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Abstract: The authors propose a new tuned viscous mass damper (TVMD) coupled wall 8 

system for use in high-rise buildings. In this novel structural system, the TVMDs are 9 

arranged in a zig-zag configuration to couple wall piers in order to control both lateral 10 

inter-story drifts and floor accelerations. This novel structural system is used in this study to 11 

investigate the seismic performance of a 15-story prototype building. A nonlinear finite 12 

element model of the TVMD coupled wall (TCW system) is developed via the opensource 13 

finite element analysis software OpenSees. The TVMD is modeled by means of a newly 14 

compiled element named InertiaTruss, and the behavior of the coupled wall is simulated 15 

using a well-established multi-layer shell element approach. The seismic behavior of this 16 

novel TCW system is compared with walls coupled with conventional reinforced concrete 17 

beams (RCW system) and with viscous dampers (VCW system). The results indicate that, 18 

with a proper tuning design, seismic response parameters such as inter-story drift and floor 19 

acceleration are reduced by up to 16% and 28%, respectively, in the TCW system compared 20 

to the RCW system. The TCW system also shows better control of floor acceleration than the 21 

VCW system, though drifts are comparable. The force demands in the TVMD-to-wall joints 22 
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are small due to the benefit of the TVMD zig-zag configuration. The analysis results also 23 

indicate that the effect of detuning in this new system is insignificant even when subjected to 24 

severe motions. 25 

Keywords: tuned viscous mass damper (TVMD); coupled wall system; seismic control; 26 

nonlinear dynamic analysis; high-rise building. 27 

1. Introduction 28 

Recent earthquakes have highlighted that damage to structural components, which is 29 

primarily induced by large inter-story drifts [1], and damage to non-structural components, 30 

which is induced by both large inter-story drifts and floor accelerations [2], are the two 31 

greatest obstacles to achieving seismic resilience in high-rise buildings. As such, a structural 32 

solution that controls both inter-story drifts and floor accelerations is necessary to enhance 33 

the seismic resilience of these buildings. Reinforced concrete (RC) shear walls are often 34 

adopted in high-rise buildings to ensure adequate lateral stiffness and strength to resist wind 35 

loads and earthquake actions. Due to their high lateral stiffness, RC wall systems are able to 36 

adequately control inter-story drifts, but often amplify floor accelerations. While 37 

supplemental damping devices are often used to minimize floor accelerations, their use in 38 

high-rise buildings is inefficient in tall RC wall systems due to the relatively small inter-story 39 

drift and flexure-dominated lateral deformation mode. To overcome this challenge, a new 40 

structural system named tuned viscous mass damper (TVMD) coupled wall system (see Fig. 41 

1) is proposed by the authors to enable control of both the inter-story drifts and floor 42 

accelerations of high-rise buildings [3].  43 
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Fig. 1. Building with TVMD coupled wall system. 

In this system, TVMDs are installed between the coupled wall piers. The TVMDs (see 44 

Fig. 2) consist of a viscous mass damper (VMD) [4,5] and a spring in series [6]. The VMD is 45 

formed by connecting a rotational inertial mass in parallel with a rotational viscous damper 46 

with a ball screw system. The inertial mass described here has synergies with the inerter 47 

proposed by Smith et al [7], defined as a two-terminal inertial element that can generate a 48 

reaction force proportional to the relative acceleration between its two terminals.  49 

 

Fig. 2. Tuned viscous mass damper.  

(mr – inertial mass of inerter, kb – stiffness of spring, cd – damping coefficient of viscous 

damper) 

In the last two decades, a variety of control strategies that use inerter technologies have 50 

Viscous damper

Flywheel

Stiffness

Outer tube

 Viscous fluids

Flywheel

Bearing balls

Ball screw

Inner tube

Rubber

kb

mr

cd



4 

been proposed. In these devices, the inertial force is commonly generated with the rotation of 51 

a flywheel. The rack and pinion system [8,9] and the ball screw system [4,5,10] are the 52 

primary methods used to convert the relative translational motion between two terminals into 53 

the rotation of the flywheel, and thus are recognized as two major types of inerters (i.e., rack 54 

and pinion inerter and ball screw inerter). By assembling a clutch into a conventional rack 55 

and pinion inerter, Makris and Kampas [11] further proposed the concept of a clutching 56 

inerter which ensures the inerter is only employed to resist the motion, while preventing the 57 

energy transfer from the flywheels back into the structure. The clutching inerter was later 58 

tested and modelled by Málaga-Chuquitaype et al. [12]. Additionally, the inertial force can be 59 

generated by the motion of fluids through two methods. One method to generate force with 60 

fluids is by driving a mechanical flywheel with a hydraulic motor [13], and another is by 61 

forcing the fluid to move rotationally in a helical pipe [14,15,16]. In addition, 62 

Gonzalez-Buelga et al. [17] developed another inerter-based vibration absorber by means of 63 

an electronic circuit. In this innovative vibration absorber, a capacitor is designed to be 64 

equivalent to an inerter based on the electrical and mechanical network analogy [7]. Through 65 

the interaction between the electronic circuit and the mechanical domain, this system can 66 

achieve similar vibration control performance as mechanical devices. Due to their 67 

outstanding vibration control performance, the inerters have been applied to a number of 68 

mechanical systems, such as car suspensions [18], motorcycle steering [19] and train 69 

suspensions [20], as well as to buildings and civil infrastructures [21]. 70 

Various types of inerter-based vibration absorbers have been proposed for response 71 

control of building structures, and they can be classified according to different configurations 72 
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of inerter, spring and viscous damper (dashpot) elements. The well-studied inerter-based 73 

vibration absorbers include three types, i.e., the TVMD (Fig. 3 (a)), the tuned inerter dampers 74 

(TID, Fig. 3 (b)) [22] and the tuned mass damper inerters (TMDI, Fig. 3 (c)) [23]. 75 

   

(a) TVMD (b) TID (c) TMDI 

Fig. 3. Inerter-based vibration absorbers. 

