
 

 

 

 

 

 

This is the accepted version of the following article: 

 

 

 

 

 

which has been published in final form at [Link to final article]. 

Ji X, Zhang J, Ikago K, et al. Tuned viscous mass damper (TVMD) coupled 
wall system for enhancing seismic performance of high-rise buildings[J]. 
Engineering Structures, 2021, 240: 112307. 



 

1 

Tuned Viscous Mass Damper (TVMD) Coupled Wall System for Enhancing Seismic 1 

Performance of High-Rise Buildings 2 

Xiaodong Jia, Junshan Zhanga, Kohju Ikagob, Sanjukta Chakrabortya, Hideto Kannoc 3 

aKey Laboratory of Civil Engineering Safety and Durability of China Education Ministry, 4 

Department of Civil Engineering, Tsinghua University, Beijing 100084, China 5 

bInternational Research Institute of Disaster Science, Tohoku University, Sendai, 980-0845, 6 

Japan 7 

cGraduate School of Systems Science and Technology, Akita Prefectural University, Yurihonjo 8 

015-0055, Japan 9 

Abstract: This paper proposes an innovative coupled wall system, named ‘the tuned viscous 10 

mass damper (TVMD) coupled wall system’ for use in high-rise buildings. This novel wall 11 

system is expected to control both lateral inter-story drifts and floor accelerations of high-rise 12 

buildings when subjected to strong ground motions, thus enhancing their seismic resilience. 13 

The TVMD consists of a component that provides stiffness connected in series with a ball 14 

screw device that can provide large inertial and damping forces, even when subjected to small 15 

deformations. In this system, TVMDs are arranged to connect adjacent wall piers in a zig-zag 16 

configuration. Such a strategic arrangement of TVMDs makes efficient use of the vertical 17 

relative displacements of the adjacent walls induced by their flexural deformation to generate 18 

the motions and forces of the TVMDs. Two methods are presented for optimal design of this 19 

system, namely the single-mode tuning method and multi-mode tuning method. Dynamic 20 

response analysis is conducted on a representative 15-story TVMD coupled wall system. 21 

Results of the analysis indicate that the TVMDs designed by the single-mode tuning method 22 



 

2 

not only suppress the dynamic responses of the tuning mode, but also provide additional 23 

damping for the lower-order modes of the primary structure. The multi-mode tuning method 24 

shows similar performance to the single-mode tuning method, if the latter is used to tune the 25 

higher-order mode. Finally, real-time hybrid simulations were conducted to examine the 26 

seismic performance of the proposed system. The test results demonstrate the benefit of the 27 

TVMD coupled wall system, and indicate that the detuning effect is slight for this system 28 

even subjected to strong ground motions. 29 

Keywords: tuned viscous mass damper (TVMD); coupled wall system; seismic response 30 

control; optimum design; real-time hybrid simulation; high-rise buildings 31 

1. Introduction 32 

Recent earthquake disasters in urban regions highlight two major challenges for high-rise 33 

buildings in terms of earthquake resilience. The first challenge is that severe damage to 34 

structural components, which is primarily induced by large inter-story drifts, is difficult to 35 

repair, particularly in members with large gravity loads. As a result, a large number of 36 

high-rise buildings are demolished after earthquakes (e.g., the 2011 Canterbury earthquake), 37 

despite not collapsing during the earthquake [1]. The second challenge is that severe damage 38 

to non-structural components leads to significant loss of functionality and consequently 39 

results in prolonged downtime [2]. Such damage is primarily caused by large accelerations of 40 

upper floors, particularly when the high-rise buildings are subjected to long-period, 41 

long-duration ground motion (for example, the 2011 Tohoku-Oki earthquake) [3]. As such, 42 

control of both inter-story drifts and floor accelerations is necessary for enhancing the seismic 43 

resilience of high-rise buildings. 44 
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Reinforced concrete (RC) shear wall system is often used for high-rise buildings to 45 

provide adequate lateral stiffness and strength for resisting wind loads and earthquake actions. 46 

To effectively control the seismic responses of the RC wall structures, the addition of dampers 47 

or energy dissipators is a recognized solution. In recent, the efforts have been devoted to 48 

development of coupling beam dampers used for RC wall systems, for example, replaceable 49 

steel coupling beams [4,5,6], friction coupling beams [7] and viscoelastic coupling beams [8]. 50 

Among them, the replaceable steel coupling beams, which include a shear link or shear-type 51 

metallic dampers, appear to be most promising, and they have seen increased use in regions of 52 

high seismicity. Nevertheless, past research [9] indicates that although the replaceable steel 53 

coupling beams can significantly decrease the inter-story drifts of high-rise buildings 54 

subjected to severe ground motions, they cannot effectively control the floor accelerations. 55 

This paper proposes an innovative coupled wall system (see Fig. 1), named the tuned 56 

viscous mass damper (TVMD) coupled wall system, for achieving simultaneous control of the 57 

inter-story drifts and floor accelerations of high-rise buildings. Three highlights are included 58 

in the development of this system. (1) TVMD devices, which can generate large inertial and 59 

damping forces even under a small deformation by use of ball screw mechanism [10,11], are 60 

adopted in this system. (2) TVMDs are arranged between two adjacent wall piers in a zig-zag 61 

configuration. Such a strategic configuration makes efficient use of the vertical relative 62 

displacements of the adjacent walls induced by their flexural deformation to generate the 63 

forces of the TVMDs. (3) The optimal design of the parameters of TVMDs along the 64 

structural height, including apparent mass (i.e., inertance produced by an inerter [12]), 65 

stiffness and damping coefficient, is developed for this system for effective control of the 66 
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seismic responses. 67 

 

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

The TVMD belongs to the inerter-based vibration absorbers, where the inerter represents 68 

a two-terminal mechanical element developing a resisting force proportional to the relative 69 

acceleration of its terminals, with proportionality constant express in mass units and termed 70 

“inertance” [12]. The interter can be realized by the mechanical devices with a ball screw 71 

system [10,11], a rack-and-pinion flywheel system [13], hydraulic devices [14,15] and 72 

electromagnetic devices with capacitors [16,17]. Various configurations of interter, spring, 73 

and viscous damper (dashpot) elements forms different inerter-based vibration absorbers, 74 

including the TVMD, tuned inerter damper (TID) [18] and tuned mass damper inerter (TMDI) 75 

[19]. These inerter-based vibration absorbers have shown promising capability in suppressing 76 

vibration and seismic responses of structures, e.g., bridge cables [20,21], base isolated 77 

structures [22] and high-rise buildings [23]. 78 

For application of the inerter-based vibration control techniques, significant efforts have 79 

been devoted to develop the optimal tuning design methods for determining the parameters of 80 

the inerter-based vibration absorbers. Ikago et al. [11] proposed a fixed-point tuning design 81 

method of TVMD that can achieve the H optimization of the transfer function of a 82 
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single-degree-of-freedom (SDOF) primary structure. Marian et al. [19] proposed a method for 83 

the TMDI design, based on the H2 optimization of the white-noise excited response of a 84 

SDOF primary structure. While the aforementioned optimal methods provide explicit design 85 

equations and can be extended for use in tuning a single-mode response of a 86 

multi-degree-of-freedom (MDOF) structure [24,25,26], they are not suitable for optimization 87 

of multi-mode responses of a MDOF system. Therefore, the numerical optimization methods 88 

