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Abstract. A pounding tuned mass damper (PTMD) can be considered as a passive device, which combines the merits of a
traditional tuned mass damper (TMD) and a collision damper. A recent analytical study by the authors demonstrated that the
PTMD base on the energy dissipation during impact is able to achieve better control effectiveness over the traditional TMD. In
this paper, a PTMD prototype is manufactured and applied for seismic response reduction to examine its efficacy. A series of
shaking table tests is conducted in a three-story building frame model under single-dimensional and two-dimensional broadband
earthquake excitations with different excitation intensities. The ability of the PTMD to reduce the structural responses is
experimentally investigated. The results show that the traditional TMD is sensitive to input excitations, while the PTMD mostly
has improved control performance over the TMD to remarkably reduce both the peak and root-mean-square (RMS) structural
responses under single-dimensional earthquake excitation. Unlike the TMD, the PTMD is found to have the merit of
maintaining a stable performance when subjected to different earthquake loadings. In addition, it is also indicated that the
performance of the PTMD can be enhanced by adjusting the initial gap value, and the control effectiveness improves with the
increasing excitation intensity. Under two-dimensional earthquake inputs, the PTMD controls remain outperform the TMD
controls; however, the oscillation of the added mass is observed during the test, which may induce torsional vibration modes of
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the structure, and hence, result in poor control performance especially after a strong earthquake period.
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1. Introduction

With the rapid growth of economy, stricter requirement
for the safety of structure has been proposed, especially
under earthquake and wind-induced excitations (Lin et al.
2013, YI et al. 2015, Li et al. 2009). Due to the
unpredictable characteristic of earthquake and the
increasing complexity of modern structures, it is difficult to
predict seismic responses of the structures (Chen et al.
2014, Soong and Spencer 2002, Mishra et al. 2013). In
recent years, more and more Structural Health Monitoring
(SHM) systems were incorporated in large-scale structures.
The performance assessment results can guide the
maintenance work and keep the structure in a relatively
healthy condition. However, possible catastrophic failure
may be occurred during extreme events and the safety of the
structure cannot be guaranteed. The development of
structural vibration control, which is generally believed to
be an effective way in enhancing the safety and the
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applicability of structures under harmful excitations (Yi et
al. 2013, Zhang and Ou 2017, Weber et al. 2016). With the
comprehensive in-situ monitoring data from the SHM
systems, the control approach can now be more precisely
designed and it is expected to have better control
effectiveness.

In general, the vibration control technology consists of
passive, active, semi-active and hybrid control. Among
them, the passive control technology is widely applied in
the field of civil engineering owing to its low cost, little
negative influence on disturbing the structural stability, and
no consumption of external energy inputs. As one of the
earliest passive devices, tuned mass dampers (TMDs) have
gained widespread applications in many well-known
structures (Soong and Spencer 2002), such as John Hancock
building in Boston and Citicorp office building in New
York. Unlike active and semi-active control, TMD control
can be operated effectively without external energy inputs.
The effectiveness of TMD on wind-induced vibration is
widely recognized in academia. Kawaguchi et al. (1992)
and Xu et al. (1992) validated the effectiveness of TMD for
tall building under wind loads. Besides, more efforts have
been devoted and the control efficacy is demonstrated by
many scholars, most of which are dealing with the vibration
control problems under wind load and human-induced load
problem (Varadarajan and Nagarajaiah 2004, Lee et al.
2006, Tubino and Piccardo 2015).
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(a) Schematic model (b) PTMD prototype
Fig. 1 Schematic model and prototype of PTMD

Despite the effectiveness of TMDs, there are some
deficiencies in its application. In general, a massive mass is
required to ensure the efficacy of the TMD in the design,
which may cause the construction difficulty in its
implement on large-scale structures. Furthermore, the
control effectiveness of TMDs is found to be very sensitive
to the tuned frequency and even the dominant frequency of
excitation (Nagarajaiah 2009, Casado et al. 2007, Occhiuzzi
et al. 2008, Weber and Feltrin 2010). In addition, the
effectiveness of TMDs on earthquake vibration control has
been controversial. Early in 1994, researchers have pointed
out that a single TMD has limit control effectiveness under
earthquake excitation (Xu et al. 2017), and it may even
increase the structural responses. Vilaverde et al. (1994 and
1995) investigated the effectiveness of a TMD in three
different structures, including a frame structure, a shear wall
structure and a suspension bridge. Their numerical and
experimental results showed inconsistent control results for
different structures under different seismic inputs. It has
also been indicated in other researches that one single TMD
cannot guarantee the control performance during earthquake
excitations (Xiang and Nishitani 2014, Lin et al. 2015).

