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ABSTRACT 
 
     Super tall residential buildings commonly apply supplemental damping systems to 
reach high human comfort performance. Typical supplemental damping systems 
include tuned mass damper, tuned liquid damper and viscous damper. For residential 
buildings, owners rarely choose tuned mass damper and tune liquid damper due to 
excess building spaces needed. Viscous damper system is a reasonable choice for 
wind induced vibration control for residential buildings. Additional deformation 
amplification devices, for example toggle braces, can be applied to improve the energy 
dissipation efficiency of the viscous dampers. The energy efficiency of viscous damper 
can be improved by 1.5 to 2 times with toggle braces. Viscous damper system can also 
reduce story drifts under large wind and earthquake loadings. With increased 
redundancies induced by the integration of viscous damper system, the primary 
structure can be further optimized to reduce the consumption of structural materials. A 
super tall residential building cluster located in Xiamen city of southeast China is 
employed in this study to investigate the application of toggle brace damper system 
and integrated optimization of the structure super tall residential building. 
 
 
1. Introduction 
 

Accompanied by the increasing requirement of dwelling environment, a growing 
number of super high-rise residence are emerging. But there are always many 
contradictions between the architectural demand and structural efficiency. At the same 
time the developers expect that the construction cost can be controlled strictly aiming to 
a higher investment yield. Viscous damper have been proved to be one of the most 
efficient devices to absorb and dissipate large amounts of energy from both earthquake 
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and wind by HUANG (2009), integrated optimal design[5오류! 책갈피가 정의되어 있지 

않습니다.] is believed to be a effective method to upgrading the performance and 

saving the structural cost at the same time. 
The energy dissipation ability and cost efficiency of viscous damper is of great 

importance. The TBD was proposed and patented by Taylor and Tonawanda (1999). 
Constantinou et al. (2001) introduced that the TBD system improved the efficiency of 
this energy dissipation device by magnifying the effect of damping devices so that they 
can be utilized effectively in applications of small structural drift. Moreover, 
Constantinou et al. (2001) revised the attachment of the lower brace and installed it 
directly into the beam-column joints. Three different configurations of TBD are briefly 
described by Zhang (2012) and each motion amplification factor was derived. Besides, 
McNamara et al. (2000) applied the TBD system to a 39-story office building. 

Compared with the initial design, the design with passive energy dissipation 
system is called performance upgrading design. The performance has been promoted 
and the loss cost caused by disaster is smaller than the initial design, nevertheless, 
passive energy dissipation system is expensive. The structural responses under wind 
load and seismic action can be reduced due to additional damping generated by 
installation of passive energy dissipation system, and sectional dimension of structural 
components can be optimized. The method to optimize the main structure based on the 
performance upgrading design, namely integrated optimal design(Zhao 2014). The 
integrated optimal design not only enhance structural performance, it can save overall 
structural cost for the entire lifecycle. 

Toggle brace damper based integrated optimal structure design is introduced in 
this paper, and the case of a real 250 meter super tall residential building project in 
Xiamen is chosen for the research of TBD based integrated optimal structural design.  
 

 

2. Toggle-Brace-Damper  
 
The lower toggle system, lower toggle system and the reverse toggle system are 

three common configurations of toggle brace damper systems. Compared with the first 
two configurations, the damper of the reverse toggle system is connected directly to the 
beam-column joints, and has more space for the area of the door openings below. The 
reverse toggle system is applied in this study. Three common TBD configurations and 
magnification factors are shown in Fig. 1. And the deduction step is as Eq.(1)-(5) : 

       
Du f u   (1) 

where Du is the device relative displacement along the axis of the damper, u is 

story drift; and f  is magnification factor. So the magnification factor f  is the ratio of 

the damper displacement Du
to the story drift u . The f can be expressed as: 
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Constantinou et al. (2001) deduced simple expressions for the f , which can be 
described in following formulas:  

For the upper toggle system: 
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For the lower toggle system:   

  2

1 2

sin

cos( )
f 





 
 (4)  

For the reverse toggle system:  
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(a) lower toggle system (b)upper toggle system (c)reverse toggle system 

Fig. 1: The typical TBD system 
 

It can be seen that because of the magnification factor of TBD, this damper 
system is more effective than traditional damper system. 