[23,27,28,29] were developed for minimization of seismic dynamic responses or transfer 89 

functions of MDOFs. More recently, multiple objectives are considered in the numerical 90 

optimization. For example, Pan et al. [30] proposed to optimal design of inerter-based type 91 

dampers by minimization of both structural response and damper forces that represents the 92 

device costs. Ruiz et al. [31] and Taflanidis et al. [32] proposed the optimal design in 93 

consideration of the compromise among multiple objectives, e.g., the life-cycle cost of the 94 

system, repair cost, inerter force, and structural seismic responses. While the numerical 95 

optimization methods can provide improved results, they are much computational demanding 96 

compared to the explicit optimal design equations. 97 

The objective of this paper is to present the concept of the TVMD coupled wall system 98 

and develop the optimal design methods of this system. Numerical analyses using a simplified 99 

model and real-time hybrid tests on a small-scale model were carried out to demonstrate the 100 

characteristic and advantages of this system. The paper is structured as follows. The second 101 

section presents the concept of the TVMD coupled wall system, and develops the numerical 102 

model of a representative TVMD coupled wall. The third section proposes a single-mode 103 

tuning method for optimal design of the TVMD coupled wall system. The fourth section 104 
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describes a multi-mode tuning method, in which sequential quadratic programming (SQP) 105 

optimization is used for optimal design of the system for controlling multiple modes of 106 

vibration. Finally, real-time hybrid simulations were conducted to examine the performance of 107 

the proposed system subjected to various intensities of ground motions. The simulation also 108 

indicates that the detuning effect is slight for the TVMD coupled wall system even when 109 

subjected to severe seismic motions. 110 

2. Concept and modelling of TVMD coupled wall system 111 

2.1. Tuned viscous mass damper (TVMD) 112 

The TVMD was developed from a rotary damping tube (RDT) that is equipped with a 113 

rotary tube filled with viscous fluid and a rotary cylinder acting as a flywheel [33]. By using 114 

the ball screw, this damper can transfer its axial deformation to high-speed rotation of the tube 115 

and flywheel, and thus provide amplified damping force and inertial force, respectively. As a 116 

further development, Saito [10] and Ikago [11] added a spring connected in series to the RDT 117 

as a stiffness device, to form the so-named ‘tuned viscous mass damper (TVMD)’. As shown 118 

in Fig. 2, the mechanical model of a TVMD consists of an inerter element (functioning from 119 

the rotary flywheel), the viscous damper element (functioning from the rotary tube with 120 

viscous fluid), and an in-series connected stiffness element (functioning from the spring). 121 

Therefore, these elements parameters, including the stiffness kb, damping coefficient cd, and 122 

apparent mass mr can be designed to tune the vibration of primary structure, in a similar way 123 

to a tuned mass damper (TMD). Note that the apparent mass mr of a TVMD can reach several 124 

hundred times of its actual mass mf by the amplification of the ball screw mechanism. The 125 

amplification factor between the apparent mass to the actual mass is related to the outer and 126 
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inner radii of the flywheel and the lead length of the ball screw [11]. 127 
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Fig. 2. Schematic drawing and mechanical model of TVMD. 

2.2. TVMD coupled wall system 128 

Fig. 3 shows the deformation mode of the TVMD coupled wall system when subjected to 129 

ground motions. The configuration of the system is expected to have the following advantages. 130 

(1) High damping force can be achieved under a small inter-story drift. During an earthquake, 131 

the flexural deformation of wall piers will result in large relative vertical displacement at the 132 

edges of two adjacent wall piers, which can generate axial deformation of TVMDs, as shown 133 

in Fig. 3. In addition, with proper tuning design, the ball screw part and the spring part deform 134 

in the opposite direction during the tuning vibration of TVMD (the mechanism will be 135 

discussed in Subsection 3.2), which can further increase the deformation of the ball screw 136 

device. As such, the deformation of the inerter and viscous damper may be several times 137 

greater than the lateral drift of the story where the TVMD is installed. (2) The joints between 138 

TVMD and wall pier are easy to design. At the joint (see Fig. 3), one TVMD provides the 139 

tensile force and another provides the compressive force. As a result, the resultant vertical 140 

force at the joint provides the coupling action to the wall piers, while the resultant horizontal 141 



 

8 

force applied to the joint would be small. 142 

Deformation

Force

 

Fig. 3. Deformation pattern and joint force. 

2.3. Prototype structure 143 

To investigate the design method and seismic performance of the TVMD coupled wall 144 

system, a virtual 15-story commercial office building is adopted for analysis. The total height 145 

of the structure is 67.5 m with a uniform story height of 4.5 m. The prototype structure uses 146 

the RC frame-shear wall system. A representative floor plan of the structure is shown in Fig. 147 

4(a), with plan dimensions of 25 m × 18 m. The building is assumed to be located in Beijing, 148 

where the peak ground acceleration (PGA) is 0.2 g for the design basis earthquake (DBE, 149 

with a probability of exceedance of 10% in 50 years) and the characteristic site period Tg is 150 

0.45 s. 151 

The structure without TVMDs is designed according to the Chinese code for seismic 152 

design of buildings (GB 50011-2010) [34] and Chinese technical specification for concrete 153 

structures of tall buildings (JGJ 3-2010) [35]. It is designed to satisfy the strength demand of 154 

the service level earthquake (SLE, with a probability of exceedance of 63% in 50 years), 155 

which has a peak ground acceleration of 0.07 g. Linear response spectrum analysis of a 156 
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three-dimensional structural model is performed to determine the design forces of structural 157 

components and the deformation of the structure. In this analysis, a damping ratio of 5% is 158 

assumed for all modes. 159 

The shear walls in the longitudinal direction highlighted as a double wall system (DBW) 160 

in Fig. 4(a) are selected for further analysis. As shown in Fig. 4(b). DBW represents two 161 

isolated walls connected by floor slabs. The wall thickness varies from 400 to 300 mm along 162 

the structural height. To ensure the DBW model can reasonably capture dynamic behavior of 163 

the prototype structure, the seismic masses in the DBW are assumed to follow the floor mass 164 

distribution along the height and they are scaled such that the DBW has similar dynamic 165 

characteristics to the prototype structure in the longitudinal direction. The floor seismic mass 166 

acting on the DBW varies from 90 to 80 ton along the height, as shown in Fig. 4(b). The 167 

natural period of the first three modes of the DBW model are 2.28 s, 0.39 s, and 0.14 s. 168 

Installation of the TVMDs between the adjacent wall piers forms the TVMD coupled wall 169 

system (TCW) as shown in Fig. 4(c), which will be adopted for the following analysis. 170 

5000 5000 5000 5000 5000

25000

6
0

0
0

6
0

0
0

6
0

0
0

1
8

0
0

0

DBW

Longitudinal

T
ra

n
s

v
e

rs
e

 

Floor mass:
80 ton 

Wall thickness:
300 mm 

Floor mass:
85 ton 

Wall thickness:
350 mm 

 
Floor mass:

90 ton 
Wall thickness:

400 mm 

Floor

11-15

Floor

6-10

Floor

1-5

  

(a) Plain view of prototype structure 

(unit: mm) 

(b) Elevation of DBW 

system 

(c) Elevation of 

TCW system 

Fig. 4. Prototype structure. 

