
Citation: Ren, H.; Fan, Q.; Lu, Z.

Shaking Table Test and Parameter

Analysis on Vibration Control of a

New Damping System (PDAL).

Buildings 2022, 12, 896. https://

doi.org/10.3390/buildings12070896

Academic Editor: Alessandra Aprile

Received: 12 May 2022

Accepted: 20 June 2022

Published: 24 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Shaking Table Test and Parameter Analysis on Vibration
Control of a New Damping System (PDAL)
Hongmei Ren 1, Qiaoqiao Fan 2 and Zheng Lu 2,3,*

1 School of Digital Construction, Shanghai Urban Construction Vocational College, Shanghai 200438, China;
renhongmei208@163.com

2 Department of Disaster Mitigation for Structures, Tongji University, Shanghai 200092, China;
fanqq@tongji.edu.cn

3 State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China
* Correspondence: luzheng111@tongji.edu.cn

Abstract: In order to make full use of the advantages of PD (particle damper) and TLD (tuned
liquid damper) technologies, a new kind of damping system combining these two already-existing
dampers is proposed and was named as PDAL (tuned particle damper with additional liquid). A
shaking table test of a steel frame structure with a PDAL system is conducted here for the purpose of
vibration control analysis. The results of the test demonstrate well the reliability and effectiveness of
the PDAL system under various seismic waves. Seismic responses (mainly acceleration value) are
investigated thoroughly for parameter analysis based on the experimental data, and some suggestions
are proposed for future designs, including the necessity for parameter optimization and awareness
of the dynamic characteristic changes that might occur in actual structures if attached with a PDAL
system. This paper constitutes a preliminary study for the PDAL system, and it can serve as a baseline
and conceptual reference for future investigations.

Keywords: vibration control; shaking table test; tuned liquid damper; particle damper; tuned particle
damper with additional liquid; acceleration response

1. Introduction

With the rapid development of the modern economy, people’s expectations and
requirements for new building structures are significantly increasing. Hence, structures
are developing into towering, lightweight, and high-strength constructions, which brings
more and more widespread attention to structural vibration control, given the potential
impacts of natural disasters [1–4]. Vibration control can be classified as active control, semi-
active control, passive control, or hybrid control, according to whether external energy
and excitation are required and the signal to which the structure responds [5–8]. Passive
control is widely used in civil engineering because of its simple construction, low cost, easy
maintenance, lack of external energy input, etc. Common passive controls include vibration
isolation [9], energy dissipation [10], and damping techniques, including the tuned liquid
damping (TLD) system, the tuned mass damping (TMD) system [11], the particle damper
(PD) system [12], and so on [13–19].

As a passive control device for structures, TLD’s central principle is to use the inertia
and viscous energy dissipation of the liquid in a fixed container on the structure to reduce
structural vibration. TLD was used in early aerospace and marine technology and was
subsequently used on offshore platforms. In 1979, Vandiver et al. [20] first conducted
the dynamic response analysis of a structure under wave loading, which used the liquid
storage tank on a fixed offshore platform as a TLD system, and the results were the first to
verify the vibration control effect of TLD. In the early 1980s, Modi et al. [21] were the first
to propose the use of TLD for suppressing wind-induced instability in ground structures.
By the late 1980s, some researchers began to introduce TLD into ground structures. For
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example, Kareem et al. [22] conducted random seismic response analysis of TLD systems.
Sato et al. [23] proposed the use of TLD to control the vibration of building structures. In
1987, the first application of TLD in an engineering project for wind vibration control of a
ground structure was established in Japan. Thus far, TLD has been widely researched and
applied [24–26] due to its advantages, such as cost savings, easy installation, versatility (as
it can be used as water storage device at the same time), etc.

As a relatively “new” vibration controlling method in the vibration control field, PD
uses friction and the collisions between particles to consume system vibration energy,
which is a durable and reliable method and one suitable for harsh environments; PD
systems can also have a wider vibration damping frequency band [27,28]. Considering the
dangers of various potential natural disasters that their project faced, Lu Zheng et al. [29–32]
conducted a full and thorough research study on PD and performed a series of studies and
investigations of particle parameters, environmental conditions, performance enhancement
optimization algorithms, etc. The numerical simulation approach based on the discrete
element analysis method is confirmed to be useful for performing both quantitative and
qualitative analysis of the rotary elastomer particle damper [33].

