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A double-layer tuned mass damper (DTMD) has advantages of wide damping frequency band and strong robustness. At present,
there is a lack of seismic designmethods for high-rise structures based on DTMDs. In this study, a DTMD parameter optimisation
method was proposed, with the objective of minimising the peak displacement response of a first N-order vibration modal with a
vibration mass participation factor of 85%.,en, a scale model of a high-rise structure was fabricated, along with a corresponding
DTMD. Different types of excitations were chosen to clarify the dynamic responses of the model with and without the DTMD,
including Site-II ground motions, long-period (LP) ground motions without pulses, and near-fault pulse-type (NFPT) ground
motions. ,e results indicate that the dynamic responses of high-rise structures under LP and NFPT ground motions are much
greater than those under Site-II ground motions. ,e DTMD can effectively reduce the absolute displacement response, ac-
celeration response, and strain response at the top floor of the test model. However, the DTMD has a time delay in providing the
damping effect. A smaller damping ratio between the upper TMD and the controlled structure will lead to a more significant
damping effect for the DTMD.

1. Introduction

With the rapid development of urbanisation and the
economy, high-rise structures play an important role in
urban modernisation. High-rise structures provide conve-
nience to the society but also bring new challenges in en-
gineering. With the continuous innovation of construction
technologies and building materials, high-rise structures
have become lighter and more flexible and required less
damping; moreover, the structures mainly experience low-
frequency vibrations. Owing to the characteristics of high-
rise structures, such as a long natural vibration period,
multiorder modes participating in vibration, sensitivity to
wind, and earthquake-induced responses [1–4], seismic
design has always been the focus.,erefore, researchers have
conducted a series of studies on improving the seismic
performance of high-rise structures, focusing on the

application of steel-concrete composite structures and the
introduction of energy dissipation measures.

Steel-reinforced concrete (SRC) and concrete-filled steel
tubes (CFSTs) have been widely used in high-rise structures
in recent years. ,e core tube of the Shanghai Centre Tower
adopted the SRC structure, and through a shaking table test
of a 1/40-scale model, Tian et al. [5] showed that the
structure could meet the seismic performance target re-
quired by the design. Cao [6,7] took Beijing China Zun as a
prototype and, through a series of seismic performance tests,
found that the CFST mega-column (with a complex cross
section andmultiple cavities) could significantly improve the
bearing capacity and elastic deformation capacity of the
structure. Guangzhou’s New TV Tower [8] and Tianjin’s Jin
Tower [9] adopted CFSTmega-columns as the main bearing
members. ,rough theoretical analysis and experimental
research, it was concluded that these structures had a good
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deformation capacity and good ductility, along with a certain
seismic reserve capacity. Nie et al. [10], Wang et al. [11], Uy
et al. [12], and other scholars also conducted a series of
studies on the bearing capacity and seismic performance of
steel-concrete composite structures and demonstrated their
effectiveness in applications for high-rise structures. At
present, studies worldwide have shown that SRC and CFSTs
can evidently improve the seismic performance of a struc-
ture; nevertheless, with a continuous increase in building
height, it also leads to higher requirements for its mechanical
performance.,e connection performance between the steel
and concrete is a key parameter affecting the seismic per-
formance of steel-concrete composite structures, but the
quantitative evaluation method for the connection mecha-
nism between them remains imperfect.

,erefore, the introduction of energy dissipation mea-
sures in high-rise structures has become a research hotspot.
Tang [13] set 30 viscous dampers in the sightseeing tower of
the Nanjing Olympic Sports Centre for wind-induced vi-
bration control. ,e dynamic responses of the structure
decreased, and the comfort requirements for the sightseeing
platform were met. Venanzi [14] effectively reduced the
dynamic responses of a high-rise structure under a wind load
by setting an optimised tuned mass damper (TMD). Fan
et al. [15] used a high-level fire water tank as a mass block
and combined it with viscous dampers to form a TMD
system for effectively suppressing the resonance responses of
the Beijing Olympic Tower caused by dense crowd excita-
tions. Armali et al. [16] studied the vibration control of a 40-
story building with friction dampers and optimised the
number and location of the dampers. ,e results showed
that the friction dampers can significantly reduce the dy-
namic response of the structure under seismic load and
verified the effectiveness of friction dampers in high-rise
structures. Liang [17] studied the seismic control of a high-
rise structure with a metal damper. ,e results showed that
the metal damper had good seismic performance and
achieved the expected seismic control effect. Qian and Ding
[18] took the Beijing CCTV Tower as a prototype and
analysed the influence of an annular tuned liquid damper
(TLD) on the tower through a shaking table test of a 1/150-
scale model. ,e results indicated that the TLD could ef-
fectively decrease the resonance response of the first mode of
the structure. Both the Zhuhai Jinshan Building [19] and
Dalian International Trade Building [20] set a rectangular
TLD water tank on top of their main structure; this evidently
reduced the acceleration response of the top and improved
the comfort in the building under a wind load. Naeim et al.
[21] introduced a high-rise structure with particle dampers
in the centre of Santiago, which suffered from the 2010
Chilean earthquake. To some extent, the study indicated that
particle dampers can be applied on high-rise structures. Lu
et al. [22] applied tuned particle damper technology for the
wind-induced vibration control of high-rise structures and
indicated that the tuned particle damper could be used to
decrease the wind-induced vibration response of the top of a
high-rise structure. Wang [23–25] introduced an adaptive
TMD which can retune its frequency and damping ratio in
real time based on the vibration state of the structure. ,e

adaptive TMD was applied to a wind-sensitive concrete
chimney. And, the results showed that the adaptive TMD
had better control effect and robustness than that of passive
TMD. Wang et al. [26] introduced a Tuned Liquid Column
Damper-Inerter (TLCDI) system to control the seismic
response of adjacent high-rise buildings. ,e results indi-
cated that the optimum TLCDI system can significantly
reduce the peak acceleration of both adjacent high-rise
buildings. ,e recent findings show that different types of
dampers have achieved some beneficial performance in the
seismic control of high-rise structures. Energy dissipation
measures can reduce the seismic response, wind-induced
response, and human-induced vibration of high-rise
structures to a certain extent. However, owing to the
multiorder modes participating in the vibration of high-rise
structures, all of the above dampers have certain limitations
in seismic control. A single TMDor TLD can only reduce the
vibration of a low order (or one certain order) of the
controlled structure, and their robustness is poor. ,e soft
steel members in the metal dampers may yield when the
deformation is large. In addition, as compared to a single-
story building, with the high stiffness of the high-rise
structure, the ability to improve the stiffness of the metal
damper is limited and the local energy dissipation is not
evident. ,e friction damper may produce a permanent
displacement after an earthquake, thereby requiring main-
tenance and protection in the later stage; moreover, the
permanent displacement will greatly weaken the damping
performance of the damper. ,e damping effect of viscous
dampers is closely related to the displacement and velocity of
the controlled structure, and the energy dissipation and
damping capacity are limited for long-period and low-fre-
quency high-rise structures. ,e particle dampers have good
robustness and good control effects on themultiorder modes
of structures, but their damping effects are poor before the
damping particles start to vibrate. ,e adaptive TMD can
avoid the disadvantage of poor robustness of traditional
passive TMD, and the TLCDI system can provide a certain
damping effect on both adjacent buildings. However, the
design and practical operability of the adaptive TMDs and
the TLCDI systems are more complex than those of passive
TMDs.,e adaptive method and simply application method
of the adaptive TMDs and the TLCDI systems are still a
hotspot study.

