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Abstract: This paper proposes an innovative coupled wall system, named ‘the tuned viscous
mass damper (TVMD) coupled wall system’ for use in high-rise buildings. This novel wall
system is expected to control both lateral inter-story drifts and floor accelerations of high-rise
buildings when subjected to strong ground motions, thus enhancing their seismic resilience.
The TVMD consists of a component that provides stiffness connected in series with a ball
screw device that can provide large inertial and damping forces, even when subjected to small
deformations. In this system, TVMDs are arranged to connect adjacent wall piers in a zig-zag
configuration. Such a strategic arrangement of TVMDs makes efficient use of the vertical
relative displacements of the adjacent walls induced by their flexural deformation to generate
the motions and forces of the TVMDs. Two methods are presented for optimal design of this
system, namely the single-mode tuning method and multi-mode tuning method. Dynamic
response analysis is conducted on a representative 15-story TVMD coupled wall system.

Results of the analysis indicate that the TVMDs designed by the single-mode tuning method
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not only suppress the dynamic responses of the tuning mode, but also provide additional
damping for the lower-order modes of the primary structure. The multi-mode tuning method
shows similar performance to the single-mode tuning method, if the latter is used to tune the
higher-order mode. Finally, real-time hybrid simulations were conducted to examine the
seismic performance of the proposed system. The test results demonstrate the benefit of the
TVMD coupled wall system, and indicate that the detuning effect is slight for this system
even subjected to strong ground motions.
Keywords: tuned viscous mass damper (TVMD); coupled wall system; seismic response
control; optimum design; real-time hybrid simulation; high-rise buildings
1. Introduction

Recent earthquake disasters in urban regions highlight two major challenges for high-rise
buildings in terms of earthquake resilience. The first challenge is that severe damage to
structural components, which is primarily induced by large inter-story drifts, is difficult to
repair, particularly in members with large gravity loads. As a result, a large number of
high-rise buildings are demolished after earthquakes (e.g., the 2011 Canterbury earthquake),
despite not collapsing during the earthquake [1]. The second challenge is that severe damage
to non-structural components leads to significant loss of functionality and consequently
results in prolonged downtime [2]. Such damage is primarily caused by large accelerations of
upper floors, particularly when the high-rise buildings are subjected to long-period,
long-duration ground motion (for example, the 2011 Tohoku-Oki earthquake) [3]. As such,
control of both inter-story drifts and floor accelerations is necessary for enhancing the seismic

resilience of high-rise buildings.
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Reinforced concrete (RC) shear wall system is often used for high-rise buildings to
provide adequate lateral stiffness and strength for resisting wind loads and earthquake actions.
To effectively control the seismic responses of the RC wall structures, the addition of dampers
or energy dissipators is a recognized solution. In recent, the efforts have been devoted to
development of coupling beam dampers used for RC wall systems, for example, replaceable
steel coupling beams [4,5,6], friction coupling beams [7] and viscoelastic coupling beams [8].
Among them, the replaceable steel coupling beams, which include a shear link or shear-type
metallic dampers, appear to be most promising, and they have seen increased use in regions of
high seismicity. Nevertheless, past research [9] indicates that although the replaceable steel
coupling beams can significantly decrease the inter-story drifts of high-rise buildings
subjected to severe ground motions, they cannot effectively control the floor accelerations.

This paper proposes an innovative coupled wall system (see Fig. 1), named the tuned
viscous mass damper (TVMD) coupled wall system, for achieving simultaneous control of the
inter-story drifts and floor accelerations of high-rise buildings. Three highlights are included
in the development of this system. (1) TVMD devices, which can generate large inertial and
damping forces even under a small deformation by use of ball screw mechanism [10,11], are
adopted in this system. (2) TVMDs are arranged between two adjacent wall piers in a zig-zag
configuration. Such a strategic configuration makes efficient use of the vertical relative
displacements of the adjacent walls induced by their flexural deformation to generate the
forces of the TVMDs. (3) The optimal design of the parameters of TVMDs along the
structural height, including apparent mass (i.e., inertance produced by an inerter [12]),

stiffness and damping coefficient, is developed for this system for effective control of the
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seismic responses.

Fig. 1. Schematic drawing of TVMD coupled wall system.

The TVMD belongs to the inerter-based vibration absorbers, where the inerter represents
a two-terminal mechanical element developing a resisting force proportional to the relative
acceleration of its terminals, with proportionality constant express in mass units and termed
“inertance” [12]. The interter can be realized by the mechanical devices with a ball screw
system [10,11], a rack-and-pinion flywheel system [13], hydraulic devices [14,15] and
electromagnetic devices with capacitors [16,17]. Various configurations of interter, spring,
and viscous damper (dashpot) elements forms different inerter-based vibration absorbers,
including the TVMD, tuned inerter damper (TID) [18] and tuned mass damper inerter (TMDI)
[19]. These inerter-based vibration absorbers have shown promising capability in suppressing
vibration and seismic responses of structures, e.g., bridge cables [20,21], base isolated
structures [22] and high-rise buildings [23].

For application of the inerter-based vibration control techniques, significant efforts have
been devoted to develop the optimal tuning design methods for determining the parameters of
the inerter-based vibration absorbers. Ikago et al. [11] proposed a fixed-point tuning design

method of TVMD that can achieve the H. optimization of the transfer function of a
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single-degree-of-freedom (SDOF) primary structure. Marian et al. [19] proposed a method for
the TMDI design, based on the H2 optimization of the white-noise excited response of a
SDOF primary structure. While the aforementioned optimal methods provide explicit design
equations and can be extended for use in tuning a single-mode response of a
multi-degree-of-freedom (MDOF) structure [24,25,26], they are not suitable for optimization
of multi-mode responses of a MDOF system. Therefore, the numerical optimization methods
[23,27,28,29] were developed for minimization of seismic dynamic responses or transfer
functions of MDOFs. More recently, multiple objectives are considered in the numerical
optimization. For example, Pan et al. [30] proposed to optimal design of inerter-based type
dampers by minimization of both structural response and damper forces that represents the
device costs. Ruiz et al. [31] and Taflanidis et al. [32] proposed the optimal design in
consideration of the compromise among multiple objectives, e.g., the life-cycle cost of the
system, repair cost, inerter force, and structural seismic responses. While the numerical
optimization methods can provide improved results, they are much computational demanding
compared to the explicit optimal design equations.

The objective of this paper is to present the concept of the TVMD coupled wall system
and develop the optimal design methods of this system. Numerical analyses using a simplified
model and real-time hybrid tests on a small-scale model were carried out to demonstrate the
characteristic and advantages of this system. The paper is structured as follows. The second
section presents the concept of the TVMD coupled wall system, and develops the numerical
model of a representative TVMD coupled wall. The third section proposes a single-mode

tuning method for optimal design of the TVMD coupled wall system. The fourth section
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describes a multi-mode tuning method, in which sequential quadratic programming (SQP)
optimization is used for optimal design of the system for controlling multiple modes of
vibration. Finally, real-time hybrid simulations were conducted to examine the performance of
the proposed system subjected to various intensities of ground motions. The simulation also
indicates that the detuning effect is slight for the TVMD coupled wall system even when
subjected to severe seismic motions.

