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Abstract: High-rise structures are normally tall and slender with a large height-width ratio. Under
the strong seismic action, such a structure may experience violent vibrations and large deformation.
In this paper, a spring pendulum pounding tuned mass damper (SPPTMD) system is developed to
reduce the seismic response of high-rise structures. This SPPTMD system consists of a barrel limiter
with the built-in viscoelastic material and a spring pendulum (SP). This novel type of tuned mass
damper (TMD) relies on the internal resonance feature of the spring pendulum and the collision
between the added mass and barrel limiter to consume the energy of the main structure. Based on
the Hertz-damper model, the motion equation of the structure-SPPTMD system is derived. Further-
more, a power transmission tower is selected to evaluate the vibration reduction performance of the
SPPTMD system. Numerical results revealed that the SPPTMD system can effectively reduce struc-
tural vibrations; the reduction ratio is greater than that of the spring pendulum. Finally, the influence
of the key parameters on the vibration control performance is conducted for future applications.

Keywords: high-rise structure; spring pendulum pounding tuned mass damper (SPPTMD) system;
Hertz-damp model; equation of motion; parametric study

1. Introduction

High-rise infrastructures such as skyscrapers, wind turbines, radio or television towers
and power transmission towers are featured by its low damping and high vulnerability
under seismic hazards. Damages or collapse of high-rise structures have been extensively
reported in post-earthquake investigations. For example, in the Kobe earthquake of 1995
and the Wenchuan earthquake of 2008, more than a dozen transmission towers were
damaged [1]. Similarly, strong winds can also cause the collapse of large wind turbine
towers [2] and antenna towers [3]. Mitigation of the undesired vibrations of these structures
can effectively improve the structural safety and reliability.

In engineering, controlling the vibration of high-rise structures is an effective practice
for reducing the dynamic responses of these structures. A variety of damping devices and
damping algorithms has been proposed, including eddy current damper [4–7], electromag-
netic damper [8], LQR controller [9], magnetorheological damper [10], tuned liquid column
damper [11], particle damper [12,13], etc. Among these damping devices, the tuned mass
damper (TMD) is widely accepted due to its simple structure, low cost and convenient
installation. When the primary structure is forced into motion, the TMD can generate an
inertial force to reduce the structural vibration. In recent years, scholars have conducted
considerable research on the TMD and proposed many new type TMD devices, such as the
annular TMD [14], pendulum TMD [15,16], frictional TMD [17], viscoelastic TMD [18,19].
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Weber et al. [20,21] designed a semi-active tuned mass damper with magnetorheological
damper, which can control structures that vibrate at different frequencies. Scholars used
piezoelectric ceramics to change the curvature of the bending beam [22] and the prestress
imposed on the steel plate [23] to change the stiffness of the damper, thereby achieving
effective vibration control of the structure within a certain frequency range. A TMD based
on a piezoelectric transducer has been proposed. The advantage of this damper is that it
has adaptive resonance frequency and damping, and low energy consumption [24]. To
improve the vibration resistance of the dampers, scholars also introduced shape memory al-
loys [25–28] into the TMD. Tian et al. proposed a type of TMD composed of nonlinear shape
memory alloys [29]. Salvi et al. [30] performed a parametric study of the TMD and achieved
optimal design. Chen et al. [31] studied an eddy current tuned mass damper (ECTMD).
Elias et al. [32] reduced the wind vibration of chimneys by TMD. In order to further im-
prove the performance of TMDs [33] and avoid performance degradation due to changes
in their system parameters [34,35], scholars have also investigated multi-TMDs [36,37].

The passive control methods are the most widely applied to the field of civil engineer-
ing [38,39]. Since the TMD is a linear vibration absorber, its frequency band of vibration
suppression is relatively narrow compared with the nonlinear vibration absorbers [40].
Therefore, previous researchers have introduced nonlinear components, such as the cubic
spring [41], pounding components [42–44], internal resonance [45] or nonlinear short wire
ropes [46] to the classical TMD device, so as to widen its frequency band.