In recent years, the theory and technologies for multiple
TMDs (MTMDs) have been developed rapidly [27–30].
Compared with TMD, a MTMD has a wider damping
frequency band, has better robustness, and provides a
certain damping effect under microvibration. Li [31],
Bandivadekar and Jangid [32], and ,arwat [33] et al. had
studied applications of MTMDs in engineering, and the
results showed that the MTMD has superior application
prospects for structural seismic control. Moreover, Wang
et al. [34] introduced an adaptive-passive variable mass
multiple TMD (APVM-MTMD) system, and a large-span
floor structure was proposed as a case study. ,e results
indicated that the damper system could retune itself and
had better vibration control effect. De [35] studied a multi-
TMDI (MTMDI) system and applied it on the vibration
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control of adjacent high-rise buildings. ,e MTMDI sys-
tem was arranged between the adjacent buildings. ,e
relative acceleration response of the adjacent structures can
introduce a large reaction force on the inserter device in
MTMDI. And, the reaction force of the MTMDI can de-
crease the dynamic response of adjacent buildings. ,e
optimised MTMDI provided a better acceleration damping
control for adjacent high-rise buildings than a traditional
MTMD or a single TMDI. However, owing to the complex
structure of the MTMD and the MTMDI systems, the
application method for the MTMD andMTMDI need to be
further studied. As a special case of MTMD, a double-layer
TMD (DTMD) is not only simple in structure but also has
mature theoretical analysis. In addition, DTMD also has an
evident damping control ability and a better robustness for
structural seismic control [36–38]. However, the applica-
tion method and damping effect of DTMD for practically
structures were still unclear, especially for high-rise
structures under the ground motions with long-period
characteristics.

Herein, through the establishment of a DTMD-single-
degree of freedom (SDOF) system and parameter optimi-
sation theory, a DTMD with optimised parameters was
designed and manufactured. ,en, the DTMD was set in a
scale model of a high-rise structure. Different types of
ground motions were selected as excitation inputs, such as
Site-II ground motions, long-period (LP) ground motions
without pulses, and near-fault pulse-type (NFPT) ground
motions with different velocity periods. And, a series of
shaking table tests were conducted to analyse the damping
effect of the DTMD for high-rise structure.

2. Experimental Program

2.1. Description of the Scaled Model. ,e experimental
prototype is the Liuan Tower in China, with a height of
308m and a weight of 133588 kN. ,e material of the main
structure is Q345 steel (yielding stress was 345MPa).
According to the full-scale finite element model of the
structure (excluding the mast), the natural frequencies of the
first three order translational formations were obtained, as
shown in Table 1.

Considering the bearing capacity of the shaking tables
in the Beijing University of Technology, the dimension
scale of the model was set to 1/20. ,e model tower was
welded with a steel plate counterweight along the height
direction to make its equivalent mass density reach 2.0. ,e
height of the model was 11m without the mast. And, the
weight of the model was 32.2 kN with the counterweight.
,e scaled model was made of the same material as the
prototype. ,e other physical quantities were strictly
simulated based on the similarity relationships [39] shown
in Table 2. Because the weight and height of the model was
high and the test model was axisymmetric, the excitations
were only input along the X-direction. ,e acceleration,
displacement, and strain sensors were used to monitor the
dynamic response of the model. ,e layout of measuring
points is shown in Figure 1(a), and the designed test model
is shown in Figure 1(b).

2.2. Dynamic Characteristics of the Model. Table 3 gives the
natural frequencies of the model tower obtained by input-
ting white noise signal, as well as the frequencies of the finite
element analysis (FEA) results and the theoretical analysis
results. To obtain the frequencies of the FEA and the the-
oretical analysis results, firstly, the prototype finite element
model (FEM) was constructed based on the Midas Gen
V2019 platform.,en, the frequencies of the prototype FEM
were analysed (shown in Table 1). Secondly, the theoretical
frequencies of the scaled model can be obtained through
multiplying the frequencies of the prototype FEM by the
similarity coefficient (shown in Table 2). However, the FEA
frequencies of the scaled model can be directly obtained
through the analysis results of the scaled FEM based on the
Midas Gen V2019 platform.

According to the data in Table 3, the deviation of the
first-order frequency obtained from the scaled FEA and
similarity theory is within 8% and the deviations of the
second-order and third-order frequencies are less than 5%.
Moreover, the deviations between the frequency of the
scaled test model and the data of the scaled FAM are also
within 10%. Considering the setting error of the additional
mass and the manufacturing error of the scaled model,
both the scaled test model and scaled FEA model can
reflect the actual stress and deformation state of the
prototype [2].

2.3. Test Conditions. Liuan Tower was located in a Class-II
site (Site-II), with a 7-degree fortification zone. And, the
designed earthquake group was the first group. In this case,
the designed seismic response spectrum of the model tower
was firstly determined according to the code for seismic
design of buildings (GB 50011-2010), and the typical period
range of the design response spectrum was also determined
as 4s∼9s based on the basic vibration period of the prototype
tower. ,en, three Site-II ground motions were chosen from
the database of the PEER. Moreover, in order to study the
dynamic response law of the SHR structures under the NFPT
and LP ground motions, three NFPT ground motions and
three LP ground motions without pulses with the same site
conditions were also chosen. ,e response spectrum curves
of the ground motions are shown in Figure 2.

As Figure 2 shows, the selected NFPTand the LP ground
motions all have the characteristic of long-period effect. ,e
spectrum value of the NFPT and LP ground motions is
relatively large in the long-period range (4 s∼9 s), which can
easily induce larger dynamic response of the prototype
structure (the first-order vibration period is about 7.5 s).
Compared with the NFPT and LP ground motions, the
spectrum value of the selected Site-II ground motions is
relatively small in the long-period range (4 s∼9 s). Detailed

Table 1: Natural vibration parameters.

Frequency Value (Hz) Vibration mass participation factor (%)
ω1 0.132 67
ω2 0.719 76
ω3 1.340 86
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information on each ground motion is shown in Table 4.
Notably, the three NFPT ground motions had different
velocity pulse periods (VPPs). However, the VPP of 7.50 s
was basically the same with the natural vibration period of
the original structure (7.58 s). Moreover, it can also be seen
that the bracketed and energy duration of the LPs are much
longer than that of the NFPTs and Site-II motions. Ac-
cordingly, with the same PGA, the dynamic response of the

controlled structure under the LPs will supposedly be larger
than that of under the NFPTs and Site-II motions.

Because the seismic fortification intensity was 7°, the
peak accelerations corresponding to the frequent earthquake
E1 and fortification earthquake E2 were 0.035 g and 0.1 g,
respectively. Considering the safety of the test process and
effectiveness of the damper, only the above two acceleration
peaks were considered. According to Table 2, the peak

Table 2: Similarity relationships.

Physical quantity Unit Similarity relationship Similar coefficient
Scale (L) SL 1/20
Displacement (L) Sδ � SL 1/20
Elastic modulus (FL−2) SE 1
Equivalent mass density (FL−4T2) Sρe

2
Strain — Sε 1
Stress — Sσ � SESε 1
Frequency (T−1) Sω � 1/ST 14.142
Acceleration (LT−2) Sa � SE/(SLSρe

) 10
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Figure 1: Model tower and its measuring points. (a) Layout of measuring points. (b) Test model.

Table 3: Comparison of the dynamic characteristics of the model.

Frequency FEA value (Hz) ,eory value (Hz) Test value (Hz)
Deviation rate (%)

(FEA-theory)/theory (Test-FEA)/FEA
ω1 1.730 1.870 1.640 7.50 5.20
ω2 9.810 10.170 9.200 3.50 6.20
ω3 18.030 18.950 16.490 4.90 8.50
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accelerations of E1 and E2 were adjusted to 0.35 g and 1.0 g,
respectively. ,e ground motions were input along the
horizontal direction (X-direction), which was the same as
the vibration direction of the damper.

3. Design of the Damping Scheme

3.1. Optimisation Method of Damper Parameters

3.1.1. Mechanical Model of Double-Layer Tuned Mass
Damper (DTMD). As shown in Figure 3(a), the DTMD
comprises an upper TMD and lower TMD in series and the
upper TMD is connected to the controlled structure. ,e
work of the DTMD is as follows: the upper tuned mass can
swing around the controlled structure through the universal
hinge C (it can be adjusted as a one-direction hinge when the
vibration is unidirectional, the same as below) and con-
necting rod D. ,e lower tuned mass can swing around the
upper tuned mass through the universal hinge E and con-
necting rod F.