Accordingly, in order to overcome the shortcomings of
single TMD, multiple TMDs have been proposed by tuning
them to target at different frequencies for a broadband
control, or hybrid control combining TMD with active or
semi-active devices has been implemented. Inaudi and
Kelly (1995) proposed a TMD control system added with a
nonlinear hysteretic damper, which acts as the role of
energy dissipation. This TMD system was applied in Taipei
101 building and validated to be more efficient than the
traditional TMD with a given frequency band. The
advantages of active or semi-active devices have also been
incorporated with TMDs to improve control results. Active
springs and semi-active stiffness mechanism have been
adopted to adaptively change the frequency of TMDs.
(Ricciardelli et al. 2000, Varadarajan and Nagarajaiah 2004,
Eason 2013). Although the active or semi-active devices
may guarantee a better and more stable performance,
additional sensors and higher cost are needed during
operation. Another improved control passive device,
Pounding Tuned Mass Damper (PTMD), was proposed by
Song et al. (2016), based on the fact that a large amount of
energy can be dissipated through pounding. Zhang et al.
(2012) analyzed the control performance of the PTMD in a
power transmission tower subjected to earthquake
excitation, and verified its superiority over the conventional
TMD. A PTMD prototype was then manufactured and

Table 1 Optimized parameters of modified pounding model

Parameters S & S1 S2
value 10560 0.8 1.3 11

applied to vibration control of a pipeline (Song et al. 2016).

In the previous study, the first author of this paper (Lin
et al. 2017) designed a PTMD for the Canton Tower based
on dynamic characteristic derived from the in-situ
monitoring data. The simulation results proved that the
PTMD has a relatively stable control performance, and the
improvement over the traditional TMD is obvious,
especially when severe earthquake excitation was
considered. Later, to further enhance the applicability of the
control devices in large-scale structures, an improved
control scheme with multiple PTMD were proposed (Lin et
al. 2016), better control effectiveness were realized and
fewer installation cost is required.

This paper extends the writer’s pervious numerical
studies and seeks for experimentally verification of the
ability of the PTMD in reducing structural responses over a
wide range of loading conditions. Shaking table tests are
designed and conducted on the uncontrolled, TMD and
PTMD controlled systems excited with various seismic
loadings. Both the peak and the RMS responses of the
structural mode are compared for evaluating the superiority
of the PTMD over the TMD. Also, the improvement of the
control effectiveness related to the excitation intensity, as
well as the influence of initial gap in the PTMD is discussed
according to the experimental results.

2. Modeling of PTMD controlled system

TMD absorbs the vibration energy through the
movement of the attached mass, while PTMD sets an
additional collar to dissipate more vibration energy from
impact. A schematic model of a PTMD is shown in Fig. 1. A
viscoelastic layer to the limitation collar set around the
attached mass. When the attached mass hit the layer during
its movements, the vibration energy can be further
dissipated through the deformation of viscoelastic layer, and
the viscoelastic layer is able to recover after each collision.
As a result, during operation, this device can absorb
vibration energy of the host structure and transfer it to the
kinetic energy and potential energy of the attached mass, as
well as some heat energy from the impact.

