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Due to the eccentric characteristics and the torsional excitation of multidimensional earthquakes, the dynamic response of
asymmetry structure involves the translation-torsion coupling vibration and it is adverse to structural performance. Although
the traditional tuned mass damper (TMD) is effective for decreasing the translational vibration when the structure is subjected to
earthquake, its translation-torsion coupled damping capacity is still deficient. In order to simultaneously control the translational
responses and the torsional angle of asymmetry structures, a new type of tuned mass damper with tuned mass blocks, orthogonal
poles, and torsional pendulums (TMDPP) is proposed. The translation-torsion coupled vibration is tuned by the movement of the
mass blocks and the torsional pendulums. According to the composition and the motion mechanism of the TMDPP, the dynamic
equation for the total system considering eccentric torsion effect is established. The damping capacity of the TMDPP is verified
by the time history analysis of an eccentric structure, and multidimensional earthquake excitations are considered. The damping
effect of the traditional TMD and the TMDPP is compared, and the results show that the performance of TMDPP is superior to the
traditional TMD. Moreover, the occasional amplitude amplification in TMD control does not appear in the TMDPP control. The
main design parameters which affect the damping performance of TMDPP are analyzed.

1. Introduction

Earthquake generates uncountable loss and damage to
human beings and society; one of the main causes of the
loss of life and property is the damage and the destruction of
building structures. Therefore, it is significant to intensively
study the dynamic effect of ground motion on structure. In
recent years, with the diversification of building function,
complex shape and asymmetric building structures in the
seismic area are increasing, and the center of mass (CM)
and the center of stiffness (CS) of these structures are
not coincident. When these structures are subjected to the
horizontal earthquakes, the resultant action of inertia force
of the structure acts on the center of mass, and the resultant
action of the resilience of lateral resisting element acts on
the center of stiffness [1, 2]. Hence, the structures vibrate
not only in the horizontal directions but also in the torsional

direction around the center of stiffness, and the translation-
torsion coupling vibration inevitably occurs [3]. Therefore,
under the strong earthquake, the torsional vibration of the
unsymmetrical structure can cause the serious damage or
collapse of the building.

In addition, when the seismic waves pass through the
bedrock and the ground surface, the difference between the
period and the phase of each ground point brings about the
rotational component besides the horizontal components, so
the earthquake itself produces the torsional motion [4]. Even
for most symmetric structures, due to the mass accidental
eccentricity caused by the structure weight and the actual dis-
tribution of loading, and the stiffness accidental eccentricity
caused by the variation of the structural material properties,
the error of the component size, and the construction
condition, the actual structure also has the eccentric effect.
Therefore, the vibration control of the translation-torsion
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coupling response and torsional vibration of the building
structure has become the research hotspot.

To reduce the torsional response of the eccentric struc-
ture, the structure layout is adjusted and the torsional stiffness
of the structure is strengthened according to the traditional
earthquake design method. However, in the case of building
function which has been determined and the arrangement of
the structure which is very limited, the increase of torsional
stiffness will induce the enlargement of the sections of the
components and the increase of construction costs and even
the increase of seismic action. Hence, the traditional design
method cannot effectively solve the problem of torsional
vibration of the eccentric structure under earthquake.

Structural control is the newprotection technologywhich
can change or adjust the dynamic characteristic or dynamic
action by installing devices, mechanisms, substructure, or
supplying external force in a certain part of the structure
[5, 6]. Structural control provides a safe and effective way to
enhance the aseismic capacity of structures. At present, it has
been verified that the structural responses can be reduced
by the control technology such as base isolation, energy
dissipation damper, tuned damper, and active control [7–
9]. However, most of the research focus on the horizontal
vibration control of the structure and rarely involve the
problem of torsional vibration. In fact, there are quite a
number of building structure damage due to the seismic
torsional responses, and the torsional responses may be the
main factor of earthquake damage under certain conditions.
Therefore, it is necessary to develop new technology and
devices to control the torsional vibration [10].

The tuned control devices such as tuned mass damper
(TMD) and tuned liquid damper (TLD) have been exten-
sively studied and widely applied because the construction
and the mechanism of the tuned damper is simple and
definite. The most commonly used and most effective tuned
damper is tuned mass damper, which is a vibration system
composed of springs or slings, mass block, and damper, and
it can be installed in a specific location on the structure. Since
its natural frequency is similar to one of the main structures,
the TMD system can reduce the vibration amplitude of the
main structure bymeans of generating the resonancewith the
controlled modes of the main structure when the structure
is subjected to wind load or earthquake. The tuned mass
dampers have been applied in the civil engineering such as
high-rise buildings, tower structures, and long-span bridges.

The composition and function of the traditional TMD are
gradually improved. Xu and Igusa proposed the concept of
multiple TMDs (MTMDs) with different tuned frequencies
to control the structural dynamic responses [11]. Abé and
Igusa presented the design formula of MTMDs in various
load cases [12]. Li et al. systematically studied the parameter
optimization of the MTMD, such as the combination mode
and the distribution effect of mass, stiffness, and damping
ratio [13, 14].

Though the theoretical research and engineering applica-
tion have proved that the TMD system and the MTMDs can
effectively decrease the dynamic response of structure, there
still exist some deficiencies in the classic TMDs, especially
in inadequate damping capacity for higher order modes and

performance for multiple dimensional control or torsional
control [15–17].