The pounding tuned mass damper (PTMD), which consists of a mass block and a
limiter, is a typical nonlinear damper. The PTMD utilizes the inertial force of the added
mass and the collision between the added mass and limiter to consume the kinetic energy
of the structure and then achieve vibration control effect. Previous studies have shown that
the PTMD is superior to traditional TMD in vibration control for the high-rise slender struc-
tures, and it has the advantages of a wider vibration suppression frequency band [47,48]
and better robustness [49]. Therefore, the PTMD has been widely applied to control vibra-
tions in various structures, such as power transmission towers [50], frame structures [51],
traffic signal structures [52], bridges [53–55], pipeline structures [56–58], voided biaxial
concrete slab [59] and stay cable [60]. Additionally, scholars have verified their effectiveness
through experiments [61,62] and numerical simulations. Collete [63] et al. confirmed the
oscillation suppression effectiveness of a tuned absorber combined with an impact damper.
Wang et al. [64] performed numerical methods to simulate the energy consumption process
of absorber. Li et al. [49] examined the robustness and seismic performance of the PTMD
using numerical methods and experimental studies. Lin et al. [65] analyzed the vibration
reduction effect of the PTMD and multiple PTMDs (MPTMDs) on the basis of a modified
pounding force model [66]. Furthermore, in order to control the wind-induced response of
the transmission tower, Fu et al. [67] devised a new pounding spacer damper (PSD). More
recently, a bidirectional PTMD [68] and a damper with zero distance from the tuned mass
to the collision boundary [69] have been presented. The combination of a PTMD and a
shape memory alloy are used by Ghasemi et al. [70] to reduce the vibration of offshore
jacket platforms.

The spring pendulum (SP) composing of a mass block hanged by a spring is another
typical nonlinear damper [71,72]. Motion of the mass block can be decomposed into two
vibration modes: (1) the radial vibration mode, in which the mass block vibrates along
the radius direction; (2) the swing mode, in which the mass block swings in the tangential
direction, as a classical pendulum. If a specific relation between the spring stiffness and
pendulum length is satisfied, an internal resonance phenomenon will occur, in which
vibration energy will be transferred between the two modes, i.e., the internal resonance
phenomenon [73]. A previous study has demonstrated that the SP can effectively reduce
structural vibration [45] and is superior to the traditional TMD in vibration absorption.
Nevertheless, the additional damping element is not included in the previous SP damper.
Consequently, its energy dissipation capacity is still insufficient and introducing an addi-
tional damping may further improve the vibration control effectiveness. Collision between
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the added mass of the SP and some limiter can be a beneficial method of introducing addi-
tional energy dissipation. Therefore, this paper incorporates the collision into the SP and
proposes a new type damper, namely the spring pendulum pounding tuned mass damper
(SPPTMD). The SPPTMD is composed of a connecting plate, a mass, spring and a limiter
built-in viscoelastic material. Compared with the traditional TMD, energy absorbing ability
of the SPPTMD was enhanced by the internal resonance phenomenon. Compared with the
SP damper, the energy dissipation of the SPPTMD was enhanced by the collision.

The remaining parts of this article are arranged as follows. Section 2 introduces the
configurations and mechanism of the SPPTMD system. Section 3 deduces the equations
of motion for the SPPTMD system and the structure-SPPTMD system based on the Hertz-
damp model. Section 4 verifies the effectiveness of the SPPTMD system by considering a
transmission tower model excited by three real earthquake waves. Section 5 discusses the
oscillation mitigation effectiveness of the SPPTMD due to variations in pounding stiffness,
mass ratio, damping ratio and gap, which were undertaken analytically. Finally, a summary
is provided in Section 6 to close this paper.