According to the Code for Seismic Design of Buildings,
when themode decomposition response spectrummethod is
adopted, the horizontal seismic effect can only take the first

2-3 modes for structures without using a torsional coupling
calculation. ,e number of modes can be appropriately
increased when the natural vibration period is greater than
1.5 s or when the height-width ratio of the buildings is
greater than 5. By neglecting the coupling effect of every
translational formation of the high-rise structure and taking
the first n-order translational DOFs as an example, the i-
order translational formation can be regarded as a SDOF
structure with the same vibration participation mass and
same frequency as the i-order formation. We assumed that
the mass, the stiffness, and the damping coefficient of a
SDOF structure were m0, k0, and c0, respectively. ,e upper
tuned mass had a mass of m1 and was connected to the
controlled structure, and its stiffness k1 and damping co-
efficient c1 were provided by the universal hinge C and
connecting rod D.,emass of the lower tuned mass wasm2,
and its stiffness k2 and damping coefficient c2 were provided
by the universal hinge E and connecting rod F. ,e external
harmonic excitation was F � P0 exp(iωt) (i �

���
−1

√
). ,e

relative displacement response between the controlled
structure and the ground was x0(t), and the corresponding
displacement response of the upper and lower tuned masses
was x1(t) and x2(t), respectively. According to the DTMD
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Figure 2: Acceleration response spectra of selected ground motions compared with the design response spectrum. (a)Site-II ground
motions. (b) NFPT ground motions. (c) LP ground motions.

Table 4: Information of the ground motions.

Excitation types Record sequence
number (RSN) Name VPP

(s) M Bracketed duration
(≥1/3Amax) (s)

Energy duration
(5%–95%) (s)

Peak ground
acceleration (PGA)

(g)

Site-II
56 (130) San Fernando — 6.61 11.6 18.9 0.071
56 (220) San Fernando — 6.61 14.7 18.9 0.071

83 San Fernando — 6.61 8.4 14.3 0.074

Near-fault pulse-
type (NFPT)

2457 Chi-Chi_
Taiwan-03 3.18 6.20 5.7 12.9 0.187

900 Landers 7.50 7.28 8.3 18.9 0.245

6911 Darfield_New
Zealand 9.92 7.00 7.6 9.5 0.450

Long period (LP)
69 (249) San Fernando — 6.61 51.7 52.4 0.029

74 San Fernando — 6.61 33.6 29.6 0.007
90 (132) San Fernando — 6.61 51.4 49.3 0.017
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mechanical model in Figure 3(b), equation (1) could be
obtained [36,38,40,41] as follows:

M €X + C _X + KX � F, (1)

where M �

m0 0 0
0 m1 0
0 0 m2

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦， C �

c0 + c1 −c1 0
−c1 c1 + c2 −c2
0 −c2 c2

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦，

K �

k0 + k1 −k1 0
−k1 k1 + k2 −k2
0 −k2 k2

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦， X �

x0(t)

x1(t)

x2(t)

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
，and F �

P0 exp(iωt)

0
0

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.

If xj(t) � hj(ω)exp(iωt)(j � 0, 1, 2), then a calculation
can be made as follows:

−ω2
M + iωC + K h(ω) � F0. (2)

Here, the variables are determined as follows: h(ω) �

h0(ω)

h1(ω)

h2(ω)

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
and F0 �

P0
0
0

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
; let μ1 � (m1/m0), μ2 � (m2/

m0), λ
2
1 � (ω2

1/ω
2
0), λ

2
2 � (ω2

2/ω
2
0), ξj � (cj/2mjωj), λ

2 � (ω2

/ω2
0), and Δst � (P0/k0).
Equation (2) can be expressed as follows:

−A1 + A2 + A3( h(ω) � Δ. (3)

Here, the variables are determined as follows:

A1 �
λ2 0 0
0 μ1λ

2 0
0 0 μ2λ

2

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦,

A2 � 2λi

ξ0 + ξ1μ1λ1 − ξ1μ1λ1 0
− ξ1μ1λ1 ξ1μ1λ1 + ξ2μ2λ2 − ξ2μ2λ2

0 − ξ2μ2λ2 ξ2μ2λ2

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦,

A3 �

1 + μ1λ
2
1 −μ1λ

2
1 0

−μ1λ
2
1 μ1λ

2
1 + μ2λ

2
2 −μ2λ

2
2

0 −μ2λ
2
2 μ2λ

2
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦, and Δ �

Δst

0
0

⎛⎜⎝ ⎞⎟⎠.

In this study, we let sj � 2ξjμjλjλi + μjλ
2
j (j � 0, 1, 2)

and μ0 � 1 and λ0 � 1. ,en, the displacement dynamic

magnification factor (DDMF) of the controlled structure can
be obtained as follows:

DDMF �
−μ1μ2λ

4
+ I0(μ, s)λ2 − s1s2

μ1μ2λ
6

− I1(μ, s)λ4 + I2(μ, s)λ2 − s0s1s2
. (4)

,e values of the variables are calculated as follows:

I0(μ, s) � s2μ1 + s1μ2 + s2μ2,

I1(μ, s) � μ1s2 + μ2s1 + μ2s2 + s0μ1μ2 + s1μ1μ2,

I2(μ, s) � s1s2 + s0s2μ1 + s0s1μ2 + s1s2μ1 + s0s2μ2 + s1s2μ2.
(5)

3.1.2. Parameter Optimisation Method. Based on the
MTMD parameter optimisation method, the DTMD was
optimised using a numerical optimisation method
[38,42–46]. ,en, two important evaluation parameters of
the SDOF structure with n-order TMDs can be given as
follows:

P1 � 
n+1

i�1

Pmax(i)

n + 1
, (6)

P2 � 
n+1

j�1


n+1

i�1

Pmax(i)

n + 1
− Pmax(j)

⎧⎨

⎩

⎫⎬

⎭

2

. (7)

Here, Pmax(i) denotes the peaks of the displacement
response curve, P1 denotes the average value of the peaks,
and P2 denotes the deviation value of the peaks. Shen [47]
introduced an optimised method for a double-layer tuned
particle damper. However, that method did not consider the
effect of multimode participation. According to Table 1, the
cumulative vibration mass participation factor for the first
three modes of the prototype reaches 86%. Accordingly, the
optimisation method of DTMD for HRS must consider the
effect of multimode participation. ,en, according to
equations (6) and (7), the optimisation parameter expression
of the DTMD is as follows:

D

A

C

B
F

E

Controlled structure

(a)

k2 c2

m2

k1 c1

m1

k0 c0

m0

DTMD

Controlled structure

(b)

Figure 3: Double-layer tuned mass damper (DTMD) model. (a) Model sketch. (b) Mechanical model.

6 Shock and Vibration



Ζ μ, μ1, μ2, ξ0, ξ1, ξ2, λ1, λ2, λ(  � min ϕ1 P11 + P12(  + ϕ2 P21 + P22(  + ϕ3 P31 + P32(  . (8)

Here, Pi1 and Pi2 represent the optimisation indexes 1
and 2 of the displacement response peak of the i-order mode,
respectively. ϕi represents the ratio of the vibration mass
participation factor of the i-order mode to the total vibration
mass participation factor for the first N-order modes. In this
study, i� 1, 2, 3 and N� 3, and the corresponding values of
ϕ1, ϕ2, and ϕ3 are 0.779, 0.105, and 0.116, respectively.
Because the additional mass of the damper has a significant
influence on the stress state of the controlled structure
[14,15,18–22] and that the damping effect will be poor when
the additional mass ratio is excessively small, the additional
mass ratio of the tuned damper is mostly controlled to be in
the range of 2%–5%. In this study, the additional mass ratio μ
of the optimised DTMD was 5%. ,e test model was a steel
structure, and the damping ratio ξ0 of the controlled
structure was set at 0.02, according to the measured value. It
should be pointed out that the controlled structure was
assumed to be in an elastic state and the damping variation
of the controlled structure (including the soil damping and
structure damping) was not considered. ξ1 and ξ2 were the
damping ratios of the upper and lower tuned masses, re-
spectively, and their values were in the range of 0–0.15 and
0–0.4. λ1 and λ2 represented the ratios of the natural fre-
quencies of the upper and lower tuned masses to the con-
trolled structure, respectively. And, their values were all in
the range of 0.6 to 1.4. λ was the ratio of natural frequency of
the controlled structure to the excitation and was within the
range of 0.60 to 1.40. Moreover, there may be some local
minimum and saddle point of the optimisation results. To
avoid the local minimum and saddle point, we usually draw
all the displacement responses of the controlled system with
different optimisation results and select a best one as the
optimisation parameters. Figure 4(a) shows a comparison of
the optimisation results for TMD, MTMD, and DTMD.,e
theoretical optimisation results of the DTMD-SDOF system
are shown in Figure 4(b).