Singh et al. presented an approach for optimum design
of four tuned mass dampers for response control of torsional
building systems subjected to bidirectional seismic inputs,
and the TMDs are installed in pairs along two orthogonal
directions [18]. A genetic algorithm is used to search for the
optimum parameter values for the four dampers.The numer-
ical results showed the optimum design scheme is effective.
Similar to the above ideas, Ahlawat and Ramaswamy [19]
proposed an absorber system which consists of four TMDs
arranged in the way that the system can control the torsional
mode of vibration effectively in addition to the flexuremodes.

Taking into account the even placement of the MTMD
within the width of the asymmetric structure, Li and Qu
discussed the effects of the normalized eccentricity ratio on
the performance of theMTMD, and the optimumparameters
of MTMD are given for the reduction of the translational and
torsional response of structures [20].

Almazán et al. studied the response of asymmetrical
linear and nonlinear structures subjected to unidirectional
and bidirectional seismic excitation, equipped with one or
two TMDs [21]. The optimized parameters of each TMD
are obtained by applying the concept of general torsional
balance. The results show that the optimized TMDs reduce
the edge deformation significantly. In addition, for torsional
hybrid and flexible structures, the optimized TMD position
is sensitive to inelasticity of the main structure.

Lin et al. proposed bidirectional coupled tuned mass
dampers (BiCTMDs) for the seismic response control of
asymmetric-plan buildings subjected to bidirectional ground
motions [22]. The numerical results show that the proposed
BiCTMD is effective in reducing the seismic damage of
inelastic asymmetric-plan buildings.

Wang and Lin have studied the applicability of multiple
tuned mass dampers (MTMD) on the vibration control of
irregular buildings modelled as torsional coupled structures
due to base motions and the soil-structure interaction (SSI)
effect [23]. The analysis results show that the increase of
height-base ratio of an irregular building and the decrease of
relative stiffness of soil to structure generally amplify both SSI
and MTMD detuning effect, especially for the building with
highly torsional coupled effect. He et al. have proposed a two-
directional horizontal and torsional TMD, which includes
tuned mass blocks, torsional blocks, and rotation lever. The
horizontal and torsional response of the building structure
is controlled by the movement and the rotation of the
multidimensional tuned mass damper in different directions
[24].

Based on the current research, method, and engineering
techniques, it can be found that the torsional response
control by TMD has become an increasing concern and the
improvements are basically realized through the use of sev-
eral conventional TMDs or the optimization of the MTMDs.
However, few studies focus on the innovation about the
composition and the form of TMD or MTMDs according to
the characteristics of structural eccentricity and the torsional
response. Considering this research background, the tuned
mass damper with orthogonal poles and torsional pendulums
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Figure 1: Composition of the TMDPP.

(TMDPP) which can reduce both the responses in the two
horizontal directions and the amplitude in torsional direction
is proposed in this study.The numerical analysis results show
that the TMDPP can effectively decrease the coupling vibra-
tion by reasonable design and arrangement. Compared with
other passive control systems such as structurewith buckling-
restrained braces or viscous energy dissipation braces, the
displacements of top floors the torsional vibration of the total
structure can be effectively controlled. Generally, TMDPP
is especially suitable for low-rise buildings and shear-type
structure.

2. Composition and Capacity of TMDPP

The torsional damping capacity of TMD is usually ignored
because the conventional TMD is designed for one horizontal
direction. In order to overcome this limitation, a new type
of tuned mass damper with orthogonal poles and torsional
pendulums (TMDPP) which can decrease the dynamic
responses in two horizontal directions and torsional direction
is proposed.

This damper consists of two tuned mass blocks along
two horizontal axes of the structure, two torsional mass
pendulums, two orthogonal torsional poles, the horizontal
dampers, limit baffle plates, and other auxiliary components.
The structural map of TMDPP is shown in Figure 1.

Two tuned mass blocks are arranged on the top of the
structure along the two horizontal axes, respectively. As a
general rule, the TMDPPmust be located towards the corner
(edge)whose deformation prevails in the uncontrolled condi-
tion. Therefore, in torsional rigid structures with medium or
large eccentricities, the TMDPP tends to be located towards
the flexible corner (edge), so as to control the horizontal-
torsional coupled vibration.

The tuned mass blocks are linked with the limit baffle
plates by the horizontal viscous damper with appropriate
damping and stiffness to ensure the mass blocks can oscillate
alternately and rapidly. Meanwhile, the tuned mass blocks
are assembled with the universal ball hinges to enable the

blocks move smoothly and rotate slightly with the torsional
poles in the flat plane. The torsional mass pendulums are
connected with the tune mass blocks and the torsion shaft by
the torsional poles, and the whole mechanism can be rotated
freely in the horizontal plane. The torsional pendulums are
connected with the structural roof through the universal ball
hinges to ensure that the torsional poles remain horizontal in
the normal state.

The torsional dampers between the torsion shaft and
the fixed shaft can provide suitable damping to enhance
the energy dissipation capacity of the whole system. When
the structure is subjected to earthquake, the tuned mass
blocks will move and produce the inertia force due to relative
displacement and the viscous damper will produce damping
force and restoring force, the resultant force of the above three
kinds of forces will act on the structure, so the structural
responses will attenuate in the two horizontal directions.
In the torsional direction, the rotational inertia force is
generated by the rotation of the torsional mass pendulums
and themass blocks around the torsion shaft and the damping
force from the torsional damper, and the action direction is
opposite to the torsional response of the structure. Hence,
both the horizontal responses and the torsional responses can
be effectively controlled by TMDPP.