2. Mechanism of the SPPTMD

The SPPTMD is a novel damping device developed on the basis of suspended mass
pendulum (SMP) and SP. In order to clearly demonstrate the mechanism of the proposed
SPPTMD, schematics of the SMP, the SP and the SPPTMD are all illustrated and compared
in this section.

2.1. Mechanism of the SMP

As is illustrated in Figure 1, the suspended mass pendulum (SMP) is basically a
suspended mass block connected to the structure to be controlled by a cable. The length of
the cable is carefully designed to adjust the frequency of the SMP to match the frequency of
the structure, in order to obtain optimal damping effectiveness. The length of the cycloid
can be calculated by the following Equation [16]:

l = g/(2π f )2, (1)

where g = 9.8 m/s2 is gravitational acceleration; f is the frequency of the primary structure.
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Figure 1. Locus of the suspended mass pendulum.

2.2. Mathematical Model of the SP

The SP can be regarded as a modified SMP, which replaces the suspending cable with
a linear spring. In previous studies [45,71,72], the motion equation of the SP has been
derived to analyze its behavior. Suppose the original length and the stiffness of the spring
are lori and ks, respectively. When the mass is subjected to gravity, length of the spring will
be stretched to l0 (as shown in Figure 2):

lori = l0 −
mdg
ks

(2)
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Suppose this position is the origin point O and establishing a coordinate (Figure 2),
the motion equation is as follows:

..
xd +

ksxd
md

(1− lori√
xd

2+(yd+lo)2
) = 0

..
yd +

ks
md

(yd + lo)(1− lori√
xd

2+(yd+lo)2
)− g = 0

(3)

where xd and yd denote the displacement of the SP in the horizontal and vertical direction;
ks is the stiffness of the spring; md is the mass of the mass block; lori is the original length of
the spring; l0 denotes the length of the spring under the load of gravity; g = 9.8 m/s2 is
gravitational acceleration.

At any moment, the spring will add a nonlinear restoring force to the mass block of
the SP in both x and y directions:

fx = ksxd(1− lori√
xd

2+(yd+lo)2
)

fy = ksyd(1− lori√
xd

2+(yd+lo)2
)−mdg

(4)

Since the mass block is suspended by a spring in the SP, it has two coupled vibration
modes: the radial vibration mode and the swing vibration mode. The radial vibration
mode allow the mass block to move in the radius direction, while in the swing mode, the
mass block moves like a pendulum (Figure 3). The circular frequency of the radial mode is
determined by the mass and stiffness of the spring:

ωs =

√
ks

m
(5)

in which ωs is the circular frequencies of the radial vibration mode; ks is the stiffness of the
spring; m is the mass of the mass block. In the swing mode, the mass block vibrates like a
pendulum; the circular frequency of this mode can be determined by:

ωp =

√
g
l0

(6)

where ωp is the circular frequencies of the swing mode; l0 is the length of the spring under
the load of gravity.
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In previous studies, it is found that if the ratio of ωs over ωp is near 2, the two vibration
modes are strongly coupled, and energy can be transfered between these two modes. This
phenomenon is named as internal resonance and

λ =
ωs

ωp
= 2 (7)

is named as internal resonance condition. In order to verify the motion equation of the
SP, a numerical model is established in MATLAB and the trajectory of an SP subjected
to an initial displacement is calculated and illustrated in Figure 4. It can be seen that the
trajectory of the SP is very consistent with the conclusion in the literature [71].
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It should also be noted that the suspended mass pendulum can be regarded as a
special SP, whose spring stiffness is very large; thus, the radial vibration mode is often
neglected. Compared with the SMP, the SP has two strongly coupled vibration modes,
which effectively increases its energy absorption ability.