2. Concept and modelling of TVMD coupled wall system

2.1. Tuned viscous mass damper (TVMD)

The TVMD was developed from a rotary damping tube (RDT) that is equipped with a
rotary tube filled with viscous fluid and a rotary cylinder acting as a flywheel [33]. By using
the ball screw, this damper can transfer its axial deformation to high-speed rotation of the tube
and flywheel, and thus provide amplified damping force and inertial force, respectively. As a
further development, Saito [10] and Ikago [11] added a spring connected in series to the RDT
as a stiffness device, to form the so-named ‘tuned viscous mass damper (TVMD)’. As shown
in Fig. 2, the mechanical model of a TVMD consists of an inerter element (functioning from
the rotary flywheel), the viscous damper element (functioning from the rotary tube with
viscous fluid), and an in-series connected stiffness element (functioning from the spring).
Therefore, these elements parameters, including the stiffness ko, damping coefficient cq, and
apparent mass mr can be designed to tune the vibration of primary structure, in a similar way
to a tuned mass damper (TMD). Note that the apparent mass mr of a TVMD can reach several
hundred times of its actual mass ms by the amplification of the ball screw mechanism. The

amplification factor between the apparent mass to the actual mass is related to the outer and
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inner radii of the flywheel and the lead length of the ball screw [11].

Rubber
Ball screw

Flywheel

..« Bearing balls Outer tube

Fig. 2. Schematic drawing and mechanical model of TVMD.

2.2. TVMD coupled wall system

Fig. 3 shows the deformation mode of the TVMD coupled wall system when subjected to
ground motions. The configuration of the system is expected to have the following advantages.
(1) High damping force can be achieved under a small inter-story drift. During an earthquake,
the flexural deformation of wall piers will result in large relative vertical displacement at the
edges of two adjacent wall piers, which can generate axial deformation of TVMDs, as shown
in Fig. 3. In addition, with proper tuning design, the ball screw part and the spring part deform
in the opposite direction during the tuning vibration of TVMD (the mechanism will be
discussed in Subsection 3.2), which can further increase the deformation of the ball screw
device. As such, the deformation of the inerter and viscous damper may be several times
greater than the lateral drift of the story where the TVMD is installed. (2) The joints between
TVMD and wall pier are easy to design. At the joint (see Fig. 3), one TVMD provides the
tensile force and another provides the compressive force. As a result, the resultant vertical

force at the joint provides the coupling action to the wall piers, while the resultant horizontal
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force applied to the joint would be small.

Fig. 3. Deformation pattern and joint force.
2.3. Prototype structure

To investigate the design method and seismic performance of the TVMD coupled wall
system, a virtual 15-story commercial office building is adopted for analysis. The total height
of the structure is 67.5 m with a uniform story height of 4.5 m. The prototype structure uses
the RC frame-shear wall system. A representative floor plan of the structure is shown in Fig.
4(a), with plan dimensions of 25 m <18 m. The building is assumed to be located in Beijing,
where the peak ground acceleration (PGA) is 0.2 g for the design basis earthquake (DBE,
with a probability of exceedance of 10% in 50 years) and the characteristic site period Tq is
0.45s.

The structure without TVMDs is designed according to the Chinese code for seismic
design of buildings (GB 50011-2010) [34] and Chinese technical specification for concrete
structures of tall buildings (JGJ 3-2010) [35]. It is designed to satisfy the strength demand of
the service level earthquake (SLE, with a probability of exceedance of 63% in 50 years),

which has a peak ground acceleration of 0.07 g. Linear response spectrum analysis of a
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three-dimensional structural model is performed to determine the design forces of structural
components and the deformation of the structure. In this analysis, a damping ratio of 5% is
assumed for all modes.

The shear walls in the longitudinal direction highlighted as a double wall system (DBW)
in Fig. 4(a) are selected for further analysis. As shown in Fig. 4(b). DBW represents two
isolated walls connected by floor slabs. The wall thickness varies from 400 to 300 mm along
the structural height. To ensure the DBW model can reasonably capture dynamic behavior of
the prototype structure, the seismic masses in the DBW are assumed to follow the floor mass
distribution along the height and they are scaled such that the DBW has similar dynamic
characteristics to the prototype structure in the longitudinal direction. The floor seismic mass
acting on the DBW varies from 90 to 80 ton along the height, as shown in Fig. 4(b). The
natural period of the first three modes of the DBW model are 2.28 s, 0.39 s, and 0.14 s.
Installation of the TVMDs between the adjacent wall piers forms the TVMD coupled wall

system (TCW) as shown in Fig. 4(c), which will be adopted for the following analysis.
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N 400 mm
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(a) Plain view of prototype structure (b) Elevation of DBW (c) Elevation of
(unit: mm) system TCW system

Fig. 4. Prototype structure.

2.4. Numerical model for TVMD coupled wall system
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For development of the optimal design method, a simplified numerical model of the
TVMD coupled wall system was developed in Matlab. Fig. 5(a) shows the DBW model,
where the wall pier is simulated by Timoshenko beam elements located along the centroid of
the wall sections. A rigid beam element with a length equal to the wall’s sectional depth is
added at each floor level, to represent the rigidity of the wall along its section. Floor mass is
assigned across several nodes of the wall piers at each floor level, as shown in Fig. 5(a). A
rigid link element is added to connect two wall piers at each floor level to simulate the rigid
diaphragm. The Rayleigh damping model is adopted, where the parameters are determined
based on the assumption that the damping ratio of the first and third modes are equal to 0.05.
The simplified model of the DBW in Matlab was validated by comparison with the model
developed in the software SAP2000 where the wall piers were simulated by shell elements.

Both models have nearly identical modal properties.

m8 m/4 m/8 m8 m/4 m/8 ﬂ ko
Rigid beam o o o o~
element ] )
Sub-element (D Sub-element® AN TVMD
Timoshenko < ]
beam element y4 N
4 7
@ C®2 ays) o~
Wall Pier X2y yd
1

(X1,y1) X \
/
VA (?OFaﬁ o~
Rigid link ‘ : 7 condensation 7
element/ o) (X3 ) <
: @ X2 3,Y3 /
2 \

(X1,Y1) X T7777777777777777

Pl 77 7777777777777
(a) DBW model (b) TVMD element (c) TCW model

Fig. 5. Numerical model of TVMD coupled wall system.