Assume an n degree-of-freedoms’ structure installed
with a single PTMD at the n degree of freedom (DOF),
then the equation of motion can be expressed as

MX +CX + KX = EF + DP 1)

where M, C, K are the mass, damping, and stiffness
matrices of the coupled system, which has n+1 DOFs; F is
the excitation force, and during earthquake excitation

F=-M, (t) )

where X, (t) is the acceleration time history record during
an earthquake. P is the control force acting between the
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added mass and the host structure; matrices E and D are the
index matrix indicating the DOFs of the excitation and the
control forces, respectively.
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where m; represents the mass of the PTMD, c, and k, are
respectively the connecting damping and stiffness of the
PTMD, and p is the pounding force between the attached
mass and the viscoelastic layer. Extracting the last line in
Eq. (3), the equation of motion referring to the dynamic
response of PTMD mass is expressed as

mX —c% +cX —k X +kx =f —p (4)
then the governing equation of the added mass as
mX. +c.% +kx =k.x, +cx +f —p (5)

Assemble those terms related to the host structure, the
governing equation is expressed as

M, 0]&”} [c, 0]{3 : o] K}r

[K, O]{E

0 ... k& -k

(6)

where K, , M, and C, respectively represent the

stiffness, mass and damping matrixes of the host structure.
Reconstruction of the above equation yields

y . X X, ] [o
M, X, +C. X, +K X, =F+C,| " |+K, « + b @)
X, :

where
C,=|: . LKy = o : (8)

By comparing with uncontrolled equation of motion, the
control force F.;, acting on the host structure can be

decoupled and extracted as

Forvo = Ca K}L K, K}{ﬂ ©)

It is clear from Eq. (9) that the damping force is
composed of three terms, which are related to the damping,
the stiffness and the impact, respectively. During operation,
the impact will happen between the mass and the
viscoelastic layer. In the previous study, the first author of
this paper proposed an improved pounding force model
which is validated by impact tests (Lin et al. 2016). It is
assumed that during the approaching period, the impact

Table 2 Natural frequencies of the frame model (unit: Hz)

Mode 1 2 3 4 5
Frequency 112 1.33 2.34 2.64 3.12

Fig. 2 Simulink diagram

damping, c, is not only affected by the stiffness, but also
influenced by the different extent of compressed area which
can be considered as a function of the approaching velocity,
denoted as

c(t)=2& |B5(t) m”‘lmz +ES(1)* (10)

+m,

in which & is the damping ratio correlated with the

coefficient of restitution, and ¢, is the damping ratio
correlated with approaching velocity.

p(t) = B5* (t)+C (1) (1)
p(t) = p5* (t)

(S(t) >0)
(5(t)<0)

B.&,,s,,s,are parameters to be decided in this model.

During application, these parameters are relevant to the
characteristic of the viscoelastic material. For the particular
VE layers selected in this paper, the optimized parameters
are tuned as shown in Table 1 (Lin et al. 2016).

(1)

3. Trial simulation with simulink

A simple simulation is conducted on a standard 10-story
frame structure to provide a design reference for the
following experiment. The first five natural frequencies of
the model are shown in Table 2. The first mode is the
bending mode along the long-axis of the structure with the
natural frequency of 1.12 Hz.

A PTMD is assumed to be connected on top of the
frame and the mass ratio between the added mass and the
host structure is 0.02. The frequencies of the TMD and the
PTMD are tuned as the same as the first natural frequency
of the host structure. A Simulink block shown in Fig. 2 is
established based on the state equations derived from the
equations of motion of the controlled system, referred to
Eg. (1) to Eq. (8). Fig. 3 and Table 3 briefly show that better
control effectiveness can be provided by the PTMD
compared to the traditional TMD, the improvement of the
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Fig. 3 Comparison of the responses under El Centro
excitation (gap: 0.15 m)