2.3. Mechanism of the SPPTMD

Though previous studies also demonstrate that its energy absorption ability of the SP
is larger compared to the suspended mass pendulum, because the SP has an additional
radial vibration mode [45], the energy dissipation capacity of the SP is still insufficient.
Therefore, this paper incorporates the collision into the SP. As seen in Figure 5, the SPPTMD
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system consists of a connection plate, a mass block, a spring and a limiter with the built-
in viscoelastic material. Among these components, the connection plate is employed to
connect the SPPTMD system to the main structure, while the spring pendulum and the
limiter are used to absorb the vibration energy; additionally, the viscoelastic material is
applied to reduce the noise generated when the mass collides with the limiter, to avoid
local damage of the limiter and to increase the energy consumption during collision. The
vibration suppression principle of the SPPTMD system is as follows: (i) when the vibration
of the primary structure is small, the mass of the SPPTMD absorbs the kinetic energy
of the primary structure as a typical SP; (ii) when the vibration of the primary structure
exceeds a certain level, the added mass collides on the limiter and dissipate the absorbed
kinetic energy.
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the vibration of a structure.

3. Numerical Model of the Structure-SPPTMD System

Figure 6 demonstrates an n-degree-of-freedom (DOF) structure equipped with an
SPPTMD at the ith floor. It can be seen from Figure 7 that the is subjected to two forces, i.e.,
the restoring force (Fs) generated by the relative motion and the impact force (Fc) when the
SPPTMD collides on the boundary.
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Suppose the displacement of the ith DOF is xi, and the displacement of the SPPTMD is
xd and yd in the horizontal and vertical direction. Then the relative displacement between
the damper and the ith floor is

xr = xd − xi (8)

yr = yd (9)

Similar to Equation (4), the restoring force generated by the relative motion is:
Fs,x = ksxr(1− lori√

xr2+(yr+lo)2
)

Fs,y = ksyr(1− lori√
xr2+(yr+lo)2

)−mdg
(10)

Suppose the gap between the SPPTMD and the boundary is gp, then the relative
deformation of the elastic material attached to the surface of the boundary can be expressed
as follows:

δ =

{
xr − gp if impacts the right boundary
−xr + gp if impacts the left boundary

(11)

and the speed of the deformation is:
.
δ =

.
xr (12)

The impact force generated by the collision can be attained based on the Hertz contact
model [50]:

Fc =

{
βδ1.5 + cδ

βδ1.5
if

.
δ > 0

if
.
δ < 0

(13)

in which β is the pounding stiffness and c is the impact damping. c can be calculated by

c = 2ξ

√
β

mdmi
md + mi

(14)

where ξ is the impact damping ratio; md and mi are the mass of the SPPTMD and the ith
floor. ξ can be attained by:

ξ =
9
√

5
2

1− e2

e[e(9π − 16) + 16]
(15)

Here, e =
√

h∗
h is the restitution coefficient which can be determined by dropping a

sphere on the surface of the elastic material and measure the initial height, h, and bounced
height, h∗. In this paper, β = 17,000 N/m3/2 and e = 0.25 is obtained from previous
experimental studies [50].



Actuators 2021, 10, 44 8 of 19

It should be noted that the mass block of the SPPTMD can impact either on the left side
or the right side of the two boundaries. Therefore, Fdir is defined to indicate the direction
of the pounding force:

Fdir =


1 xd − xi > gp pounding on the right side
−1 xd − xi < −gp pounding on the left side
0 others not pounding

(16)

Based on Equations (8)–(16), the equations of motion for an n-degree-of-freedom
structure equipped with an SPPTMD attached to the ith degree of freedom can be derived
as follows: 

Ms
..
x(t)+Cs

.
x(t)+Ksx(t) = −MsI

..
xg(t) + LFs,x(t) + FdirLFc,x(t)

md
..
xd(t) = −Fs,x(t)− FdirFc,x(t)

md
..
yd(t) = mdg− Fs,y(t)− Fc,y(t)

(17)

where Ms, Cs and Ks are the mass, damping and stiffness matrices of the undamped
structure, respectively;

..
x(t),

.
x(t) and x(t) are the acceleration, velocity and displacement

vectors, respectively; I is a column vector of ones;
..
xg is the ground acceleration; and L

denotes the location of the SPPTMD; Fs is the nonlinear force generated by the spring of
the SPTMD; Fdir denotes the direction of the impact; Fc is the nonlinear pounding force;
md is the mass of the mass block; xd and yd denote the displacement of the SPPTMD in
the horizontal and vertical direction; Fs,y and Fc,y are the restoring force and the pounding
force, respectively, of the spring pendulum in the y direction.