As shown in Fig. 5(b), a TVMD is simulated by two sub-elements connected in series.
Sub-element 1, representing the ball screw, comprises an inerter and a dashpot connected in

parallel. Sub-element 2, representing the stiffness device, consists of an elastic spring.
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Because the TVMD works like a one-dimensional element and three nodes move only along
the longitudinal direction of the device, a TVMD element includes 3 DOFs {X,,X,, Y3}T in the
local coordinate system. The mass, damping and stiffness matrices in the local coordinate

system, denoted as [M |, [C]e and [K, for a TVMD element are expressed as follows.

m -m 0 cg —¢, O . 0 O 0
T -|-m m 0| [cT-|< o of [KI=[0 & «| ®
0 0O O 0

r 0 o 0 -k, k,
where mr denotes the apparent mass of the inerter, cqa denotes the damping coefficient of the
viscous damper, ko denotes the stiffness of the spring. Afterward, the mass, damping and
stiffness matrices of a TVMD in the global coordinate system (i.e., the x-y coordinate system
in Fig. 5(b)), denoted as [M], [C] and [K] , can be obtained by the coordinate

transformation as follows:

MT=[T]'[MT[T]. [T =[T]'[C][T], [K]=[T]'[K][T] 2)
cos@ sind 0 0 0 0
[T]=] © 0 cosd sind 0 0 ©)

0 0 0 0 cosé@ sind
where [T] denotes the coordinate transformation matric, the superscript T denotes the
transpose operation, and & denotes the rotation angle between the local and global coordinate
system as shown in Fig. 5(b).

The size of the matrices [M]", [C]'and [K] are 6-by-6, corresponding to the DOFs
{xl,yl,xz,yz,x3,y3}T. Considering that three nodes in a TVMD element shall be always
collinear during their movement, one DOF can be eliminated using the kinematic constraints.
By neglecting the slight variation of TVMD incline angle during the motion, the DOF y2 can

be expressed by other DOFs using Eq. (4).
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where [T,] denotes the condensation matrix.

Therefore, the mass, damping and stiffness matrices of a TVMD can ben condensed into
the matrices [M ], [C]land [K] with a size of 5-by-5, by the following equation.

ME=[TTMI[T] [Cl=[TT[CT ] [KI=[T] [K]'[T] )

The TCW model is constructed by integrating the TVMD elements into the DBW
model, as shown in Fig. 5(c).
3. Single-mode tuning design and analysis
3.1. Single-mode tuning design method

The optimal design of TVMD is similar to the design concept of TMD, where the
vibration frequency of the TMD is tuned to a target mode frequency of the primary structure
for minimizing its dynamic response. The fixed point method proposed by Ormondroyd and
Den Hartog [36,37] is the commonly used approach for optimal design of TMD. Ikago et al.
[11] extended the fixed point method for optimal design of TVMD in a SDOF undamped or
lightly damped system. Based on this method, for a given mass ratio x, the optimal frequency

o and damping ratio ¢ of the TVMD are given by:

d

a)c?pt = Ty 2 (6)
1] 3u
opt _ ~
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where @, denotes the natural frequency of the primary structure, the mass ratio g=m_/m

represents the ratio of the apparent mass of TVMD mr to the mass of the primary structure m.
Note that the above optimal frequency and damping ratio obtained by Egs. (6) and (7)
correspond to the minimization of the H. norm of the transfer function from the base
acceleration excitation to the displacement response of the SDOF primary structure [11].
Ikago et al. [24, 25] further extended the fixed point method from a SDOF system to the
optimal design of TVMDs used in shear-type multi-story frame structures. The dynamic
response of a linear MDOF system can be regarded as the combined response of a series of
modes, while the fixed point method is used to design TVMDs tuned to a given mode of
interest. The key to success of the method is how the apparent mass of the TVMDs is assigned
along the height. Ikago et al. [24, 25] recommended that the apparent mass distribution of
TVMDs is proportional to the story shear stiffness for the shear-type structures (e.g., frames),
where the TVMDs are mobilized by the inter-story drifts. However, this recommendation is
not suitable for the coupled wall system, which belongs to a flexure-type structure. In the
coupled wall system, the TVMDs are mobilized majorly by the relative vertical displacements

between adjacent wall piers.

In this study, the apparent mass distribution of TVMDs in the coupled wall system is
assumed to be proportional to the modal displacement demand vector of the TVMDs for the
target tuning mode. For a given mode, the modal displacement demand of a TVMD is defined
as the relative displacement, between the two nodes installing the TVMD, in this mode shape
vector. This assumption is based on the hypothesis that a larger TVMD shall be assigned at a
location with a larger deformation demand. If the ith mode is selected as the target tuning

mode, the modal displacement demand vector of TVMDs {41 can be calculated from the
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ith mode shape vector of the DBW (41 (see Fig. 6(a)). Fig. 6(b) shows the first three mode

shapes of the DBW, and Fig. 6(c) shows the corresponding modal displacement demand

vectors of TVMDs.

Nodes k; & k—two terminal nodes of the kth TVMD

{¢i } —the ith mode shape vector of primary structure

(@ #.’1) —the displacement components of Node ki in{¢; |

(@\+ & )—the displacement components of Node k; in{¢, |

o
Q.

19 kth . —the ith modal displacement demand vector of TVMDs
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(a) Calculation of modal displacement demand vector of TVMDs
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(b) Mode shapes of DBW (c) Modal displacement demand of TVMDs

Fig. 6. Mode shape of DBW and modal displacement demand of TVMDs.

The mass ratio is an important parameter in the tuning design. In this study, the mass
ratio x4 for the TVMD coupled wall is defined as the ratio of the ith modal apparent mass of

the TVMDs to the ith modal mass of the primary structure, given by [27]:

{8} M, 1{4y} @®)

SEPIITYRIPY

where (4} and {g,} denote the ith real mode shape vector of the primary structure (i.e., the

DBW) and the correponding modal displacement demand vector of TVMDs, [Mp] denotes the

mass matrix of the primary structure, and the matric [Mr] is defined by Eq. (9).
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In the matric, the jth diagonal term myj denotes the apparent mass of TVMD in the jth story.

The single-mode tuning design procedure is as follows. (1) Calculate the modal

properties of the primary structure and select the target tuning mode. (2) Determine the

apparent masses of TVMDs. For a selected tuning mode and a given mass ratio of i, the

apparent mass vector of TVMDs {mr1, mr2, ..., mm}' can be calculated by assuming it to be

proportional to {44} and using Egs. (8) and (9). (3) Determine the optimal frequency and

damping ratio of TVMDs. For the target tuning modal frequency wi and a given mass ratio i,

the optimal frequency ™ and optimal damping ratio ¢ of the TVMDs can be calculated

by the fixed point method using Egs. (6) and (7). (4) Determine the stiffness and damping

parameters for TVMDs. The spring stiffness koj and damping coefficient of dashpot cgj of the

TVMD in the jth story are determined as follows
o 2
Ky; =, (a)d " ) (10)

Caj =2mrja)§ptg§pt (11)
where the myj denotes the apparent mass of the TVMD in the jth story.