2.4. Numerical model for TVMD coupled wall system 171 
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For development of the optimal design method, a simplified numerical model of the 172 

TVMD coupled wall system was developed in Matlab. Fig. 5(a) shows the DBW model, 173 

where the wall pier is simulated by Timoshenko beam elements located along the centroid of 174 

the wall sections. A rigid beam element with a length equal to the wall’s sectional depth is 175 

added at each floor level, to represent the rigidity of the wall along its section. Floor mass is 176 

assigned across several nodes of the wall piers at each floor level, as shown in Fig. 5(a). A 177 

rigid link element is added to connect two wall piers at each floor level to simulate the rigid 178 

diaphragm. The Rayleigh damping model is adopted, where the parameters are determined 179 

based on the assumption that the damping ratio of the first and third modes are equal to 0.05. 180 

The simplified model of the DBW in Matlab was validated by comparison with the model 181 

developed in the software SAP2000 where the wall piers were simulated by shell elements. 182 

Both models have nearly identical modal properties. 183 
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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. 184 

Sub-element 1, representing the ball screw, comprises an inerter and a dashpot connected in 185 

parallel. Sub-element 2, representing the stiffness device, consists of an elastic spring. 186 



 

11 

Because the TVMD works like a one-dimensional element and three nodes move only along 187 

the longitudinal direction of the device, a TVMD element includes 3 DOFs  
T

1 2 33, ,x x x in the 188 

local coordinate system. The mass, damping and stiffness matrices in the local coordinate 189 

system, denoted as 
e

M   , 
e

C   and 
e

K   , for a TVMD element are expressed as follows. 190 

r r
e

r r

0

0

0 0 0

m m

M m m

− 
   = −   
  

, 
d d

e

d d

0

0

0 0 0

c c

C c c

− 
   = −   
  

, 
e

b b

b b

0 0 0

0 -

0 -

K k k

k k

 
   =   
  

      (1) 191 

where mr denotes the apparent mass of the inerter, cd denotes the damping coefficient of the 192 

viscous damper, kb denotes the stiffness of the spring. Afterward, the mass, damping and 193 

stiffness matrices of a TVMD in the global coordinate system (i.e., the x-y coordinate system 194 

in Fig. 5(b)), denoted as  
e

M ,  
e

C and  
e

K , can be obtained by the coordinate 195 

transformation as follows:  196 

     
ee T

=M T M T   ,      
ee T

=C T C T  
,      

ee T
=K T K T                (2) 197 

 

cos sin 0 0 0 0

0 0 cos sin 0 0

0 0 0 0 cos sin

T

 

 

 

 
 

=
 
  

                 (3) 198 

where [T] denotes the coordinate transformation matric, the superscript T denotes the 199 

transpose operation, and  denotes the rotation angle between the local and global coordinate 200 

system as shown in Fig. 5(b). 201 

The size of the matrices  
e

M ,  
e

C and  
e

K  are 6-by-6, corresponding to the DOFs 202 

 
T

1 1 2 2 3 3, , , , ,x y x y x y . Considering that three nodes in a TVMD element shall be always 203 

collinear during their movement, one DOF can be eliminated using the kinematic constraints. 204 

By neglecting the slight variation of TVMD incline angle during the motion, the DOF y2 can 205 

be expressed by other DOFs using Eq. (4). 206 
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     

1

1

1

1

2

2 c c

2

3

3

3

3

1 0 0 0 0

0 1 0 0 0

0 0 1 0 0
,    i.e.   =

tan 1 tan 0 0

0 0 0 1 0

0 0 0 0 1

x
x

y
y

x
x u T u

y
x

x
y

y

 

   
    
    
       

=     
−    

    
      
    

    (4) 207 

where  cT  denotes the condensation matrix. 208 

Therefore, the mass, damping and stiffness matrices of a TVMD can ben condensed into 209 

the matrices  
e

c
M ,  

e

c
C and  

e

c
K with a size of 5-by-5, by the following equation. 210 

       
e T e

c cc
=M T M T ,         

e T e

c cc
=C T C T ,         

e T e

c cc
=K T K T        (5) 211 

The TCW model is constructed by integrating the TVMD elements into the DBW 212 

model, as shown in Fig. 5(c). 213 

3. Single-mode tuning design and analysis 214 

3.1. Single-mode tuning design method 215 

The optimal design of TVMD is similar to the design concept of TMD, where the 216 

vibration frequency of the TMD is tuned to a target mode frequency of the primary structure 217 

for minimizing its dynamic response. The fixed point method proposed by Ormondroyd and 218 

Den Hartog [36,37] is the commonly used approach for optimal design of TMD. Ikago et al. 219 

[11] extended the fixed point method for optimal design of TVMD in a SDOF undamped or 220 

lightly damped system. Based on this method, for a given mass ratio , the optimal frequency 221 

opt

d  and damping ratio opt

d  of the TVMD are given by:  222 

opt

d 0

1

1
 


=

−
                                     (6) 223 

( )
opt

d

1 3

2 2





=

−
                                   (7) 224 

https://www.baidu.com/link?url=8-AS1PNk8BSqn1T7uo0WMnm2QihtrCalf5FpU8vb467d0fg27kADMhqE5CAcEqtjIOYGReqIBu4a_MklRNhPYvr-3bObsHLTt_0uQbXtnv0YRAuFi1Pz81eIDih47xsp&wd=&eqid=d3a8501a0001a30c000000035b191179
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where 
0  denotes the natural frequency of the primary structure, the mass ratio 

r= /m m  225 

represents the ratio of the apparent mass of TVMD mr to the mass of the primary structure m. 226 

Note that the above optimal frequency and damping ratio obtained by Eqs. (6) and (7) 227 

correspond to the minimization of the H norm of the transfer function from the base 228 

acceleration excitation to the displacement response of the SDOF primary structure [11]. 229 

Ikago et al. [,24242424, 25242525] further extended the fixed point method from a SDOF system to the 230 

optimal design of TVMDs used in shear-type multi-story frame structures. The dynamic 231 

response of a linear MDOF system can be regarded as the combined response of a series of 232 

modes, while the fixed point method is used to design TVMDs tuned to a given mode of 233 

interest. The key to success of the method is how the apparent mass of the TVMDs is assigned 234 

along the height. Ikago et al. [24, 25] recommended that the apparent mass distribution of 235 

TVMDs is proportional to the story shear stiffness for the shear-type structures (e.g., frames), 236 

where the TVMDs are mobilized by the inter-story drifts. However, this recommendation is 237 

not suitable for the coupled wall system, which belongs to a flexure-type structure. In the 238 

coupled wall system, the TVMDs are mobilized majorly by the relative vertical displacements 239 

between adjacent wall piers. 240 

In this study, the apparent mass distribution of TVMDs in the coupled wall system is 241 

assumed to be proportional to the modal displacement demand vector of the TVMDs for the 242 

target tuning mode. For a given mode, the modal displacement demand of a TVMD is defined 243 

as the relative displacement, between the two nodes installing the TVMD, in this mode shape 244 

vector. This assumption is based on the hypothesis that a larger TVMD shall be assigned at a 245 

location with a larger deformation demand. If the ith mode is selected as the target tuning 246 

mode, the modal displacement demand vector of TVMDs  di  can be calculated from the 247 
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ith mode shape vector of the DBW  i  (see Fig. 6(a)). Fig. 6(b) shows the first three mode 248 

shapes of the DBW, and Fig. 6(c) shows the corresponding modal displacement demand 249 

vectors of TVMDs. 250 
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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 251 

ratio i for the TVMD coupled wall is defined as the ratio of the ith modal apparent mass of 252 

the TVMDs to the ith modal mass of the primary structure, given by [27]: 253 

   