(mr – inertial mass of inerter, kb – stiffness of spring, cd – damping coefficient of viscous 

damper, mTMD –TMD mass in the TMDI absorber) 

A TVMD consists of a spring connected in series with an inerter and a dashpot 76 

connected in parallel (Fig. 3 (a)). The parameters of TVMDs are designed to have an optimal 77 

frequency and damping ratio, such that they can tune the vibration mode of the primary 78 

structure. At the tuning frequency, substantial energy dissipation can be achieved by 79 

amplifying the elongation of the dashpot (or motor [24,25,26]) within the TVMD, due to the 80 

opposite deformation of dashpot and spring. Ikago et al. have derived closed-form optimum 81 

design formulas based on fixed-point theory for the tuning design of single degree of freedom 82 

(SDOF) systems [6], and proposed a design method for shear type multi-degree of freedom 83 

(MDOF) structures [27]. These studies indicate that the use of the TVMD can simultaneously 84 

control the displacement and acceleration responses of a structure. In a TID, the inerter is 85 

connected in series with a spring and a viscous damper connected in parallel (Fig. 3 (b)). 86 

Lazar et al. [22] proposed the configuration of the TID absorber, and developed the design 87 

method of TIDs for use in shear type MDOF building structures. Afterwards, Lazar et al. [28] 88 
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and Sun et al. [29] further explored the use of TIDs in the vibration control of bridge cables. 89 

The studies of De Domenico et al. [30] showed that the addition of TIDs in base-isolated 90 

floors could improve the performance of the system by controlling both superstructure 91 

responses and based-isolated floor displacement. Wen et al.’s study [31] indicated TIDs and 92 

TVMDs have superior performance in mitigating the peak displacement responses of 93 

multi-story frame buildings, compared with the conventional viscous dampers. The TMDI 94 

comprises of a TMD connected with an inerter that acts as a mass amplifier for improving the 95 

efficiency of TMD (Fig. 3 (c)). The TMDI absorbers were proposed by Marian et al. [23], and 96 

they were proved to be efficient in control of vortex-induced vibration of long-span bridges 97 

[32], of earthquake-induced vibration of multi-story buildings [33] and base-isolated systems 98 

[34]. 99 

In the TVMD coupled wall system studied in this research, TVMDs are installed 100 

between the coupled wall piers in a zig-zag configuration. Previous studies have shown that 101 

this strategic arrangement of TVMDs makes efficient use of the relative vertical 102 

displacements between adjacent walls, which are induced by their flexural deformation, and 103 

maximize the response of the TVMDs [3]. Besides, this configuration enables the ease of 104 

design of the joints between TVMD and wall piers. At the joint (see Fig. 4), one TVMD is in 105 

tension and the other is in compression. As a result, the resultant vertical force at the joint 106 

provides the coupling action to the wall piers (vertical force components are in the same 107 

direction), while the resultant horizontal force applied to the joint is small (horizontal force 108 

components are in the opposite direction). The small horizontal tensile force demands at the 109 

joints ensure that the TVMD-to-wall joints are easy to design. 110 
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Fig. 4. Deformation pattern and joint force of TVMDs in a zig-zag configuration. 

The author’s previous study [3] proposed the optimal tuning design methods for TCW 111 

system, and demonstrated the benefit of the system by linear response analysis. The objective 112 

of this study is to evaluate the seismic performance of the TVMD coupled wall system (TCW) 113 

under severe earthquakes, especially when the structural components undergo yielding and 114 

develop nonlinearity. This paper has two novel contributions. (1) The development of 115 

detailed nonlinear models to simulate the response of the TCW system. Due to lack of readily 116 

available elements to model TVMDs in commercial finite element (FE) programs, a new 117 

element named InertiaTruss is coded and compiled in the opensource software OpenSees to 118 

capture the behavior of the inerter and permit accurate simulations of the response of TVMDs. 119 

By integrating the TVMD model with a nonlinear wall model that adopts a multi-layer shell 120 

element, a rigorous nonlinear FE model of the TCW system is developed in this study. (2) 121 

The comparison of the novel TCW system with walls coupled with conventional reinforced 122 

concrete beams (RCW system) and walls coupled with viscous dampers (VCW system). 123 

Although past studies [21,31,35,36] compared the performance of TVMDs with other 124 

dampers, the comparison is made from analysis of simplified lumped-mass models or 125 

shear-type frames, and thus the findings of such studies do not extend to flexure-type 126 
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structures such as the coupled wall systems evaluated in this paper. Using the refined model 127 

from the first contribution, which can reasonably capture the nonlinear behavior of the 128 

systems, the comparison in this paper illustrates the advantages of the TCW under different 129 

earthquake intensities. The reasons behind the improved performance of the TCW vs. other 130 

systems are illustrated by means of energy analysis and modal decomposition analysis. 131 

The paper is structured as follows. The second section presents a 15-story prototype 132 

building, and describes the design of TCW, RCW and VCW structural systems. The third 133 

section details the nonlinear model in OpenSees for the TCW system, particularly on the 134 

development and validation of the InertiaTruss element that is used for TVMD modelling. 135 

The fourth section presents nonlinear response history analysis results of the TCW system 136 

under various intensities of earthquake ground motions. The seismic behavior of this novel 137 

TCW system is compared with the RCW and VCW. The analysis results also highlight the 138 

robustness of the new TVMD coupled wall system under severe earthquake events and 139 

demonstrate its seismic control mechanisms. 140 

2. Prototype structure and design of structural systems 141 

2.1 Prototype structure 142 

A 15-story prototype building is designed to study the seismic performance of the TCW, 143 

RCW and VCW systems. The building site is assumed to be located in Beijing with a peak 144 

ground acceleration (PGA) of 0.2 g for the design basis earthquake (DBE, with a probability 145 

of exceedance of 10% in 50 years) and a characteristic site period Tg of 0.45 s. The prototype 146 

building adopts an RC frame-shear wall interacting structure. Each story has a height of 4.5 147 

m, and each floor has plan dimensions of 40 m × 27 m (Fig. 5(a)). The total height of the 148 
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building is 67.5 m. The structure is designed in accordance with Chinese code for seismic 149 

design of buildings (GB 50011-2010) [37] and Chinese technical specification for concrete 150 

structures of tall buildings (JGJ3-2010) [38] using a modal response spectrum analysis 151 

procedure, with a damping ratio of 5% assumed for all modes of vibration. The wall 152 

thickness varies from 400 mm to 300 mm along the height of the structure. The Chinese code 153 

[37] limits the inter-story drift ratio to 1/800 for RC frame-wall structures under the service 154 

level earthquake (SLE, with a probability of exceedance of 63% in 50 years and a peak 155 

ground acceleration of 0.07 g). In this study, a representative coupled wall is selected for 156 

further analysis (see Fig. 5(a)). Three kinds of coupled wall systems, i.e., RCW, TCW and 157 

VCW systems (see Fig. 5(b), 5(c) and 5(d)) are designed and analyzed for comparison. The 158 

designs for the three systems are described in the following subsections. 159 

 

 

(a) Plan view of prototype structure 

(unit: mm)  
      (b) RCW  (c) TCW  (d) VCW 

Fig. 5. Prototype structure. 