After years of research and a large number of practical engineering projects, the
application of TLD technology has matured and is now capable of creating a sufficient
damping effect [34]. However, TLD is usually designed for a specific structural fundamental
frequency, and it can have a sufficient damping effect only when the damper is tuned to the
fundamental frequency of the structure. Therefore, the problems of the narrow effective
frequency band, large fluctuation of inherent frequency, and relatively poor stability of
TLD are currently the most important problems that need to be solved. As for the PD
system, although it has already made good progress at the research level, there are relatively
few practical applications in engineering due to problems such as the noise generated by
particle collision.

Therefore, some scholars have proposed combining PD and TLD for fully utilizing
the advantages of both. On the one hand, this solution would solve the problem of TLD’s
insufficient frequency band; on the other hand, the aim of reducing and “buffering” the
particle collision noise through the use of a liquid can also be realized, which can further
enhance the possibility of PD’s engineering applications. In addition, the damping method
of TLD is divided into two aspects: the inertial force of liquid and the frictional energy
dissipation. The former is related to the shaking effect of water and is difficult to change.
Hence, in order to further improve TLD’s vibration control performance, the perspective of
frictional energy consumption is the main focus of the study; by considering the collision
of particles, the purpose of further improving TLD’s damping effect can be achieved.

Investigations and studies combining PD and TLD have already been carried out [35,36].
However, compared with TLD and TMD, which have matured as technologies and have
been applied in a large number of actual engineering projects, the total number of studies
on this new kind of combined damper type is relatively small, and their results have been
narrow in scope; i.e., there is still room to improve the performance of this damping system.
In addition, the structural forms involved in the existing studies are mainly focused on
concrete and reinforced concrete structures, which is far from sufficient given the array of
materials utilized in actual projects.

Therefore, based on the previous research study, a combination damper system of
TLD and PD is proposed in this paper; the system is named PDAL (tuned particle damper
with additional liquid), and its vibration control capacity is comprehensively analyzed
by utilizing the shaking table test. In this paper, the PDAL system is compared with the
existing (but relatively fewer) studies of this combined damper type of PD and TLD to
further verify the combination damper system’s effectiveness and to provide support for
practical engineering applications. Moreover, the structural form used in this paper is a
steel frame; this can further expand the application scenarios of PDAL and can function as
an effective supplement to existing research given the actual engineering applications in
the field.
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2. Structure of PDAL System and Experimental Setup
2.1. Structure of PDAL System

In this paper, a tuned liquid damper (TLD) combined with a particle damper (PD)
was used to investigate whether a structural acceleration response can be controlled or not,
given the presence or absence of particles. Figure 1 shows the basic structure of the PDAL
system and Figure 2 is a photo of the PDAL system attached to the testing steel frame.
A box measuring 60 mm × 80 mm and some rigid balls measuring 20 mm in diameter
(functioning as particles) are used for the shaking table test.

Buildings 2022, 12, x FOR PEER REVIEW 3 of 12 
 

as an effective supplement to existing research given the actual engineering applications 
in the field. 

2. Structure of PDAL System and Experimental Setup 
2.1. Structure of PDAL System 

In this paper, a tuned liquid damper (TLD) combined with a particle damper (PD) 
was used to investigate whether a structural acceleration response can be controlled or 
not, given the presence or absence of particles. Figure 1 shows the basic structure of the 
PDAL system and Figure 2 is a photo of the PDAL system attached to the testing steel 
frame. A box measuring 60 mm × 80 mm and some rigid balls measuring 20 mm in diam-
eter (functioning as particles) are used for the shaking table test. 

 
Figure 1. Structure of PDAL system. 

 
Figure 2. PDAL system (actual photo). 

A single-story shear-type steel frame structure model was used in this paper (shown 
in Figure 3). It is made of 2 mm thick steel plates on both sides and 13 mm thick floor slab 
made of Plexiglas. The steel frame is 32 cm in length, 11 cm in width, and 50 cm in height. 
The dynamic characteristics (weight, self-vibration frequency, and lateral stiffness) of the 
frame used in this paper are listed in Table 1. In order to model a common high-rise build-
ing in actual engineering practice, a 4 kg mass block was attached to its top in the test; 
hence, the measured self-oscillation frequency was reduced to 1.37 Hz. 

Figure 1. Structure of PDAL system.

Buildings 2022, 12, x FOR PEER REVIEW 3 of 12 
 

as an effective supplement to existing research given the actual engineering applications 
in the field. 

