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CLASSICAL IMPACT DAMPER AND PENDULUM IMPACT DAMPER
FOR POTENTIAL CIVIL ENGINEERING APPLICATION

By George Sy CHUA*, Benito M. PACHECO** Yozo FUJINO*** and Manabu ITO****

The classical impact damper (CID) and the pendulum impact damper (PID) are stu-
died for the suppression of horizontal vibrations of civil engineering structures. Experi-
ments on the PID to verify the validity of the mathematical model are done and compari-
sons with simulation results are provided. Parametric study under harmonic excitation
shows that the effectiveness of the CID is sensitive to changes in the amplitude of the
excitation, On the other hand, the PID is insensitive to changes in the amplitude of the
excitation when its frequency is close to the structural frequency, and it is less sensi-
tive to deviations in tuning than the tuned mass damper (TMD) . Comparison of the
CID, PID and TMD shows optimum efficiency in terms of mass ratio, under steady-
state motion and ideal conditions, to be highest for the TMD and lowest for the PID.
Included is a discussion of the practical constraints that may govern the actual choice of
damper.
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vibration, pendulum impact damper, restitution, simulation, sieady-siale
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1. INTRODUCTION

Impact dampers utilize impacts occurring between damper mass and its container as the main mechanism
for dissipating vibration energy (Fig. 1). It has been studied from as early as the 1940 s”, but studies were
mainly for mechanical systems"~"" i e  conditions in machines. For example, operating frequency was
relatively fixed and large ratio of damper mass to machine mass was feasible, Many studies limit their
investigation to conditions of two equally-spaced impacts per cycle (2 EIPC)?~%"  This is because Lieber
and Jensen" showed theoretically that maximum energy is dissipated in 2 EIPC motion. More recent
studies”? considering general impact condition showed it is beneficial to have 2 EIPC. This is based on
numerical and experimental studies showing maximum reduction in displacement amplitude at resonant
condition with 2 EIPC. Other studies extended the 2 EIPC condition by removing the symmetry criteria,
i.e., two impacts per cycle (2 IPC) but not necessarily at equal time intervals® '  Due to the limitations
set on the impact condition, results of these studies show only the performance of the impact damper under
2 EIPC or 2 IPC. For machines whose excitation frequency and amplitude are relatively fixed and known in
magnitude, knowing the region where optimal performance occurs is sufficient for design purposes. With
the impact damper properly designed, the probability of system parameters varying beyond 2 EIPC or
2 IPC condition is considered minimal. In contrast, under civil engineering conditions where excitation

frequency and amplitude vary over a wider range, civil engineers are concerned about how the damper
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Fig.1 Examples of impact damper.

performance changes as impact condition deviates from 2 EIPC or 2 IPC condition.

Recently, experimental studies for specific civil engineering application were done'’-? that showed
reduction in response amplitude of as much as 50% for a 49 mass ratio. To complement such studies, the
present work provides analysis of two types of impact dampers, considering a wide range of parameters
that are deemed representative of many civil engineering structures. Both the classical impact damper
(CID) and a modified configuration in the form of the pendulum impact damper (PID) are studied. The
PID can be looked at as a simplified model of the chain impact damper? . The PID would be less affected
by rusting or geometric imperfections that could trouble the CID. Experiments on the PID are performed
to verify the validity of the mathematical model. Experiments and numerical simulations on the PID have
not been done before. A comparison of performance among the CID, PID and tuned mass damper (TMD) is
provided to give a better idea of the effectiveness of the impact dampers.

It should be kept in mind, however, that certain physical and practical considerations may pose limits on
the actual implementation of the impact dampers. For example, availability of space in the main system
imposes a limit on the maximum size of the damper mass and the clearance that can be provided between the
damper mass and its container. Such constraints are also discussed.

2. THEORETICAL AND NUMERICAL ANALYSIS

The present analysis is done under the following conditions. Parameter values and ranges are chosen to
suit civil engineering conditions. Impact is not necessarily at every half cycle of structural vibration. The
exciting force inducing horizontal vibration is harmonic. Non-harmonic forces should be considered in
future studies, as they are frequently encountered in civil engineering structures. The structure is
modelled as a linear single-degree-of-freedom (SDOF) system. Multi-degree-of- freedom (MDOF) model
may be necessary when two or more modes of the structure are strongly interacting.