2.2 Design of RCW system 160 

The proportion of moment resisted by the wall piers relative to the total moment resisted 161 
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coupling ratio (CR). El-Tawil and Kuenzli [39] recommended that for efficient designs, the 163 

CR ranges from 30% to 45%. In this study, the RCW system is designed to have a CR of 164 

38.2%.  165 

Fig. 6 shows the dimensions and reinforcement layouts of the wall piers. HRB400 steel 166 

reinforcement (nominal yield strength fy = 400 MPa) and C45 concrete (nominal cubic 167 

compressive strength fcu,n = 45 MPa and nominal axial compressive strength fck = 29.6 MPa) 168 

are adopted for the RCW. Note that the axial compressive strength, which is slightly lower 169 

than the characteristics cylinder strength value specified in codes in the U.S., Europe and 170 

Japan, is used in concrete design according to the Chinese code. The plastic hinge region 171 

represents the locations where the wall piers are likely to yield during severe earthquakes. 172 

According to the Chinese code for seismic design of buildings (GB 50011-2010), the wall’s 173 

plastic hinge region should extend from the wall base to a height no less than 1/10 of the total 174 

structure height or the height of the first two stories. Therefore, in this study, the first two 175 

stories are assigned as the wall’s plastic hinge region. In addition, per the GB 50011-2010 176 

requirements, the special boundary elements in the walls within the plastic hinge region are 177 

extended along one additional story (i.e., up to the third floor), to ensure the inelastic flexural 178 

deformation capacity of the walls. Therefore, in this structure, the wall piers in the first three 179 

stories are designed with special boundary elements, while those in other stories are designed 180 

with ordinary boundary elements. The boundary elements are designed to satisfy the wall’s 181 

strength demand under SLE and the detailing requirements of the GB 50011-2010 provisions 182 

[37].  183 

Conventionally reinforced concrete coupling beams are adopted in the RCW as in 184 
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typical Chinese designs for buildings of this height [38]. The widths of the RC coupling 185 

beams are identical with the wall pier thicknesses. The beams are designed to be governed by 186 

flexure to ensure adequate ductility and satisfy the “strong shear-weak bending mechanism” 187 

in accordance with the recommendation of the Chinese code GB 50011-2010 [37]. The floor 188 

seismic mass acting on the RCW varies from 50 ton to 63 ton for different floors (60.0 ton for 189 

floors 1-5, 54.4 ton for floors 6-10, 50.4 ton for floors 11-14, 63.2 ton for floor 15). The 190 

natural periods of the first three modes of the RCW model are 1.57 s, 0.38 s and 0.16 s.  191 

 

Fig. 6. Wall dimensions and reinforcement details of the RCW system (unit: mm). 

2.3 Design of TCW system 192 

The selected coupled wall is also designed as a TCW system by installing TVMDs 193 

between two adjacent wall piers with a zig-zag configuration as shown in Fig. 5 (c). The 194 

geometric dimensions of the wall piers remain identical to those in the RCW system. As the 195 

installation of the TVMD will increase the damping ratio of the structure (see Fig. 8), the 196 
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stiffness and strength demands for the coupling beams will reduce, resulting in lower 197 

coupling beam depths. The primary coupled wall system with reduced coupling beams is 198 

referred to as PCW for simplicity. Note that the coupling beams could potentially be removed 199 

in some structures if the TVMDs themselves can adequately couple the wall piers to enable 200 

the system to satisfy the drift limits and strength requirement. However, due to the strict drift 201 

limits of the Chinese codes, coupling beams are required to meet code limits for this structure. 202 

The TVMDs are designed using the single-mode tuning design method [3], as follows:  203 

I. Calculate the modal properties of the PCW and select the target tuning mode. If 204 

selecting the ith mode as the target tuning mode, the modal displacement demand vector 205 

of the TVMDs {iϕd} can be calculated from the ith mode shape vector of the PCW {iϕ}, 206 

as detailed in Reference [3]. For a given mode, the modal displacement demand of a 207 

TVMD is defined as the relative displacement between the two nodes connected by the 208 

TVMD in the corresponding mode shape vector. 209 

II. Determine the apparent masses of the TVMDs. The apparent mass vector of TVMDs 210 

{mr1, mr2, , mrn}T can be determined by assuming it to be proportional to the modal 211 

displacement demand vector of the TVMDs {iϕd}, for a given mass ratio of i. The mass 212 

ratio i can be calculated as 213 
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where [Mp] denotes the mass matrix of the PCW, and the matrix [Mr] is a diagonal 214 
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matrix, in which the jth diagonal element mrj denotes the apparent mass of the TVMD in 215 

the jth story. 216 

III. Determine the optimal frequency and damping ratio of TVMDs. For the target tuning 217 

mode frequency iω of the PCW and a given mass ration i, the optimal frequency iωd 218 

and optimal damping ratio iξd of TVMDs can be calculated by the fix point method as 219 

recommended by Ikago et al [6] as follows:  220 
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IV. Determine the stiffness and damping coefficient for each TVMD as follows: 221 

  2

b d r=           1,2,..., j i jk m j n  (5) 

  d d d r=2        1,2,...,  j i i jc m j n   (6) 

where kbj and cdj denote the spring stiffness and the damping coefficient of the dashpot 222 

within the TVMD in the jth story. 223 

In this study, the TCW system is intentionally designed to suppress both inter-story 224 

drifts and floor accelerations simultaneously. For a coupled wall system, the inter-story drifts 225 

are dominated by the 1st mode response, while the floor accelerations are driven by a 226 

multi-modal response. A previous study by the authors (reference [3] ) indicated that the 227 

addition of TVMDs not only suppresses the dynamic response of the tuning mode, but also 228 

increases the damping ratios of lower-order modes. Therefore, in this study, the 2nd mode is 229 

selected as the target tuning mode in the design of the TCW system (referred to as 230 
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“TCW-2nd”). To validate previous findings [3], the system in which the TVMDs are tuned to 231 

the 1st mode (referred to as “TCW-1st”) is also designed and analyzed for comparison. As 232 

discussed in Subsection 4.2, tuning to the 2nd mode leads to superior seismic performance 233 

than tuning to the 1st mode. 234 

In this study, the mass ratio of the TCW-2nd system is set to be 0.1 based on engineering 235 

judgment. Very low mass ratios are ineffective in controlling response, whereas large mass 236 

ratios are difficult to manufacture. The force demand in structural elements and the 237 

inter-story drift of the TCW system are calculated from a modal response spectrum analysis 238 

under SLE in accordance with the Chinese design code. With the distributed TVMDs along 239 

the height, the system shows non-classical damping characteristics [40]. As such, the 240 

complex complete quadratic combination (CCQC) method [41] is used for modal response 241 

combination. Note that, the design is an iterative procedure by adjusting the section height of 242 

coupling beams. The response spectrum analysis and CCQC modal combination procedure 243 

are conducted using a linear numerical model developed in Matlab [3] to facilitate design 244 

iterations. For the TCW-1st system design, the dimensions and reinforcement details of the 245 

coupling beams remain identical to those of the TCW-2nd system. The mass ratio of TVMDs 246 

in the TCW-1st system is determined to be 0.02 by trial and error, such that its maximum 247 

inter-story drift under SLE is marginally less than 1/800, i.e., the drift limit specified by the 248 

GB 50011-2010 provisions. Note that both systems have nearly identical inter-story drifts 249 

under SLE. Although the TCW-1st system has a lower mass ratio than that of the TCW-2nd, 250 

the total TVMD apparent mass of the former (855 ton) is more than twice than that of the 251 

latter (369 ton), because the modal mass of the 1st mode of the primary structure is much 252 
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greater than that of the 2nd mode. 253 

The dimensions and reinforcement of the RC coupling beams of the TCW-2nd system 254 

and the optimal design parameters of the TVMDs are shown in Fig. 7. The TVMD design 255 

parameters of the TCW-1st system are listed in Appendix I. In this study, the maximum 256 

apparent mass of one TVMD is 71 ton. Due to the large amplification effect achieved by the 257 

ball screw mechanism, such an apparent mass is not difficult to achieve by a device of typical 258 

dimensions. The reinforcement of the wall piers in the TCW system is identical to that in the 259 

RCW system, as shown in Fig. 6.  260 

 

Fig. 7. Design of the TCW-2nd system and VCW system. 