 
 

2. Stiffness performance optimization with TBD 
 

The stiffness performance indicators mainly consist of story drifts under wind load 
and seismic load. The installation of TBD can offer additional damping to the primary 
structure and the primary structure response will be reduced under wind load and 
seismic load, thus there will be design redundancy in the primary structure. And the 
additional damping ratio can be calculated and verified. 

In residential buildings, the available location for damping devices is so limited, 
for they can only be installed on the mechanical floor only where maintenance during 
the service life is possible. So energy method is applied to find the optimum 
placements and numbers of TBD. Time history analysis is firstly conducted under wind 
load time histories obtained from wind tunnel tests and earthquake time histories 
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conform to the site with dampers installed in all available places. The energy dissipated 
by the dampers during the time histories will be recorded. The optimum placements can 
be obtained by sorting the values of energy dissipation by dampers installed in different 
placements. The calculation method of additional damping ratio for high-rise building 
structures in engineering can use the energy estimation method specified by Code 
of Seismic Design of Buildings (GB50011-2010) and Code of Building Energy 
Dissipation Design (JGJ297-2013). The equation is as shown in Eq.(6). And the 
additional damping ratio can be verified by the equivalent reaction method which 
means the maximum story drift of structure with damping devices is smaller than that of 
structure with additional damping ratio. 
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                                   (6) 

where   refers to the additional damping ratio; Wci refers to the i-th damper’s energy 
consumption;ΣWE  refers to the elastic energy of primary structure. 
 
 
3. Human comfort performance optimization with TBD 
 

The wind induced vibration will make people feel uncomfortable and even 
intolerable, and it is specified by the code that the top acceleration has to be controlled 
under 15gal. In this paper, the authors take advantage of TBD system to control the 
vibration acceleration under 10 year return period wind loads.  
 
 
4. Integrated optimal structural design 
 

Based on the design redundancy, the primary structure can be further optimized. 
Since this kind of structural optimization utilizes the installation of devices, it can be 
called integrated optimal design. Integrated optimization design can not only ensure the 
performance of the structure, but also reduce the cost of primary structure. The 
structural cost of certain building can be expressed as Eq.(7): 

Ctot = Cm +Cd                                                 (7) 
where Ctot refers to the overall cost of the buildings; Cm refers to the costs of primary 
structure; Cd refers to the costs of additional device (TBD). 

The design constraints of super tall building structure under wind load are mainly 
divided into three levels, namely the component level, the assembly level and the 
global level. For a given structural system, the component level constraints are those 
related to single structural members. The assembly constraints are those related with a 
group of structural members, such as the structural members of certain story, the 
perimeter frame of frame core wall structure and the belt truss members of mega 
structure. For global design constraints, all or most of the structural components will 
make contributions. 

During the optimization of the primary structure, the relationship of optimization 
variable, objective and constraint can be obtained through sensitivity analysis. 
Sensitivity coefficient can be expressed as Eq.(8): 
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where iSC is the sensitivity coefficient of the design constraint with respect to a certain 

optimization variable; Ag is the value of design constraint before the adjustment of 

optimization variable; Og is the value of design constraint after the adjustment of 

optimization variable; iv is the change of optimization variable. 

After the sensitivity coefficients of a certain constraint condition have been 
obtained, the components could be further optimized. The principle of optimization is to 
decrease the sizes of components insensitive to the design constraints, and increase 
the sizes of components sensitive to the design constraints. 

The integrated optimal design method can be divided into two steps: The first 
step is yielding the design redundancy under stiffness constraint and human comfort 
constraint, meanwhile calculate the damping ratio provided by viscous dampers; the 
second step is the optimal design of primary structure using the method of sensitive 
analysis. 
 
 
5. Case Study 

 
In this case, a high-rise residential building in Xiamen is investigated. The super 

tall building is located in Xiamen city. As shown in Fig.2, it has 65 story above the 
ground and 4 story underground. The building height is 249.95m. According to site 
safety evaluation report, the site characteristic period is 0.65s and the fortification 
intensity is 7 degree. The 10 years of basic wind pressure is 0.50kN/m2, 50 years of 
basic wind pressure is 0.80kN/m2.The basic peak ground acceleration is 0.15g and  

 
 

 

a) Overall structure model                        b) Typical floor of the structure 

Fig. 2:  High-rise residential building  



Site class is III. The frame beams are made by steel while the columns are designed as 
RCFT(Rectangular Concrete Filled Tube) columns. Dampers can be placed on the 
22F,43F, and59aF. We aims at adding 1% additional damping ratio to the original 
structure.  