2. Structure of PDAL System and Experimental Setup 
2.1. Structure of PDAL System 

In this paper, a tuned liquid damper (TLD) combined with a particle damper (PD) 
was used to investigate whether a structural acceleration response can be controlled or 
not, given the presence or absence of particles. Figure 1 shows the basic structure of the 
PDAL system and Figure 2 is a photo of the PDAL system attached to the testing steel 
frame. A box measuring 60 mm × 80 mm and some rigid balls measuring 20 mm in diam-
eter (functioning as particles) are used for the shaking table test. 

 
Figure 1. Structure of PDAL system. 

 
Figure 2. PDAL system (actual photo). 

A single-story shear-type steel frame structure model was used in this paper (shown 
in Figure 3). It is made of 2 mm thick steel plates on both sides and 13 mm thick floor slab 
made of Plexiglas. The steel frame is 32 cm in length, 11 cm in width, and 50 cm in height. 
The dynamic characteristics (weight, self-vibration frequency, and lateral stiffness) of the 
frame used in this paper are listed in Table 1. In order to model a common high-rise build-
ing in actual engineering practice, a 4 kg mass block was attached to its top in the test; 
hence, the measured self-oscillation frequency was reduced to 1.37 Hz. 

Figure 2. PDAL system (actual photo).

A single-story shear-type steel frame structure model was used in this paper (shown
in Figure 3). It is made of 2 mm thick steel plates on both sides and 13 mm thick floor
slab made of Plexiglas. The steel frame is 32 cm in length, 11 cm in width, and 50 cm in
height. The dynamic characteristics (weight, self-vibration frequency, and lateral stiffness)
of the frame used in this paper are listed in Table 1. In order to model a common high-rise
building in actual engineering practice, a 4 kg mass block was attached to its top in the test;
hence, the measured self-oscillation frequency was reduced to 1.37 Hz.

2.2. Experimental Setup

The ground vibration and sweeping load in the test are generated by means of a
Shaker II mini-shaker. The device has a maximum load capacity of 15 kg and can provide a
maximum acceleration of 2.5 g.
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Figure 3. Steel frame model. (a) Experimental model; (b) schematic diagram of the experiment.

Table 1. Dynamic characteristics of frame (without mass block).

Weight/kg Self-Vibration Frequency/Hz Lateral Stiffness/(N/m)

1.60 2.50 500

In order to study the effect of mass ratio on PDAL, the acceleration response is observed
for each operating condition by adding 1%, 2%, and 3% of the total mass in tap water,
respectively. Equation (1) shows how the mass ratio is defined. In order to investigate the
effect of different waves, the sine sweep wave, the Kobe wave, and the El-Centro wave are
adopted as seismic wave inputs. As for the effects of the number of particles, there are four
different types: 0, 3, 6, and 9.

mass ratio =
weight o f liquid

weight o f the whole structure
× 100% (1)

3. Shaking Table Test Result and Discussion
3.1. Validation of PDAL’s Effectiveness

In order to better describe the damping effect of the PDAL system, the vibration
damping rate (η) is adopted and the calculation method is shown in Equation (2). Tables 2–4
show the acceleration response results of the shaking table test under different mass ratios.
Figure 4 shows the vibration damping rate of acceleration value (root mean square) under
different mass ratios.

η =
AWO − AW

AWO
× 100% (2)

Table 2. Acceleration Response (mass ratio: 1%).

Waves Particle Number
Acceleration Value (m/s2)

Vibration Damping Rate (η) of
Acceleration Value (%)

Amplitude Root Mean
Square Amplitude Root Mean Square

Sine sweep

0 3.916 1.266 / /
3 3.051 0.965 20.10669 29.32568
6 3.373 0.796 11.65684 41.69899
9 2.740 0.712 28.23888 47.90181
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Table 2. Cont.

Waves Particle Number
Acceleration Value (m/s2)

Vibration Damping Rate (η) of
Acceleration Value (%)

Amplitude Root Mean
Square Amplitude Root Mean Square

El-Centro

0 3.360 1.237 / /
3 3.410 1.189 −4.75579 2.093733
6 4.024 1.059 −23.6312 12.79345
9 3.007 1.201 7.612519 1.130037

Kobe

0 6.035 2.315 / /
3 5.787 1.344 29.17841 48.67777
6 5.337 0.979 34.67891 62.61422
9 5.047 0.950 38.23357 63.74366

Table 3. Acceleration Response (mass ratio: 2%).