For the non-classically damped TCW system, complex modal analysis is conducted to 261 

obtain its complex modal properties. The participation mode vectors of the TCW system is 262 
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calculated from the complex modes, as detailed in Ikago et al. [42]. Fig. 8 summarizes the 263 

natural periods, damping ratios and participation mode vectors of the TCW-2nd and PCW 264 

system. Note that the ith participation mode vector of the TCW-2nd system is calculated from 265 

the ith conjugated pair of complex mode shape vectors, while that of the PCW is calculated 266 

from the ith real mode shape vector. Fig. 8 indicates that the 2nd mode (i.e., the target tuning 267 

mode) of the PCW system is split into 16 modes (i.e., the 2nd to 17th modes) of the TCW-2nd 268 

system due to the addition of 15 TVMDs. Among these 16 modes, the first and the last modes 269 

are dominated by global vibration of the coupled wall system, while the others are dominated 270 

by the local vibration mode of each TVMD, which has a period of vibration and damping 271 

ratio consistent with the adopted optimal tuning parameters. The modal periods, damping 272 

ratios and participation vectors of the 1st, 18th, and 19th mode of the TCW-2nd system are 273 

nearly identical to those of the 1st, 3rd and 4th mode of the PCW system, respectively. 274 
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Fig. 8. Dynamic properties for PCW and TCW-2nd system. 

2.4 Design of VCW system 275 

The VCW system has identical coupling beams and wall piers as the TCW system, but 276 

the TVMDs are replaced by viscous dampers (VDs). To permit a fair comparison, the sum of 277 

damping coefficients of all VDs remains identical to that of TVMDs in the TCW-2nd system. 278 

However, the damping coefficient distribution of VDs along the structural height is optimally 279 

designed. Most optimal design methods for VD parameters developed in past studies are 280 

applicable for shear-type structures (e.g., frames) [43,44,45]. A recent study by Huergo et al. 281 

[46] investigated the VD parameter distribution for flexural-type tall buildings, and the 282 

results indicated adequate performance of the story shear strain energy distribution (SSSED) 283 

method. Therefore, the VD parameters of the coupled wall system are optimally designed 284 
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using the SSSED method based on the 1st mode shape. The obtained damping coefficients cvd 285 

of VDs are listed in Fig. 7. The natural periods of the first three modes of the VCW system 286 

are 1.66 s, 0.39 s and 0.16s.  287 

3. Finite element model 288 

3.1 FE model of TVMD 289 

In a previous study [3], a simplified numerical model of the TVMD coupled wall system 290 

was developed in Matlab based on FE theory. In those models, the shear wall was simulated 291 

by Timoshenko beam elements and the TVMDs were simulated by a 3 node-and-5 DOF 292 

element. Although the model was sufficient to support the design and linear dynamic analysis 293 

of the TCW system, it could not capture its nonlinear behavior. While several commercial FE 294 

programs provide elements and material models to capture the nonlinear behavior of shear 295 

walls, they yet lack elements for TVMD modeling. In a recent study, Málaga-Chuquitaype et 296 

al. [12] proposed a method to simulate an inerter’s behavior through a combination of a 297 

rotational inertia (defined as a mass in a rotational DOF) and an additional rigid link that is 298 

perpendicular to the motions of the inertia. However, this approach needs an extra dimension 299 

to set the additional rigid link element in the model, and thus following this approach it is not 300 

possible to model diagonal inerters or TVMDs in a three-dimensional structure. Therefore, in 301 

this study, a new inerter element is developed to model TVMDs based on the opensource FE 302 

analysis platform OpenSees. Note that, in the course of this study, Li et al. [47] proposed 303 

another method for modelling inerters in OpenSees, by using a link element with a newly 304 

compiled inerter material. Both Li’s model and the model proposed in this study permit the 305 

modeling of the inerters in three-dimensional structures. 306 
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As shown in Fig. 2, a TVMD model can be deconstructed into three elements – a 307 

viscous damper, an inerter, and a spring. Well established damper and spring elements are 308 

readily available and the behavior of the inerter can be simulated by a new truss element 309 

named InertiaTruss which is newly developed by the authors. As a TVMD or an inerter is 310 

only used to transmit axial force, it is a natural choice to develop this inerter element based 311 

on a three-dimensional truss element formulation. The command required to create the 312 

InertiaTruss object in the OpenSees domain is shown in the Appendix II. Special attention is 313 

paid in the development of this element to the construction of its inertial mattrix. The inertial 314 

mass matrix of an inerter is related to relative acceleration, similar to the damping and 315 

stiffness matrices, which are related to relative velocity and displacement within a damper 316 

and spring element, respectively. Eq. (7) presents the equation of the force and acceleration of 317 

an inerter in the local coordinate system, and the symbols of the equation are illustrated in Fig. 318 

9. 319 
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The authors extended the getMass() function in OpenSees, which can construct the 320 

inertial mass matrix [Mr]e of the InertiaTruss element from its input parameters. In addition, 321 

the authors extended the getResistingForceIncInertia() function in OpenSees, which can 322 

calculate the resisting forces of the InertiaTruss element using Eq. (7), based on the inertial 323 

mass matrix and the accelerations at its two end nodes. Note that, the linear transformation 324 

(from the local coordinate system to the global coordinate system) should be conducted for 325 

the inertial mass matrix [Mr] e, as this matrix has off-diagonal non-zero terms. 326 

To validate the accuracy of the proposed model, the InertiaTruss element is calibrated 327 

against past TVMD experimental data. The following presents one example of a TVMD 328 

shake table test conducted by Watanabe et al. [48]. The values of the translational apparent 329 

mass md, damping coefficient cd, exponent α, and supporting stiffness kb of the tested 330 

specimen are shown in Fig. 10. During the test, the TVMD was subjected to a sinusoidal 331 

displacement of the shake table with an input displacement amplitude of 15 mm and an 332 

exciting frequency of 0.35 Hz. More details of this test can be found in [48]. 333 

To simulate this test in OpenSees, the TVMD is modeled as illustrated in Fig. 2. This 334 

model contains two end-nodes to represent the two terminals of TVMD and a mid-node to 335 

represent the connection between the spring and the inerter/dashpot. TwoNodeLink elements 336 

with relevant elastic and viscous properties are used to simulate the spring and dashpot, 337 

respectively. In this validation, the dashpot is modeled with a power law constitutive behavior. 338 