In Equation (17), suppose the SPPTMD is attached to the ith degree of freedom of the
primary structure, then the location vector L is as follows:

L =

0, 0, · · · , 1︸︷︷︸
the ith element equals one

, 0, · · · , 0


T

(18)

Equation (17) is modeled in a Simulink environment of MATLAB and solved by the
ODE45, which is an embedded solver based on Runge–Kutta Method. The time step size
is variable, with the maximum step size set to 0.02 s. All other parameters are set to the
default values of the software.

4. Case Study

To demonstrate the vibration damping performance of the SPPTMD, a numerical
analysis is performed based on a 53.9 m high power transmission tower [45], which is a
typical high-rise structure. As shown in Figure 8, the transmission tower is simplified by
15 DOFs, and has a mass of 19,621 kg and a natural frequency of 1.87 Hz. The layout of the
SPPTMD on the transmission tower is illustrated in Figure 9.

In this paper, three recorded ground motions are chosen according to Chinese Code
for designing transmission tower structures [74], to verify the effectiveness of the proposed
SPPTMD, with their peak acceleration adjusted to 400 cm/s2. The detailed information
of the selected seismic records is shown in Table 1. Afterward, the damping performance
of an SMP, an SP and an SPPTMD with the same mass ratio are compared. The following
parameters are assumed for the numerical study: the mass ratio is 2%, the damping ratio is
2%, β = 17,000 N/m3/2, gp = 0.05 m. The seismic responses of the tower under the various
earthquake waves are shown in Figures 10–12.
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Table 1. Seismic records.

ID Earthquake Event Date Magnitude Station

EQ1 Kobe 16 January 1995 6.9 Oka
EQ2 Northridge 17 January 1994 6.6 Villa Park-Scrrano Avc
EQ3 Kobe 16 January 1995 6.9 Takatori
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Figure 10. Seismic response of the tower top under EQ1: (a) displacement; (b) acceleration; (c) envelope of displacement;
and (d) envelope of acceleration.
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Figure 11. Seismic response of the tower top under EQ2: (a) displacement; (b) acceleration; (c) envelope of displacement;
and (d) envelope of acceleration.
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Figure 12. Seismic response of the tower top under EQ3: (a) displacement; (b) acceleration; (c) envelope of displacement;
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To quantify the damping performance of the SPPTMD, the vibration reduction ratio is
defined as follows:

ηd =
(D0 − D1)

D0
× 100% (19)

ηa =
(A0 − A1)

A0
× 100% (20)

where D1 and D0 represent the displacements of the tower with and without control,
respectively; and A1 and A0 are the acceleration responses of the tower with and without
control, respectively. Table 2 lists the peak value and the root mean square (RMS) value of
the seismic response of the tower.

Table 2. Vibration reduction ratios of the transmission tower.

Earthquake Damper
ηd (%) ηa (%)

Peak (%) RMS (%) Peak (%) RMS (%)