As shown in Figure 4(a), the damping frequency band of
the optimised TMD is about 0.16λ0, while the damping
frequency band of the optimised DTMD is greatly increased
to 0.30λ0 under the same optimisation conditions. ,e
frequency range of the optimised DTMD is wider than that
of the TMD. ,e optimised DTMD has essentially the same
damping frequency band as the optimised MTMD. In ad-
dition, it can be seen from Figure 4(b) that the damping
effect and robustness of the DTMDdecrease with an increase
in the damping ratio of the upper TMD.

3.2. Damper Design. ,e experimental validation work is
also a data support and methodological reference for the
future application of shock absorbers. Transforming theo-
retical optimisation parameters into practical available pa-
rameters has always been hotspot study in engineering field.
,e application method (including design and manufacture
method) of optimisation parameters is also necessary to be
verified by experiments. According to the dynamic

parameters of the prototype tower and optimisation method
described in Section 3.1, the optimised parameters of the
DTMD in this study were determined, as shown in Table 5.

According to Table 5, the mass of the upper TMD can be
determined as m1 � 0.0462m0 and the natural frequency is
f1 � f0 � 1.64Hz, in which m0 is the first-mode partici-
pation mass of the prototype model. Also, the maximum
angular displacement of the upper TMD without damping
was always less than π/18 (10 degrees) in this study. ,e
influence of the angular displacement can be ignored. ,en,
the connection stiffness between the upper TMD and
controlled model can be simplified as equation (9).

ω1 �

����������
g

L
+

k1

m1

h

L
 



, (9)

Here, ω1 is equal to 10.24 rad/s and it represents the
natural frequency of the upper TMD without damping. ,e
acceleration of gravity is g � 9.8m/s2. L is the effective
pendulum length and was 370mm in this test. h represents
the distance between the upper connection point and the
lower connection point and in this study, it was the same as
the effective pendulum length L. ,e external spring stiffness
was obtained through equation (9) and was equal to 7780N/
m. ,e stiffness of the outer spring was obtained by cus-
tomising the tension spring and met the deformation re-
quirement of the pulling length.

,e mass and natural frequency of the lower TMD are
m2 � 0.0038m0 and f2 � 0.91f0 � 1.49Hz, respectively.
Because the mass of the lower TMD was relatively small, its
natural frequency was determined by the pendulum length.
,en, the pendulum length of the lower TMD was obtained
through ω2 �

���
g/L


and was equal to 111mm. Based on the

optimised parameters in Table 5, the equivalent damping
ratio of the lower TMD was approximated by

ξ2 �
C2

2m2ω2
. (10)

Here,C2 is the equivalent damping coefficient and can be
calculated from the required equivalent damping ratio. In
this study, the equivalent damping at the unidirectional
hinge was provided by its friction. According to the principle
of energy equivalence, if the areas of the friction-displace-
ment curve and equivalent viscous damping-displacement
curve are the same under the same harmonic excitation, then
they are equivalent. ,e friction coefficient μ between the
unidirectional hinge of the upper TMD and lower TMD was
obtained based on their area equivalence.

μ �
πC2 ω2s( 

4m2g
. (11)

In this study, the DTMD mainly concerned the first-
order vibration mode and the displacement response am-
plitude s in equation (11) was determined according to the
displacement response amplitude of the DTMD. Because the
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first-mode participation mass of the model and the addi-
tional mass of the DTMD satisfied m0 � nm, the first-order
stiffness between them satisfied k0 � nk. ,e peak dis-
placement d0 of the model and the peak displacement d of
the DTMD must satisfy an equation, as follows:

d

d0
�
1
2
±

�����

n +
1
4



. (12)

Since the parameter n is equal to 20, d0 was approxi-
mately 7.0mm under frequent earthquakes E1 and 15.0mm
under fortification earthquakes E2, respectively. ,e friction
coefficient was equal to 0.10 and 0.22, respectively. In this
study, the friction coefficient was obtained by using a steel
unidirectional hinge and applying lubricant.

Considering the top space of the model tower, instal-
lation position of the damper, length of the springs, and
optimised design parameters in Table 5, the upper TMD was
composed of the steel box and counterweight. ,e coun-
terweight was arranged at the centroid position of the steel
box, and the total weight of the upper TMD was 99.24 kg.
,e designed DTMD is shown in Figure 5.

,e numerical optimisation showed that a smaller
damping ratio of the connection would lead to a more sig-
nificant damping effect for the DTMD. To verify the theo-
retical results, this study also considered different boundary
conditions for the connection when studying the damping
effect of the DTMD.,ey were (1) case-I (the connection was

filled with the polytrifluorochloroethylene (PCTFE), and the
equivalent damping ratio was in the range of 0.26 to 0.56); (2)
case-II (the connection had no treatment, and the equivalent
damping ratio was in the range of 0.12 to 0.25); (3) case-III
(the connection was lubricated with oil, and the equivalent
damping ratio was in the range of 0.04 to 0.08).

In addition, the displacement response of the upper
TMD and the lower TMD were monitored by the dis-
placement sensors. And, a GoPro camera was also used to
record the motion state of the damper in real time, as shown
in Figure 5(c).

4. Experimental Results and Analysis

To better evaluate the seismic performance and control effect
of the DTMD, the absolute displacement response (ADR),
root mean square (RMS) of the absolute displacement re-
sponse (RMS-ADR), acceleration response (AR), and strain
response (SR) of the top floor were analysed. For effective
and efficient calculations, the lower limits of the ADR, AR,
and SR were determined as 0.5mm, 20 cm/s2, and 1 με,
respectively. ,e expressions for the effective RMS and
decreasing ratios of each parameter are as follows:

λd � sqrt 
n

if xi≥x0

x
2
i

n
⎛⎝ ⎞⎠,

ηj �
λj0 − λj

λj0
  × 100%.

(13)

Here, xi denotes the dynamic response at i moment and
λj0 denotes the responses of the model without DTMD for
each parameter. j can take the values of 1, 2, 3, and 4 and
represent ADR, RMS-ADR, AR, and SR, respectively.
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Figure 4: Typical optimisation results of the damper (μ � 0.05; ξ0 � 0.02). (a) Comparison of DTMD, TMD, and multiple TMD (MTMD).
(b) Optimised DTMD.

Table 5: Optimised parameters of the double-layer tuned mass
damper (DTMD).

Parameter μ ξ λ
Upper tuned mass damper 0.0462 0.02 1.00
Lower tuned mass damper 0.0038 0.21 0.91
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4.1. Experimental Results of theOriginalModel. According to
the three types of ground motions selected in Section 2.3,
shaking table tests of the original model were firstly carried
out. Figure 6 shows the dynamic response curves of the top
floor under three typical ground motions.

As shown in Figure 6, the displacement response of the
model tower is mainly a low-frequency response under the
three typical ground motions, conforming to the response
characteristics of high-rise structures. For the E1 and E2
excitations, the ADRs under the NFPT ground motion
(RSN900) and the LP ground motion (RSN74) are signifi-
cantly larger than those under the Site-II ground motion
(RSN56 (130)). Moreover, this phenomenon becomes much
more evident as the excitation peaks increase. For the E1 and
E2 excitations, the amplitudes of ADRs under the RSN74
wave are 1.09 times and 1.89 times larger than those under
the RSN56 (130) wave, respectively. Meanwhile, the am-
plitudes of the ADRs under the RSN900 wave are 1.21 times
and 1.85 times larger than those under the RSN56 (130)
wave, respectively. In addition, the ADR, RMS-ADR, AR,
and SR of the model without the DTMD are given in Table 6.

As shown in Table 6, under the three types of ground
motions, the ADR, RMS-ADR, AR, and SR values of the
model significantly increase with the increase in amplitude
of the excitations. ,e dynamic response of the model under
the NFPT and LP ground motions is more significant than
that under the Site-II ground motions. Taking the E2
earthquake as an example, the average peak of the ADRs
under Site-II ground motions is 7.87mm. ,e corre-
sponding values reach 11.87mm and 15.33mm under NFPT
ground motions and LP ground motions, respectively.