The inerter is represented by the newly developed InertiaTruss element. The stiffnesses of the 339 

transverse and rotational DOFs in the local coordinate of the twoNodeLink elements are set 340 

to be infinitely rigid (by using a stiffness 106 times larger than the axial stiffness of the spring) 341 
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to ensure the mid node moves collinearly with two terminal nodes. 342 

The Newmark-β method is adopted to solve the integration of differential equations, and 343 

the Newton-Raphson algorithm is used to solve the nonlinear equations. Fig. 10 shows the 344 

analytical versus experimental time history results of the TVMD axial displacement (u), the 345 

displacement of the supporting spring (us) and the displacement of the inerter/dashopot (ud). 346 

The axial force-displacement relation curves of the test and the numerical results are also 347 

compared in Fig. 10. The numerical model follows the test data well, which validates the 348 

development of the InertiaTruss element. The comparison with other experiments shows 349 

similar results and further validates the accuracy of the developed model. 350 

 

Fig. 10. Comparison between TVMD experimental and analytical results. 

(Superscript TEST denotes TVMD experiment and FEA denotes analysis simulation) 

Furthermore, the accuracy of the proposed model is validated for the case when the 351 
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horizontal flexible spring at the support ensure the stability of the system under the loading. 359 

The modeling parameters are illustrated in Fig. 11. The structure is excited by dynamic forces 360 

at two lumped masses, where the forces are equal to the masses multiplying the acceleration 361 

input. The NS component of the El Centro record of the 1940 Imperial Valley earthquake is 362 

used as the input motion. Other assumptions regarding the choice of elements and solution 363 

algorithms are the same as described in the previous validation. The model with the 3 364 

node-and-5 DOF TVMD element is developed in Matlab and analyzed with the same input 365 

motion. Fig. 11 shows the comparison between the results of time history displacement data 366 

and axial force-displacement relation obtained via OpenSees and Matlab. The results are 367 

almost identical, which suggests the proposed OpenSees model is capable of simulating the 368 

behavior of the inerter placed in a diagonal arrangement and is consistent with earlier models. 369 

 

Fig. 11. Comparison between OpenSees analysis and Matlab calculatios.  

(Superscript CAL denotes Matlab calculation, FEA denotes OpenSees analysis) 
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shell elements along their length. The concrete cover is represented by the Kent-Park model 376 

[50], where the strain at the peak stress is assumed to be 0.002 and the residual compressive 377 

strength after the ultimate strain is assumed to be 0.2 times the concrete peak stress. 378 

Stirrup-confined concrete is represented by the Saatcioglu-Razvi model [51], which takes into 379 

account the increase in strength and ductility of concrete due to confinement. A bilinear 380 

model is used to represent the uniaxial tensile stress-strain relationship of concrete, where the 381 

ultimate tensile strain is assumed to be 0.001. The uniaxial stress-strain relationship of the 382 

steel reinforcement is represented by the Giuffré-Menegotto-Pinto model [52], where a 383 

strain-hardening ratio is taken as 1% and the parameters R0, CR1 and CR2,  controlling the 384 

curve shape of the transition from elastic to plastic branches, are taken as 18.5, 0.925 and 385 

0.15. This model for wall piers has been validated with test results [53]. Note that although 386 

only the first two stories are assigned as the wall’s plastic hinge region, the wall piers are 387 

modeled as nonlinear throughout their height. The nonlinear history response analysis results, 388 

as described in section 4, indicate that the plastic deformation of wall piers is concentrated 389 

within the lower two stories, as intended by the code design. 390 

The nonlinear elements used to simulate the RC coupling beams are defined with 391 

twoNodeLink elements with a hysteretic material model, where the skeleton curve of the 392 

force-displacement relationship is as defined per ASCE/SEI 41-17 provisions [54] (see Fig. 393 

12). θ denotes beam rotation and V/Vn denotes the normalized shear force of the coupling 394 

beam. The effective flexural stiffness is assumed to be 30% of the stiffness value based on the 395 

gross section properties as recommended by ASCE/SEI 41-17 [54]. The maximum strength 396 

(point C in Fig. 12) is taken as 1.15 times the yield flexural strength as recommended by 397 
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Kwan and Zhao [55]. According to the shear stress level of RC coupling beams, the values a, 398 

b and c are taken as 0.025 rad, 0.04 rad and 0.75, respectively. The model for RC coupling 399 

beams has been validated by comparison with experimental data [57]. 400 

 

Fig. 12. The skeleton curve of RC coupling beam [54]. 

3.3 Model assembly 401 

The TVMD, coupling beam and wall pier models previously described are assembled 402 

into the TCW system as shown in Fig. 13(a). The rigid connection between coupling beams 403 

and wall piers is modeled with additional rigid beam elements (virtual beam shown in Fig. 13) 404 

which transfer the force developed at the coupling beam end to all wall shell elements at the 405 

coupling beam height. A floor rigid diaphragm is simulated by coupling the horizontal 406 

displacement DOF of the nodes on the same floor. The pin connections of the TVMDs to the 407 

wall pier are simulated by coupling the translational DOFs of coincident nodes. One of those 408 

nodes belongs to the wall pier, and the other two nodes belong to the TVMDs (as shown in 409 

the partial enlargement view in Fig. 13(a)). The Rayleigh damping model is adopted with the 410 

parameters determined based on the assumption that the damping ratio of the 1st and the 3rd 411 

mode are equal to 0.05. Note that, the Rayleigh damping model is only used for the primary 412 

structure of the coupled wall. The damping ratio of the TVMD elements is determined by 413 

their designed apparent inertial mass, spring stiffness and damping coefficient. The floor 414 
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seismic mass acting on the coupled wall is represented by lumped masses assigned at each 415 

floor level. The FE model of the RCW system is assembled in a similar way as the TCW 416 

model, but without the TVMDs as shown in Fig. 13(b). The model of the VCW system is 417 

obtained by replacing the TVMDs with the twoNodeLink elements to represent viscous 418 

dampers as shown in Fig. 13(c). 419 

 

 (a) TCW (b) RCW (c) VCW  

Fig. 13. Schematic (elevation view) of the FE models. 
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of interest are determined with consideration of the 1st and 2nd mode periods of the TCW-2nd, 427 

VCW and RCW model [57]. The period range of interest is selected to span [0.1 s, 1.5T2
TCW] 428 

and [T1
RCW - 0.2, 2T1

TCW], where T1
RCW and T1

TCW are the 1st mode periods of the RCW and 429 

TCW-2nd system respectively, and T2
TCW is the 2nd mode period of the TCW-2nd system. 430 

The characteristic site period Tg = 0.45 s falls within the range of [0.1 s, 1.5T2
TCW]. When 431 

selecting the ground motions, record characteristics with magnitudes over 6, average shear 432 

wave velocity of top 30 m of soil (Vs30) between 150 m/s and 250 m/s are used as search 433 

criteria without the restrictions on the fault type and distance. Fig. 14 illustrates the 434 

acceleration time history records of the selected ground motions, the individual record spectra, 435 

the mean spectrum of the selected records and the target spectrum. The same ground motion 436 

records are scaled by 0.35, 1, 2 and 3.1 to obtain the SLE, DBE, maximum considered 437 

earthquake (MCE, with a probability of exceedance of 2% in 50 years), and very rare 438 

earthquake (VRE, with a probability of exceedance of 0.5% in 50 years) ground motion suites, 439 

respectively. 440 
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Fig. 14. Records and spectra of the selected ground motions. 