   

T

d r d

T

p

[M ]
=

[ ]

i i

i

i iM

 


 
                             (8) 254 

where  i  and  di  denote the ith real mode shape vector of the primary structure (i.e., the 255 

DBW) and the correponding modal displacement demand vector of TVMDs, [Mp] denotes the 256 

mass matrix of the primary structure, and the matric [Mr] is defined by Eq. (9). 257 
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 
 

                       (9) 258 

In the matric, the jth diagonal term mrj denotes the apparent mass of TVMD in the jth story. 259 

The single-mode tuning design procedure is as follows. (1) Calculate the modal 260 

properties of the primary structure and select the target tuning mode. (2) Determine the 261 

apparent masses of TVMDs. For a selected tuning mode and a given mass ratio of i, the 262 

apparent mass vector of TVMDs {mr1, mr2, , mrn}T can be calculated by assuming it to be 263 

proportional to {ϕdi} and using Eqs. (8) and (9). (3) Determine the optimal frequency and 264 

damping ratio of TVMDs. For the target tuning modal frequency i and a given mass ratio i, 265 

the optimal frequency 
d

opt  and optimal damping ratio 
d

opt  of the TVMDs can be calculated 266 

by the fixed point method using Eqs. (6) and (7). (4) Determine the stiffness and damping 267 

parameters for TVMDs. The spring stiffness kbj and damping coefficient of dashpot cdj of the 268 

TVMD in the jth story are determined as follows 269 

( )
2

opt

bj rj d=k m                                 (10) 270 

opt opt

dj rj d d=2c m                                (11) 271 

where the mrj denotes the apparent mass of the TVMD in the jth story. 272 

3.2. Dynamic properties of TCW 273 

For the prototype DBW, if the mass ratio is set to i = 0.6, the parameters of the TVMDs 274 

can be determined using the above single-mode tuning method. Note that such a high mass 275 

ratio can be realized due to very large amplification effect of ball screw mechanism on the 276 

physical mass of TVMDs. Table 1 summarizes the optimal design parameters of TVMDs. The 277 

2nd to 4th columns of this table are the results obtained from the aforementioned single mode 278 
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tuning design method, where the target tuning mode is selected as the 1st, 2nd and 3rd mode 279 

of the DBW, respectively. The last column of Table 1 is the results obtained from the 280 

multi-mode tuning design method, which will be presented in the following Section 4. 281 

Table 1. Optimal design parameters for TVMDs. 282 

 Tuned to 1st mode Tuned to 2nd mode  Tuned to 3rd mode  

Multi-mode tuning 

(group scenario 

1-2-3) 

Story 
mr  

(ton) 

kb 

(kN/m
m) 

cd 
(kNs/m

m) 

mr  

(ton) 

kb 
(kN/m

m) 

cd 
(kNs/
mm) 

mr  

(ton) 

kb 
(kN/m

m) 

cd 
(kNs/
mm) 

mr 

(ton) 

kb 
(kN/mm

) 

cd 
(kNs/m

m) 

1 100 1.9 0.50 27 17.6 0.78 19 85.0 1.4 78 0.46 0.34 

2 290 5.5 1.4 71 45.9 2.0 44 195.3 3.2 78 0.46 0.34 

3 461 8.8 2.3 96 62.4 2.8 47 208.3 3.4 78 0.46 0.34 

4 614 11.7 3.0 104 67.7 3.0 32 141.1 2.3 78 0.46 0.34 

5 749 14.3 3.7 97 62.9 2.8 5 22.1 0.36 78 0.46 0.34 

6 873 16.6 4.3 74 48.0 2.1 28 121.3 2.0 110 134.0 2.1 

7 986 18.8 4.9 38 24.9 1.1 57 248.7 4.1 110 134.0 2.1 

8 1081 20.6 5.3 5 3.3 0.15 72 316.0 5.2 110 134.0 2.1 

9 1156 22.0 5.7 52 33.7 1.5 70 306.1 5.0 110 134.0 2.1 

10 1216 23.2 6.0 98 63.6 2.8 50 219.6 3.6 110 134.0 2.1 

11 1263 24.1 6.2 142 92.4 4.1 15 64.6 1.1 161 900.0 7.5 

12 1299 24.7 6.4 181 117.8 5.2 29 126.2 2.1 161 900.0 7.5 

13 1321 25.2 6.5 209 136.0 6.1 68 299.8 4.9 161 900.0 7.5 

14 1333 25.4 6.6 226 147.1 6.5 96 423.5 7.0 161 900.0 7.5 

15 1337 25.5 6.6 234 151.6 6.7 110 482.9 7.9 161 900.0 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, 283 

complex modal analysis is conducted to yield the complex modal properties of the system. 284 

The details of the complex modal analysis and the calculation of participation mode vectors 285 

for a MDOF system incorporated with TVMDs are described in Ikago et al. [24]. Table 2 286 

summaries the dynamic properties of an example of the TCW where TVMDs are tuned to the 287 

2nd mode of the primary structure. The participation mode vectors of this TCW are shown in 288 

Fig. 7, compared with those of the DBW. Note that the ith participation mode vector for the 289 

TCW is calculated from the ith conjugated pair of complex mode shape vectors, while that for 290 
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the DBW is calculated from the ith real mode shape vector. 291 

Table 2. Dynamic properties of the DBW and TCW tuned to 2nd mode. 292 

Mode 

DBW 

Mode 

TCW 

Period (s) Damping ratio 
Period 

(s) 
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 

d

optT =2π/
d

opt =0.247 s; 
d

opt =0.57 
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Fig. 7. Participation mode vectors of DBW and TCW tuned to the 2nd mode. 