When the velocity pulse period of the NFPT ground
motion is close to the natural vibration period of the original
model, the dynamic response of the model will be more
significant; this is consistent with the research results of Shen
et al. [47] and Xu et al. [48]. Owing to the influence of the
long natural vibration period of high-rise structures, the
high-frequency component of the ground motions is
gradually filtered out in the transmission process and the
low-frequency component at the top floor of the structure is
greater than that at the bottom floor. ,us, the resonance
phenomenon will cause an evident whipcord phenomenon
at the top floor of the structure under the LP and NFPT

ground motions. For example, under the E2 earthquake, the
peaks of the SRs (the S4 measurement point) at the top floor
are 378.65 με, 1331.92 με, and 1646.60 με under Site-II
groundmotion RSN56 (130), NFPTgroundmotion RSN900,
and LP ground motion RSN74, respectively. In contrast, the
values (the S1 measuring point) at the bottom floor are
63.24 με, 193.72 με, and 239.43 με under the same cases,
respectively.

4.2. Experimental Results of the Damping Model

4.2.1. Basic Dynamic Characteristics. Table 7 shows the first-
order frequency of each model with and without the DTMD.
It can be seen that the first-order frequency of the scaled
model has negligible changes before and after the test. ,us,
the model tower is always in the elastic stage during the test,
and the analysis data show high reliability. Compared with
the original structure, the vibration frequencies of the test
model with the DTMD decrease slightly. ,e connection
case of the DTMD has little effect on the dynamic char-
acteristics of the DTMDmodel system. In addition, owing to
the small weight of the lower TMD, the acceleration sensor is
only installed on the upper TMD. Under case-III, it can be
seen that the first natural vibration frequency of the upper
TMD is basically consistent with the design frequency.
Accordingly, both the design and processing of the DTMD
are effective.

4.2.2. Site-II Ground Motions. Figure 7 gives the ADR and
AR of the model before and after the DTMD installation
under the RSN56 (130) wave. ,e connection case of the
DTMD was case-III.

As shown in Figure 7, the DTMD can effectively reduce
the displacement and acceleration responses at the top of
the test model. At the initial stage, both the displacement
response and acceleration response curves of the model
with and without the DTMD partially overlap and the
difference in the dynamic response between them gradually
increases in the later stages. ,is phenomenon shows that
the DTMD has the same characteristics as the tuned
damper; that is, the damping effect is not evident in the
early stage but is evident in the later stages. Table 8 provides

24
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Vibration direction
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Side view
312

(a) (b) (c)

Figure 5: DTMD model and measurement layout. (a) Dimension (mm). (b) DTMD model. (c) Sensors and camera.
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Table 6: Statistics of the dynamic response.

Types RSN Peak acceleration ADR (mm) RMS-ADR (mm) AR (m/s2)
SR (με)

Bottom-S1 Top-S4

Site-II

56 (130)
0.35 g

6.70 2.37 1.73 28.48 117.61
56 (220) 2.52 0.84 1.27 14.17 66.54

83 4.63 1.86 1.62 23.14 96.63
Average — 4.62 1.69 1.54 21.93 93.59
56 (130)

1.00 g
9.67 4.77 4.21 63.24 378.65

56 (220) 5.44 3.39 3.48 49.45 273.23
83 8.50 4.66 4.00 60.59 349.66

Average — 7.87 4.27 3.90 57.76 333.85

NFPT

2457
0.35 g

4.68 1.62 3.01 30.71 207.97
900 8.10 2.64 5.13 54.63 387.68
6911 6.02 2.03 4.30 46.38 262.29

Average — 6.27 2.10 4.15 43.91 285.98
2457

1.00 g
7.79 3.74 7.01 130.75 843.62

900 17.90 5.6 12.07 193.72 1331.92
6911 9.93 4.57 10.19 145.08 755.22

Average — 11.87 4.64 9.76 156.52 976.92

LP

69 (249)
0.35 g

7.57 2.33 3.56 62.33 358.25
74 7.30 2.52 5.27 70.78 416.33

90 (132) 6.91 1.89 4.79 70.12 407.38
Average — 7.26 2.25 4.54 67.74 393.99
69 (249)

1.00 g
16.72 4.42 10.29 156.52 1004.33

74 18.25 5.91 13.16 239.93 1646.60
90 (132) 11.03 4.17 12.81 191.00 1482.56
Average — 15.33 4.83 12.09 195.82 1377.83

(6.70)

D
isp

la
ce

m
en

t (
m

m
)

-6

-4

-2

0

2

4

6

8

2 106 840
Time (s)

(a)

(9.67)

D
isp

la
ce

m
en

t (
m

m
)

-10

-5

0

5

10

0 42 8 106
Time (s)

(b)

D
isp

la
ce

m
en

t (
m

m
)

(8.10)

-5

0

5

10

0 42 86 1210 14
Time (s)

(c)

D
isp

la
ce

m
en

t (
m

m
)

(17.90)

108 12 144 6 160
Time (s)

-20

-10

0

10

20

(d)

D
isp

la
ce

m
en

t (
m

m
)

(7.30)

80 12 164
Time (s)

-6

-3

0

3

6

9

(e)

D
isp

la
ce

m
en

t (
m

m
)

(18.25)

159 180 63 12
Time (s)

-15

-10

-5

0

5

10

15

20

(f)

Figure 6: ADR of the original model. (a) RSN56 (130) with E1. (b) RSN56 (130) with E2. (c) RSN900 with E1. (d) RSN900 with E2. (e) RSN74
with E1. (f ) RSN74 with E2.
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Figure 7: ADR and AR of the model before and after the DTMD installation under the Site-II ground motions (case-III, E2). (a) Absolute
displacement. (b) Acceleration.

Table 8: Decreasing ratios of the model with the DTMD under Site-II ground motions.

Parameters RSN Peak (g)
Connection cases Decreasing ratio (%)

I II III I Average II Average III Average

ADR (mm)

56 (130)
0.35

6.28 6.11 5.89 6.3
6.0

8.8
9.0

12.1
11.156 (220) 2.37 2.37 2.27 5.9 5.8 9.8

83 4.36 4.06 4.10 5.8 12.4 11.5
56 (130)

1.00
8.64 8.47 8.14 10.7

5.6
12.4

11.1
15.8

15.056 (220) 5.66 4.82 4.76 -4.1 11.4 12.5
83 7.63 7.69 7.09 10.2 9.6 16.6

RMS-ADR (mm)

56 (130)
0.35

2.14 2.15 2.05 9.7
7.1

9.4
9.7

13.6
11.656 (220) 0.77 0.76 0.76 7.9 9.4 9.4

83 1.79 1.67 1.64 3.6 10.3 11.9
56 (130)

1.00
4.17 4.06 3.95 12.6

10.0
14.9

12.3
17.2

14.556 (220) 3.18 3.08 3.08 6.3 9.1 9.2
83 4.14 4.05 3.86 11.2 13.0 17.1

AR (m/s2)

56 (130)
0.35

1.60 1.55 1.53 7.8
6.5

10.5
7.7

11.8
10.556 (220) 1.20 1.22 1.16 5.4 3.9 8.7

83 1.52 1.48 1.44 6.4 8.8 11.0
56 (130)

1.00
3.80 3.65 3.52 9.8

7.5
13.2

11.3
16.4

13.756 (220) 3.31 3.14 3.14 4.9 9.8 9.7
83 3.69 3.56 3.39 7.9 11.0 15.1

SR (με)

56 (130)
0.35

107.65 105.28 104.55 8.5
6.5

10.5
8.9

11.1
10.356 (220) 62.27 60.67 59.43 6.4 8.8 10.7

83 92.35 89.59 87.83 4.5 7.3 9.1
56 (130)

1.00
330.13 323.42 312.34 12.8

11.1
14.6

12.9
17.5

14.556 (220) 246.15 245.06 244.30 9.9 10.3 10.6
83 312.19 301.52 295.63 10.7 13.8 15.5

Table 7: First-order frequency of each model (Hz).

Model Before the test
With DTMDs in different

boundary conditions After the test DTMD Case-III
Case-III Case-II Case-I

First-order frequency 1.64 1.53 1.56 1.58 1.67 First-order frequency 1.60
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the decreasing ratios of the model with the DTMD under
the Site-II ground motions.