Table 3 Comparison of structural responses subjected to
earthquake loadings

PTMD gap (m)
Uncontrolled ~ TMD

Excitation
0.1 0.15 0.2 0.25

Peak 0.307 0.179 0104 0122 0132 0.178
01lg
RMS 0.125 0.050 0.042 0.046 0.048  0.050
Peak 0.511 0298 0.133 0.130 0.136 0.214
El Centro 029
RMS 0.209 0.083 0.056 0.056 0.059 0.079
Peak 0.716 0417 0177 0172 0179 0.201
03g
RMS 0.292 0.116 0.070 0.072 0.075 0.089
Peak 0.220 0221 0134 0109 0123 0.190
01lg
RMS 0.088 0.077 0.038 0.036 0.042 0.068
Peak 0.367 0.368 0.144 0.118 0.131 0.201
Wenchuan  0.2g
RMS 0.147 0.128 0.049 0.047 0.048 0.067
Peak 0.514 0.516 0.188 0.130 0.142  0.206
03g
RMS 0.206 0.179 0.051 0.051 0.057 0.68

control effectiveness has a lot do to with the initial gap
value and the excitation intensity. And the results also
indicate that the PTMD tends to have better control
effectiveness under more severe earthquake. Therefore, in
the following designed experiment, the performance of
PTMD under various excitations will be verified, and the
influence of the initial gap value will be analyzed through
the experiment.

4. Experimental setup

Fig. 4 shows a three-story building installed with a
PTMD on the top. To simulate a high-rise building, the

building model is designed with low stiffness. It has a plane
dimension of 1.2 mx0.9 m, and the height of each story is
0.9 m. The beams in the building model have a cross
section of 38 mmx25 mm and the columns have a cross
section of 48 mmx35 mm. The beams and the columns are
rigidly connected, and the bottoms of the columns are
rigidly connected to the shaking table. After setting up the
model, additional masses were placed on each floor to
achieve the measured natural frequency of 1.3 Hz. In the
following section, the direction x and y will refer to the long
and the short axis of the model.

Fig. 5 shows a single PTMD installed in the building
model for experiments. The PTMD has an attached mass of
10 kg. The mass ratio between the attached mass and the
host structure is around 0.02. The connection hinge on the
top of the device guarantees that the PTMD can move in all
directions. The connection rod has a length of 40 cm, which
results in the same frequency of the PTMD as the host
structure. A limitation collar is installed around the attached
mass, and a 6 mm thick viscoelastic material is attached to
the inner wall of the collar, which absorbs vibrational
energy during collision between the attached mass and the
collar. The viscoelastic material is tested in the previous
study (Zhang et al. 2012). Without the limitation collar, the
experimental setup is used for the TMD controlled cases. It
is found from the numerical study that the initial gap
significantly affects the control performance. Accordingly,
two types of collar are designed. As shown in Figure 5, the
small collar is used to constrain the displacement of the rod
(Gap 1), while the large one restricts the displacement of
the mass block (Gap 2).

Both sinusoidal and earthquake excitations are adopted
to excite the building model. EI Centro (NS 1940) and
Wenchuan (NS 2012) earthquake records are selected with a
peak acceleration set between 0.1 g and 0.2 g. Both single-
dimensional and two-dimensional earthquake excitations
are considered in different cases. Under the single-
dimensional earthquake, it is assumed that the excitation is
only acted along the long-axis direction (x-direction) of the
building model. The two-dimensional earthquake refers to
the vibration components along the long-axis and the short-
axis directions (x- and y-direction) are taken into account
simultaneously. For each excitation case, uncontrolled,
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the bigger collar

mass block the smaller collar

viscoelastic material

(a) Sketch of PTMD

(b) PTMD in the experiment
Fig. 5 Installation of PTMD

TMD controlled and PTMD controlled scenarios are
examined, and the structural responses are measured and
compared.

5. Shaking table test results

5.1 Single-dimensional excitation results

In the following simulation, the control effectiveness #
was defined to as a metric to evaluate the control

performance of the damper. The control effectiveness is
expressed as

R, -R
n= UR £ x100% (12)

u

where Ry and R refer to the uncontrolled and controlled
responses, respectively.

Sinusoidal excitation along x direction is first adopted to
excite the structure, the frequency is set as 1.3 Hz, which is
close to the first natural frequency of the structure. The
amplitudes of the excitation are set as 0.1 g. Fig. 6
compares the uncontrolled and controlled acceleration
responses on top of the frame structure. One can see that
from the results, both TMD and PTMD controls can
produce over 50% reduction on acceleration response, while

Acceleration (i

time ()

(a) comparison of controlled and uncontrolled acceleration
responses

T T T T T
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s
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(b) comparison of TMD and PTMD controlled acceleration
responses

Fig. 6 Time-history of acceleration responses under
sinusoidal excitation

Acceleration (mis?)