This project adopts the TBD, and the available places can be installed are shown 
in Fig.3. Firstly, we installed the TBD in all available positions, and the roof acceleration 
can be obtained through analysis by finite element method. The limit value of roof 
acceleration is 0.15m/s2. The number of dampers can then be minimized under the 
constraint that the roof acceleration meets the specification limit. The final installation 
places are shown in Fig. 4. 

 

 
Fig. 3: Positions can be arranged of TBD(the right part is symmetry) 

 

   

Fig. 4:Position finally arranged（43F,59aF. The right part is symmetry） 

Based on the method the additional damping ration calculated by code energy 
method and verified by equivalent reaction method. The acceleration at the top reach 



15.5gal which exceeding the code limit, and it drop down to 7.7gal after the installation 
of damper. And from the table 1, it can be seen that the damping ratio under wind load 
of 10-year return period is 2.22% and it is 2.15% under wind load of 50-year return 
period. The mean additional damping ratio is 1.68% under 7 frequent earthquake wave, 
which meet the target additional damping ratio of 1%. And the additional damping ratio 
is verified by Fig.5. 

 

Table 1:  the additional damping ration calculated by code energy method   

Time history 
Maximum 
damping 
force(kN) 

Average 
damping 
force(kN) 

Maximum 
displacement 

(mm) 

Average 
displacement 

(mm) 

Damping 
ratio 

WIND10 683 553 3.26 1.67 2.22% 

WIND50 786 628 5.30 2.68 2.15% 

EQX1 1932 1476 41.63 20.43 1.61% 

EQY1 1749 1432 21.51 10.98 1.42% 

EQX2 1694 1374 29.32 13.72 1.93% 

EQY2 1661 1321 21.71 11.24 1.04% 

EQX3 1658 1390 29.87 15.33 1.77% 

EQY3 1951 1453 37.06 19.07 1.72% 

EQX4 1648 1470 20.15 10.20 2.03% 

EQY4 1766 1451 10.73 7.23 1.94% 

EQX5 1887 1591 40.94 20.59 1.69% 

EQY5 1912 1535 20.91 12.49 1.34% 

EQX6 1772 1558 32.97 17.28 1.50% 

EQY6 1776 1562 27.07 15.20 1.95% 

EQX7 1821 1584 34.10 15.80 1.66% 

EQY7 1774 1590 35.40 17.32 1.86% 

Average under 
earthquake 

1786 1485 28.81 14.78 1.68% 

X direction earthquake 
damping ration mean value  

1.76% 
Y direction earthquake 

damping ration mean value 
1.61% 

 



   

   

Fig.5 The story drift under wind load and earthquake load 

 
The story drift of primary structure changed and got larger redundancy, based 

which we can optimize the primary structure. The structural optimization strategy is 
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based on sensitivity analysis, through which we may able to find out those parts of 
primary structure that are sensitive to the max SD and those parts of primary structure 
that are insensitive to the max SD and reduce the size of vertical members. As we can 
see from the (Fig.6), the results of sensitivity analysis shows that some parts of walls 
are insensitive to the max SD. 

 

 

(a) typical plan                               (b) 3D model  

Fig.6 Sensitivity analysis results 
 
And the structure can be optimized, the total saving cost is 7.7 million dollar, as 

shown in Table 2. 
 

Table 2 The saving cost of structure using integral optimal design 

Material Unit price Saving Material  Saving costs(104$) 

Steel 1000($/t) 7900t 790 
Concrete 80($/m3) 5000m3 40 
TBD 25000($/suite) -24 -60 
Total -- -- 770 

 

 

6. Conclusions 
 
In this paper, an integrated optimal design method is proposed to improve the 

wind human comfort and stiffness performances through the application of VD system 
and to save the cost of structure. 

The following conclusion can be drawn: 



(1) Toggle brace damper based integrated optimal structural design is suitable for 
the design and optimization of super tall residential buildings. 

(2) TBD is more effective to absorb and dissipate energy under earthquake action 
due to deformation amplification mechanism. 

(3) The sensitive analysis is an effective method to optimize the structure. 
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