(1) Parameters

The following is a list of the parameters involved in the analysis and design of the CID and PID,

a) mass ratio, g=m/M . ratio of the damper mass over the main system mass.

b) structural damping ratio, 8 ! inherent damping of the main system before attachment of the damper,

¢) coefficient of restitution, e . a number between zero and one, inclusive, which gives the relation of
velocities just before and just after collision of two free masses.

d) gap size, d : the total clearance between the damper mass and the walls of the container,

e} frequency ratio, r=8/w : ratio of the frequency of excitation over the frequency of the main
system,

f) amplitude of excitation, F,.

g) tuning ratio, 7'=w,/w ' ratio of the frequency of the pendulum over that of the main system,
Tuned condition refers to a tuning ratio equal to 1. (. Undertuned condition refers to a tuning ratio
less than 1.0 while overtuned condition refers to a tuning ratio greater than 1.¢).

(2) Classical impact damper
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The equations given below were derived by Masri? for steady-state 2 EIPC motion of the SDOF system.
The assumptions include instantaneous impacts and frictionless contacts. The equations of motion between
impacts are :

Mi+ CE4KT=FySIN(QE+a),  MYT0rrrrmommmmisrmmemreeesmeesssenees e, (1-a b
where M, C, K=mass, damping and stiffness coefficients of main system, F, Q=amplitude and
frequency of exciting force, o=phase angle, #=time measured from last impact, x, y=absolute
displacement coordinates of main system and damper mass, m =mass of damper,
derivatives with respect to time.

*. " first and second

The complete closed-form solution of Eq. (1 - a) for motion between impacts is :

x=exp *“"(B, sin nwt+ B, cos nwt)+ A Sin (Qt + 7) FOr 0 QE srrerrvvrerermrrrererrimmeeeennn. (2)
where £=C/(2 Mw), w=vK/M, n=v1—=p%  A=(F/K)/V1—r?+2 Br)
Bi=(d/2)(1+hs) (62— 1) Q/ A, B,=(d/2) hilov—0:) Q/ A

r=tan '[(—2px HVH +4—p")]/[(—=ph 2VH*+4—p*)]
A=h, [Q <0'2“0'1>_(S+ QO'Z) a6+(S+ QG|)/9sz]+(1+h2)[(S+ Qo'z) 01191+(S+ QOH) 776002]

hi=exp(—Br/r)sin(nx/ 7). hy=exp(—Br/r)cos(nn/7)
o=(n/2 Q) (1+e)/(1—e+2 ), o=(r/2 Q) 1+e)/(l—e—2 ue)
b= —pBwh:+ nwh,, &:=—pLwh,— nwh,

S=sin(z), Q=Qcos(z). p=d/A
H=248 Vll [ (o~ 0'1)+ 0102 (:80)_ Hz)]"‘(l + ho) [0'10'2 6+ 7760)] V
(A [ﬁwoz_ 0 92]+ 1+ hy) {01 6+ 77600'2] E

(Note that the factor ¢,4, in the equation for A was written as ¢4, in Masri’s paper. ) The two sets of
signs appearing in the equation for ¢ given above, correspond to two distinct steady-state solutions, The
analytical criteria to decide which of the solutions is valid, if any, is furnished by the stability analysis of
the solutions, The procedure for the stability analysis involves introducing a small perturbation to the
solution immediately after an impact, and determining the deviation of the perturbed solution from the
non-perturbed solution right after the next impact. Repeating the process, the effect of the initial
perturbation on the steady-state solution after any number of impacts could be determined. Stability of the
solution is established by showing that the deviation decays as the number of successive impacts considered
is increased. This has been shown mathematically by Masri?.

Varying Q1 from ( to 7 using fine steps in Eq. (2), or differentiating Eq. (2) with respect to #, the
steady-state displacement amplitude of the main system with CID could be obtained.

Since Eq. (2) is valid only for 2 EIPC condition, numerical time integration is utilized to obtain
solutions for non-2 KIPC conditions. During impact, assumed to occur instantaneously when abs (y—x) =
d /2, the combined momentum equation and restitution relation are utilized to obtain the relationship of
velocities just before and just after the impact. The relations are :

Io=0—pe)/ A+ d-+pQ+e)/(0+uy., ¢.=0+e)/0+uwx_ +u—e)/(1+) 9.

where —, 4 subscripts refer to just before and just after impact conditions,

As a check for correctness of both the closed-form equation (Eq. (2)) and the numerical time
integration procedure used, simulations using parameters that give 2 EIPC were done, The results show
that amplitudes given by both procedures are practically equal, except at the limits of the range of 2 EIPC,
When differences occur at the limits, the closed-form solution value is utilized.