EQ1
With SPPTMD 43.3 55.0 15.4 41.9

With SP 32.9 48.4 15.3 34.7
With SMP 26.7 24.7 7.7 14.8

EQ2
With SPPTMD 37.3 30.8 18.0 32.5

With SP 29.8 27.4 15.3 29.9
With SMP 21.3 7.0 15.7 0.8

EQ3
With SPPTMD 32.0 49.7 34.9 49.5

With SP 20.9 42.4 25.4 41.6
With SMP 10.4 5.2 14.0 0.02

Average
With SPPTMD 37.5 45.2 22.8 41.3

With SP 27.9 39.4 18.7 35.4
With SMP 19.5 12.3 12.5 5.2

It can be seen from Figures 10–12 that the vibration reduction ratio of SP and SPPTMD
are slightly better compared with SMP. Especially in terms of the vibration reduction ratios
of the displacement, SP and SPPTMD increased by more than 6% and 16%, respectively.
Figure 10 indicates that the SP and the SPPTMD can both reduce the vibration caused by
earthquakes on transmission tower. However, the displacement and acceleration reduction
ratios of the SPPTMD are larger than that of the SP. Compared to the SP, the vibration
reduction ratios of the displacement and acceleration are increased by 10.4% and 0.1%,
respectively, with the SPPTMD. The damping performance of the SPPTMD is better than the
SP because the pounding between the added mass and the delimiter provided additional
energy dissipation approach. Generally, the ability of the damper to reduce displacement is
better than the acceleration. In terms of the RMS value of the displacement and acceleration,
more effective suppression is achieved by the SPPTMD, with vibration reduction ratios of
55% and 41.9%, whereas those of the SP are only 48.4% and 34.7%, respectively.

Figures 11 and 12 show the better results. Under EQ2, the reduction ratios of the
displacement, acceleration, RMS of the displacement and RMS of the acceleration are 37.3%,
18%, 30.8% and 32.5%, respectively, when the SPPTMD is applied, which are greater than
those of the SP, i.e., 29.8%, 15.3%, 27.4% and 29.9%. Similarly, under EQ3, compared to
the SP, the displacement and acceleration reduction ratios of the transmission tower can
be increased by the SPPTMD from 20.9% to 32.0% and from 25.4% to 34.9%, respectively.
With regard to the RMS value of the displacement and acceleration, greater reduction ratios
are also observed with the SPPTMD, increasing from 42.4% to 49.7% and from 41.6% to
49.5%, respectively. Obviously, numerical results indicate that the SPPTMD has a slightly
improved vibration control performance under various earthquakes.
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5. Parametric Study

Although the vibration reduction performance of the proposed SPPTMD has been
verified numerically in the above Section 4, the influences of this damper’s key parameters
are not discussed. In this section, the pounding stiffness, the mass ratio, the gap between
the added mass and the limiter and the damping ratio of the primary structure are selected
as the key design parameters of the SP; their influence on the vibration reduction ratio are
discussed to achieve further understanding of the damper and provide some suggestion
for optimal design. Unless mentioned otherwise, all parameters have the same values as
in Section 4.

5.1. Pounding Stiffness

The pounding stiffness of the viscoelastic materials is an important parameter in
the numerical study. Its value may influence the vibration control effect of the proposed
SPPTMD. Therefore, in this section, three values (β = 5000 N/m3/2, β = 17,000 N/m3/2 and
β = 50,000 N/m3/2) were used to study its influence and the vibration reduction ratio ηd is
employed to interoperate the vibration control performance. When the pounding stiffness
β is set to 5000 N/m1.5, 17,000 N/m1.5 and 50,000 N/m1.5, the reduction ratios are 40.3%,
43.3% and 44.4%. This indicates that the vibration control effectiveness can be upgraded
with the increasement of pounding stiffness. However, this improvement is very slightly.
The time history of the tower with the three level of β are also illustrated in Figure 13. It
can be seen that the curves are very close, which also indicate that the pounding stiffness
has little influence on the damping effect of the SPPTMD. This conclusion is similar to that
of the PTMD, as in previously announced in the literature [50].