3.2. Dynamic properties of TCW

For the prototype DBW, if the mass ratio is set to = 0.6, the parameters of the TVMDs
can be determined using the above single-mode tuning method. Note that such a high mass
ratio can be realized due to very large amplification effect of ball screw mechanism on the
physical mass of TVMDs. Table 1 summarizes the optimal design parameters of TVMDs. The

2nd to 4th columns of this table are the results obtained from the aforementioned single mode
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tuning design method, where the target tuning mode is selected as the 1st, 2nd and 3rd mode

of the DBW, respectively. The last column of Table 1 is the results obtained from the

multi-mode tuning design method, which will be presented in the following Section 4.

Table 1. Optimal design parameters for TVMDs.

Tuned to 1st mode

Tuned to 2nd mode

Tuned to 3rd mode

Multi-mode tuning
(group scenario

1-2-3)

Story| " (kKIb/m (kI\Clg/m Mr (kKlb/m (k(r:\dus/ Mr (kKIb/m (k(I:\dls/ Mr (ka/k;nm(kNCg/m
y (ton) m) m) (ton) m)  mm) (ton) m)  mm) (ton) ) m)

1100 19 050 |27 176 078| 19 850 14 | 78 046 0.34
2 | 290 55 14 |71 459 20 | 44 1953 32 | 78 046 034
3 |461 88 23 |9 624 28 | 47 2083 34 | 78 046 034
4 | 614 117 30 [104 677 30 | 32 1411 23 | 78 046 034
5 | 749 143 37 |97 629 28 | 5 221 036| 78 046 034
6 | 873 166 43 | 74 480 21 | 28 1213 20 | 110 1340 21
7 | 986 188 49 | 38 249 11 | 57 2487 41 | 110 1340 21
8 |1081 206 53 | 5 33 015| 72 3160 52 | 110 1340 21
9 | 1156 220 57 |52 337 15| 70 3061 50 | 110 1340 21
10 | 1216 232 60 | 98 636 28 | 50 2196 3.6 | 110 1340 21
11 [ 1263 241 62 |142 924 41 | 15 646 1.1 | 161 9000 7.5
12 | 1299 247 64 |181 1178 52 | 29 1262 21 | 161 9000 7.5
13 | 1321 252 65 |209 1360 6.1 | 68 2998 49 | 161 9000 7.5
14 | 1333 254 66 |226 1471 65 | 96 4235 7.0 | 161 9000 7.5
15 | 1337 255 66 |234 1516 6.7 | 110 4829 7.9 | 161 9000 7.5
Sum|14079 268.2 69.7 |1656 1074.9 47.8 | 743 3260.7 53.5 |1746 5172.1 49.7

Due to the addition of TVMDs, the TCW system is non-classically damped. Therefore,

complex modal analysis is conducted to yield the complex modal properties of the system.

The details of the complex modal analysis and the calculation of participation mode vectors

for a MDOF system incorporated with TVMDs are described in lkago et al. [24]. Table 2

summaries the dynamic properties of an example of the TCW where TVMDs are tuned to the

2nd mode of the primary structure. The participation mode vectors of this TCW are shown in

Fig. 7, compared with those of the DBW. Note that the ith participation mode vector for the

TCW is calculated from the ith conjugated pair of complex mode shape vectors, while that for
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291 the DBW is calculated from the ith real mode shape vector.
292 Table 2. Dynamic properties of the DBW and TCW tuned to 2nd mode.
DBW TCW
Mode Period (s)  Damping ratio Mode Pe(gl)od Damping ratio
1 2.276 0.050 1 2.357 0.422
2 0.390 0.025 2 0.521 0.609
3 0.290 0.599
4 0.260 0.591
5 0.254 0.583
6 0.251 0.577
7 0.249 0.573
8 0.248 0.571
9 0.248 0.570
10  0.247 0.569
11 0.247 0.568
12 0.247 0.568
13 0.247 0.568
14 0.247 0.567
15  0.247 0.567
16 0.245 0.550
17 0.198 0.237
3 0.144 0.050 18  0.119 0.062
4 0.074 0.093 19  0.069 0.086
5 0.046 0.147 20  0.044 0.141
T =27/ o* =0.247 s; =0.57
293
15 15
8 4 10 4 10 S .
. . 7— Mo 4
£ g <= Mode 4
- - 51+~ Mode3 v 51 -
-~ Mode 3
—DBW-Mode 1 7
o ———TCVI\I-Model | |
° Magr]{itude 2 Magnitude ! 05 Magr?itude 0 05 Magr?itude 0
Fig. 7. Participation mode vectors of DBW and TCW tuned to the 2nd mode.
294 The following observations can be made from Table 2 and Fig. 7. (1) The target tuning
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mode (i.e., the 2nd mode of DBW) is split into 16 modes (i.e., the 2nd to 17th modes of the
TCW system) due to addition of 15 TVMDs. Among these 16 modes, the first and the last
modes are dominated by global vibration of the coupled wall system, while the others are the
local vibration mode of TVMDs that have vibration periods and damping ratios close to those
values of the TVMDs themselves (i.e., T, and ). (2) The combination of the 2nd to 17th
participation mode vectors is nearly identical to the 2nd mode shape of the DBW. The 1st,
18th and 19th participation mode vectors correlate well with the 1st, 3rd and 4th participation
mode vectors of the DBW. (3) The addition of TVMDs significantly increases the damping
ratios for both the tuning mode (i.e., the 2nd mode) and the lower-order modes (e.g., the 1st
mode) of the primary structure, while it has limited influence on damping properties of
higher-order modes. Interestingly, this characteristic of damping supplied by TVMDs is
different from either conventionally viscous dampers that provide damping for all modes or
tuned mass damper (TMD) that absorb the vibration at a narrow frequency range of the tuning
mode. The unique damping characteristic can be explained by dynamic analysis of TVMDs.
As shown in Fig. 8, for a given TVMD excited by a sinusoid displacement load
u, =U, sin(at), the deformation of the dashpot ud and that of the spring uk can be obtained as
detailed in Appendix. Fig. 8 shows the magnitude and phase angle of the responses of us and
uk relative to the excitation displacement ut. When the excitation frequency v is far lower
than the natural frequency of TVMD n, the viscous damper response dominates the total
displacement (U, /U, =1) while the spring has very limited deformation (U, /U, =0),
because the equivalent dynamic stiffness of viscous damper caer is much lower than the

stiffness of spring k. The cyclic responses of viscous damper with large magnitudes can thus
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dissipate energy and supply additional damping to the low-frequency vibration (e.g.., the
lower-order mode). On contrast, when the excitation frequency wh is higher than the natural
frequency of TVMD an, the spring dominates the total displacement (U, /U, =1) while the
relative displacement of viscous damper is close to zero (U, /U, =0). Very limited cyclic
responses of viscous damper cannot provide substantial damping to high-frequency vibration
(e.g., the higher-order mode). When the excitation frequency is close t0 an, the TVMD
resonates, accomplished by the opposite deformation of spring and viscous damper (i.e., the
phase angle of spring and viscous damper displacement is approximately 180°, as shown in

Fig. 8). Therefore, the motion of viscous damper is amplified (U, /U, >1), leading to an

increased damping supplement to the tuning mode.

m,=226 ton Excitation

ky=147.1kN/mm  u=Usin(wt)
Response
K=Ug-U Ug=Ugsin(wt+a )
€4=2.5 kNs/m Ud Ut

u=Ugsin(wt+e )

3 r

o | |

3 2 | |

é_ . | : Ui/Uy

< o | | | Uq/Uy
10° W qo! Wh Wh 102

o 180° I R

B ool

g oo T |
o

30 !