(3) Pendulum impact damper

Fig. 1 (b) shows the mathematical model. The PID is represented as a container rigidly attached to the
main structure with the PID mass suspended from the center of the container. Assuming small
displacement amplitudes for the pendulum, the equations of motion between impacts are :

2+2 Bok+ et uy=F,sin (Qi+e)/M, Yt @b (Y—)m=0 overere e (4-a, b)
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where o,=+/r— [, =natural frequency of pendulum, 7=acceleration of gravity, [,=length of the
pendulum, and other variables as defined for Eqs. (1) and (2).
Impacts are treated in the same way as for the CID (Egs. (3)).

3. EXPERIMENTS ON THE PENDULUM IMPACT DAMPER

These experiments on the PID are done to verify the validity of the mathematical model and to investigate
the effect of using different wall materials on the noise produced during impacts.

(1) Experiment model

Fig. 2 shows the experiment model which is composed of 2 steel plates as the cantilevered member, a base
plate to attach the PID, and 2 steel angles as walls of the PID container. The mass of the structure is
adjusted by adding masses on the base plate to give a natural frequency of 1.5 Hz. The structure is
intended to have very low inherent damping to enable accurate measurements of additional damping.

The pendulum masses used are commercially available steel balls of diameters 30, 40 and 50 mm. The
pendulum is hung from hooks provided under the base plate. Tuning of the pendulum is achieved by changing
the hanging length of the steel ball. Gap size is adjusted by moving the two angles to equal distances from
the center of the base plate.

A magnetic excitor constructed and used as the source of horizontal harmonic excitation is composed of a
rectangular cardboard tube, rigidly fixed to an external support, where the center half of the tube is
wrapped with magnetic coils. Permanent magnets are rigidly fixed on the legs of a U-bar that is attached to
the structure, A frequency wave generator sends sinusoidal current through the magnetic coil, which then
interacts with the magnetic field between the permanent magnets. This produces an excitation force that
does not inhibit motion of the structure because there are no solid connections between the structure and
the excitor.

The mass and natural frequency (1.5Hz) of the structure are fixed while the inherent damping is
measured through both free and forced vibration experiments. (Details of procedure are in the next
section. )

Fig.3 (a) shows ¢ (logarithmic decrement) versus displacement amplitude plot of the structure
(without damper) for free vibration. The average § is 0. 003. 1t may be noted that there are no experiment
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Fig.2 Experiment model, Fig.3 Vibration property of main structure without PID.
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data points plotted for double amplitudes lower than 1.0 em. This is because there is a large scatter of the
experiment data points, but the averaged & for these points is 0.003.

Fig.3 (b) shows the frequency response curve of the structure (without damper) for forced vibration.
£=0.00048 (damping ratio) is obtained using the half-power method and this gives §=0. 003, agreeing
with the free vibration result.

It can be observed from Fig, 3 that the simulation curves using 8=0. 00048 {it the experiment data points
very well. Thus §=0. 00048 for the structure is used in all simulations for comparison with results from
experiment,

(2) Experiment procedure

Displacement of base plate is detected by an optical-type position sensor. The light-emitting target is
attached to the base plate. The sensor camera is placed directly above this target, at sufficient height so
that displacements of target up to 2 ¢cm can be detected.

The data collected are digital record and pen-recorder plot of the history of displacement of base plate,
manual record of structure vibration frequency and excitation frequency obtained from a frequency
counter, and visual and audio observation of impacts manually marked on the pen-recorder plot'.

For free vibration, different initial displacements are given to the structure (10 to 25 mm) to check that
initial conditions do not affect the log-decrement (§) value at a given amplitude. The instruments used also
prevented one continuous record of displacement decay to be taken.

For forced vibration, a frequency sweep from r=0.9 to 1.1 is done to obtain the frequency response
curve of the structure. Steady-state vibration amplitude is determined from the root-mean-square of the
digital data points multiplied by the square-root of two. This is to enable comparison of amplitude between
steady-state response where the successive peaks are equal (Fig. 4 (a)) with those where beating (Figs. 4
(b) and (¢)) occurs. The frequency ratio range of 0.9< r<1.1 is expected to contain the primary
resonances of the structure with damper, Note from Fig, 3 (b ) that the resonance of the structure without
damper is contained in the narrower range of (). 99< r<1.0l.