Compared with the conventional tuned mass dampers,
the tuned mass damper with orthogonal poles and torsional
mass pendulums (TMDPP) presented in this study has the
following advantages: (1) the tuned mass blocks and the
torsional pendulums can slide in the horizontal directions
and the torsional direction, so both the horizontal kinetic
energy and the rotational energy of the main structure can be
transferred and dissipated, so the multidimensional control
can be realized and the damping capacity is enhanced. (2)
The torsional damping is achieved by the rotation of the poles
and the pendulums, and the control mode is flexible because
the pole length, the damper parameter, and the location of
the pendulums can be modulated according to the actual
requirements and condition, so the multidimensional tuned
vibration control of structure is realized conveniently.
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Figure 2: Equivalent dynamic system of eccentric structure with
TMDPP.

3. System Dynamic Equation of
Structure with TMDPP

In order to study the damping effect of the structure equipped
with TMDPP, the actual main structure can be equivalent to a
systemwith one-degree-of-freedom.The TMDPP is installed
on the roof of the eccentric multilayer structure, as shown in
Figure 2.

In the two horizontal directions and the torsional direc-
tion around the vertical axis, the main structure is simplified
as one system with a single degree of freedom, respectively.
The equivalent mass of the main structure can be calcu-
lated as the actual total mass. The equivalent stiffness can
be calculated according the following steps: the horizontal
stiffness and torsional stiffness of the beams, columns, walls,
and the floor of each story can be calculated, respectively,
and the equivalent parallel stiffness of all the members can
be set as the layer stiffness. If each layer is viewed as the
serial mass point of the system, the serial stiffness of all the
layers is set as the global stiffness; thus, the global horizontal
stiffness and the global torsional stiffness can be obtained,
respectively. For the above equivalence method, the bending
stiffness of the structure is usually ignored, and the first-
order model is only considered. If the structure is high-rise
building or the high aspect ratio is relatively large, the model
combination effect is obvious and the accuracy of equivalence
may not be higher. In the traditional TMD analysis, it is
usually assumed that themain body of the structure is a single
degree of freedom.Therefore, the above equivalence method
is basically reasonable.

The two orthogonal horizontal axes of the main structure
are assumed as 𝑥 and 𝑦, respectively. The equivalent mass
of the main structure is set as 𝑚𝑓, the equivalent horizontal
stiffness of 𝑥 direction and 𝑦 direction is 𝑘𝑓𝑥 and 𝑘𝑓𝑦,

the rotational inertia around the 𝑧-axis is 𝐽𝑓, and the in-
plane torsional stiffness is 𝑘𝑓𝜃. The horizontal damping and
torsional damping are 𝑐𝑓 and 𝑐𝑓𝜃, respectively. In addition,
since the structure is asymmetrical, 𝑒𝑥 and 𝑒𝑦 are set as
the eccentricity of 𝑥-axis and 𝑦-axis, respectively. The tuned
mass blocks and the torsional tuned pendulums, which can
be simplified as the mass point with specified stiffness and
damping, are assembled along the two horizontal axes of the
main structure. For the tuned mass block along 𝑥-axis, the
mass, the stiffness in two horizontal direction, the horizontal
damping, the rotational damping, the rotational inertia, and
the distance to the pole end are𝑚1, 𝑘1𝑥, 𝑘1𝑦, 𝑐1, 𝑐1𝜃, 𝐽1, and 𝑎1,
respectively. For the matching torsional tuned pendulums,
the corresponding parameters are 𝑚2, 𝑘2𝑥, 𝑘2𝑦, 𝑐2, 𝑐2𝜃, 𝐽2, and𝑙1, respectively. On the other hand, for the tuned mass
block along 𝑦-axis, the mass, the stiffness in two horizontal
direction, the horizontal damping, the rotational damping,
the rotational inertia, and the distance to the pole end are
𝑚3, 𝑘3𝑥, 𝑘3𝑦, 𝑐3, 𝑐3𝜃, 𝐽3, and 𝑎2, respectively. For the matching
torsional tuned pendulums, the corresponding parameters
are𝑚4, 𝑘4𝑥, 𝑘4𝑦, 𝑐4, 𝑐4𝜃, 𝐽4, and 𝑙2, respectively.