& -90° | |

o _180° l L Z
10° we 10° Wh Wh g2

Frequency w (rad/s)

Fig. 8 Dynamic responses of TVMD under sinusoid excitation
Fig. 9 shows transfer functions from the base acceleration excitation to the top lateral
displacement and acceleration responses for both the DBW and TCW systems. Note that the
transfer functions are calculated in Matlab from state-space functions of the systems. Three
models are considered for the TVMD coupled wall systems, i.e., TCW-1st, TCW-2nd and

TCW-3rd, where the TVMDs are tuned to the first, second and third mode, respectively. The
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lateral displacement is dominated by the first mode whereas the acceleration response has
significant contributions from all first three modes. Therefore, effective control of the
acceleration response of high-rise buildings should act to suppress the vibration of a few
modes. Furthermore, it can be observed from the figure that the addition of TVMDs can
reduce the peak values of transfer function at both the frequency of the tuning mode and at the
frequencies of lower-order modes. Therefore, TVMDs tuned to the 2nd or 3rd mode appears
to be more efficient than those tuned to the 1st mode in terms of response control, particularly

for the acceleration control.

2 16
—— DBW —— DBW
16} ——— TCW-1st ——— TCW-1st
’ TCW-2nd 12 TCW-2nd
- TCW-3rd S TCW-3rd
i 1.2 5'<+>"(g
%l os} %,
& 4 7
04rf
L2 e L LI PR s
00 2 4 6 8 10 00 2 4 6 8 10
Frequency (Hz) Frequency (Hz)
(a) Top displacement transfer function (b) Top acceleration transfer function

Fig. 9. Transfer function of DBW and TCW designed by single-mode tuning method.

3.3. Seismic response analysis

Seven ground motions are selected from NGA West 2 Ground Motion Database [38]
using the linear scaling method such that the mean square error (MSE) of their acceleration
response spectra is minimized with respect to the target spectrum over the period range of
interest. The target spectrum for record selection is the DBE response spectrum specified in
Chinese code for seismic design of buildings GB 50011-2010 [34]. The period range of
interest is selected to span [0.1 s, Tg] and [Tg-0.2 s, 2Tg4], where Tq denotes the characteristic

site period [5]. In selecting the ground motions, record characteristics with magnitudes greater
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than 6, average shear wave velocity consistent with Site Class 111 and no restriction on fault
type and fault distance were used as search criteria. Fig. 10 plots the time history of the
selected seven ground motion records, the individual record spectra, the mean spectrum of the

selected records and the target spectrum.

MSE: Mean squared error _ f: Scale factor 08
I h | Design resonse spectrum
- Imperial Valley-06, El Centro Array #12, MSE=0.019, =~1.19 4 40 .ﬂ'\ Average response spectrum
WWM/MAMWWW 4 06 \
- Victoria_ Mexico, Chihuahua, MSE=0.052, /=1.25 - 30
G S P AN
.S 0.3[ Superstition Hills-02, Westmorland Fire Sta, MSE=0.044, f=0.89 4 60 @ 04
T 0 @
% 03} Loma Prieta, Agnews State Hospital, MSE=0.077, /=0.96 1 50
3 ,*“J... " i !
= Kocaeli_ Turkey, Ambarli, MSE=0.085, f=0.90 0.2 :
- - ? ' FE9EEEE 1160 Lo
e ) 01s|i | % ™ .
= Chi-Chi_ Taiwan, CHY036, MSE=0.078, =0.75 - 90 v . -
——*::‘.es v 0.0 "
Chuetsu-oki_Japan, NIG002, MSE=0.032, 4.58 |, gy O'I\' N 1 2Ty 3 4 2T, 5 6
Time (s) 812 T(s)
(a) Acceleration time history (b) Response spectra

Fig. 10. Time-history records and spectra of selected ground motions.

In this study, linear time-history analysis using a simplified numerical model developed
in Subsection 2.4 is conducted to validate the effectiveness of the TVMD coupled wall system.
Development of sophisticated nonlinear model of TVMD coupled wall system, which can
reflect the nonlinearity in TVMDs and elastic-to-plastic behavior of walls piers, is out of the
scope of this paper. Fig. 11 shows the mean values of the maximum inter-story drifts and floor
accelerations at each floor of the DBW and TCW when subjected to the seven ground motions.
The maximum inter-story drift of the TCW-1st is up to 51% lower than the DBW, while the
maximum floor acceleration of both systems is similar. This is because TVMDs tuned to the
1st mode cannot suppress the higher-mode vibrations, while they significantly contribute to
floor accelerations as can be observed from the shape of acceleration distribution of the DBW

(see Fig. 11). The TCW-2nd and TCW-3rd demonstrate nearly identical responses in terms of
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both the inter-story drifts and floor accelerations. Both models decrease the inter-story drifts
and floor accelerations by approximately 60% and 65% respectively, compared with the
DBW.

The analysis also indicates that the sum of the maximum absolute values of forces for all
TVMDs (referred to as “the total TVMD force” hereinafter) is 3270 kN, 2460 kN and 2500
KN for TCW-1st, TCW-2nd and TCW-3rd, respectively. Therefore, TVMDs tuned to the 2nd
or 3rd modes do not necessarily require larger force capacity than those tuned to the 1st mode,
although the former shows superior performance. As such, allowing for controlling both
inter-story drifts and floor accelerations, design of TVMDs tuned to at least the second mode
of the primary structure is recommended for the TVMD coupled wall system. Note that the
maximum force of a TVMD s calculated as 456 kN under the DBE motions. A pair of
TVMDs connected to one joint result in a maximum vertical shear force demand of 570 kN to
the joint, while the horizontal force demand to the joint is quite small because the horizontal
force components of two TVMDs can partially counter-act each other. For a conventional
coupled wall system, the beam-to-wall joint are easily design to have a capacity to resist the
vertical shear force with a magnitude of 1000 kN induced by the coupling beam. Therefore,
the local region of the wall piers at the TVMD-to-wall joints would not sustain damage in
such force demands, except for the joint at the top floor that connects only to one TVMD and

may sustain large horizontal tensile force demand.
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Fig. 11. Seismic responses (single-tuning method results).

