(t) and x(t), the integrals of Egs.(2) and (3) can be
evaluated numerically. For example, using the experimental f(t) and x(t} data for the
tuned 1liquid damper of Fig.4 of Ref.l, virtual mass and dashpot were calculated and
plotted as points in Fig.3 for two amplitudes of tank oscillation, namely X=0.lcm
(Fig.3(a)) and X=1.0cm (Fig.3{(b)). Note that the fundamental sloshing frequency of

this TLD at very small amplitude is 0.458Hz; and the total liquid mass is 5.93kg.

APPLICATION TO EFFECTIVE-TMD ANALOGY OF TLD For TMD with natural circular frequency
wa, mass ma, and damping ratio £a=ca/2mawa, the virtual mass and dashpot are simple
functions of frequency ratioc Ra=w/wa and £a (also see [3]):
- 2 2
(1 sza ) o+ (2£aSZa)
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These equations give 80 T T T T T 80 T T T T 1
the curves in Fig.3, A W : A
using the parameters
fa= wa/2n= 0.468Hz,
ma= 5.0kg, and
£a=0.02 for X= 0.1lcm
(Fig.3(a)). For X=
1.0cm, fa= 0.504Hz,
ma= 5.8kg, and £a=
0.08. For each
amplitude X, the
parameters fa, ma
and £a have been
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calibrated such that
good overall fit is
achieved for both mv
and cv data. The
curves reasonably
fit the experimental
points for the
smaller amplitude
(Fig.3(a)). For the
larger X (Fig.3(b)),
the fit 1is not so
good for mv at high
frequencies, but
reasonable for cv.
The nonlinearity
of TLD 1is shown in
the dependence of
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Fig.3 Virtual mass and dashpot of ewample TLD. (a) X=0.lcm.
(b} X=1.0cm.

effective-TMD parameters

fa,

ma and £a on X.

In this example,

larger X caused higher fa, ma (approaching total 1liquid mass) and £a.

REMARKS mv and cv properties

of nonlinear
calculating the harmonic response even of multi-degree-of-freedom structure.

damper

can be

used

iteratively in
Simple

mechanical analogy, when obtainable, simplifies the interpolation and extrapolation of
basis
provides a simplified physical model for an otherwise complicated damper.

mv and cv on the
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