The following observations can be made from Table 2 and Fig. 7. (1) The target tuning 294 
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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 295 

TCW system) due to addition of 15 TVMDs. Among these 16 modes, the first and the last 296 

modes are dominated by global vibration of the coupled wall system, while the others are the 297 

local vibration mode of TVMDs that have vibration periods and damping ratios close to those 298 

values of the TVMDs themselves (i.e., 
d

optT and 
d

opt ). (2) The combination of the 2nd to 17th 299 

participation mode vectors is nearly identical to the 2nd mode shape of the DBW. The 1st, 300 

18th and 19th participation mode vectors correlate well with the 1st, 3rd and 4th participation 301 

mode vectors of the DBW. (3) The addition of TVMDs significantly increases the damping 302 

ratios for both the tuning mode (i.e., the 2nd mode) and the lower-order modes (e.g., the 1st 303 

mode) of the primary structure, while it has limited influence on damping properties of 304 

higher-order modes. Interestingly, this characteristic of damping supplied by TVMDs is 305 

different from either conventionally viscous dampers that provide damping for all modes or 306 

tuned mass damper (TMD) that absorb the vibration at a narrow frequency range of the tuning 307 

mode. The unique damping characteristic can be explained by dynamic analysis of TVMDs. 308 

As shown in Fig. 8, for a given TVMD excited by a sinusoid displacement load 309 

sin( )t tu U t= , the deformation of the dashpot ud and that of the spring uk can be obtained as 310 

detailed in Appendix. Fig. 8 shows the magnitude and phase angle of the responses of ud and 311 

uk relative to the excitation displacement ut. When the excitation frequency L is far lower 312 

than the natural frequency of TVMD n, the viscous damper response dominates the total 313 

displacement ( d t/ 1U U  ) while the spring has very limited deformation ( k t/ 0U U  ), 314 

because the equivalent dynamic stiffness of viscous damper cdL is much lower than the 315 

stiffness of spring kb. The cyclic responses of viscous damper with large magnitudes can thus 316 
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dissipate energy and supply additional damping to the low-frequency vibration (e.g.., the 317 

lower-order mode). On contrast, when the excitation frequency H is higher than the natural 318 

frequency of TVMD n, the spring dominates the total displacement ( k t/ 1U U  ) while the 319 

relative displacement of viscous damper is close to zero ( d t/ 0U U  ). Very limited cyclic 320 

responses of viscous damper cannot provide substantial damping to high-frequency vibration 321 

(e.g., the higher-order mode). When the excitation frequency is close to n, the TVMD 322 

resonates, accomplished by the opposite deformation of spring and viscous damper (i.e., the 323 

phase angle of spring and viscous damper displacement is approximately 180, as shown in 324 

Fig. 8). Therefore, the motion of viscous damper is amplified ( d t/ 1U U  ), leading to an 325 

increased damping supplement to the tuning mode. 326 
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Fig. 8 Dynamic responses of TVMD under sinusoid excitation 

Fig. 9 shows transfer functions from the base acceleration excitation to the top lateral 327 

displacement and acceleration responses for both the DBW and TCW systems. Note that the 328 

transfer functions are calculated in Matlab from state-space functions of the systems. Three 329 

models are considered for the TVMD coupled wall systems, i.e., TCW-1st, TCW-2nd and 330 

TCW-3rd, where the TVMDs are tuned to the first, second and third mode, respectively. The 331 
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lateral displacement is dominated by the first mode whereas the acceleration response has 332 

significant contributions from all first three modes. Therefore, effective control of the 333 

acceleration response of high-rise buildings should act to suppress the vibration of a few 334 

modes. Furthermore, it can be observed from the figure that the addition of TVMDs can 335 

reduce the peak values of transfer function at both the frequency of the tuning mode and at the 336 

frequencies of lower-order modes. Therefore, TVMDs tuned to the 2nd or 3rd mode appears 337 

to be more efficient than those tuned to the 1st mode in terms of response control, particularly 338 

for the acceleration control. 339 
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(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 340 

Seven ground motions are selected from NGA West 2 Ground Motion Database [38] 341 

using the linear scaling method such that the mean square error (MSE) of their acceleration 342 

response spectra is minimized with respect to the target spectrum over the period range of 343 

interest. The target spectrum for record selection is the DBE response spectrum specified in 344 

Chinese code for seismic design of buildings GB 50011-2010 [34]. The period range of 345 

interest is selected to span [0.1 s, Tg] and [Tg-0.2 s, 2Tg], where Tg denotes the characteristic 346 

site period [5]. In selecting the ground motions, record characteristics with magnitudes greater 347 
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than 6, average shear wave velocity consistent with Site Class III and no restriction on fault 348 

type and fault distance were used as search criteria. Fig. 10 plots the time history of the 349 

selected seven ground motion records, the individual record spectra, the mean spectrum of the 350 

selected records and the target spectrum. 351 

 
T2T3

 

(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 352 

in Subsection 2.4 is conducted to validate the effectiveness of the TVMD coupled wall system. 353 

Development of sophisticated nonlinear model of TVMD coupled wall system, which can 354 

reflect the nonlinearity in TVMDs and elastic-to-plastic behavior of walls piers, is out of the 355 

scope of this paper. Fig. 11 shows the mean values of the maximum inter-story drifts and floor 356 

accelerations at each floor of the DBW and TCW when subjected to the seven ground motions. 357 

The maximum inter-story drift of the TCW-1st is up to 51% lower than the DBW, while the 358 

maximum floor acceleration of both systems is similar. This is because TVMDs tuned to the 359 

1st mode cannot suppress the higher-mode vibrations, while they significantly contribute to 360 

floor accelerations as can be observed from the shape of acceleration distribution of the DBW 361 

(see Fig. 11). The TCW-2nd and TCW-3rd demonstrate nearly identical responses in terms of 362 
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both the inter-story drifts and floor accelerations. Both models decrease the inter-story drifts 363 

and floor accelerations by approximately 60% and 65% respectively, compared with the 364 

DBW. 365 

The analysis also indicates that the sum of the maximum absolute values of forces for all 366 

TVMDs (referred to as “the total TVMD force” hereinafter) is 3270 kN, 2460 kN and 2500 367 

kN for TCW-1st, TCW-2nd and TCW-3rd, respectively. Therefore, TVMDs tuned to the 2nd 368 

or 3rd modes do not necessarily require larger force capacity than those tuned to the 1st mode, 369 

although the former shows superior performance. As such, allowing for controlling both 370 

inter-story drifts and floor accelerations, design of TVMDs tuned to at least the second mode 371 

of the primary structure is recommended for the TVMD coupled wall system. Note that the 372 

maximum force of a TVMD is calculated as 456 kN under the DBE motions. A pair of 373 

TVMDs connected to one joint result in a maximum vertical shear force demand of 570 kN to 374 

the joint, while the horizontal force demand to the joint is quite small because the horizontal 375 

force components of two TVMDs can partially counter-act each other. For a conventional 376 

coupled wall system, the beam-to-wall joint are easily design to have a capacity to resist the 377 

vertical shear force with a magnitude of 1000 kN induced by the coupling beam. Therefore, 378 

the local region of the wall piers at the TVMD-to-wall joints would not sustain damage in 379 

such force demands, except for the joint at the top floor that connects only to one TVMD and 380 

may sustain large horizontal tensile force demand. 381 
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           (a) Inter-story drifts    (b) Floor accelerations 

Fig. 11. Seismic responses (single-tuning method results). 

It should be noted that the above analysis results are for the TVMD coupled walls 382 

designed with an apparent mass ratio of 0.6. One might be interested in how the apparent 383 

mass ratio influences the results. In fact, an increase of apparent mass ratio leads to an 384 

increased force of the TVMDs, while the economic cost of TVMDs is almost proportional to 385 

their force capacity. Additional analysis was conducted, where the TVMDs were tuned to the 386 

3rd mode while the mass ratio was taken as a variable, ranging from zero to 0.6. For each 387 

mass ratio value, the TVMD parameters were determined by the single-tuning design 388 

procedure, and then the history response analysis was conducted to obtain the responses of the 389 

TCW and TVMD forces when subjected to the selected seven ground motions. Fig. 12 plots 390 

the relation of the mean values of the maximum top lateral displacement (or the maximum top 391 

floor acceleration) versus the total TVMD force. It is observed that the maximum lateral 392 

displacement is approximately inversely proportional to the total TVMD force. The maximum 393 

top floor acceleration decreases rapidly along with an increase of the total TVMD force upon 394 

to 2500 kN, while it remains stable as approximately 0.2 g for further increase of TVMD 395 

forces. Therefore, a reasonable apparent mass ratio should be chosen for TVMD coupled wall 396 

design, which would be determined through a consideration of required seismic control 397 
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performance, economic costs and other engineering issues. 398 
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(a) Top lateral displacement (b) Top floor acceleration 

Fig. 12. Seismic responses versus the total TVMD force at various mass ratio. 