The dynamic response of torsional tuned pendulums
can be calculated according to the response of the tuned
mass block in the corresponding direction because the poles
are rigid, and the length conversion factor in 𝑥 direction
and 𝑦 direction is assumed as 𝛽1 = 𝑙1/𝑎1 and 𝛽2 =
𝑙2/𝑎2, respectively. Then the coupling effect of the main
structure and the TMDPP in the two horizontal directions
and torsional direction are taken into account; according to
the principle of D’Alembert, the multidimensional dynamic
equation of the total system is deduced as follows:

MÜ + CU̇ + KU = −M𝑔Ü𝑔 (𝑡) (1)

in which M,C, and K are the global mass matrix, the global
damping matrix, and the global stiffness matrix, respectively,
and the dimension is 9 × 9. M𝑔 is the mass participated
matrix; the dimension is 9 × 3. Ü𝑔(𝑡) = [Ü𝑔𝑥, Ü𝑔𝑦, Ü𝑔𝜃]𝑇 is
the groundmotion vector, Ü𝑔𝑥, Ü𝑔𝑦, and Ü𝑔𝜃 are the ground
motion in x, y, and torsional direction, respectively. U =
[𝑥𝑓, 𝑥1, 𝑥3, 𝑦𝑓, 𝑦1, 𝑦3, 𝜃𝑓, 𝜃1, 𝜃3]𝑇 is the relative displacement
vector. 𝑥𝑓, 𝑦𝑓, and 𝜃𝑓 are the displacement of the main
structure relative to the ground in 𝑥-axis, 𝑦-axis, and rotation
direction, respectively. 𝑥1 and 𝑥3 are the horizontal displace-
ment of the tuned mass block arranged in 𝑥 direction and 𝑦
direction relative to themain structure in 𝑥-axis, respectively.
𝑦1 and 𝑦3 are the horizontal displacement of the tuned mass
block arranged in 𝑥 direction and 𝑦 direction relative to the
main structure in𝑦 axis, respectively. 𝜃1 and 𝜃3 are the torsion
angle of the tuned pendulum arranged in 𝑥 direction and 𝑦
direction relative to the structural roof, respectively.

In the above equation, the dynamic system is established
based on the relative coordinate system, so the mass matrix
and stiffness matrix are different from the traditional form
of the system based on the absolute coordinate. After the
derivation of dynamic equations, the detailed equation of M
is given by
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M = [
[

M𝑥 0 M𝑥𝐽
0 M𝑦 M𝑦𝐽

M𝑥𝐽 M𝑦𝐽 M𝐽
]
]

(2)
in which the specific construction of these above submatrix
can be written as follows:

M𝑥 = M𝑦 = [[[
[

𝑚𝑓 + (1 + 𝛽1)𝑚1 + (1 + 𝛽2)𝑚3 (1 + 𝛽1)𝑚1 (1 + 𝛽2)𝑚3
(1 + 𝛽1)𝑚1 (1 + 𝛽1)𝑚1 0
(1 + 𝛽2)𝑚3 0 (1 + 𝛽2)𝑚3

]]]
]
,

M𝐽 = [[[
[

𝐽𝑓 + 𝐽1 + 𝐽2 + 𝐽3 + 𝐽4 𝐽1 + 𝐽2 𝐽3 + 𝐽4
𝐽1 + 𝐽2 𝐽1 + 𝐽2 0
𝐽3 + 𝐽4 0 𝐽3 + 𝐽4

]]]
]
,

M𝑥𝐽 = [[[
[

0 0 0
(𝑚1 + 𝛽1𝑚2) 𝑦1 + (𝑚1𝑎1 + 𝑚2𝑙1) sin 𝜃1 (𝑚1 + 𝛽1𝑚2) 𝑦1 + (𝑚1𝑎1 + 𝑚2𝑙1) sin 𝜃1 0
(𝑚3 + 𝛽2𝑚4) 𝑦3 + (𝑚3𝑎2 + 𝑚4𝑙2) cos 𝜃2 0 (𝑚3 + 𝛽2𝑚4) 𝑦3 + (𝑚3𝑎2 + 𝑚4𝑙2) cos 𝜃2

]]]
]
,

M𝑦𝐽

= [[[
[

0 0 0
− (𝑚1 + 𝛽1𝑚2) 𝑥1 − (𝑚1𝑎1 + 𝑚2𝑙1) cos 𝜃1 − (𝑚1 + 𝛽1𝑚2) 𝑥1 − (𝑚1𝑎1 + 𝑚2𝑙1) cos 𝜃1 0
− (𝑚3 + 𝛽2𝑚4) 𝑥3 − (𝑚3𝑎2 + 𝑚4𝑙2) sin 𝜃2 0 − (𝑚3 + 𝛽2𝑚4) 𝑥3 − (𝑚3𝑎2 + 𝑚4𝑙2) sin 𝜃2

]]]
]
,

M𝑔 =
[[[[
[

M𝑔1 M𝑔2 M𝑔3
M𝑔2 M𝑔1 M𝑔4
M𝑔5 M𝑔6 M𝑔7

]]]]
]
,

M𝑔1 = [−𝑚𝑓 − 𝑚1 − 𝑚2 − 𝑚3 − 𝑚4, −𝑚1 − 𝑚2, −𝑚3 − 𝑚4]𝑇 ,

M𝑔2 = [0, 0, 0]𝑇 ,

M𝑔3 = [0, − (𝑚1 + 𝛽1𝑚2) 𝑦1 − (𝑚1𝑎1 + 𝑚2𝑙1) sin 𝜃1, − (𝑚3 + 𝛽2𝑚4) 𝑦3 − (𝑚3𝑎2 + 𝑚4𝑙2) cos 𝜃2]𝑇 ,

M𝑔4 = [0, (𝑚1 + 𝛽1𝑚2) 𝑥1 + (𝑚1𝑎1 + 𝑚2𝑙1) cos 𝜃1, (𝑚3 + 𝛽2𝑚4) 𝑥3 + (𝑚3𝑎2 + 𝑚4𝑙2) sin 𝜃2]𝑇 ,