The pendulum damping is assumed to be negligible. The other parameters varied are x=0.54%,
1.29%. 2.52%. d=20, 30, 40mm, 7'=0.9, 1.0, 1.1, and wall material (e).

Values of ¢ for the different materials used are experimentally determined. The procedure adopted is to
drop the steel balls from heights of 25, 50, and 100 cm on to the steel angle clamped to the structure. This
is taped on video for slow motion playback. e is computed utilizing Eq. (3 - b) with £_=0.0 (structure
stationary before and after the impact), #_ and §, are determined from the heights the steel ball drops
from and rebounds to, respectively, and 4 is known for each size of steel ball. Since this procedure
incorporates some approximations, an average value of e in terms of the different masses of steel balls and
the velocities at impact is deemed more appropriate. The following are the average values obtained. Steel
on steel : e=0.37. Steel on (.5 mm rubber lining over steel . e=0.58. Steel on 1. mm rubber lining
over steel ! e=0.46. Steel on 3.0 mm cork lining over steel . e=(.64".

For free vibration, the approximate time intervals where one, two, three, etc. number of impacts per
cycle is observed are marked on the pen-recorder plot of time history, while only regular impacts at
steady-state is observed for forced vibration.

(3) Comparison of simulation with experiment

Fig.5 (a) shows a typical plot of free vibration delta & (system with PID § minus the structure §=
0.003) versus displacement amplitude of the structure. The material in the experiment is steel ball
impacting with the steel walls, thus e=(.37 is used for the simulation. Fig.5 (b) shows a typical
frequency response curve of the structure with the PID attached. The material in the experiment is steel
ball impacting with the steel wall having a 1. ) mm rubber lining, thus e=0. 46 is used for the simulation
(Not too many cases with different values of frequency, ratio, 7, have been simulated, because each

simulation is very time consuming, The resolution of A7=0.01 in Fig.5 (b) is considered sufficient
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here, but in parametric studies in section 5 below, a finer
resolution of Ar=0. 005 is used) . It can be observed here
that good fit exists between simulation curves and experi-
ment data points,

Fig. 4 shows the forced vibration time history responses
of the structure from the experiment. The time histories
shown are for three different values of 7 in Fig.5 (b).
The time history which shows successive peaks to be equal
in magnitude is for r=0. 968 (local peak observed at left of
Fig.5 (b)). The other two time histories are for y=
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0.991 and 1. 008, which are some of the points near r=1.0 in Fig.5 (b ). It can be observed that these
time histories show beating and that the beating period becomes shorter as r goes beyond 1.0. Time

histories from the experiment for forced vibration indicate that steady-state without beating occurs at and

near a local peak while beating is observed away from these peaks.

Considering the effect of ¢ on the efficiency of the PID, experiment results show that the PID is most
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efficient for steel ball impacting with the steel wall (e=(. 37), followed by steel ball impacting with steel
wall having 1. ) mm rubber lining (e=0. 46), 0.5 mm rubber lining (e=(. 58) and 3. ) mm cork lining (e=
0.64), in that order. In terms of the e values determined from the experiment, this shows that efficiency
of the PID is highest for low ¢ values, Simulation results agree with this finding. An observation not
possible in numerical simulation is that using a rubber lining over the steel confining walls substantially
reduced noise during impacts",

Although only a few examples are included due to space limitation, it should be noted that all simulations
done (combinations of y=0.54%. 1.29%, 2.52%, d=20, 30, 40 mm, r'=0.9, 1.0, 1.1, and e=0. 37,
0.46, 0.58, 0.64) for comparison with the experiment results agree well™. It should also be noted that for
very low 3, the effect of the damper on the response of the structure is very dominant, but as £ increases,
the effect becomes less dominant. Although experiments using §8’s representative of civil engineering
structures were not done, it is deemed that the mathematical model and the computer program for
simulation can accurately simulate structure responses when £’s are representative of civil engineering
structures. This is based on the fact that since they can accurately reproduce the results from experiment
where £ is extremely small, i.e., dominant effect of the damper, then they should be more able to
reproduce results for larger #’s, i.e., less dominant effect of the damper.