4.2 Nonlinear response history analysis results 441 

4.2.1 Inter-story drift responses 442 

Fig. 15 compares the peak transient inter-story drift distribution of the TCW, VCW and 443 

RCW systems. The maximum inter-story drift ratio appears at the top stories for all systems. 444 

Their inter-story drift responses are almost identical at SLE as a result of the structural design 445 

requirements. The maximum drifts at SLE and MCE are smaller than 1/800 and 1/100, 446 

respectively, as prescribed by GB 50011-2010 [37]. The TCW-2nd and RCW systems have 447 

similar inter-story drifts at SLE and DBE, although the former has higher damping and the 448 

latter has higher stiffness. With the increase of earthquake intensity, the TCW-2nd shows 449 

better performance in terms of displacement control and the maximum inter-story drifts are 450 

15.7% and 13.5% smaller than those of the RCW when subjected to MCE and VRE shaking, 451 

respectively. However, the TCW-2nd shows insignificant advantages over the VCW for drift 452 

control. The maximum inter-story drifts of the TCW-2nd are only 4.1% to 11.1% smaller 453 

than those of the VCW for the four earthquake intensities considered. More details of the 454 

displacement control mechanism are discussed in subsection 4.4.1. The maximum inter-story 455 

drift of the TCW-1st system is nearly identical to that of the TCW-2nd at SLE motions. 456 

However, the peak drift responses of the TCW-1st system are up to 26.7% and 15.8% larger 457 

than those of the TCW-2nd at MCE and VRE. 458 
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(a) SLE (b) DBE (c) MCE (d) VRE 

Fig. 15. Average peak responses of inter-story drift. 

4.2.2 Floor acceleration responses 459 

Fig. 16 compares the peak floor accelerations at each floor of the TCW, VCW and RCW 460 

systems. The maximum accelerations of the TCW-2nd are 27.8%, 25.4%, 21.3% and 2.9% 461 

smaller than those of the RCW when subjected to SLE, DBE, MCE and VRE, respectively. 462 

The key driver for these reductions in acceleration is the tuning effect and supplemental 463 

damping. The TVMDs tune the vibration of the 2nd mode of the primary structure and provide 464 

additional damping to the 1st mode, which helps to suppress the acceleration response. 465 

Furthermore, the RC coupling beams in the TCW-2nd system are less stiff than those in the 466 

RCW system, which leads to a longer vibration period of the system and, as a result, lower 467 

accelerations. 468 

As seen in Fig. 16, the amplification in acceleration from the base to the top floor 469 

decreases with increasing earthquake intensity. This is attributed to damage to the structural 470 

systems, which results in the softening of the structure and, in turn, period elongation. 471 

Because the RCW system is more severely damaged than the TCW-2nd and VCW systems, 472 

0 0.05 0.1 0.15 0.2

Inter-story drift (%)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

F
lo

o
r

Chinese 

code limit 

1/800

0 0.15 0.3 0.45 0.6

Inter-story drift (%)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

F
lo

o
r

0 0.3 0.6 0.9 1.2

Inter-story drift (%)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

F
lo

o
r

Chinese 

code limit 

1/100

0 0.45 0.9 1.35 1.8

Inter-story drift (%)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

F
lo

o
r

TCW-2ndTCW-1st VCW RCW



29 

the period elongation and its influence on reducing the acceleration response is higher than 473 

for the other systems. This compensates the effect of the TVMDs, and thus the reduction of 474 

floor acceleration between the TCW-2nd and RCW at very high intensities of earthquake 475 

shaking, i.e. VRE. Nevertheless, the control of floor acceleration is significant at DBE and 476 

MCE shaking, enabling the protection of nonstructural components, while the consideration 477 

of nonstructural protection is less critical at VRE where the focus is on collapse prevention. 478 

The differences in floor acceleration response between the TCW-2nd and VCW systems 479 

are more significant than their drift response. Compared with the VCW system, the TCW-2nd 480 

system has better control of accelerations at middle and upper stories, which coincides with 481 

the 2nd mode shape (used for tuning of the TVMDs). The floor accelerations of the TCW-2nd 482 

system are up to about 20% smaller in middle and upper stories (e.g. 21.5% smaller in the 9th 483 

floor and 18.9% smaller in the 14th floor). These results suggest that the inertial masses 484 

(inerter) and supporting springs can help to enhance the acceleration control of the structure 485 

when they are optimally tuned to the 2nd mode of the primary structure. More details of the 486 

acceleration control mechanism will be presented in subsection 4.4.2. 487 

The peak floor accelerations of the TCW-2nd system are up to 20% smaller than those 488 

of the TCW-1st system at SLE, DBE and MCE. While both systems have nearly identical 489 

accelerations at the top floor at VRE, the TCW-2nd system shows smaller accelerations in the 490 

middle floors. Considering both floor accelerations and inter-story drifts as discussed in 491 

subsection 4.2.1, the 2nd mode tuning design strategy achieves superior performance than that 492 

of tuning to the 1st mode. 493 
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(a) SLE (b) DBE (c) MCE (d) VRE 

Fig. 16. Average peak responses of floor acceleration. 

4.2.3 Responses of typical components and joints 494 

Fig. 17 illustrates the time history data of the strain in the outermost longitudinal 495 

reinforcement bar, within the boundary element, of the wall pier at the first floor of the 496 

TCW-2nd model. The results show the variation in the degree of nonlinearity at different 497 

earthquake intensities (the analysis results with the input of 1980 Victoria Mexico earthquake 498 

ground motion is used as an example). As the shell element of the wall pier is coupled with  499 

the truss element by sharing nodes, this strain can also represent the average concrete strain in 500 

the vertical direction of the adjacent shell element. As illustrated in the figure, the rebar stays 501 

elastic at SLE. With the increase of the earthquake intensity, the rebar strain exceeds the yield 502 

strain εy (up to 3.0εy at VRE) and the period of the TCW-2nd system is also elongated as a 503 

result of structural damage. Fig. 18 compares the shear force – rotation hysteretic curves of 504 

the RC coupling beam at the top floor and the moment – plastic hinge rotation hysteretic 505 

curves of the left wall pier (the plastic hinge length is taken as 0.5 times the wall depth per 506 

ASCE/SEI 41-17 [54] provision) in the TCW-2nd and RCW systems at VRE. Beam rotations 507 
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in the RCW system are larger than the TCW-2nd, reaching maximum values of beam rotation 508 

of 4.4%, which is indicative of substantial damage to the RC coupling beam [58]. The 509 

hysteretic curves of the wall pier also show the RCW system is much more damaged at VRE, 510 

reaching rotations 29% greater than the TCW-2nd system.  511 

 

 

Fig. 17. Time history response of strain (1980 Victoria Mexico motion). 