M𝑔5 = [0, − (𝑚1 + 𝛽1𝑚2) 𝑦1 − (𝑚1𝑎1 + 𝑚2𝑙1) sin 𝜃1, − (𝑚3 + 𝛽2𝑚4) 𝑦3 − (𝑚3𝑎2 + 𝑚4𝑙2) cos 𝜃2]𝑇 ,

M𝑔6 = [0, − (𝑚1 + 𝛽1𝑚2) 𝑥1 − (𝑚1𝑎1 + 𝑚2𝑙1) cos 𝜃1, (𝑚3 + 𝛽2𝑚4) 𝑥3 + (𝑚3𝑎2 + 𝑚4𝑙2) sin 𝜃2]𝑇 ,

M𝑔7 = [−𝐽𝑓 − 𝐽1 − 𝐽2 − 𝐽3 − 𝐽4, −𝐽1 − 𝐽2, −𝐽3 − 𝐽4]𝑇 .

(3)

Among (1), the stiffness matrix K is the sym-
metric matrix, and the main diagonal vector is [𝑘𝑓𝑥,𝑘1𝑥 + 𝛽1𝑘2𝑥, 𝑘3𝑥 + 𝛽2𝑘4𝑥, 𝑘𝑓𝑦, 𝑘1𝑦 + 𝛽1𝑘2𝑦, 𝑘3𝑦 + 𝛽2𝑘4𝑦, 𝑘𝑓𝜃 +
𝑘𝑓𝑥𝑒2𝑦 + 𝑘𝑓𝑦𝑒2𝑥, 𝑘1𝜃, 𝑘3𝜃], and besides the above, the

location of the other elements in stiffness matrix is
zero. The corresponding vector of structural torsion
angle is [𝑘𝑓𝑥𝑒𝑦, 0, 0, 𝑘𝑓𝑦𝑒𝑥, 0, 0, 𝑘𝑓𝜃 + 𝑘𝑓𝑥𝑒2𝑦 + 𝑘𝑓𝑦𝑒2𝑥, 0,0]. Hence, the stiffness matrix is given by
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K =

[[[[[[[[[[[[[[[[[[[
[

𝑘𝑓𝑥 𝑘𝑓𝑥𝑒𝑦
𝑘1𝑥 + 𝛽1𝑘2𝑥

𝑘3𝑥 + 𝛽2𝑘4𝑥
𝑘𝑓𝑦 𝑘𝑓𝑦𝑒𝑥

𝑘1𝑦 + 𝛽1𝑘2𝑦
𝑘3𝑦 + 𝛽2𝑘4𝑦

𝑘𝑓𝑥𝑒𝑦 𝑘𝑓𝑦𝑒𝑥 𝑘𝑓𝜃 + 𝑘𝑓𝑥𝑒2𝑦 + 𝑘𝑓𝑦𝑒2𝑥
𝑘1𝜃

𝑘3𝜃

]]]]]]]]]]]]]]]]]]]
]

. (4)

The global damping matrix may be written as

C =

[[[[[[[[[[[[[[[[[[[
[

𝑐𝑓
𝑐1 + 𝛽1𝑐2

𝑐3 + 𝛽2𝑐4
𝑐𝑓
𝑐1 + 𝛽1𝑐2

𝑐3 + 𝛽2𝑐4
𝑐𝑓𝜃

𝑐1𝜃 + 𝑐2𝜃
𝑐3𝜃 + 𝑐4𝜃

]]]]]]]]]]]]]]]]]]]
]

. (5)

The dynamic equation can be solved according to the
multiple-dimension ground acceleration and time history
analysismethod. Finally, the coupled dynamic response of the
structure and the TMDPP can be obtained.

In view of the adoption for practical applications, a design
procedure of the TMDPP is proposed. The main steps of
the proposed design procedure of structure with TMDPP are
summarized below:

(1) Calculate the equivalentmass, the horizontal stiffness,
the torsional stiffness, and the damping of the struc-
ture according to equivalent method; then calculate
the two horizontal periods and torsional period.

(2) Calculate the location of the center of stiffness and the
location of the center of mass.

(3) Determine themass ratio of TMDPP according to the
engineering requirements and the actual conditions.
Determine reasonable distribution of the tuned mass
blocks and the torsional pendulums. Relative to the
center of stiffness, the location of the TMDPP should
be installed in the diagonal direction of the center of
mass.

(4) Determine the length of the two orthogonal torsional
poles and the length conversion factor.

(5) Determine the equivalent translational damping and
torsional damping of the viscous dampers and
TMDPP. Determine the principal axis equivalent
stiffness and the equivalent torsional stiffness; ensure
the actual periods of TMDPP coincide with the
corresponding structural periods.

(6) Carry out the size and reinforcement design of the
limit baffle plates and other auxiliary components.

(7) Verify the final damping effect and adjust the design
parameters until the expected damping effect is
obtained.