4. Multi-mode tuning design method 399 

As a number of TVMDs are installed in the TVMD coupled wall system, one might 400 

naturally suggest developing a multi-mode optimal tuning design method in which different 401 

groups of TVMDs are tuned to different modes of the primary structure. In fact, the 402 

multi-mode tuning design concept has been applied to multi-story shear-type structures 403 

incorporated with TVMDs, where the numerical optimization is used to determine the 404 

parameters of TVMDs [23,27,28]. Similarly, in this paper the multi-mode tuning design of the 405 

TVMD coupled wall system is defined as an optimization problem as well. 406 

In this optimization problem, the objective function is the sum of the normalized 407 

maximum inter-story drift and the normalized maximum floor acceleration, as presented in 408 

Table 3. The weight factor w in the objective function is taken as 0.5 in this study. 
max  and 409 

maxa  denote the mean value of the maximum inter-story drift and maximum floor acceleration 410 

of the structure when subjected to the seven selected motions shown in Fig.10. 
s  and 

sa  411 

are taken as 1/450 (inter-story drift) and 0.2 g (i.e., PGA of DBE motions), respectively. Note 412 
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that under the seven motions of DBE level, the maximum inter-story drift ratio for the TCW 413 

system designed by the single-mode tuning method varies among 1/500 to 1/400. Therefore, 414 

the average value of 1/450 is adopted as s to normalize the inter-story drift responses. 415 

In practice, the dampers installed in the buildings are usually grouped into a few capacity 416 

types, for ease of design, manufacture and installation. In this study, the fifteen TVMDs are 417 

divided into three groups; TVMD Type 1 installed for the 1st to 5th stories, TVMD Type 2 for 418 

the 6th to 10th stories, and TVMD Type 3 for the 11th to 15th stories. ( )1 1 1, ,r d dM w  , 419 

( )2 2 2, ,r d dM w  , ( )3 3 3 , ,r d dM w   represent the apparent mass, natural frequency and 420 

damping ratio for the TVMDs of Type 1 through Type 3, respectively. These parameters are 421 

taken as the variables of the optimization problem. Because the economic cost of the TVMDs 422 

relates to their force capacity, the total TVMD force (i.e., the sum of the maximum absolute 423 

values of forces for all TVMDs max, jF ) is adopted as the constraint in this optimization. As 424 

the total TVMD force is approximately 2500 kN for the TCW-2nd and TCW-3rd in the 425 

previous section, max, 2500kNjF   is used as the constraint for fair comparison between 426 

multi-mode tuning design and single-mode tuning design. 427 

Table 3. Multi-mode tuning optimization problem. 428 

Objective： 
max max

s s

min (1 )
a

w w
a





 
+ − 

 
 ( )=0.5w  

Variables： 

1 2 3

1 2 3

1 2 3

, ,

 ,  ,  

 ,  ,  

T

r r r

d d d

d d d

M M M

x w w w

  

 
 

=  
 
 

  

Constraints: max, 2500kNjF    

The sequential quadratic programming (SQP) method [39] is regarded as one of the most 429 
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efficient methods to solve the constrained nonlinear optimization problem, and it has been 430 

successfully applied to optimization of TVMDs in shear-type structures [23,27]. Therefore, 431 

the SQP method is adopted in the following optimization procedure. The optimization results 432 

of the SQP method rely on the initial values of the variables. A total of six tuning group 433 

scenarios are considered as shown in Table 4, which correspond to six sets of initial values of 434 

the variables. For each scenario, after setting the initial values of apparent masses (Mr1, Mr2 435 

and Mr3), initial values of frequency ( )1 2 3,  ,  d d dw w w  and damping ratio ( )1 2 3,  ,  d d d    are 436 

determined by the fixed point method, using Eqs. (6) and (7) by substituting the different 437 

tuning-mode frequencies of the primary structures. For example, the tuning group scenario 438 

“2-1-3” in Table 4 denotes that the initial values of TVMD parameters in the lower five stories 439 

(i.e., 1-5 stories) are determined by tuning the 2nd mode of the primary structure, those of the 440 

middle five stories (i.e., 6-10 stories) are determined by tuning the 1st mode, and those of the 441 

top five stories (i.e., 11-15 stories) are determined by tuning the 3rd mode. Afterwards, the 442 

optimization is conducted iteratively by using the time-history analysis and SQP algorithm. 443 

Table 4. Tuning group scenarios of TVMDs. 444 

Story 
1st-5th 

stories 

6th-10th 

stories 

11th-15th 

stories 

Tuning group scenario 

Tuning 

Mode 

1st 2nd 3rd 1-2-3 

1st 3rd 2nd 1-3-2 

2nd 1st 3rd 2-1-3 

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 445 

system. It appears that the group tuning scenario 1-2-3 and scenario 3-1-2 demonstrate the 446 

best performance. Table 1 lists the parameters for TVMDs obtained from the optimization 447 
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design based on the tuning group scenario 1-2-3. 448 

 

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 449 

top lateral displacement and floor acceleration for the TCW-SQP system that is designed 450 

based on the optimization of the tuning group scenario 1-2-3. The transfer functions of the 451 

DBW and the TCWs designed using the single-mode tuning method are also plotted in the 452 

figure for comparison. TCW-SQP shows better performance for reducing the peak values of 453 

transfer functions as compared to the DBW system and TCW-1st model, while it shows very 454 

similar transfer functions to the TVW-3rd model. 455 

Fig. 14(c) shows the mean values of the maximum inter-story drifts and floor 456 

accelerations of the TCW-SQP when subjected to the seven motions. Again, the TCW-SQP 457 

had much smaller responses than DBW and the TCW-1st model, while its responses are 458 

similar to those of TCW-2nd and TCW-3rd except for a slight difference in the floor 459 

accelerations. Fig. 14(d) and (e) plot the time histories of the top lateral displacement and top 460 

floor acceleration responses of the systems subjected to the Imperial Valley-06 motion. It is 461 

indicated that the TCW-1st leads to decreased displacement responses by suppressing the first 462 

mode vibration of the primary structure, while the TCW-2nd, TCW-3rd and TCW-SQP can 463 

further reduce the acceleration responses by suppressing higher-mode vibration. It may be 464 
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recalled from Section 3, that the TVMDs tuned to a high-order mode can also provide large 465 

additional damping to the lower-order modes. Therefore, for the TVMD coupled wall system, 466 

the single-tuning design method is recommended using the 2nd or 3rd mode as the target 467 

tuning mode, since it can perform as well as the more complicated multi-mode tuning method. 468 
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(a) Top displacement transfer function (b) Top acceleration transfer function 

 

(c) Seismic responses of inter-story drift and floor acceleration 
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(d) Time history of top lateral displacement under the Imperial Valley-06 motion 
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(e) Time history of top floor acceleration under the Imperial Valley-06 motion 

Fig. 14. Responses of TCW designed by the multi-mode tuning method. 