4. AMPLITUDE RATIO AND GAP RATIO

The following ratios are best suited for quantifying damper efficiency for civil engineering purposes.

a) amplitude ratio, X,=XTmax/Amax (Fig.8) : ratio of the peak steady-state response amplitude of the
main system with the damper obtained from a frequency sweep, over the peak steady-state response
amplitude of the main system without the damper, An..= (F,/K)/(28). Compared with 1.0, the smaller
X, is, the more effective is the damper.

The numerical procedure followed to determine xp,y is as follows : simulation for 500 periods (natural
period of the structure without damper) is done for each r value. The steady-state response amplitude is
determined from the root-mean-square of the simulation points from period 250 to period 500 and then
multiplied by the square-root of two, i.e. , assuming sinusoidal vibration, The reason for using the
root-mean-square of the data points is because it has been observed from the experiments that structure
response may be of the beating type (Fig. 4), thus this method enables the comparison of amplitudes.
Sample time histories from simulation showing the last 100 cycles (cycle 400 to 500) of structural response
are shown in Fig. 7. (a) is for r=0. 995 and shows equal peaks for successive cycles while (b)) is for r=
0.92 and shows beating. When the amplitude for each of the 7r’s in the frequency sweep has been
determined by the above procedure, they are then compared with each other and x,,« is the maximum among
the amplitudes for the frequency sweep,

b) gap ratio, g=d/Anax . ratio of the gap size over the peak steady-state response amplitude of the
main system without the damper. The less sensitive X, is to g, the more reliable is the damper design.

5. RESULTS OF NUMERICAL PARAMETRIC STUDY

For this study, a frequency sweep from r=0.9to 1.1 at intervals of (. 005 is considered. (F,/K) equal
to 0. 096 units is used. Gap size is a range from 1. () to 50. ( units at intervals of 1. () unit. The succeeding
graphs (Figs.8 to 11) are plotted with the horizontal axis as gap ratio and the vertical axis as amplitude
ratio. (To reduce calculation time but still cover a wide range of gap ratio, g, resolution of Ag=(.2 is
considered sufficient.) The significance of these axes definitions is that the lower the points are on the
graph, the more efficient is the damper, and the longer the range of g’s having nearly the same amplitude
ratio, the less sensitive is the damper to variations in the amplitude of the excitation.

To get the average number of impacts per cycle (AIPC), the procedure is to count the total number of
impacts that occur and divide this by the total number of cycles. The symbols plotted in the succeeding
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graphs which are marked as <1 IPC, 1IPC, 21PC, and >2IPC are actually rounded-off values of the
AIPC, i.e., <1IPCmeans AIPC<(.5, 1IPC means (. 5<AIPC<1.5, 2IPC means1.5<AIPC<?. 5,
and >2 IPC means AIPC> 2 5.

The general observations are that optimum performance occurs under 2 IPC, and efficiency drops when
non-2 IPC condition prevails, Decrease in efficiency is gradual for change from 2 IPC to more than 2 IPC
(3 or more impacts per cycle), but is drastic for change to less than 2 IPC.

(1) Mass ratio

Curves showing the relationship among 4, X, and g are given in Fig, 8. Except for the PID with 7>
1.0, the general tend is for X,, to decrease as y increases, At the same time, the range of ¢’s having 2 IPC
becomes shorter, with the g values becoming lower, as y increases. For example, consider the curves in
Fig.8 (c) that show g’s with 2IPC. For n=1.0%, the range of g is from (.8 to 4.4. When 4 is
increased to 3.(0%, it is from 0.4 to 1.6. This range is shorter, with the g values generally lower, than
those for y=1.0%. It should be noted however, that the decrease in X, is generally not in linear
proportion to the increase in .