In addition, it is necessary to point out that the torsional
excitation of the ground motion should be used in (1), but
only the horizontal components and the vertical component
can be obtained in the traditional ground motion database.
The following method can be used to transform the existing
translational ground motions into torsional component [25,
26], and the specific procedure is as follows:

(1) The included angle between the direction of the
recorded components of the seismic station and
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the direction of the epicenter is 𝛼; then the three
components of the station can be decomposed into
two motion components in the ground plane and
the one component out of the plane according to the
following equation:

{{
{{
{

𝑢1 (𝑡)
𝑢2 (𝑡)
𝑢3 (𝑡)

}}
}}
}
= [[
[

cos𝛼 0 sin𝛼
0 1 0

sin𝛼 0 cos𝛼
]]
]

{{
{{
{

𝑢𝑠1 (𝑡)
𝑢𝑠2 (𝑡)
𝑢𝑠3 (𝑡)

}}
}}
}
, (6)

where 𝑢𝑠1(𝑡), 𝑢𝑠2(𝑡), and 𝑢𝑠3(𝑡) are the two horizontal
components and one vertical component which are
recorded by station, and 𝑢1(𝑡), 𝑢2(𝑡) are converted
plane components, and 𝑢3(𝑡) is the converted vertical
component.

(2) Fast Fourier transform is applied to 𝑢3(𝑡) and 𝑢2(𝑡);
obtain the Fourier spectrum of 𝑈3(𝜔) and 𝑈2(𝜔).
For the given apparent wave velocity 𝑐, the Fourier
spectrum of the rotational components Φ2(𝜔)andΦ3(𝜔) can be calculated according to Φ3(𝜔) =
𝑖𝜔𝑈2(𝜔)/2𝑐 andΦ2(𝜔) = −𝑖𝜔𝑈3(𝜔)/𝑐.

(3) The inverse Fourier transform is performed onΦ2(𝜔)
and Φ3(𝜔); then the acceleration waves of rotational
components are obtained by selecting the real parts.
The apparent velocity value 𝑐 can be determined
according to the following formula: 𝑐 = V/sin 𝜃, v is
the body wave propagation velocity, and the incident
angle 𝜃 is the incident angle of the seismic wave on
the ground surface. Taking into account the fact that
𝜃 is random variables, the value can be determined
according to the statistical average of related seismic
records by the harmonic method in the frequency
domain.

4. Analysis Example

The integrated performance of the multidimensional vibra-
tion control with the tuned mass damper with orthogonal
poles and torsional pendulums (TMDPP) is necessary to be
verified. In this following analysis, one five-layer reinforced
concrete frame is selected as a numerical example. The plane
size of structure is 36m × 20m, the height of the first story
is 3.6m, and the height of other stories is 3.0m, as shown
in Figure 3. The section size of all the columns is 600mm
× 600mm, and the section reinforcement ratio is 2%. The
section size of the beams is 300mm × 600mm, and the
section reinforcement ratio is 1.5%. The thickness of each
floor is 125mm. The axial compressive strength of concrete
is 27.2N/mm2.

As shown in Figure 4, the center of mass (CM) of the
whole structure matches the geometric center (CG), and the
center of stiffness (CS) is located over the 𝑥-axis and 𝑦-axis
at the distance of 5.0m and 4.0m, respectively. The whole
mass of the structure is 2.6 × 106 kg. The equivalent stiffness
in 𝑥 direction is 1.18 × 108N/m, and the equivalent stiffness
in 𝑦 direction is 1.42 × 108N/m. The equivalent torsional
stiffness is 1.32 × 1010N⋅m2 and the equivalent damping is

X1Y1Y2Y3
Y4Y5

X2
X3

X4
X5

X6 X7

6F

5F

4F

3F

2F

GF

Figure 3: Side elevation of the reinforced concrete frames.

9.75 × 105N⋅s/m. The site type is hard soil. The seismic
precautionary intensity is 8.0, whichmeans the structuremay
suffer from the earthquake whose exceeding probability of
this intensity is 10% in the 50-year period. The fundamental
periods of the RC frame are 0.41 s in 𝑥 direction and 0.32 s in
𝑦 direction, respectively.

In order to resist the structural torsion, relative to the
center of stiffness, the rational location of the TMDPP is in
the diagonal direction of the coordinates of the center ofmass,
as shown in Figures 2 and 4.

According to the traditional research results and the
conditions of practical engineering, the mass of TMDPP is
proposed to be 3%–8% of total mass of the RC frame; thus,
the final mass is set to 5% of the total structural mass. The
lengths of the rigid poles in the orthogonal horizontal direc-
tions are designed according to the respective eccentricity
and permitted space requirements. After consideration of
engineering requirements and optimization design, the basic
design parameters of TMDPP are shown in Table 1.

The RC frame structure is simplified as a single degree
of freedom in each direction, and the coupling dynamic
equation is established according to (1). In order to study
and compare the damping performance of the TMDPP, a
series of typical three-dimensional earthquake waves are
selected because these ground motion records were collected
from hard soil and the predominant periods are close to the
structural period; then time history analysis is carried out.
The details are listed in Table 2.

The rotational waves are computed according to the
transformation method, as mentioned above. For example,
the corresponding excitations of El Centro earthquake in
different directions are shown in Figure 5.The corresponding
acceleration response spectra of El Centro waves in different
directions are shown in Figure 6. The time-frequency vari-
ation law in the rotational waves and its response spectra
indicate the synthetic rotational waves are reasonable.