It should be noted that the above analysis results are for the TVMD coupled walls
designed with an apparent mass ratio of 0.6. One might be interested in how the apparent
mass ratio influences the results. In fact, an increase of apparent mass ratio leads to an
increased force of the TVMDs, while the economic cost of TVMDs is almost proportional to
their force capacity. Additional analysis was conducted, where the TVMDs were tuned to the
3rd mode while the mass ratio was taken as a variable, ranging from zero to 0.6. For each
mass ratio value, the TVMD parameters were determined by the single-tuning design
procedure, and then the history response analysis was conducted to obtain the responses of the
TCW and TVMD forces when subjected to the selected seven ground motions. Fig. 12 plots
the relation of the mean values of the maximum top lateral displacement (or the maximum top
floor acceleration) versus the total TVMD force. It is observed that the maximum lateral
displacement is approximately inversely proportional to the total TVMD force. The maximum
top floor acceleration decreases rapidly along with an increase of the total TVMD force upon
to 2500 kN, while it remains stable as approximately 0.2 g for further increase of TVMD
forces. Therefore, a reasonable apparent mass ratio should be chosen for TVMD coupled wall

design, which would be determined through a consideration of required seismic control
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Fig. 12. Seismic responses versus the total TVMD force at various mass ratio.

4. Multi-mode tuning design method

As a number of TVMDs are installed in the TVMD coupled wall system, one might
naturally suggest developing a multi-mode optimal tuning design method in which different
groups of TVMDs are tuned to different modes of the primary structure. In fact, the
multi-mode tuning design concept has been applied to multi-story shear-type structures
incorporated with TVMDs, where the numerical optimization is used to determine the
parameters of TVMDs [23,27,28]. Similarly, in this paper the multi-mode tuning design of the
TVMD coupled wall system is defined as an optimization problem as well.

In this optimization problem, the objective function is the sum of the normalized
maximum inter-story drift and the normalized maximum floor acceleration, as presented in
Table 3. The weight factor w in the objective function is taken as 0.5 in this study. g, and
a,, denote the mean value of the maximum inter-story drift and maximum floor acceleration

of the structure when subjected to the seven selected motions shown in Fig.10. ¢, and a,

are taken as 1/450 (inter-story drift) and 0.2 g (i.e., PGA of DBE motions), respectively. Note
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that under the seven motions of DBE level, the maximum inter-story drift ratio for the TCW
system designed by the single-mode tuning method varies among 1/500 to 1/400. Therefore,
the average value of 1/450 is adopted as 6 to normalize the inter-story drift responses.

In practice, the dampers installed in the buildings are usually grouped into a few capacity
types, for ease of design, manufacture and installation. In this study, the fifteen TVMDs are

divided into three groups; TVMD Type 1 installed for the 1st to 5th stories, TVMD Type 2 for

the 6th to 10th stories, and TVMD Type 3 for the 11th to 15th stories. (M, w,,, ¢4 )
(M5 Wys,645) + (M5, Was,645) TePresent the apparent mass, natural frequency and
damping ratio for the TVMDs of Type 1 through Type 3, respectively. These parameters are
taken as the variables of the optimization problem. Because the economic cost of the TVMDs
relates to their force capacity, the total TVMD force (i.e., the sum of the maximum absolute
values of forces for all TVMDs Z Fuej ) is adopted as the constraint in this optimization. As
the total TVMD force is approximately 2500 kN for the TCW-2nd and TCW-3rd in the
previous section, XF; $2500kN s used as the constraint for fair comparison between

multi-mode tuning design and single-mode tuning design.

Table 3. Multi-mode tuning optimization problem.

| 0 a
Objective: mln{wﬂﬂl—w)ﬁ} (w=0.5)
S

.
Mrl'MrZ’Mr3
Variables: X=1 Wy, Wyp, Wy,
Sd1r Sd20 Sd3
Constraints: 2 F < 2500kN

The sequential quadratic programming (SQP) method [39] is regarded as one of the most
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efficient methods to solve the constrained nonlinear optimization problem, and it has been
successfully applied to optimization of TVMDs in shear-type structures [23,27]. Therefore,
the SQP method is adopted in the following optimization procedure. The optimization results
of the SQP method rely on the initial values of the variables. A total of six tuning group
scenarios are considered as shown in Table 4, which correspond to six sets of initial values of
the variables. For each scenario, after setting the initial values of apparent masses (Mr1, Mr2
and M), initial values of frequency (w,,, w,,, w,,) and damping ratio (g,,, ¢4, g45) @€
determined by the fixed point method, using Egs. (6) and (7) by substituting the different
tuning-mode frequencies of the primary structures. For example, the tuning group scenario
“2-1-3” in Table 4 denotes that the initial values of TVMD parameters in the lower five stories
(i.e., 1-5 stories) are determined by tuning the 2nd mode of the primary structure, those of the
middle five stories (i.e., 6-10 stories) are determined by tuning the 1st mode, and those of the
top five stories (i.e., 11-15 stories) are determined by tuning the 3rd mode. Afterwards, the

optimization is conducted iteratively by using the time-history analysis and SQP algorithm.

Table 4. Tuning group scenarios of TVMDs.

Story 1st-§th 6th-1_0th 11th-_15th Tuning group scenario
stories stories stories

1st 2nd 3rd 1-2-3
1st 3rd 2nd 1-3-2
Tuning 2nd 1st 3rd 2-1-3
Mode 2nd 3rd 1st 2-3-1
3rd 1st 2nd 3-1-2
3rd 2nd 1st 3-2-1

Fig. 13 shows the optimization results of multi-mode tuning for the TVMD coupled wall
system. It appears that the group tuning scenario 1-2-3 and scenario 3-1-2 demonstrate the

best performance. Table 1 lists the parameters for TVMDs obtained from the optimization
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Fig. 13. Optimization results of multi-mode tuning design.

Fig. 14(a) and (b) show the transfer functions from the base acceleration excitation to the
top lateral displacement and floor acceleration for the TCW-SQP system that is designed
based on the optimization of the tuning group scenario 1-2-3. The transfer functions of the
DBW and the TCWs designed using the single-mode tuning method are also plotted in the
figure for comparison. TCW-SQP shows better performance for reducing the peak values of
transfer functions as compared to the DBW system and TCW-1st model, while it shows very
similar transfer functions to the TVW-3rd model.

Fig. 14(c) shows the mean values of the maximum inter-story drifts and floor
accelerations of the TCW-SQP when subjected to the seven motions. Again, the TCW-SQP
had much smaller responses than DBW and the TCW-1st model, while its responses are
similar to those of TCW-2nd and TCW-3rd except for a slight difference in the floor
accelerations. Fig. 14(d) and (e) plot the time histories of the top lateral displacement and top
floor acceleration responses of the systems subjected to the Imperial Valley-06 motion. It is
indicated that the TCW-1st leads to decreased displacement responses by suppressing the first
mode vibration of the primary structure, while the TCW-2nd, TCW-3rd and TCW-SQP can

further reduce the acceleration responses by suppressing higher-mode vibration. It may be
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recalled from Section 3, that the TVMDs tuned to a high-order mode can also provide large

additional damping to the lower-order modes. Therefore, for the TVMD coupled wall system,

the single-tuning design method is recommended using the 2nd or 3rd mode as the target

tuning mode, since it can perform as well as the more complicated multi-mode tuning method.
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Fig. 14. Responses of TCW designed by the multi-mode tuning method.