  

(a) Coupling beam at the top floor (b) Left wall pier 

Fig. 18. Hysteretic curves of typical components (1980 Victoria Mexico motion @ VRE). 

Fig. 19(a) depicts the average peak force demands at the joints of the TCW-2nd model, 512 

when the structure is subjected to MCE motions. FH and FV denote the resultant horizontal 513 

force and vertical force at the joint induced by a pair of TVMDs, respectively. VJ denotes the 514 

total vertical shear force demand at the joint that also includes the shear force induced by the 515 

coupling beam. The joint horizontal force demands by TVMDs are rather small (less than 516 
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because the horizontal force components of two zig-zag TVMDs connected at one joint can 518 

partially counteract each other. Fig. 19 (b) shows the time history of TVMD forces (denoted 519 

as FD) and horizontal force demand of the joint at the 6th and 14th floors. The two TVMDs 520 

connected to one joint have the forces with a phase angle of approximately 180 during the 521 

earthquake shaking, i.e., one in tension and another in compression. This illustrates the 522 

advantage of the zig-zag configuration of TVMDs. The vertical shear force demands at the 523 

joint are not greater than 320 kN. Note that in a conventional coupled wall system, the 524 

beam-to-wall joints are easily designed to develop the expected shear capacity of the 525 

coupling beam (e.g., a magnitude of 1000 kN in a common high-rise building). Therefore, the 526 

TVMD-to-wall joints can be easily designed with adequate strength to satisfy their force 527 

demands. In practical design, special attention should be paid to the top floor joint, which 528 

may sustain relatively large horizontal tensile force demand. 529 

 

 

 

(a) Average peak forces (b) TVMD and joint forces (1980 Victoria Mexico motion @ MCE) 

Fig. 19. Forces at the TVMD-to-wall joint under MCE. 

In this study, the stiffness and strength requirement of the supporting braces in the 530 

TVMDs and VDs can be easily satisfied. A conventional steel brace with a cross-sectional 531 
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area of 4000 mm2 (e.g., a circular tube with the diameter D = 200 mm and thickness t = 6.6 532 

mm) and length of 3500 mm is stiff enough to ensure that the brace stiffness exceeds 15 times 533 

the maximum value of spring stiffness in the TVMDs, and exceeds 200 times the maximum 534 

values of cd2 in the VDs. Note that the cd2 is regarded as the dynamic stiffness of the 535 

viscous damper for the 2nd mode vibration, where cd denotes the damping coefficient of VD 536 

and 2 denotes the circular frequency of the 2nd mode of the system. At the maximum force 537 

of the TVMDs or the VDs, the axial stress in the proposed brace size would correspond to 538 

merely 50 MPa. Therefore, it is easy to design the supporting braces in both systems to 539 

ensure adequate performance of both TVMDs and VDs. 540 

4.3 Detuning effect 541 

The TVMDs are optimally tuned to a specific mode of the primary structure. As a result, 542 

changes to the frequency ratio (the ratio of the TVMD frequency to structural frequency) will 543 

have a detuning effect, i.e. it will affect the efficiency of vibration control. When the structure 544 

is damaged and the frequency ratio β of the TVMD deviates from the design value, the 545 

structural response may be amplified. Past studies have demonstrated that, for the TMD 546 

system, the detuning effect has an adverse influence on the structural dynamic response and 547 

leads to a significant decrease in the efficiency of the TMD when subjected to strong ground 548 

motions [59]. 549 

In this study, the detuning effect is studied by means of the nonlinear dynamic analysis 550 

results of the TCW-2nd and PCW systems. To compare the nonlinear and linear responses, 551 

elastic models of these two systems are developed by artificially increasing the member 552 

strengths by 100 times the original values. Fig. 20 compares the peak inter-story drifts and 553 
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floor accelerations of the nonlinear models and linear elastic models when subjected to VRE. 554 

For the linear models, the installation of the TVMDs can reduce the maximum responses 555 

of inter-story drift and floor acceleration by 7.7% and 14.2%, respectively. For the nonlinear 556 

models, the maximum inter-story drift and floor acceleration responses of the TCW-2nd 557 

system are reduced by 13.5% and 2.9%, compared than the PCW system. Although the 558 

vibration control efficiency of the TVMDs may be affected by the structural nonlinearity, the 559 

responses of the TCW-2nd system remain smaller than those of the PCW when the structure 560 

yields and suffers damage. This is different from the detuning effect of TMDs, which would 561 

amplify the structural responses to be larger than the uncontrolled responses of the primary 562 

structure [59]. Unlike a conventional TMD, the TVMD is actuated by the relative motion at 563 

its two ends. A TVMD not only suppresses the dynamic response of the tuning mode, but can 564 

also provide additional damping to vibrations with lower frequencies than the tuning mode 565 

[3]. When the structure undergoes nonlinearity and the frequency of the target tuning mode 566 

decreases, the TVMDs can still suppress the vibration of that mode by providing additional 567 

damping. 568 
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(a) Inter-story drift (b) Floor acceleration 

Fig. 20. Influences of structural nonlinearity. 

4.4 Vibration control mechanism 569 

4.4.1 Displacement control mechanism 570 

Fig. 21 illustrates the energy time history responses obtained with the nonlinear analysis 571 

data of the 1980 Victoria Mexico earthquake (at MCE). EI denotes the input energy by the 572 

earthquake. EK denotes the kinetic energy of the coupled wall. ED denotes the dissipated 573 

energy of TVMDs or VDs. EB and EW denote the dissipated hysteretic energy of coupling 574 

beams and wall piers. ER is the energy dissipated by the Rayleigh damping of the system. The 575 

total input energy of the TCW-2nd, VCW, and RCW systems are 2.10×106 J, 2.32×106 J and 576 

2.43×106 J by the end of the record. The values of ED of the TCW-2nd and VCW are 577 

4.55×105 J and 4.16×105 J, which coincides with the observation in subsection 4.2.1 (the 578 

TVMDs show modest advantages over the VDs for the displacement control when they are 579 

tuned to the 2nd mode). The TVMDs dissipate nearly 20% of the input energy. 580 

Correspondingly, the energy dissipated by coupling beams and wall piers, EB and EW, is 581 

reduced by 39% and 56% in the TCW-2nd system.  582 

An earlier study [6] showed that when a TVMD is tuned to the 1st mode of the primary 583 

structure, the inerter and the spring tend to deform in opposite directions, which amplifies the 584 

deformation of the ball screw device and enlarges the energy dissipation. However, in this 585 

study, the target tuning mode of the TCW-2nd system is the 2nd mode to control both of the 586 

inter-story drifts and floor accelerations. Given the consideration that the displacement 587 

response is controlled by the 1st mode, the displacement control by the TVMD does not 588 

achieve those same benefits. The energy dissipated by the TVMDs in the TCW-2nd system is 589 
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close to that dissipated by the VDs in the VCW system. Therefore, the TCW-2nd and VCW 590 

system have similar displacement responses. 591 

 

(a) TCW-2nd 

 

(b) VCW 

 

(c) RCW 

Fig. 21. Energy dissipation during the nonlinear dynamic analysis (1980 Victoria Mexico 

earthquake @ VRE). 