(2) Coefficient of restitution

Curves showing the relationship among e, X, and g are given in Fig, 9. Consideration of Fig, 9 (a) for
the CID, the graph indicates that increasing e shifts the curves generally upwards, It should be noted
however, that the lowest point among the curves does not necessarily fall on the curve with the lowest ¢
value. For example consider the points at optimum gap ratio, i.e., the respective lowest points of the
three curves : when e=0.25, X,=0.32; when e=(.45, X,=0.22; and when ¢=0.65, X,=0.4. This
shows that although increasing e from (.25 to (.45 produces a decrease in X, increasing e further to
0.65, causes an increase in X,. This is because there is an optimum combination of ¢ and the rebound
velocity after impact that gives maximum energy loss. The range of g's with 2 IPC generally shifts to the
right, i e., higher range when ¢ is increased. This shift is due to the higher velocity that the free mass
possesses after each impact as compared with a lower ¢ value. The implication of the effects of ¢ as
observed from Fig, 9 (a) is that maximum reduction in response amplitude is obtained for median values of
e. Considering Fig.9 (b ) to (d), the major difference between the CID and the PID is that for the PID,
increasing e shifts the curves monotonically upwards, indicating a gradual reduction in efficiency as e
approaches 1.0. In other words, the efficiency of the PID increases as e decreases,

(3) Tuning of PID

Graphs (b) to (d) of Figs.8 and 9 show that the efficiency of the PID generally increases as 7’
approaches (. 0 (CID condition). Take for example the curves for 4=1.0% in Fig. 8. From Fig.8 (a) for
the CID, X,=0.32 at optimum gap ratio. Similarly, at optimum gap ratio, X,,=0. 42 from Fig.8 (b) for
PID with 7'=0.5, X,=0.5 from Fig, 8 (¢ ) for PID with #’=1.0, and X,,=0. 8 from Fig.8 (d) for PID
with 7'=1.5.

Considering the range of g's with 2 IPC, for u=1.0%, Fig.8 (b) gives arange of 0.8 to 1.2 for 7'=
0.5, Fig.8 (c) gives arange of 0. § to4. 4 for 7'=1.(, and Fig. 8 (d ) gives a range of 0.6 to 1. 0 for =
1.5. This indicates that the range of g with 2 IPC is longest for '=1.( and decreases as 7’ differs from
1.0. This is because when the PID is tuned to the main system, it will be vibrating at its natural frequency
when the main system is at resonance with the external excitation, Disregarding the limitation introduced
by the length of the pendulum, it is possible for the PID to vibrate with large amplitudes enabling impacts
to occur even for large ¢’s, thus extending the upper limit where 2 IPC exists.

(4) Effect of friction

Material rusting is inevitable during the life of most civil engineering structures, Likewise, smoothness
of the surface where the CID mass moves or where the PID mass is suspended from cannot be guaranteed,
Thus friction will be present and studies’~' have shown that friction is detrimental to the performance of
the CID. Fig.10 shows the performance of the CID without friction (y=0.00) and with friction
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Fig.8 Effect of mass ratio (8=0.0048, ¢=0.25, Amax=10).
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Fig.9 Effect of the coefficient of restitution (¢=0.01. £=0.0048. Amax=10).
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coefficients y=0. 05, 0.20, and (.50. It is clear that friction Amplitude ratio, X,
reduces the efficiency of the CID. On the other hand, the PID 1k
could be made free from friction,

(5) Summary on the results of numerical parametric

study St
Results of the numerical parametric study indicate that the o
effect of 4 on the performance of both the CID and the PID is o E , ég%
approximately the same, unless the PID is too overtuned. On o r 1' " 2’ 5
the other hand, a median value of e will give better efficiency to Gap ratlo, g
the CID, while low e is better for the efficiency of the PID.  Fig.10 Effect of friction on the CID (,=0.01,

Under ideal conditions, the CID is more efficient than the PID, £=0.0048, =0.25).
but the PID when tuned (7'=1.0) or undertuned (7'<1.0)

. . . . tude ratfo, X
close to 1. 0 is much less sensitive to variations in the amplitude ~ A"iitude ratlo, X,

of the excitation. Non-ideal conditions like friction is shown to s PW

have a negative effect on the performance of the CID while the
FID(r'=1.0}

PID could be made practically free from friction,

6. COMPARISON OF THE CH5, PID AND TMD

PID(r'=0.6)

o < 1IPC

: . - 11PC

(1) Comparison of efficiency ptintzed 0 3
For comparison, a main system having £=0. (0048 and x= Uo * ; - 2‘ : ; ; .
1.0% is utilized. Ideal conditions (no friction and Gap ratio, g