5. Real-time hybrid simulation (RTHS) of TCW system

RTHS [40,41] was conducted to examine the seismic performance of the TCW system.
In this simulation, a viscous-mass damper was tested in the physical domain, while other
structural components and dampers of the system were simulated in the numerical domain.
Note that the objective of RTHS in this paper is to demonstrate the advantages of the TCW
system. Therefore, only the TVMD in the top story that has the largest displacement and
velocity was selected to test physically, and the nonlinearity of wall piers were simulated in
simplified equivalent elastic model. Large-scale dynamic tests of the TCW system are
necessary for examination its seismic performance, which would be a future research work.
5.1. Sub-TCW model and TVMD specimen

The TCW system designed using the multi-mode tuning method as described in Section
4 was considered as the prototype structure for the RTHS. Because only one TVMD is
connected in the joint at the top floor (see Fig. 3), the forces of the TVMD may lead to large
horizontal tensile force demand to the joint. In order to prevent the failure of the joint, the
TVMD at the top story was redesigned by decreasing its damping coefficient, while its

apparent mass and stiffness remained unchanged. Although this modification decreased the
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maximum force of the top-story TVMD applied to the joint, it affected slightly the dynamic
response of the system, with an 8% increase in the maximum inter-story drift and nearly no
change in the maximum floor acceleration.

As shown in Fig. 15, the TVMD in the top story was tested in the physical domain, the
rest of the system was simulated in the numerical domain using a Sub-TCW model developed
in Matlab. The experimental testing of the TVMD included only a rotary viscous mass damper,
while the stiffness of the spring remained in the numerical model. To accommodate the
loading capacity of the dynamic actuator, the apparent mass, damping coefficient and the
corresponding force of the viscous mass damper was scaled down with a factor of 1/383. The
parameters of the rotary viscous mass damper are summarized in Table 5. The flow diagram
of RTHS for the TCW system is shown in Fig. 15. The RTHS was conducted with a very

small time interval of 1/2000 second, to ensure the stability of integration.

Table 5. Parameters of TVMD specimen.

... .. Viscosity of Damping Damping

Flywheel Apparent  Amplificati ) .. Frequenc .
yw PP P viscous coefficient g y ratio
mass mass on factor )

e (kg) e (k) . material Cd @y (rad/s) c
o 9 e (mm2s)  (kNs/m) d
3.35 420 125 8000 2 74.8 0.03

f , Numerical domain / Physical domairﬁ
‘>4>{,: O AN
" {
= ~Jsub-Tcw|_ “ | oadcell <_SPTe\gi\:ln?en
Model | £

Actuator

'
signal j k /

Fig. 15. Flow diagram of RTHS for TCW system.
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5.2. Test setup and loading
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Fig. 16 shows the schematic drawing and photograph of the test setup. The numerical
model Sub-TCW was compiled in Simulink first and then downloaded to a dSPACE digital
signal processing board. A system that uses proprietary software ControlDesk and Real-Time
Interface (RTI) was adopted for digital signal control, information interaction and rapid

iteration.

(a) Schematic drawing (b) Photograph
Fig. 16. Schematic drawing and photograph of test setup.

Three ground motions were selected as the input of the RTHS, and the time-history
records scaled to the DBE level and the corresponding acceleration response spectra of the
motions are shown in Fig. 17. One is the Imperial Valley-06 motion, recorded in the 1979 El
Centro Earthquake, for which the acceleration response spectra matched well with the design
response spectra. The others are the JMA Kobe motion, a near-field motion recorded in the
1995 Kobe earthquake and the Sakishima motion, a far-field motion recorded during the 2011
Tohoku-Oki earthquake. Note that the Sakishima motion is a long-period long-duration
motion, and only a 120-second record with large-magnitude shaking was considered in this

RTHS.
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Fig. 17. Time-history records and spectra of input motions.

Six load cases were considered for the RTHS, as listed in in Table 6. The Imperial
Valley-06 motion was scaled into three levels: the SLE, DBE and the maximum considered
earthquake (MCE). For the JMA Kobe and Sakishima motions, only the DBE level was
considered. Because the predicted drifts of TCW system under DBE motions are rather small
(with the maximum inter-story drift less than 0.25%), it is reasonable to simulate the wall
piers using an elastic model. However, when subjected to the MCE motions, the wall piers
undergo nonlinearity. Cracking of concrete and yielding of rebar would lead to decrease of the
stiffness of walls and increase of damping of the primary structure. Particularly, the stiffness
reduction results in elongation of the vibration periods of the system, and it may lead to the
possible detuning effect as the structural vibration frequency shifts from the tuning frequency.
In Case 6, an equivalent linear model was used to represent the nonlinearity, where the
effective flexural stiffness of the RC walls in the first two stories (plastic-hinge region) was

taken as 35% of the initial stiffness value Eclg based on the gross section properties, and the
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effective flexural stiffness of walls in other stories was taken as 70% of the stiffness value Eclg
[42]. As the damping ratio of RC structure at yield point is recommended as 7% - 10% [43],
an inherent damping ratio of 7% for the structure was adopted in Case 6. Note that, in Case 3,
the elastic model of wall piers was intendedly used even for the MCE shaking. The

comparison between Case 3 and Case 6 can quantify the influence of detuning effect on TCW

system.
Table 6. Loading cases and results of RTHS.
Maximum Maximum
Ground Seismic inter-story drift floor
Case no. . . Note
motion level (%) acceleration
(9)
Imperial
1 LE .07 .052
Valley-06 S 0.075 0.05
Imperial
2 DBE 21 1
Valley-06 0 015
Imperial
MCE 42 )
3 Valley-06 ¢ 0 0-30
4 JMA Kobe DBE 0.13 0.15
5 Sakishima DBE 0.21 0.07
Imperial Consider wall
6 P MCE 0.46 0.22 stiffness
Valley-06 .
reduction

5.3. Results of RTHS

Table 6 presents the results from the RTHS. A comparison of the results between Cases 4
and 5 indicates that the Sakishima motion (far-field motion) generates relatively larger
inter-story drifts while the JMA Kobe motion (near-field motion) generates relatively larger
floor accelerations. It is because the Sakishima motion consists of large low-frequency
components that effectively excite the fundamental mode, while the JMA Kobe motion has
the high-frequency components that stimulate the vibration of high modes. Further analysis

indicates that, when subjected to the three motions under DBE level, the average values of the
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maximum inter-story drift and the maximum floor acceleration of TCW obtained from the
RTHS are 64% and 76% lower than the responses of DBW obtained from numerical
simulation. Therefore, the TCW system exhibits superior performance in controlling the
dynamic responses of the structures, when subjected to various types of seismic motions.

Fig. 18 plots the time history response of the axial force of the viscous mass damper
obtained from RTHS for Case 3, compared with the numerical analysis results. The difference
between experimental test and analysis results majorly comes from the friction forces in the
ball screw device, which is not considered in the numerical model of TVMDs. If including the
friction forces measured from static tests of the ball screw device, the numerical model can

generally track the response obtained from the RTHS, as indicated in Fig. 18.