Waves Particle Number
Acceleration Value (m/s2)

Vibration Damping Rate (η) of
Acceleration Value (%)

Amplitude Root Mean
Square Amplitude Root Mean Square

Sine sweep

0 3.912 1.317 / /
3 3.416 1.108 10.5517 18.8453
6 2.920 0.927 23.52005 32.11324
9 3.041 0.874 20.37093 35.98722

El-Centro

0 3.262 1.221 / /
3 3.270 1.253 −0.46486 −3.1095
6 3.136 1.209 3.652485 0.473184
9 3.046 1.134 6.403217 6.681852

Kobe

0 5.864 2.045 / /
3 5.706 1.283 30.16902 51.01045
6 5.065 0.969 38.01302 63.00508
9 4.920 0.942 39.78374 64.03637

Table 4. Acceleration Response (mass ratio: 3%).

Waves Particle Number
Acceleration Value (m/s2)

Vibration Damping Rate (η) of
Acceleration Value (%)

Amplitude Root Mean
Square Amplitude Root Mean Square

Sine sweep

0 3.839 1.273 / /
3 3.142 1.149 17.71598 15.90227
6 3.531 1.006 7.531956 26.33654
9 3.202 0.897 16.15124 34.31194

El-Centro

0 3.427 1.133 / /
3 3.964 1.382 −21.7966 −13.7392
6 3.575 1.384 −9.84401 −13.8886
9 2.995 1.193 7.993192 1.754671

Kobe

0 5.551 1.918 / /
3 5.458 1.176 33.2045 55.10495
6 5.363 1.038 34.35703 60.35266
9 4.925 0.979 39.72487 62.62295
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Note the following: AWO is the structural acceleration response when the structure is
without controls; AW is the structural response when the structure is tested with controls.

From the tables listed above (Tables 2–4), it can be seen that, after adding the 20 mm
rigid balls which function as particles inside the PDAL system, the vibration damping
effect has been greatly improved. The box used in this paper is not very large, relatively
speaking. Hence, the frequency of collision between particles is obvious, the direct collisions
converting vibration energy into heat energy, while the violent movement of particles and
liquid also evinces frictional collision, which further helps dissipate energy. Together with
the inertial force and viscous damping of liquid in the PDAL, several damping effects are
superimposed upon each other, and as a result, the vibration controlling effect improves
significantly. Taking the Kobe wave as an example, no matter whether the mass ratio is 1%,
2%, or 3%, the root mean square damping rate can basically decrease by about 50% after
adding particles and the root mean square damping rate can reach more than 60% after
adding nine particles.

In general, compared with TLD, the improvement of PDAL’s damping effect is quite ob-
vious and the damping effect of PDAL is sufficiently established in the experimental data.

Figure 5 shows the comparison between TLD and PDAL under different waves when
the mass ratio is 1%. It can be seen that the vibration control capacity of PDAL is much
better than that of TLD.
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3.2. Parameter Analysis
3.2.1. Particle Numbers (Filling Rate of Particles)

According to Tables 2–4, it can be seen that, with an increase in the number of particles,
the damping effect of PDAL is generally strengthened. When there are nine particles inside
the liquid, the possibility of collisions between particles increases; hence, the effect can
be relatively better. When the number of particles is too few, the inhibition of particle
movement by liquid resistance is relatively large. Although the friction between the liquid
and the particles can also produce energy dissipation, it reduces the frequency of energy
exchange between the particles’ collisions at the same time, meaning that the damping
effect is not enhanced in this case.

However, when the density of particles is too large, particles are completely packed
together, and the collision of particles is impossible. To conclude, the number of particles
needs to be determined according to the actual situation.

3.2.2. Waves

Figures 6–8 show acceleration responses of 3% mass ratio under different waves,
which further illustrates the conclusions drawn in Section 3.2.1. It should be observed that
the acceleration responses under all waves (whether with particles or without particles) are
basically the same at the beginning. This demonstrates that the PDAL system is similar to
TLD, both of which require a small period of time at the beginning before damper systems
can play their damping roles and start to function. The reason is as set forth below: when
the particles start to move, they also have to experience the process of accelerations; only
when the speed of those particles reach a certain level can momentum start to exchange,
making the damping effect more obvious.