Acceleration (m/s?)

Acceleration (m/s?)

o 5 10 15 20 25 30 B a0
time (s)

Fig. 7 comparison of the acceleration responses under El
Centro earthquake excitation (0.1 g)

PTMD control has slight improvement compared to TMD
control. In this case, it seems that the gap value has little
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Table 4 Control effectiveness of the acceleration responses
subjected to El Centro earthquake excitation

T™MD PTMD (Gapl) PTMD (Gap2)
- I
Excitation Value Uncontrol Acc Acc Acc
(mis?) n (m/s?) n (m/s?) n

Peak 1.56 1.44 7.5% 0.76 51.5% 1.25 19.8%
El Centro (0.1 g)
RMS 0.29 0.28 5.1% 0.09 70.3% 0.22 23.7%

Peak 243 2.08 14.5% 1.37 43.9% 1.79 26.6%
El Centro (0.2 g)
RMS 0.44 0.33 25.4% 0.13 71.5% 0.13 70.1%

Fig. 8 Comparison of the acceleration responses under El
Centro earthquake excitation (0.2 g)

influence on the control effectiveness.

Fig. 7 shows the control results when earthquake strikes,
the acceleration responses on top of the frame are
compared. It is obvious that TMD control can hardly reduce
the seismic responses. When excessive gap value is selected
(referred as Gap 2 case in the figure), only slight reduction
ratio is obtained since the impact between the mass and the
limitation can hardly occur, and only small amount of
energy is dissipated through pounding. As it is shown in the
last plot of Fig. 7, when the initial gap reduces, the PTMD
begin to dissipate more energy and then the acceleration
responses can be greatly reduced.

Fig. 8 shows the acceleration results when the excitation

intensity grows to 0.2 g. Compared to the 0.1 g cases, it is
observed during the vibration test that the pendulum mass
moves more rapidly and hit the VE layer more frequently
with larger velocities. Table 4 further compares the peak
and the RMS control effectiveness. The control results show
that the TMD can have some control ratio on the RMS
responses in this excitation case, but it barely has control
effect for the peak acceleration responses. On the contrary,
both PTMD cases can now produce impressive control
results on both the peak and the RMS responses. It seems
that with the increase of the excitation intensity, the impact
between the mass and the VE layer becomes easier and the
pounding is more severe. Which will result in larger
deformation of the VE layer and more vibration energy be
dissipated during the impact. Therefore, comparing to 0.1 g
excitation case, even relatively larger initial gap value
(Gap2 case) can now generate much better control
effectiveness. As the excitation intensity increased from 0.1
g to 0.2 g, the control effectiveness of the peak acceleration
is increased by 6.8%, while the improvement of the control
effectiveness of the RMS responses is remarkable.
However, no improvement is found for the peak and RMS
control effectiveness for Gapl case. The control
effectiveness of the peak responses is even reduced by
almost 8%. These results suggest that the optimal selection
of the initial value has a lot to do with the excitation
intensity.