During the analysis, three different structures involving
the original uncontrolled structure, the structure with single
traditional TMD and the structure with TMDPP are consid-
ered, and the mass of the single TMD in the corresponding
direction is equal to the total mass of the TMDPP. The
multidimensional seismic responses of different structures
and the damping effect of tuned mass dampers are obtained.
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TMDPP

CS (5, 4)

CM (0, 0)

Y5
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Figure 4: Arrangement position and scheme of TMDPP.
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Figure 5: El Centro earthquake waves in different directions.
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Figure 6: Acceleration response spectra of El Centro waves in different directions.

Table 1: Design parameter of TMDPP.

Design parameter

Mass parameters Mass ratio of
structure

Principal axis
equivalent stiffness

(N/m)

Equivalent
torsional stiffness

(N/m)

Equivalent
translational damping

(N⋅s/m)

Equivalent
torsional damping

(N⋅s/m)

Distance to
fixed shaft (m)

Tuned mass block
in x-axis 0.015 3.13 × 107 1.29 × 107 7.28 × 106 8.00 × 107 2

Torsional
pendulum in
𝑥-axis

0.010 6.21 × 106 1.29 × 107 8.00 × 103 8.00 × 102 8

Tuned mass block
in 𝑦-axis 0.015 2.38 × 107 1.29 × 107 1.21 × 107 8.00 × 107 2

Torsional
pendulum in
𝑦-axis

0.010 4.72 × 106 1.29 × 107 1.00 × 104 8.00 × 102 6
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Table 2: The ground motions used in this study.

Time Earthquake name Recording station Magnitude (MS) PGA (m/s2)
1940 Imperial Valley, USA El Centro 6.5 3.42
1952 Kern County, USA Taft 7.2 1.76
1985 Michoacán Tacy 5.5 0.33
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Figure 7: Damping comparison of structural displacement in 𝑥
direction.
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Figure 8: Damping comparison of structural acceleration in 𝑥
direction.

When the frame is subjected to El Centro earthquake,
the result comparisons of the structural displacement and
acceleration in 𝑥 direction are shown in Figures 7 and 8,
respectively. The result comparisons of the corresponding
responses in 𝑦 direction are shown in Figures 9 and 10,
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Figure 9: Damping comparison of structural displacement in 𝑦
direction.
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Figure 10: Damping comparison of structural acceleration in 𝑦
direction.

respectively. The structural torsion angle history is shown in
Figure 11.

According to the results, it is obvious that the displace-
ment, the acceleration, and the torsion angle are all obviously
reduced if the TMDPP is installed on the structural roof,
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Table 3: Average damping ratio comparison of TMD and TMDPP.

Type and direction
Damping ratio (%) Traditional TMD TMDPP

𝑥 𝑦 Torsional 𝑥 𝑦 Torsional
Amplitude of displacement 12.21 10.55 −0.29 33.24 40.36 35.43
Energy of displacement 16.96 25.36 14.38 69.94 73.25 71.67
Amplitude of acceleration 5.16 −3.72 17.4 40.62 72.86 27.15
Energy of acceleration 2.19 12.82 8.86 25.28 60.49 38.35
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Figure 11: Damping comparison of structural torsion angle.

and the damping effect is superior to the traditional TMD.
It is worth noting that the responses of the main structure
maybe exceed the response of uncontrolled structure at the
initial stage or the intense stage of the earthquake because
the frequency spectrum is complex and changes rapidly
and the traditional TMD cannot complete tuning control
timely and promptly. Hence, it is necessary to consider this
unsafe possibility in the practical application of TMD. On
the contrary, TMDPP can effectively operate once earthquake
occurs since all the mass blocks and the torsional pendulums
can collaborate in multiple directions, so it has good enough
performance. In addition, the damping effect of torsional
response is inferior if the traditional TMD is applied, but the
damping capacity of the TMDPP is very prominent.

In order to specifically compare the performance of the
traditional TMD and TMDPP, the average damping ratio in
different directions and all the ground motions are shown
in Table 3. In the results, the amplitude damping ratio is the
ratio of the difference of the maximum response before and
after installing TMD or TMDPP to the maximum value of
the uncontrolled structure. The energy damping ratio is the
ratio of the difference of the envelope area of response history
before and after installing TMD or TMDPP to the envelope
area of uncontrolled response.
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Figure 12:Displacement history of tunedmass blocks in𝑥direction.

It can be seen that the damping ratio of the struc-
tural acceleration and structural angular acceleration in 𝑦
direction maybe slightly decrease if the traditional TMD is
installed only on the 𝑥 direction for the eccentric struc-
ture, and this phenomenon brings about adverse effects for
structural safety. On the contrary, the damping effect of the
TMDPP is prominent and the corresponding responses in
any direction are significantly reduced, so the multidimen-
sional control for asymmetric structure is realized.

Due to the translation-torsion coupling vibration is gen-
erated, the tuned mass blocks not only move in the instal-
lation direction but also move in the orthogonal horizontal
direction, driven by the torsional pendulums and the poles.
The displacement histories of the tuned mass blocks installed
in different directions are shown in Figures 12 to 13.