4.4.2 Acceleration control mechanism 592 

Fig. 22 illustrates the decomposition of the time history responses of floor acceleration 593 

of the TCW-2nd and VCW, and the forces of TVMD and VD in that story. The analysis 594 

results of the 4th story are selected, where the damping coefficients of the TVMD and VD are 595 
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similar (cd4 = 186 kNs/m, cvd4 = 200 kNs/m). The floor accelerations or the damper forces of 596 

the 1st, 2nd and higher-order modes are obtained using the filter with the frequency ranges of 597 

[0.8/T1
TCW, 1.2/T1

TCW], [0.8/T2
TCW, 1.2/T2

TCW], and [0.8/T3
TCW, +∞), respectively. A 3-order 598 

Butterworth filter is used for calculation. As shown in Fig. 22(a), both the 1st and 2nd mode 599 

contribute significantly to the floor accelerations. The control forces of TVMD and VD also 600 

concentrate on the first two modes and have a limited contribution from higher modes (see 601 

Fig. 22(b)). Both systems show similar acceleration responses in the 1st mode, and the forces 602 

provided by TVMD and VD in the 1st mode are nearly identical. Due to the tuning design to 603 

the 2nd mode, the TVMDs provide significantly higher force than the VD in the 2nd mode, and 604 

thus effectively suppress the acceleration response of the 2nd mode vibration. As the 2nd mode 605 

usually has high contributions to the floor acceleration response in high-rise buildings, the 606 

TCW system tuned to the 2nd mode results in an improved acceleration response than the 607 

VCW system. Note that, although the TVMD force is significantly larger than the VD force, 608 

the demands to the TVMD-to-wall joints is relatively small due to the advantageous zig-zag 609 

configuration of TVMDs, as described in subsection 4.2.3. In addition, the strength and 610 

stiffness requirements of supporting braces remain to be reasonable. Therefore, the relatively 611 

larger force of TVMDs does not lead to difficulty in the design of the prototype structure. 612 
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(a) Floor acceleration (b) Damper force 

Fig. 22. Modal decomposition of floor acceleration and damper force (1980 Victoria 

Mexico earthquake @ DBE). 

5. Conclusions 613 

This paper studies the seismic responses of an innovative tuned viscous mass damper 614 

(TVMD) coupled wall (TCW) system used to enhance seismic performance of high-rise 615 

buildings by means of finite element (FE) analysis. The nonlinear FE model of a 616 

representative TCW structural system in a 15-story high rise building is developed in 617 

OpenSees. The TVMD is modeled by means of a newly compiled element named 618 

InertiaTruss. The coupled wall system is modeled with a previously validated multi-layer 619 

shell elements for wall piers and link elements for coupling beams. A comparative study of 620 

the inter-story drifts and floor acceleration responses, obtained from nonlinear dynamic 621 

analyses, is carried out for the TCW, a viscous damper coupled wall (VCW) and coupled wall 622 

with RC coupling beams (RCW). The response analysis is conducted at four ground motion 623 

shaking intensities, namely service level earthquake (SLE), design basis earthquake (DBE), 624 

maximum considered earthquake (MCE) and very rare earthquake (VRE). The following 625 

conclusions are drawn from this study. 626 

(1) The proposed element in OpenSees is capable of simulating the behavior of the TVMD in 627 

a three-dimensional structure, and the analytical results replicate well those obtained from 628 

experimental tests. 629 

(2) The TCW system tuned to the 2nd mode (i.e., the TCW-2nd) achieves superior 630 

performance than the TCW system tuned to the 1st mode (i.e., the TCW-1st). The peak 631 

inter-story drifts of the TCW-2nd system are up to 27% smaller than those of the TCW-1st 632 
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system under severe earthquakes, and the peak floor accelerations of the former are up to 20% 633 

smaller than those of the latter. 634 

(3) Although all systems have identical inter-story drift responses at SLE, as a result of 635 

stringent structural design requirements in the Chinese code, the peak inter-story drifts of the 636 

TCW-2nd are up to 11% and 16% smaller than those of the VCW and RCW systems under 637 

severe earthquakes, respectively. Furthermore, the peak floor accelerations of the TCW-2nd 638 

system are up to 22% and 28% smaller than those of the VCW and RCW systems, 639 

respectively.  640 

(4) A modal decomposition analysis indicates that although the TCW-2nd and the VCW 641 

systems have similar performance in terms of controlling floor acceleration responses of the 642 

1st mode, the TVMDs in the TCW-2nd more effectively suppress the acceleration responses 643 

of the 2nd mode than the viscous dampers in VCW. As such, the TCW-2nd shows enhanced 644 

performance over the VCW, conventionally used to reduce accelerations. 645 

(5) In terms of joint detailing, owing to the zig-zag configuration of TVMDs, the resultant 646 

horizontal force of a pair of TVMDs connected in a joint is rather small, which facilitates the 647 

design of the TVMD-to-wall joints. In addition, the analysis indicates that the stiffness and 648 

strength requirements of the supporting braces of TVMDs can be easily satisfied. 649 

(6) The comparison between responses of the TCW system and the primary coupled wall 650 

(PCW) system indicates that nonlinearity of the structure has little effects on the TCW-2nd 651 

system when compared to an equivalent RC beam coupled wall system without TVMDs. The 652 

effect of detuning in this new system is insignificant. 653 
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Appendix I 660 

The TVMD parameters of the TCW-1st system: 661 

Story 
mr 

(ton) 

kb 

(kN/m) 

cd 

(kNs/m) 
Story 

mr 

(ton) 

kb 

(kN/m) 

cd 

(kNs/m) 
Story 

mr 

(ton) 

kb 

(kN/m) 

cd 

(kNs/m) 

1 10 152 7 6 63 927 42 11 70 1033 47 

2 27 401 18 7 67 989 45 12 68 1010 46 

3 40 597 27 8 69 1026 46 13 66 980 44 

4 50 742 34 9 70 1043 47 14 64 949 43 

5 57 845 38 10 71 1044 47 15 62 924 42 

 662 

Appendix II 663 

element InertiaTruss $eleTag $iNode $jNode $mr 664 

$eleTag unique element object tag 665 

$iNode $jNode end nodes 666 

$mr value of the inertial mass 667 

 668 
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