Actuators 2021, 10, x FOR PEER REVIEW 15 of 20 
 

 

37.3%, 18%, 30.8% and 32.5%, respectively, when the SPPTMD is applied, which are 

greater than those of the SP, i.e., 29.8%, 15.3%, 27.4% and 29.9%. Similarly, under EQ3, 

compared to the SP, the displacement and acceleration reduction ratios of the transmis-

sion tower can be increased by the SPPTMD from 20.9% to 32.0% and from 25.4% to 

34.9%, respectively. With regard to the RMS value of the displacement and acceleration, 

greater reduction ratios are also observed with the SPPTMD, increasing from 42.4% to 

49.7% and from 41.6% to 49.5%, respectively. Obviously, numerical results indicate that 

the SPPTMD has a slightly improved vibration control performance under various 

earthquakes. 

5. Parametric Study 

Although the vibration reduction performance of the proposed SPPTMD has been 

verified numerically in the above Section 4, the influences of this damper’s key parame-

ters are not discussed. In this section, the pounding stiffness, the mass ratio, the gap be-

tween the added mass and the limiter and the damping ratio of the primary structure 

are selected as the key design parameters of the SP; their influence on the vibration re-

duction ratio are discussed to achieve further understanding of the damper and provide 

some suggestion for optimal design. Unless mentioned otherwise, all parameters have 

the same values as in Section 4. 

5.1. Pounding Stiffness 

The pounding stiffness of the viscoelastic materials is an important parameter in the 

numerical study. Its value may influence the vibration control effect of the proposed 

SPPTMD. Therefore, in this section, three values ( 3/25000 /N m  , 3/217000 /N m   and 
3/250000 /N m  ) were used to study its influence and the vibration reduction ratio 

d
is 

employed to interoperate the vibration control performance. When the pounding stiff-

ness   is set to 5000 N/m1.5, 17,000 N/m1.5 and 50,000 N/m1.5, the reduction ratios are 

40.3%, 43.3% and 44.4%. This indicates that the vibration control effectiveness can be 

upgraded with the increasement of pounding stiffness. However, this improvement is 

very slightly. The time history of the tower with the three level of   are also illustrat-

ed in Figure 13. It can be seen that the curves are very close, which also indicate that the 

pounding stiffness has little influence on the damping effect of the SPPTMD. This con-

clusion is similar to that of the PTMD, as in previously announced in the literature [50]. 

 

Figure 13. Displacement at the top of the tower with different pounding stiffness values. 

5.2. Mass Ratio 

To study the influence of the mass ratio on the damping effect, the vibration reduc-

tion ratio of the transmission tower controlled by applying the SPPTMD with mass rati-

os from 1.5% to 3% was calculated. As plotted in Figure 14, the larger the mass ratio is, 

the better the damping effect of the SPPTMD is. However, considering the influence of 

0 5 10 15 20 25 30 35
-0.1

-0.05

0

0.05

0.1

Time (s)

D
is

p
la

c
e

m
e

n
t 

(m
)

 

 

β=5000N/m
3/2

β=17000N/m
3/2

β=50000N/m
3/2

22.5 23

-0.05

0

0.05

0.1

Time (s)

D
is

p
la

c
e

m
e

n
t 

(m
)

 

 

Figure 13. Displacement at the top of the tower with different pounding stiffness values.

5.2. Mass Ratio

To study the influence of the mass ratio on the damping effect, the vibration reduction
ratio of the transmission tower controlled by applying the SPPTMD with mass ratios from
1.5% to 3% was calculated. As plotted in Figure 14, the larger the mass ratio is, the better
the damping effect of the SPPTMD is. However, considering the influence of the economic
factor, it is suggested that the mass ratio of the TMD be 2% [75]. It can be seen from
Figure 14, when the mass ratio is 2%, the vibration reduction ratio is 43.3%.