It can be seen that the displacements of the tuned mass
block installed in 𝑥 direction are always larger than the
corresponding results of the tuned mass block installed in
𝑦 direction because the pole length in 𝑥 direction is longer
and the swing distance is larger. In addition to the above
factors, the structural response in 𝑦 direction should be
larger since the structure resistance in 𝑦 direction is weak,
so the tuned mass block installed in 𝑥 direction reduces
the dynamic amplitude adaptively and sufficiently due to its
excellent mobility in 𝑦 direction.
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Figure 13:Displacement history of tunedmass blocks in𝑦 direction.
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Figure 14: Acceleration history of tuned mass blocks in 𝑥 direction.

The acceleration histories of the tuned mass blocks
installed in different directions are shown in Figure 14.
Since the torsion poles are rigid, the variation trend of the
acceleration of the tuned mass blocks in the two horizontal
directions is similar, and the responses vary dramatically.

The torsion angle histories of the torsional pendulums
in the two orthogonal directions are shown in Figure 15,
and the corresponding angle acceleration results are shown
in Figure 16. It is evident that the pendular motion of
the torsional pendulums changes rapidly and the energy
dissipation in the torsional direction is more significant, so
the damping capacity of the TMDPP is further verified.

Although the current TMDPP has a good damping effect,
in order to study the influence of design parameters on the
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Figure 15: Torsion angle history of the torsional pendulums.
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Figure 16: Torsion angle acceleration history of the torsional
pendulums.

control performance, the damping effect of different length
coefficient, total mass, and mass distribution coefficient of
TMDPP is studied, and the time analysis of the structure
system with different TMDPPs is carried out. For compar-
ison purposes, the increasing rate of the damping ratios of
different schemes to damping ratio of the original scheme is
calculated and listed inTable 4.The following conclusions can
be obtained from the damping effect analysis.

Assuming the pole length is constant, if the tuned
mass blocks are located closer to the torsion shaft (i.e., the
length conversion factor of length 𝛽1 and 𝛽2 decreases),
the better damping effect can be obtained. However, the
sufficient movement amplitude of TMD and the actual
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Table 4: Increasing rate of damping ratio of the TMDPPs with different design parameters.

Parameters

Increasing rate
(%)

Length conversion factor of
length Mass ratio of TMDPP to structure

𝛽1 = 1/9 𝛽1 = 4/6 𝑚1 = 𝑚3 = 0.01 𝑚1 = 𝑚3 = 0.02 𝑚1 = 𝑚3 = 0.01 𝑚1 = 𝑚3 = 0.025
𝛽2 = 1/7 𝛽2 = 3/5 𝑚2 = 𝑚4 = 0.015 𝑚2 = 𝑚4 = 0.005 𝑚2 = 𝑚4 = 0.005 𝑚2 = 𝑚4 = 0.015

Displacement in
𝑥 direction 1.87 −0.78 −0.58 0.66 −0.49 1.11

Displacement in
𝑦 direction 0.79 −0.49 −0.34 0.25 −0.37 0.53

Acceleration in
𝑥 direction 24.47 −17.3 −6.52 3.38 −10.56 13.46

Acceleration in
𝑦 direction 26.09 −32.36 −7.09 4.46 −20.94 20.73

Torsion angle 1.12 −0.43 −0.31 0.33 −0.35 0.74

space conditions should be fulfilled. If the weight of the
tuned mass blocks and the torsional pendulums increase, the
damping effect can be improved significantly, but it is usually
difficult to be achieved, limited to practical conditions and
structural design requirement. Assuming the total weight of
the TMDPP is constant, it is helpful to improve the damping
effect of acceleration by raising the weight percentage of
tunedmass blocks, but the improvement of displacement and
torsion angle is limited. In summary, the damping capacity
of TMDPP can be appropriately enhanced by adjusting the
length conversion factor of length and the mass distribution
ratio. Taking into account the actual situation and the engi-
neering demand, the initial scheme in this study is acceptable
and sufficiently effective, so it can be utilized in practice.

5. Conclusion

Although the traditional tuned mass damper is continu-
ously improved and there is a significant improvement in
multifrequency tuning capability and stability, the torsional
control performance for asymmetry is still deficient. A new
tuned device TMDPPwhich has tunedmass blocks, torsional
pendulums, and poles is proposed. It is installed in two hor-
izontal discretions, and the horizontal and torsional coupled
vibration control is realized by the translation and rotation
of mass blocks and pendulums. The dynamic equation for
the eccentric structure with TMDPP is established and the
corresponding numerical analysis is carried out.

The structural responses such as displacement, accelera-
tion, and torsional angle with different control schemes are
studied; the damping effect and themovement characteristics
of each parts on the TMDPP are analyzed. The results show
that tuned mass blocks and the torsional pendulums can
adequately dissipate the translational energy and torsional
energy of the main structure, and the damping effect is more
superior to the traditional TMD. In addition, the structural
responses maybe increase if the traditional TMD is used
when the eccentric structure is subjected to earthquake since
the tuning capability and adaptability are deficient. On the
contrary, the similar adverse phenomenon will not occur

if the TMDPP is utilized. The main design parameters of
TMDPP are analyzed, and the results show that the length
conversion factor of pole length and the mass distribution
ratio are the essential influencing factors in damping effect.

In conclusion, the construction of the TMDPP is simple,
and its mechanism is clear. It is suitable for the seismic
control of eccentric and irregular structures. Nevertheless,
the optimal design, the manufacturing process, and the
engineering feasibility should be intensively studied by finite
element analysis and dynamic experiment, and the relevant
research will be launched in the future.
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