As shown in Table 8, except for a few cases under case-I,
the DTMD can provide a good damping effect. Taking the
RSN56 (130) wave under the E2 earthquake as an example,
the decreasing ratios of the ADR, RMS-ADR, AR, and SR of
the test model under case-III are 15.8%, 17.2%, 16.4%, and
17.5%, respectively.

,e average decreasing ratio of each dynamic response
parameter basically follows the variation law that decreasing
ratios are the largest under case-III, the second largest under
case-II, and the smallest under case-I. Taking the RMS-ADR
parameter under the E2 earthquake as an example, the
average decreasing ratio of the DTMD with case-I is only
10.0%. However, the corresponding decreasing ratios of the
DTMD with case-II and case-III are 12.3% and 14.5%, re-
spectively. ,e experimental results are similar to the op-
timisation results; that is, the smaller damping ratio of the
connection will lead to a better damping effect for the
DTMD. Based on the experimental phenomena, the reason
may be that the response amplitude of the DTMD decreases
with an increase in the damping of the upper TMD. ,e
energy absorption capacity of the DTMD was significantly
impacted by the damping ratio of the upper tuned mass
damper (described in detail in Section 4.2.5).

In addition, the damping effect of the DTMD is also
influenced by the excitation intensity. ,e larger excitation
intensity will lead a better damping effect of the DTMD.
Taking case-III as an example, under E1 and E2 excitations,
the average decreasing ratios of the ADR, RMS-ADR, AR,
and SR of the DTMD are 11.1% and 15.0%, 11.6% and 14.5%,
10.5% and 13.7%, and 10.3% and 14.5%, respectively. ,is is
related to the damping mechanism of the TMD [14,27–30].
With an increase in the excitation amplitude, the structural
response is greater and the dynamic response and energy
dissipation of the DTMD increase.

4.2.3. Near-Fault Pulse-Type (NFPT) Ground Motions.
Figure 8 shows a comparison of dynamic response of the
model before and after the DTMD installation under a
typical NFPT ground motion of RSN900. ,e connection
condition was case-III.

As Figure 8 shows, when the time of earthquake exci-
tation is less than 0.5 s, the absolute displacement of the test
model is less than 8mm and the control effect of the DTMD
on the displacement response is not evident. When the
acceleration response of the test model is less than 5m/s2
(the time of earthquake excitation <0.3 s), the control effect
of the DTMD on the acceleration response is also not ev-
ident. However, after a period of earthquake excitation, the
DTMD will not only decrease the ADR and AR of the model
but will also rapidly attenuate its dynamic response. ,e
DTMDhas a time delay before providing the damping effect.
Table 9 lists the dynamic response and decreasing ratios of
the model with the DTMD under the NFPTgroundmotions.

As shown in Table 9, the DTMD has an obvious damping
effect for the model under NFPT ground motions and the
damping effect of the DTMD under RSN900 is the most

significant. Taking case-III under the E2 earthquake as an
example, the decreasing ratios of the ADR, RMS-ADR, AR,
and SR under the RSN900 wave reach 22.8%, 24.9%, 25.0%,
and 22.1%, respectively, which are significantly higher than
the corresponding values under the other NFPT ground
motions. ,at is, when the VPP of the NFPTground motion
is close to the natural vibration period of the structure, the
dynamic response of the structure amplified and then the
DTMD will provide better damping effect.

,e influence law of a DTMD with different boundary
cases under the NFPT ground motions is similar to that
under the Site-II ground motions. ,e DTMD has the best
damping effect under case-III and a poor damping effect
under case-I. Taking the ARs under the E2 excitation as an
example, the average decreasing ratio of the DTMD with
case-I is only 10.9%. In contrast, the corresponding average
decreasing ratios of the DTMDs with case-II and case-III are
15.1% and 19.0%, respectively. ,e decreasing ratios of each
dynamic response parameter increase with increasing ex-
citation intensity. Taking case-III as an example, under E1
and E2 excitations, the average decreasing ratios of the ADR
and RMS-ADR increase from 12.6% to 17.3% and 13.0% to
20.4%, respectively. In this case, the average decreasing
ratios of the AR and SR increase from 12.4% to 19.0% and
12.7% to 17.5%, respectively.

4.2.4. Long-Period (LP) Ground Motions. Figures 9(a) and
9(b) show the ADR and AR of the model before and after the
DTMD installation under the RNS74 wave of case-III.

Figure 9 shows that the DTMD can obviously decrease
the amplitude of ADR and AR of the model under the LP
ground motions. ,e dynamic response and decreasing
ratios of the model with the DTMD under LP ground
motions are presented in Table 10.

As shown in Table 10, except for the negative de-
creasing rate in a few cases, the DTMD can provide good
energy dissipation capacity under LP ground motions.
Taking case-III under E2 excitation as an example, the
decreasing ratio of each dynamic response of the test
model is more than 22% under the RSN74. Similar to the
boundary condition law under the NFPT ground motions
and Site-II ground motions, the damping effect of the
DTMD will be limited when the damping ratio of the
connection increases. Taking the RMS-ADR under the E2
excitation as an example, the average decreasing ratio of
the DTMD with case-I is only 15.2%. However, the cor-
responding average decreasing ratios of the DTMDs with
cases II and III are 20.1% and 23.7%, respectively. ,e
excitation intensity also has the same influence law as that
under the NFPT and Site-II ground motions, and the
decreasing rates of each dynamic parameter under the LP
ground motions increase with an increase in excitation
intensity. Taking case-III as an example, the average de-
creasing ratios of the ADR, RMS-ADR, AR, and SR under
the E1 excitation are 13.6%, 14.5%, 13.7%, and 13.6%,
respectively. In contrast, the corresponding decreasing
ratios of the DTMD are up to 21.1%, 23.7%, 22.4%, and
22.1% under the E2 excitation, respectively.
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4.2.5. Comparison of the Damping Effect of DTMD under
&ree Types of Ground Motions. To further study the
damping effect of the DTMD under the three types of
ground motions, Figure 10 provides a comparison of the
average decreasing ratios of the DTMD with different
connection cases and under different ground motions.

As shown in Figure 10, except for some cases under
case-I, the damping effect of the DTMD under the LP
ground motions is better than that under the NFPT and
Site-II ground motions; among the three, the damping
effect of the DTMD under Site-II ground motions is rel-
atively poor. In addition, the larger excitation intensity

Table 9: Decreasing ratios of the model with DTMD under NFPT ground motions.

Parameters RSN Peak (g)
Connection cases Decreasing ratio (%)

I II III I Average II Average III Average

ADR (mm)

2457
0.35

4.31 4.27 4.23 7.9
8.9

8.8
11.3

9.6
12.6900 7.23 6.95 6.80 10.8 14.2 16.1

6911 5.53 5.37 5.30 8.1 10.8 12.0
2457

1.00
7.31 6.99 6.65 6.2

10.4
10.2

13.7
14.6

17.3900 15.18 14.46 13.81 15.2 19.2 22.8
6911 8.96 8.77 8.48 9.7 11.7 14.6

RMS-ADR (mm)

2457
0.35

1.49 1.46 1.45 7.8
9.1

9.6
11.5

10.3
13.0900 2.36 2.31 2.23 10.5 12.6 15.5
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Figure 8: ADR and AR of the model before and after the DTMD installation under the NFPT ground motions (case-III, E2). (a) Absolute
displacement. (b) Acceleration.
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(more significant dynamic response) will lead to a better
damping effect for the DTMD. For the LP ground motions
and Site-II ground motions under case-III, the differences
in the average decreasing rates of the ADR, RMS-ADR, AR,
and SR under E1 excitation are 2.5%, 2.9%, 3.2%, and 3.3%,
respectively. However, the corresponding differences reach
6.2%, 9.2%, 8.7%, and 7.6% under E2 excitation, respec-
tively. Similarly, there is little difference between the LP

ground motions and NFPT ground motions in regards to
the decreasing ratios of the DTMD for the above param-
eters under the E1 excitation. However, under the E2
excitation, the damping effect of the DTMD under LP
ground motions is evidently better than that under NFPT
ground motions. Taking case-III as an example, the dif-
ference between the average decreasing ratios of the DTMD
under the NFPT ground motions and the LP ground

Table 10: Decreasing ratios of the model with DTMD under LP ground motions.