5. Real-time hybrid simulation (RTHS) of TCW system 469 

RTHS [40,41] was conducted to examine the seismic performance of the TCW system. 470 

In this simulation, a viscous-mass damper was tested in the physical domain, while other 471 

structural components and dampers of the system were simulated in the numerical domain. 472 

Note that the objective of RTHS in this paper is to demonstrate the advantages of the TCW 473 

system. Therefore, only the TVMD in the top story that has the largest displacement and 474 

velocity was selected to test physically, and the nonlinearity of wall piers were simulated in 475 

simplified equivalent elastic model. Large-scale dynamic tests of the TCW system are 476 

necessary for examination its seismic performance, which would be a future research work. 477 

5.1. Sub-TCW model and TVMD specimen 478 

The TCW system designed using the multi-mode tuning method as described in Section 479 

4 was considered as the prototype structure for the RTHS. Because only one TVMD is 480 

connected in the joint at the top floor (see Fig. 3), the forces of the TVMD may lead to large 481 

horizontal tensile force demand to the joint. In order to prevent the failure of the joint, the 482 

TVMD at the top story was redesigned by decreasing its damping coefficient, while its 483 

apparent mass and stiffness remained unchanged. Although this modification decreased the 484 
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maximum force of the top-story TVMD applied to the joint, it affected slightly the dynamic 485 

response of the system, with an 8% increase in the maximum inter-story drift and nearly no 486 

change in the maximum floor acceleration. 487 

As shown in Fig. 15, the TVMD in the top story was tested in the physical domain, the 488 

rest of the system was simulated in the numerical domain using a Sub-TCW model developed 489 

in Matlab. The experimental testing of the TVMD included only a rotary viscous mass damper, 490 

while the stiffness of the spring remained in the numerical model. To accommodate the 491 

loading capacity of the dynamic actuator, the apparent mass, damping coefficient and the 492 

corresponding force of the viscous mass damper was scaled down with a factor of 1/383. The 493 

parameters of the rotary viscous mass damper are summarized in Table 5. The flow diagram 494 

of RTHS for the TCW system is shown in Fig. 15. The RTHS was conducted with a very 495 

small time interval of 1/2000 second, to ensure the stability of integration. 496 

Table 5. Parameters of TVMD specimen. 497 

Flywheel 

mass 

mf (kg) 

Apparent 

mass 

mr (kg) 

Amplificati

on factor 

mr/mf 

Viscosity of 

viscous 

material 

(mm2/s) 

Damping 

coefficient 

cd 

(kNs/m) 

Frequency 

d (rad/s) 

Damping 

ratio 

d  

3.35 420 125 8000 2 74.8 0.03 

 498 
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Fig. 15. Flow diagram of RTHS for TCW system. 

5.2. Test setup and loading 499 
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Fig. 16 shows the schematic drawing and photograph of the test setup. The numerical 500 

model Sub-TCW was compiled in Simulink first and then downloaded to a dSPACE digital 501 

signal processing board. A system that uses proprietary software ControlDesk and Real-Time 502 

Interface (RTI) was adopted for digital signal control, information interaction and rapid 503 

iteration. 504 

 

1 m

 

Viscous mass damper specimen

 

(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 505 

records scaled to the DBE level and the corresponding acceleration response spectra of the 506 

motions are shown in Fig. 17. One is the Imperial Valley-06 motion, recorded in the 1979 El 507 

Centro Earthquake, for which the acceleration response spectra matched well with the design 508 

response spectra. The others are the JMA Kobe motion, a near-field motion recorded in the 509 

1995 Kobe earthquake and the Sakishima motion, a far-field motion recorded during the 2011 510 

Tohoku-Oki earthquake. Note that the Sakishima motion is a long-period long-duration 511 

motion, and only a 120-second record with large-magnitude shaking was considered in this 512 

RTHS. 513 
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(a) Time-history records (b) Acceleration response spectra 

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 514 

Valley-06 motion was scaled into three levels: the SLE, DBE and the maximum considered 515 

earthquake (MCE). For the JMA Kobe and Sakishima motions, only the DBE level was 516 

considered. Because the predicted drifts of TCW system under DBE motions are rather small 517 

(with the maximum inter-story drift less than 0.25%), it is reasonable to simulate the wall 518 

piers using an elastic model. However, when subjected to the MCE motions, the wall piers 519 

undergo nonlinearity. Cracking of concrete and yielding of rebar would lead to decrease of the 520 

stiffness of walls and increase of damping of the primary structure. Particularly, the stiffness 521 

reduction results in elongation of the vibration periods of the system, and it may lead to the 522 

possible detuning effect as the structural vibration frequency shifts from the tuning frequency. 523 

In Case 6, an equivalent linear model was used to represent the nonlinearity, where the 524 

effective flexural stiffness of the RC walls in the first two stories (plastic-hinge region) was 525 

taken as 35% of the initial stiffness value EcIg based on the gross section properties, and the 526 
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effective flexural stiffness of walls in other stories was taken as 70% of the stiffness value EcIg 527 

[42]. As the damping ratio of RC structure at yield point is recommended as 7% - 10% [43], 528 

an inherent damping ratio of 7% for the structure was adopted in Case 6. Note that, in Case 3, 529 

the elastic model of wall piers was intendedly used even for the MCE shaking. The 530 

comparison between Case 3 and Case 6 can quantify the influence of detuning effect on TCW 531 

system. 532 

Table 6. Loading cases and results of RTHS. 533 

Case no. 
Ground 

motion 

Seismic 

level 

Maximum 

inter-story drift 

(%) 

Maximum 

floor 

acceleration 

(g) 

Note 

1 
Imperial 

Valley-06 
SLE 0.075 0.052  

2 
Imperial 

Valley-06 
DBE 0.21 0.15  

3 
Imperial 

Valley-06 
MCE 0.42 0.30  

4 JMA Kobe DBE 0.13 0.15  

5 Sakishima DBE 0.21 0.07  

6 
Imperial 

Valley-06 
MCE 0.46 0.22 

Consider wall 

stiffness 

reduction 

5.3. Results of RTHS 534 

Table 6 presents the results from the RTHS. A comparison of the results between Cases 4 535 

and 5 indicates that the Sakishima motion (far-field motion) generates relatively larger 536 

inter-story drifts while the JMA Kobe motion (near-field motion) generates relatively larger 537 

floor accelerations. It is because the Sakishima motion consists of large low-frequency 538 

components that effectively excite the fundamental mode, while the JMA Kobe motion has 539 

the high-frequency components that stimulate the vibration of high modes. Further analysis 540 

indicates that, when subjected to the three motions under DBE level, the average values of the 541 
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maximum inter-story drift and the maximum floor acceleration of TCW obtained from the 542 

RTHS are 64% and 76% lower than the responses of DBW obtained from numerical 543 

simulation. Therefore, the TCW system exhibits superior performance in controlling the 544 

dynamic responses of the structures, when subjected to various types of seismic motions. 545 

Fig. 18 plots the time history response of the axial force of the viscous mass damper 546 

obtained from RTHS for Case 3, compared with the numerical analysis results. The difference 547 

between experimental test and analysis results majorly comes from the friction forces in the 548 

ball screw device, which is not considered in the numerical model of TVMDs. If including the 549 

friction forces measured from static tests of the ball screw device, the numerical model can 550 

generally track the response obtained from the RTHS, as indicated in Fig. 18. 551 
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Fig. 18. Time history response of viscous mass damper force. 