5.3. Gap

Gap is an important factor, because the SPPTMD relies on the collision between the
mass block with the limiter to consume the kinetic energy of the tower. The vibration
reduction ratio curves of the SPPTMD with different mass ratios and gaps are shown in
Figure 14. As a result that the swing of the mass block decreases increasing mass ratio, to
ensure that the mass block can collide with the viscoelastic material, there must be different
optimal gaps at different mass ratios. The numerical results indicate that the optimal gap
decreases from 8 cm to 4 cm when the mass ratio increases from 1.5% to 3%. Moreover,
the optimal gap has a range for every case. In addition, if the gap is too large, no collision
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will occur. Take the case of a mass ratio of 2% as an example, the gap can be selected from
4 cm to 10 cm. When the gap is larger than 16 cm, the mass block does not collide with the
viscoelastic material; in this case, the SPPTMD equates with the SP.
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Figure 14. Displacement vibration reduction ratio of the tower with different mass ratios.

5.4. Damping Ratio of the Structure

The vibration reduction ratios of the tower with different damping ratios are given in
Table 3. Obviously, the vibration reduction ratios of the displacement and acceleration of
the SPPTMD are better than those for the SP. The SPPTMD can reduce the top displacement
and acceleration by 51.7% and 30.4% for a primary structure with damping ratio of 0.5%. If
the damping ratio of the primary structure reaches 5%, the vibration reduction ratios of
the displacement and acceleration are only 32.4% and 6.8%, respectively. All these results
indicated that the SPPTMD has a better vibration control performance on structures with
low damping.

Table 3. Vibration reduction ratios of the tower with different damping ratios.

Damping Ratio (%) Damper
ηd (%) ηa (%)

Peak (%) RMS (%) Peak (%) RMS (%)

0.5
With SPPTMD control 51.7 75.4 30.4 63.3

With SP control 42.0 71.6 27.8 59.2

2
With SPPTMD control 43.3 55.0 15.4 41.9

With SP control 32.9 48.4 15.3 34.7

5
With SPPTMD control 32.4 40.3 6.8 24.4

With SP control 27.3 34.3 7.8 18.8

6. Conclusions

In this paper, a novel damping device with the name of spring pendulum pounding
tuned mass damper is proposed for vibration control of high-rise structures. The SPPTMD
consists of a mass block hanged by a spring (the SP part) and a barrel delimiter to restrain
the motion of the mass. Governing equation of an m.d.o.f. structure damped by an SPPTMD
is derived. A realistic power transmission tower is selected as the high-rise structure to
be controlled, to validate the damping ability of the proposed SPTMD. Furthermore, a
parametric study was also conducted to investigate the influence of pounding stiffness,
mass ratio, gap and damping ratio on the damping effect. Based on these numerous
numerical results, the following findings can be concluded:

1. Vibration control performance of the proposed SPPTMD is slightly improved com-
pared with the SP and SMP. The maximum displacements of the tower are reduced
by SMP, SP and SPPTMD by 19.5%, 27.9% and 37.5%, respectively. For the RMS value
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of the displacement, reduction ratios are 12.3%, 39.4% and 45.2%, also demonstrating
the superiority of the SPPTMD.

2. Vibration reduction ratio of the relative displacement is larger than that of the acceler-
ation. The reduction ratio of the peak value and RMS value of the displacement is
37.5% and 45.2%, respectively. However, reduction ratio of the peak acceleration and
RMS acceleration is only 22.8% and 41.3%.

3. In the parametric study, the pounding stiffness has little influence on the damping
effect. When the pounding stiffness is increased by 10 times, the displacement vibra-
tion reduction ratio at the maximum pounding stiffness is only 6.9% higher than that
of the minimum pounding stiffness.

4. Larger vibration reduction ratio can be achieved by increasing the mass ratio of the
SPPTMD. This is similar to the classical TMD or PTMD.

5. The damping effectiveness is influenced by the gap. The optimal gap is determined
by the mass ratio. When the mass ratio increases from 1.5% to 3%, the maximum
displacement reduction ratio increases from 31.88% to 60.57% and the optimal gap
decreases from 8 cm to 4 cm.

6. Damping ratio of the primary structure also influences the vibration reduction ratio
of the SPPTMD. As the structural damping ratio increased from 0.5% to 5%, the
reduction ratio of displacement drops from 51.7% to 32.4%.
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