Parameters RSN Peak (g)
Connection cases Decreasing ratio (%)

I II III I Average II Average III Average

ADR (mm)

69 (249)
0.35

6.88 6.74 6.72 9.1
10.1

10.9
11.6

11.2
13.674 6.49 6.37 6.15 11.1 12.7 15.8

90 (132) 6.21 6.14 5.95 10.2 11.2 13.8
69 (249)

1.00
14.74 14.58 14.23 11.8

13.2
12.8

18.1
14.9

21.174 15.14 14.24 13.74 17.1 22.0 24.7
90 (132) 9.86 8.87 8.41 10.6 19.5 23.8

RMS-ADR (mm)

69 (249)
0.35

2.10 2.02 1.98 9.9
10.0

13.4
12.9

15.1
14.574 2.24 2.12 2.11 11.0 15.8 16.5

90 (132) 1.72 1.71 1.66 9.0 9.4 12.0
69 (249)

1.00
3.83 3.67 3.46 13.4

15.2
17.0

20.1
21.7

23.774 5.00 4.60 4.33 15.4 22.1 26.8
90 (132) 3.47 3.28 3.22 16.7 21.2 22.7

AR (m/s2)

69 (249)
0.35

3.57 3.39 3.24 −0.3
8.2

4.8
10.7

9.1
13.774 4.55 4.52 4.40 13.6 14.2 16.5

90 (132) 4.25 4.16 4.04 11.3 13.1 15.6
69 (249)

1.00
9.31 9.12 8.44 9.5

13.6
11.3

18.4
17.9

22.474 10.82 9.92 9.47 17.8 24.6 28.0
90 (132) 11.09 10.34 10.08 13.4 19.3 21.3

SR (με)

69 (249)
0.35

329.84 317.44 316.58 7.9
10.2

11.4
12.9

11.6
13.674 364.71 353.18 352.34 12.4 15.2 15.4

90 (132) 365.57 357.60 351.39 10.3 12.2 13.7
69 (249)

1.00
846.33 824.36 803.16 15.7

14.5
17.9

20.1
20.0

22.174 1427.85 1310.53 1269.36 13.3 20.4 22.9
90 (132) 1267.53 1157.73 1134.60 14.5 21.9 23.5
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Figure 9: ADR and AR of the model with and without the DTMD under the LP ground motions (case-III, E2). (a) Absolute displacement.
(b) Acceleration.
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motions is in the range of 0.9% to 1.5% under the E1
excitation. However, the corresponding difference reaches
3.3% to 4.6% under the E2 excitation. In addition, the
damping effect of the DTMD under NFPTground motions
is also evidently better than that under Site-II ground
motions. Except for individual parameters in case-I, the
difference in the average decreasing rates of the DTMD
between them also increases with the increase in excitation
intensity. Taking case-III as an example, the difference in
the average decreasing ratios between the NFPTand Site-II
groundmotions under E1 excitation is approximately 1.8%.
,e corresponding difference reaches 4.1% under E2 ex-
citation. To further study the damping mechanism of the
DTMD, Figures 11(a) and 11(b) show the displacement
response time history of the upper TMD under the Site-II
ground motion RSN56 (130) and LP ground motion
RSN74. Figure 11(c) and 11(d) show a comparison of the
ADR decreasing ratios under two typical ground motions
with different boundary cases.

As shown in Figures 11(a) and 11(b), the displacement
response of the upper TMD under the LP ground motion
RSN74 is evidently greater than that under the Site-II ground
motion RSN56 (130) and this phenomenon becomes more
evident with the increase in excitation intensity. For ex-
ample, the difference in the displacement amplitude between
them under the E1 condition is 2.94mm, whereas that under
the E2 condition is 7.03mm. For the same excitation, the
displacement response of the upper TMD under the E2
condition is evidently larger than that under the E1 con-
dition. Taking RSN74 as an example, the displacement
amplitudes of the upper TMD under the E1 and E2 con-
ditions are 10.80mm and 20.73mm, respectively.

It can be seen from Figures 11(c) and 11(d) that the
smaller damping ratio of the connection will lead a more
significant damping capacity of the DTMD. Combined with
Figures 11(a) and 11(b), it can also be concluded that the
dynamic response of the DTMD has a significant impact on
its own damping capacity. A greater response of the upper
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Figure 10: Comparison of the damping effect of the DTMD. (a) ADR. (b) RMS-ADR. (c) AR. (d) SR.
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TMD will result in a significant damping capacity for the
DTMD. Taking case-III under E2 excitation as an example,
under the Site-II ground motion RSN56 (130) and LP
ground motion RSN74, the decreasing rates of ADR are
15.8% and 24.7%, respectively. Combined with the analysis
in Section 4.1, it can be seen that the dynamic response of the
structure underground motions with long-period charac-
teristics (LP and NFPT ground motions) is larger, the
corresponding response of DTMD is larger, and the
damping effect of the DTMD is better. It can also be seen that
the vibration of the DTMD requires a certain duration time
through the dynamic response curve of the DTMD itself. For
the test results of this study, the response of the DTMD is
very small (<0.5mm) when the excitation duration is less
than 0.5 s, showing that the DTMD requires a certain ex-
citation duration to exert the damping effect. Further op-
timisation methods for decreasing the time delay of the
DTMD damping effect will be the focus of future studies. It
should be pointed out that the time delay of the DTMD is

also related to the bracketed and energy duration of the
ground motion. However, the damping property of the
DTMD is mainly affected by the relative dynamic response
of the DTMD and the controlled structure. It is much
complex to construct the relationship between the bracketed
or energy duration of the groundmotions and the time delay
property of the damping effect of the DTMD.

Moreover, the idea of the mode shape decomposition
response method was used to optimize the DTMD [49].
However, the actual seismic response of the HRS is much
more complex due to the participation of multiple modes
and unharmonic ground motions. ,erefore, the actual
damping effect of the DTMDmay have significant difference
with the optimised damping effect. As Tables 8–10 show, the
dynamic response of structures may be amplified after the
DTMD arrangement under some cases. And, the actual
average decreasing rate was in the range of 5%∼15%. By
contrast, the theoretical decreasing ratio of the DDMF for
the optimised DTMD can reach 80% under resonance
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Figure 11: Comparison of damping effect of DTMD under two typical ground motions. (a) E1 (case-III). (b) E2 (case-III). (c) E1. (d) E2.
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harmonic excitation and the damping effect of the optimised
DTMD for the controlled structure can also exceed 50% after
considering the mass participation ratio of the first three
modes.,us, the effectiveness of the parameter optimisation
method for the DTMD based on the harmonic excitation is
uncertain. In practical seismic design, the nonlinear time
history analysis or model testing is required to verify the
optimised parameters.

5. Discussion

5.1. Comparison of the Damping Effect of UTMD and DTMD
for HRSs. To compare the damping effect of the UTMD
(with the same mass as the DTMD) and the DTMD for
HRSs, shaking table tests of the model with the UTMD
were also carried out.,e settlement position of the UTMD
was selected as the same as the DTMD.,e arrangement of
the UTMD is shown in Figure 12.,e groundmotions were
selected as the same from the previous description in
Table 4. Figure 13 provides the dynamic response time
history curves of the model without the damper, with the
UTMD, and with the DTMD under typical ground mo-
tions. ,e connection cases of the UTMD and the DTMD
were the same and were case-III.

As Figure 13 shows, the UTMD can also effectively
reduce the displacement and acceleration response of the
model under RSN69 (249). However, the UTMD increases
the dynamic response of the model under RSN74. Taking the
E2 excitation as an example, the decreasing ratios of the
UTMD are 16.1% and −12.7% under RSN69 (249) and
RSN74, respectively. However, the DTMD can both effec-
tively decrease the dynamic response of the model. ,us, the
damping robustness of the DTMD is better than that of the
UTMD. In addition, the response attenuation of the model
with the DTMD is faster than that of with the UTMD during
the later excitation stage. Figure 14 gives the comparison of
the decreasing ratios of the UTMD and the DTMD for the
scaled model.

As Figure 14 shows, compared with the average damping
effect of DTMD (14.9% for ADR, 15.5% for AR), the UTMD
has a poorer average damping effect (2.1% for ADR, 2.4% for
AR). ,e DTMD can provide more effective damping effect
for HRSs than UTMD. To further analyse the damping effect
of the UTMD and the DTMD, Figure 15 provides the
comparison of the PSD (power spectral density) for accel-
erations of the model with the UTMD and the DTMD under
typical ground motions.