5.4. Detuning effect 552 

Fig. 19 compares the results of Case 3 versus Case 6. Both cases had an identical ground 553 

motion, while the latter had reduced stiffness of the walls and increased structural damping 554 

ratio to simulate the effect of structural damage. The responses of the DBW obtained from the 555 

numerical analyses are also plotted in this figure. It is indicated that the decreased stiffness of 556 

the walls leads to an obvious increase in the inter-story drift and decrease in the floor 557 

acceleration of the DBW system. However, the responses of TCW system appear to be less 558 
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sensitive to the decrease in the stiffness of the walls. 559 
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Fig. 19. Response comparison of Case 3 versus Case 6. 

Past studies have demonstrated that, for the TMD system, the detuning effect (i.e., the 560 

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 

subjected to strong motions [44]. However, the detuning effect appears to be limited for the 563 

TVMD coupled wall system. As shown in Fig. 19, the decrease of the stiffness of structural 564 

walls leads to only 9% increase in the inter-story drifts, and has almost no influence on the 565 

floor accelerations. A TMD is mobilized by the acceleration of the installation floor, and the 566 

floor acceleration, if its vibration frequency is shifted away from the TMD frequency, cannot 567 

effectively actuate the TMD oscillation. However, the TVMD is actuated by the relative 568 

movement at its two ends, and thus it is always mobilized if the structure undergoes the lateral 569 

vibration. In addition, a TVMD not only suppresses the dynamic response of the tuning mode, 570 

but can also provide additional damping to the vibration of which the frequencies are lower 571 

than the tuning frequency (as indicated in Fig. 9). Therefore, when the structure undergoes 572 

nonlinearity and its vibration frequency of the target tuning mode decreases, the TVMD still 573 

can suppress the vibration of that mode by providing additional damping. 574 

6. Conclusions 575 
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This paper proposed an innovative TVMD coupled wall system for enhanced seismic 576 

performance of high-rise buildings. Both the simple-mode tuning method and multi-mode 577 

tuning method were developed for the optimal design of this system. Numerical analyses and 578 

real-time hybrid simulation (RTHS) were conducted to demonstrate the advantages of the 579 

proposed system, in terms of control of inter-story drifts and floor accelerations. The 580 

following conclusions are drawn from this study. 581 

1) When designed using the proposed single-mode tuning method, the additional TVMDs 582 

can not only suppress the dynamic response of the tuning mode, but also provide 583 

additional damping to the lower-order modes. 584 

2) Although the multi-mode tuning method based on SQP numerical optimization can 585 

control the dynamic responses of several modes simultaneously, the analysis indicates that 586 

it does not significantly improve upon the efficiency of the single-mode tuning method for 587 

TVMDs tuned to the 2nd or 3rd mode of the primary structure. Considering the simplicity 588 

of the procedure, the proposed single-mode tuning method is recommended. 589 

3) The numerical analysis results indicate that, use of the TVMD coupled wall system can 590 

reduce both inter-story drifts and floor accelerations of a prototype 15-story building 591 

structure by approximately 60% and 65% respectively, compared to the isolated wall 592 

counterpart. 593 

4) The real-time hybrid simulation (RTHS) further validates the effectiveness of the new 594 

system in seismic response control for high-rise buildings. Furthermore, the RTHS 595 

indicates that the detuning effect is slight for the TVMD coupled wall system even 596 

subjected to strong ground motions, due to the inherent advantages of TVMDs. 597 
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This paper illustrated the benefit of the proposed TVMD coupled wall system. Further 598 

research work should be performed for full development of this system, including (1) to 599 

develop high-fidelity numerical model of this system, which can reflects the nonlinearity of 600 

TVMDs and wall piers; (2) to conduct large-scale dynamic tests for understanding dynamic 601 

properties and nonlinear seismic responses of the system; (3) to compare with the coupled 602 

wall systems equipped with other types of dampers. 603 
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Appendix 612 

For a TVMD as shown in Fig. 8, the force equilibrium and deformation compatibility 613 

yield the following equations 614 

 r d d d b km u c u k u+ =  (A1) 

 k d t+ =u u u  (A2) 

where the mr, cd and kb denote the apparent mass of inerter, viscous coefficient of dashpot and 615 

stiffness of spring, respectively; ud and uk denote the dashpot deformation and spring 616 

deformation, respectively; and ut denotes the displacement excitation on the TVMD. 617 
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Eqs. (A1) and (A2) yield the following equations of motions for a TVMD when 618 

subjected to displacement excitation of ut(t) 619 

 r d d d b d b t+m u c u k u k u+ =  (A3) 

 r k d k b k r t d t+ +m u c u k u m u c u+ =  (A4) 

For the sinusoid excitation ( )t t sinu U t= , the dashpot deformation is assumed as 620 

( )d d sin +u U t a= . Therefore, Eq. (A3) yields 621 

 ( ) ( ) ( ) ( )2

b r d d d b tsin cos sink m U t c U t k U t  a   a − + + + =  (A5) 

where a denotes the phase angle between the response ud and excitation ut. 622 

Eq. (A3) is simplified as  623 

 ( ) ( ) ( ) ( )
2 22

b r d d b tsin sink m c U t k U t   a  − + + + =  (A6) 

where  ( )1 d

2

b r

tan , 0 ,180
c

k m


 



−  
=    

− 
.  624 

Based on Eq. (A6), the magnitude and phase angle of the transfer function from the 625 

excitation ut to the dashpot response ud are solved as follows 626 

 

( ) ( )

d b

2 22t
b r d

U k

U
k m c 

=

− +

 
(A7) 

 
 ( )1 d

2

b r

= tan , 180 ,0
c

k m


a  a



−  
= − −  −   

− 
 (A8) 

The natural frequency d and damping ratio 
d  of TVMD are defines as 627 

n b r= /k m                              (A9) 628 

d r n/ 2c m =                             (A10) 629 

By substituting the frequency ratio d/  =  and Eqs. (A9) and (A10) into Eqs. (A7) and 630 

(A8), the transfer function can be reformulated as 631 
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( ) ( )

d

2 22t

1

1 2

U

U
 

=

− +

 
(A11) 

 
 ( )1

2

2
tan , 180 ,0

1


a a



−  
= −  −   

− 
 (A12) 

The deformation of spring is assumed as ( )k k sinu U t = + , where φ denotes the 632 

phase angle between the excitation of ut and response uk. Similarly, based on Eq. (4), the 633 

magnitude and phase angle of the transfer function from the excitation ut to the spring 634 

response uk are given by  635 

 ( )

( ) ( )

24

k

2 22
t

2

1 2

U

U

 

 

+
=

− +
, (A13) 

 

( ) ( )
 ( )1

2 2 2

2
tan , 0 ,180

2 1


 

  

−
 
 =   
 − −
 

. (A14) 
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