Fig.11 Comparison of efficiency of CID, PID and

. . . ‘
imperfections) are assumed. Fig. U compares the performance TMD (40,01, A=0.0048, Ap.—10)
of the CID, PID and TMD for a given set of parameters. For (CID: e=0.25; PID: =0.25 p'm
the CID and PID, e=0.25 while g is varied. For the TMD, 0.5, 1.0, 1.5) (TMD:3=0.06, r'=
optimization is based on criteria given in Ref 16), i.e., 0.99).

determine condition where the two local peaks observed in a

frequency sweep are equal in magnitude and are minimums, Tuning and TMD damping ratio giving this
condition are the optimum values. For the main system and damper described, optimum TMD damping ratio
is 0.06 and tuning is 0.99. Response amplitude of main system with optimum TMD is plotted as the
dashed-line. It is observed that optimum efficiency in terms of mass ratio is better for the TMD than for
the CID or PID.

(2) Practical problems

Regarding total performance, it is not only ideal efficiency that counts but also the relative ease of
actually attaining such level of efficiency. The criteria could be determined theoretically, but physical
conditions may pose limits on their practical implementation. Table 1 gives a summary and comparison of
characteristics of the CID, PID, and TMD for suppression of horizontal motion,

Analyzing some of these constraints, consider for instance the space requirement characteristic. The
available space in the main structure to locate the damper is often limited, thus it may not be possible to
install a large mass TMD' or a large mass CID or PID. An alternative is to divide the single large mass
into a number of smaller units having the same total mass with all other properties equal to that of the
single large unit, Ref. 14) shows that dividing a large CID into a moderate number of smaller units (up to
9) gives the same level of performance. Free vibration experiments on the PID show & values for a given
amplitude to be equal for a large PID compared with up to 4 smaller units, Space is required not only to
accommodate the size of the damper, but also to allow the expected relative motion of that mass,
Studies'”~¥ have showed that the TMD displacement amplitude is often too large to be physically
permissible. Thus the TMD damping ratio is increased to reduce its displacement. Similarly, the
performance of the CID or PID is dependent on the gap size provided, but it may not be possible to provide
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Table 1 Comparison of Characteristics,

Characteristics CID PiD TMD
1. implemented in civil engineering structures no no *  yes
2. effectiveness for steady-state motion moderate moderate high
3. complexity / maintenance requirements low low % moderate
4. durability moderate moderate * moderate
5. space requirement moderate moderate * high
6. sensitivity to tuning ~ e~ low high
7. sensitivity to damping of the damper ~ e~ ~ .~ high
8. importance of the location of the damper high high high
9. sensitivity to amplitude of the excitation high moderate low
10. material dependence (coefficient of restitution) moderate moderate moderate

* Obtained from Ref.19)

the design gap size. For both the TMD and the impact dampers, modifying their properties to suit the
available space leads to performance lower than theoretically possible,

Consider tuning and damping of the damper. It is known that the TMD is sensitive to these two
properties, and that proper tuning and provision of the correct TMD damping ratio is difficult to attain
under civil engineering conditions. On the other hand, the CID does not have these properties while the
PID has only the tuning property. It has been shown that the PID is insensitive to tuning as long as it is
undertuned. In fact the performance improves as tuning approaches zero,

7. CONCLUDING REMARKS

A semi-theoretical study has been done on the classical impact damper (CID) and the pendulum impact
damper (PID) considering parameter ranges deemed representative of most civil engineering structures,

Experiment to verify the validity of the mathematical model for the PID shows that good agreement
exists between simulation and experiment results,

Numerical parametric study indicates that both impact dampers can be used to effectively control
horizontal vibrations due to harmonic exciting force. The advantage of the CID over the PID is that for a
given mass ratio, the CID is more efficient under ideal conditions. On the other hand, the PID is superior
to the CID in that it is not sensitive to variations in the amplitude of the excitation when tuned or under-
tuned close to the structural frequency. This is exemplified by the flat curves shown in Figs. 8 (¢ ) and 9
(c) for a long range of gap ratio,

A comparison with the TMD under both ideal conditions and with practical constraints is provided, The
comparison shows that the TMD is most efficient among the three dampers when ideal conditions are
considered, but under more realistic conditions, the CID and the PID provide certain advantages : e. g. |
damping of damper and tuning parameter are irrelevant to the CID, and undertuning is not detrimental to
the PID.

Finally, although not included in this paper, design equations™ for the CID and PID have been developed
to eliminate most of the lengthy and cumbersome computations necessary due to the nonlinearity introduced
by the impacts.
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