As Figure 15 shows, the UTMD only has a better
damping effect for the first-order vibration of the model.,e
UTMD cannot provide effective damping effect for higher-
order vibration of the model. ,us, the damping robustness
of the UTMD is poor. ,e DTMD can both effectively re-
duce the first-order vibration response and the higher-order
vibration responses of the model. ,e damping frequency
band of the DTMD is significantly larger than that of the
UTMD. ,e reason is that the damping frequency band or
robustness of the DTMD is mainly affected by the lower
mass damper. ,e lower tuned mass damper is applied as a
tuning system to control the dynamic response of the upper

tuned mass damper which can improve the damping fre-
quency band of the upper tuned mass damper.

5.2.Method forObtaining the EquivalentAdditionalDamping
Ratio. ,e equivalent damping ratio of the controlled
structure can be approximated by (14) under the free vi-
bration test.

ξ �
1

2πm

An

An+m

, (14)

where An and An+m represent two selected amplitudes
separated bym vibration cycles, respectively. π is the circular
constant. It should be noted that the above calculation
method for the equivalent damping ratio can be hardly used
in practice.,e free vibration test of the practical structure is
extremely difficult. Taking the model tower in this study as
an example, the height of the test model is 11m and the total
weight of the model is 32.2 kN. It is almost impossible to
apply an initial displacement at the top of the test model. On
the other hand, it cannot simply use a harmonic excitation or
a ground motion to simulate the excitation of an initial
displacement. Moreover, the additional damping ratio of the
DTMD is related to the dynamic response and damage state
of the controlled structure. ,e equivalent additional
damping ratio of the DTMD is nonlinear. ,erefore, the
equivalent damping ratio of the system cannot be obtained
in practice.

At present, the Code for Seismic Design of Buildings (GB
50011-2010) provides the calculation method of the effective
damping ratio for displacement-related (metal, frictional
dampers, etc.) and velocity-related (viscous, viscoelastic
dampers, etc.) energy absorbers. ,e effective damping ratio
of displacement-related and nonlinear velocity-related en-
ergy absorbers attached to structures can be estimated by the
following equation:

ξa � 
j

Wcj

4πWs( 
, (15)

where ξa denotes the effective damping ratio of the energy
absorbers. Wcj represents the energy consumed by the j-th
energy absorber in a loading cycle under an expected

Figure 12: Arrangement of the UTMD.
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interstory displacement Δuj. And, Ws represents the total
strain energy of the structure with energy absorbers under
the same expected interstory displacement. In addition, the
effective damping ratio of the energy absorbers attached to
the structure can be determined by the forced decoupling
method when the energy absorbers distribute uniformly on
the structure, as well as the effective damping ratio is less
than 20%.

As the above mentioned discussion, to calculate the
effective damping ratio, the dissipating energy of the ab-
sorber in a loading cycle and the total strain energy of the
controlled structure under an expected interstory dis-
placement need to be determined. ,erefore, the equivalent
additional damping ratio of an absorber attached to a
structure is normally obtained as follows:

(1) Carry out the mechanical performance (hysteretic
performance) test of the absorber. Obtain the energy
dissipation capacity of the absorber under an ex-
pected displacement.

(2) Parameterize the hysteretic energy dissipation capacity
of the damping device. Construct the finite element
model of the controlled structure with the absorber.

(3) Perform the nonlinear time history analysis of the
finite element model. Obtain the expected dis-
placement of the structure with absorber, as well as
the dissipating energy of the absorber under the
expected displacement.

(4) Conduct the pushover analysis or the simplified
theory calculation of the structure model with the
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Figure 13: Comparison of the dynamic response time history curves of the model before and after the dampers installation (case-III). (a)
ADR (RSN69 (249)). (b) AR (RSN69 (249)). (c) ADR (RSN74). (d) AR (RSN74).
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absorber, and obtain the total strain energy of the
controlled system under the expected displacement.

(5) Finally, calculate the additional effective damping
ratio of the energy absorber by equation (15).

As we all know, the damping effect of tunedmass dampers
(such as DTMD, TMD, andMTDM) is not only related to the
tuning effect of the tunedmass (absorbed kinetic energy of the
controlled structure) but also related to the energy dissipation
of the damping device installed on it (dissipated kinetic
energy of the controlled structure). ,ere is energy exchange
between the tuned mass damper and controlled structure

during the whole vibration process. ,erefore, under har-
monic excitation, we can obtain the additional equivalent
damping ratio of the tuned mass damper following the above
procedure. However, under actual ground motions, the en-
ergy dissipation capacity of the tuned mass damper at an
expected displacement is not uniform, which is related to the
acceleration, velocity, and displacement time history of the
system. And, the total strain energy of the system also cannot
be obtained by a simple pushover or simplified calculation
method (it is difficult to consider the contribution of the
tuned mass damper to the system stiffness). ,us, the seismic
design method of DTMD is still in the exploratory stage.
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Figure 15: PSDs for accelerations of the model with the UTMD and the DTMD. (a) RSN69 (249). (b) RSN74.
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Figure 14: Comparison of the damping effect of the UTMD and the DTMD. (a) ADR. (b) AR.
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6. Conclusions

In this study, a scale model of a typical high-rise structure
was fabricated. Numerous excitations were chosen to clarify
the dynamic responses of high-rise structures, including
Site-II ground motions, NFPT ground motions with dif-
ferent velocity pulse periods, and LP ground motions. ,en,
based on minimising the peak displacement of a first
N-order vibration modal with a mass participation factor of
85%, a parameter optimisation method was proposed for the
DTMD. Furthermore, a DTMD with optimised parameters
was designed and manufactured. Finally, a lot of shaking
table tests were carried out for the scale model with and
without the DTMD. ,e main findings of this study are as
follows:

(1) ,e dynamic responses of high-rise structures under
the LP and NFPT ground motions are significantly
greater than those under Site-II ground motions.
When the velocity pulse period of the NFPTs is close
to the natural vibration period of the high-rise
structure, the ADR, AR, and SR of high-rise struc-
tures are much more significant. Under an E2
earthquake excitation, the average amplitudes of the
ADRs under LP and NFPT ground motions were
1.95 times and 1.51 times larger than those under
Site-II ground motions, respectively. Moreover, the
amplitudes of the SRs at the top floor of the structure
reached 1646.60 με and 1331.92 με under LP and
NFPT ground motions, respectively, i.e., much
greater than those of the bottom floor (239.40 με and
193.72 με).

(2) ,e optimised DTMD provides a wide damping
frequency band and an excellent robustness. Larger
excitation intensities will lead a better damping effect
of the DTMD. However, the DTMD also has some
damping capacity when the external excitation in-
tensities are small. Under an E2 earthquake excita-
tion, the average decreasing ratios of the ADR, RMS-
ADR, AR, and SR are 15.0%, 14.5%, 13.7%, and
14.5% under Site-II ground motions, respectively.
,e average decreasing ratios of the above four
parameters are 17.3%, 20.4%, 19.0%, and 17.5%
under NFPT ground motions, respectively. ,e
corresponding values are 21.1%, 23.7%, 22.4%, and
22.1% under LP ground motions, respectively. ,e
damping capacity of the DTMD under LP and NFPT
ground motions is more significant than that under
Site-II ground motions. Furthermore, the DTMD
will provide a better damping effect when the ve-
locity pulse period of the NFPT ground motion is
close to the natural vibration period of the structure.

(3) ,e smaller damping ratio of the connection of the
upper TMD will result in a better damping effect of
the DTMD. An excessive damping ratio for this
connection will induce the damper to become whole
with the structure. ,us, the DTMD will not be able
to respond adequately to the variations in the vi-
bration state of the controlled structure. And, the

damping capacity of the DTMD will decrease. ,e
DTMD requires a certain excitation duration time to
exert its damping control effect. In this study, when
the excitation duration time is less than 0.5 s, the
dynamic response of the DTMD is relatively small.
,erefore, the damping capacity of the DTMD
cannot be fully realised. Further optimisation
methods for decreasing the time delay of the DTMD
damping effect will be the focus of future studies.
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