Comparing the three different waves used in this paper, it is observed that the damping
effect can reach a much higher level when the structure is under the Kobe wave or the sine
sweep wave. However, as for the EI-Centro wave, the PDAL system does not provide an
enhanced damping effect and may even have the opposite effect (Figure 8). The opposite
effect under the El-Centro wave is caused by the short time period. As mentioned in the
previous section, PD, TLD, and PDAL need some time to begin to function for vibration
control. As the time period of the El-Centro wave is much shorter than that of the other
two waves, the liquid stops before it fully reaches its wobble frequency, and the particles
cannot produce a level of impact sufficient for realizing the energy conversion wave, thus
causing the PDAL system to directly enter into the “stopping” stage before it can function.
Specifically, El-Centro wave’s energy input is much more concentrated than the other
waves, the wave crest is also much steeper, and the peak acceleration appears relatively
earlier. Hence, it is much harder to effectively excite particles for collision motion, further
diminishing the damping effect of PDAL system to some extent. Hence, the ineffectiveness
under El-Centro waves is much more obvious.
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3.2.3. Mass Ratio

When the amount of liquid is small, the entire vibration controlling system mainly
relies on particle collision to play its damping role. When the mass ratio is 2% or 3%, the
damping effect can show a significant increase after the addition of the particles. Although
the difference in mass ratio is not large, the degree of improvement is not as obvious as
when the mass ratio is 1%.

The damping effect of PDAL has various aspects: the inertial force generated by the
swaying of liquid to control the structure; the swaying of liquid within the container to
generate friction to consume vibration energy; the relative motion between the sphere
and the liquid to generate friction to consume vibration energy; and the collision between
particles and between particle and container, resulting in vibration energy dissipation.
However, the presence of liquid in the PDAL limits the movement and collision frequency
of particles. Hence, during the test, it can be observed that when 3% mass ratio is used, the
small balls are completely below the liquid surface and they suffer relatively large resistance
caused by the liquid, reducing the collision frequency. Therefore, when compared to the
results under a mass ratio of 1%, the damping effect is not greatly improved. At the same
time, due to the presence of the small balls, the liquid’s surface height has increased, thus
leading to a change in the self-oscillation frequency of the liquid itself. In engineering
applications, the parameters of the added liquid should be redesigned accordingly.

Moreover, when a certain mass of liquid is added, the dynamic characteristics of the
structure itself will be changed. Therefore, when a small rigid ball (which has much larger
density than that of the liquid inside the damping system) is added, the additional mass
in the upper part of the structure will also have a relatively large increase, and then there
will be an inevitable change to the dynamic characteristics of the structure itself. Hence, in
actual applications, it is necessary to consider the influences of many factors upon this new
PDAL system in order to optimize the various influencing factors and to achieve the best
damping effect.
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4. Conclusions

In this paper, a new damping system (named the PDAL system) was proposed, one
that combines traditional TLD and PD systems and makes full use of the advantages of both.
In order to demonstrate the PDAL system’s effectiveness and superiority, a shaking table
test with steel frame was conducted for preliminary analysis, and based on the experimental
test results, parameter analyses were subsequently performed. The following conclusions
can be drawn:

(1) Compared with traditional PD and TLD systems, the PDAL system’s superiority and
reliability when it was installed in a steel frame structure were well demonstrated.

(2) The damping effect of PDAL is relatively insignificant in the initial time period, but
the control effect upon the structural response became obvious after a few seconds.
Therefore, the effect of possible input seismic waves on the damping effect needs to
be taken into account in the actual design process.

(3) The PDAL system is effective in controlling the structure’s vibration (not only in the
steel frame structure used in this paper but also in concrete structures used in already
available references [35,36]). In actual engineering applications, various parameters
need to be optimized, such as particle number (filling rate of particles), liquid mass
ratio, vessel size, and other aspects, in order to achieve the optimal structure control
effect. Moreover, PDAL may have a certain effect on the dynamic characteristics of the
structure itself. Hence when designing this kind of damping system in actual projects,
the dynamic characteristics of each structure given the addition of PDAL should be
analyzed in detail in order to obtain the optimal values for the influencing parameters.

There are also some limitations that merit further investigation and research. As far
as the particle parameters are concerned, only the number of particles (i.e., filling rate)
is considered in this paper, and the density, friction, geometry, and other coefficients of
particles are not studied in depth. As far as the liquid is concerned, parameters such as
viscosity and density have also not been included. Therefore, PDAL still requires further
in-depth research, and these issues are the main directions for future efforts.
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