08 T —— Numerical model
-——-RTHS
04 ———— Numerical model (Add friction)§ |
2 ) A 1
S o e b \ g I A s I =4
o O AL i ! l.l i \ e N I
[&] % I e o | ||' 'y ) ] 1
E e .‘I ! , I 4 ﬂ!‘ ‘; | 5u| ”\n‘{'o “’J
T '
0.4f B !
| ]
08 ' ' '
0 10 20 30 40

Time (s)

Fig. 18. Time history response of viscous mass damper force.

5.4. Detuning effect

Fig. 19 compares the results of Case 3 versus Case 6. Both cases had an identical ground
motion, while the latter had reduced stiffness of the walls and increased structural damping
ratio to simulate the effect of structural damage. The responses of the DBW obtained from the
numerical analyses are also plotted in this figure. It is indicated that the decreased stiffness of
the walls leads to an obvious increase in the inter-story drift and decrease in the floor

acceleration of the DBW system. However, the responses of TCW system appear to be less
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559  sensitive to the decrease in the stiffness of the walls.
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0 0 Zb 4IO 6IO 80
Inter-story drift (mm)
Fig. 19. Response comparison of Case 3 versus Case 6.

560 Past studies have demonstrated that, for the TMD system, the detuning effect (i.e., the
deviation of the structure frequency from the tuning frequency) has an adverse influence on

561
the structural dynamic response and leads to decrease in the efficiency of the TMD when

562
563  subjected to strong motions [44]. However, the detuning effect appears to be limited for the
564 TVMD coupled wall system. As shown in Fig. 19, the decrease of the stiffness of structural
565 walls leads to only 9% increase in the inter-story drifts, and has almost no influence on the
566  floor accelerations. A TMD is mobilized by the acceleration of the installation floor, and the
567  floor acceleration, if its vibration frequency is shifted away from the TMD frequency, cannot
568 effectively actuate the TMD oscillation. However, the TVMD is actuated by the relative
569 movement at its two ends, and thus it is always mobilized if the structure undergoes the lateral
570 vibration. In addition, a TVMD not only suppresses the dynamic response of the tuning mode,
571 but can also provide additional damping to the vibration of which the frequencies are lower
572  than the tuning frequency (as indicated in Fig. 9). Therefore, when the structure undergoes
573 nonlinearity and its vibration frequency of the target tuning mode decreases, the TVMD still
574  can suppress the vibration of that mode by providing additional damping.

6. Conclusions

575
35



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

This paper proposed an innovative TVMD coupled wall system for enhanced seismic

performance of high-rise buildings. Both the simple-mode tuning method and multi-mode

tuning method were developed for the optimal design of this system. Numerical analyses and

real-time hybrid simulation (RTHS) were conducted to demonstrate the advantages of the

proposed system, in terms of control of inter-story drifts and floor accelerations. The

following conclusions are drawn from this study.

1)

2)

3)

4)

When designed using the proposed single-mode tuning method, the additional TVMDs
can not only suppress the dynamic response of the tuning mode, but also provide
additional damping to the lower-order modes.

Although the multi-mode tuning method based on SQP numerical optimization can
control the dynamic responses of several modes simultaneously, the analysis indicates that
it does not significantly improve upon the efficiency of the single-mode tuning method for
TVMDs tuned to the 2nd or 3rd mode of the primary structure. Considering the simplicity
of the procedure, the proposed single-mode tuning method is recommended.

The numerical analysis results indicate that, use of the TVMD coupled wall system can
reduce both inter-story drifts and floor accelerations of a prototype 15-story building
structure by approximately 60% and 65% respectively, compared to the isolated wall
counterpart.

The real-time hybrid simulation (RTHS) further validates the effectiveness of the new
system in seismic response control for high-rise buildings. Furthermore, the RTHS
indicates that the detuning effect is slight for the TVMD coupled wall system even

subjected to strong ground motions, due to the inherent advantages of TVMDs.
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This paper illustrated the benefit of the proposed TVMD coupled wall system. Further
research work should be performed for full development of this system, including (1) to
develop high-fidelity numerical model of this system, which can reflects the nonlinearity of
TVMDs and wall piers; (2) to conduct large-scale dynamic tests for understanding dynamic
properties and nonlinear seismic responses of the system; (3) to compare with the coupled
wall systems equipped with other types of dampers.
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Appendix

For a TVMD as shown in Fig. 8, the force equilibrium and deformation compatibility

yield the following equations
m, U, +c,u, =k,u, (A1)
U, +U,=u, (A2)
where the mr, ca and ko denote the apparent mass of inerter, viscous coefficient of dashpot and
stiffness of spring, respectively; us and uk denote the dashpot deformation and spring

deformation, respectively; and ut denotes the displacement excitation on the TVMD.
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Egs. (Al) and (A2) yield the following equations of motions for a TVMD when
subjected to displacement excitation of ui(t)
m, U, +c U, +k,u, =Kk,u, (A3)
m, U, +c4u, +k,u, =m.U, +c U, (A4)
For the sinusoid excitation u, =U,sin(wt), the dashpot deformation is assumed as
uy =U,sin(wt+a). Therefore, Eq. (A3) yields
(k, —m,0* U sin (et + )+, cos(t +a) =k,U, sin(at) (A5)
where a denotes the phase angle between the response ug and excitation ut.

Eq. (A3) is simplified as

\/(kb —m o )2 +(c,w)’Uysin(at+a+ ) =kU,sin(wt) (A6)

b r

-1 Cqy o o
where 3 = tan [k—r?l)a)zj’(ﬂ e[0°,180°]).

Based on Eq. (A6), the magnitude and phase angle of the transfer function from the

excitation ut to the dashpot response uq are solved as follows

Yo _ Ky
U, \/( k, — mra)z)2 +(c,m)° (A7
a=—f=—tan (k_cd—:]’wzJ (& €[-180°,0°]) (A8)

The natural frequency wd and damping ratio ¢, of TVMD are defines as

o =k, Im, (A9)

¢=c¢y/2maw, (A10)
By substituting the frequency ratio y =w/ @, and Egs. (A9) and (A10) into Egs. (A7) and

(A8), the transfer function can be reformulated as
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Uy _ 1
U, \/(1_ 7Y +(2er) (A11)
o =—tan™ (123 - ],(0{ e[-180°,0°]) (A12)

The deformation of spring is assumed as u, =U,sin(awt+¢), where ¢ denotes the
phase angle between the excitation of ut and response uk. Similarly, based on Eq. (4), the
magnitude and phase angle of the transfer function from the excitation u: to the spring

response Uk are given by

U, y+(267)
Sk . —, A13
U, \/(1—7/2) +(2¢7) (AL
1 2y
_tan e — |,(p€[0°,180°]). Al4d
Y [(ZW) -7 (1-y )} (pel ) (AL
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