Another strong ground motion, Wenchuan earthquake
record whose frequency components are quite different
from EI Centro Wave, is further adopted to verify the
control effectiveness of the PTMD under broadband tests.
Fig. 9 and Table 5 shows the comparison of uncontrolled
and controlled acceleration responses under different
excitation intensities. Poor performances of TMD are
observed, rather than reducing the responses, even larger
response is obtained at higher excitation intensity. All these
results presented show that all of the PTMD control systems
perform significantly better than the TMD systems. In the
low amplitude tests, PTMD with Gap 1 achieves a 56.1%
and 78.3% reductions in the peak and RMS acceleration.
The reductions of PTMD with Gap 2 are 33.8% and 63.7%,
respectively. Although the performance is no better than the
Gap 1 case, the reduction is also very impressive. In the
high amplitude tests, both PTMDs have better control
results, especially for the peak responses reductions. Gap 1
and Gap 2 cases improve the control effectiveness of the
peak responses by 7.2% and 20.9%. Gap 2’s improvement
is more obviously with the growing excitation. The
improvement results indicate that during Wenchuan
earthquake inputs, the initial value may be exceeded the
optimal values for the Gap 2 case. And Gap 1 may be close
to the optimal selection of the initial gap value. The
comparison of the control effectiveness under two
excitation intensities indicate that little improvement may
be achieved if further reducing the initial gap. It is
mentioned that a PTMD can dissipate the vibration energy
of the host structure through the movement of the mass, the
impact between the mass and the VE layer, and the
deformation of the VE layer. If the gap continues to reduce,
the vibration amplitude of the mass will be limit, which
means few Kinect energy will be dissipated. Moreover, if
too small the gap is, the relative velocity between the mass
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Acceleration (m/s?)

Acceleration (m/s?)

time (s)

Fig. 9 Comparison of the acceleration responses under
Wenchuan earthquake excitation (0.1 g: left vs. 0.2 g: right)

Table 5 Control effectiveness of the acceleration responses
subjected to Wenchuan earthquake excitation

Excitation Value Uncontrol e PTMD (G2p PTMD (Gep2)
intensity " Acc Acc AcC
G0 W (15 WA (15 '7

Peak 2.50 1.93 22.9% 1.10 56.1% 1.66 33.8%
Wenchuan (0.1 g)
RMS 0.58 0.49 15.0% 0.13 78.3% 0.21 63.7%

Peak 3.66 3.67 -0.3% 1.35 63.3% 1.66 54.7%
Wenchuan (0.2 g)
RMS 0.86 0.75 12.8% 0.19 78.5% 0.21 75.8%

and the VE layer will be small, and then the severity of the
impact will be limit as well.

5.2 Two-dimensional excitation results

The designed universal hinge connection guarantees that
the PTMD can move in any horizontal directions. More test
with the earthquake inputs are from the x- and y- directions
simultaneously to verify the performance of the PTMD
under multi-dimensional excitation. It is assumed that in the
following session, the ratio of the x to y peak ground
motions is 1:0.85. Comparisons of the control results of the
uncontrolled, TMD and PTMD controlled systems are listed
in Table 6, and particularly Fig. 4 presents the time-history
acceleration responses along the x- and y- directions when
subjected to Wenchuan earthquake with the earthquake
intensity of the x-direction and the y-direction to be set as
0.2 gand 0.17 g, respectively.

The PTMD was shown to have better reduction on both
the peak and the RMS responses in most cases. However,
unstable performance is observed for PTMDs, and the
control results are not as good as those under one-
dimensional inputs. One can see that from the table, under
El Centro excitation, at low excitation tests, the PTMDs
present poor control effectiveness, especially along the x-
direction. As the peak intensity of the ground motion grows
to 0.2 g, the peak responses are significantly reduced, but
the reduction on the RMS responses along the x-direction is
little, only 0.8% and 24.5% in Gap 1 and Gap 2 cases. It is
worth mentioned that the reductions on the y-direction is
more obvious than the x-direction for both PTMD cases. As
from the table, PTMDs (Gapl) is able to produced 45.5%
and 36.1% reduction on the peak and the RMS responses.
Under Wenchuan earthquake, the TMD hardly has control
effectiveness, the oscillation of the mass seems to enlarge
the acceleration of the host structure. In PTMD controlled
system, the dampers can reduce the peak and the RMS
responses. The control effectiveness is better for the Gap 1
PTMD than the Gap 2 PTMD at low excitation intensity.
While similar control results are obtained during high
intensity earthquake inputs. If further examining the time-
history curves during the two-dimensional tests, one is able
to see that there are undesirable oscillations after the
strongest parts of the ground motion. It is also observed
from the tests that the PTMDs have a spiral swing during
two-dimensional inputs, which makes the PTMD cannot hit
the VE layer positively. Worse situation happens when
somehow the spiral swing induced the torsional vibration of
the host structure. The problem indicates that to use one
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Table 6 Control effectiveness under multi-dimensional
earthquake

TMD PTMD (Gapl)  PTMD (Gap2)
Excitation Value Uncontrolled v v v
(m/s?) n (m/s?) 1 (m/s?) n
Peak(x) 1.36 1.29 5.8% 1.12 17.9% 1.36 0.1%
RMS(x) 0.28 0.27 2.5% 0.26 5.5% 0.21 26.4%
El Centro (0.1 g)
Peak(y) 3.35 2.75 17.9% 2.82 15.9% 2.76 17.6%
RMS(y) 0.55 0.46 15.7% 0.40 26.9% 0.41 26.4%
Peak(x) 2.49 2.05 17.7% 1.67 33.0% 1.78 28.3%
RMS(x) 0.41 0.45 -9.3% 0.40 0.8% 0.31 24.5%
El Centro (0.2 g)
Peak(y) 6.46 4.46 30.9% 3.52 45.5% 4.58 29.1%
RMS(y) 0.83 0.60 27.0% 0.53 36.1% 0.55 33.3%
Peak(x) 2.33 227 2.5% 1.40 40.0% 2.48 -6.3%
RMS(x) 0.46 0.46 -1.3% 0.33 27.5% 0.42 8.1%
Wenchuan (0.1 g)
Peak(y) 5.33 533 0.1% 253 525% 511  42%
RMS(y) 1.02 0.90 12.0% 0.56 45.1% 0.81 20.3%
Peak(x) 6.76 5.50 18.7% 3.52 47.9% 3.67 45.6%
RMS(x) 1.22 1.34 -9.9% 0.78 36.0% 0.78 36.1%
Wenchuan (0.2 g)
Peak(y) 2.37 247 -3.9% 1.38 41.8% 1.70 28.3%
RMS(y) 0.37 048 -28.1% 0.30 19.8% 0.29 22.2%

single PTMD against two-dimensional earthquake might
not be the best solution. Multiple PTMDs may solve this
issue and the test will be conducted in the future study.

6. Conclusions

PTMD can make use of the energy dissipated during
impact and is believed to have better ability on reducing the
earthquake responses of the host structure over traditional
TMD. The efficacy of the PTMD in reducing the structural
responses for a wide range of earthquake loading conditions
has been demonstrated in a series of experiments conducted
in the lab of Fuzhou University, China. In these
experiments, the PTMD was adopted to control the
responses of a frame structure. The uncontrolled, TMD and
PTMD controlled situations were compared under different
earthquake inputs.

« TMD exerts poor control effectiveness under
earthquake inputs, sometimes it may even enlarge the
responses of the host structure. In most cases, the PTMD
was proved to perform significantly better than the
traditional TMD, the improvement in both peak acceleration
and RMS responses were remarkable. Under single
dimensional earthquake, the optimal control effectiveness
on the peak and the RMS responses can stay above 40%
under different earthquake loading conditions.

* The initial gap is found to have great influence on the
control effectiveness of the PTMDs. Excessive gap value
will significantly decrease the control effectiveness.
Moreover, the optimal selection of the initial gap value is
realized to have strong connection with the input intensity.
Note that although the performance of the PTMD controlled
systems are much better than the TMD controlled systems
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Acceleration (m/s?)

— — — Uncontrolled
TMD controlled

Acceleration (m/s?)
U o

Acceleration (mis?)

Acceleration (mis?)

o 5 10 15 2 2 30 35
time (s)

Fig. 10 Comparison of the time-history of the acceleration
under two-dimensional Wenchuan earthquake (Left:
acceleration along x-direction; Right: acceleration along y-
direction)
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during two-dimensional earthquake inputs, the control
effectiveness seems to be unstable.

» Problems were found that an undesirable spiral
vibration may occurs and the torsional vibration modes may
be generated if using single PTMD against two-dimensional
earthquake inputs. Efforts are currently under way to
investigate the optimal design on PTMD parameters, to
further validate the robustness of the PTMD and the
experimental study on the application of multiple PTMDs.
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