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1. Introduction 

According to wind resistance design codes, such as 
Architectural Institute of Japan (AIJ) recommendations for 
loads on buildings (Japan Standard) [1], the design method 
for wind-resistant buildings considers factors of natural 
frequency and damping ratio. Those parameters are based on 
the assumption of linear elastic structure.  

 
However, the wide-band frequency of wind force affects 

viscoelastic-damped buildings significantly due to the 
frequency dependency of the viscoelastic (VE) damper. The 
zero-crossing-rate-based global damping (ZR-GD) model, 
the simple model considering its frequency dependency is 
proposed in the previous chapter. Besides, most of the VE 
damper designs for high-rise buildings are limited to seismic, 
and the wind-resistant design is lacking considering the 
frequency dependency of the structure.  

 
In this study, a design method for the VE damper is 

proposed, which is based on the AIJ recommendation to 
calculate the static wind loads with the ZR-GD model. Note 
that, the AIJ recommendation is based on the probability 
theory, so the ensemble average of 10 maximum responses 
(simulated by time history analysis) is used to verify the 
feasibility of the design method. 
 
2. Design method for VE damper 
The goal is to design the 1st modal VE damper of an SDOF 
model to obtain 𝐴𝐴s/𝑑𝑑, a parameter of the fractional derivative 
(FD) model. The design flow (with the flow chart shows in 
Fig. 1) is expressed as follows: 
 
Step 1: 
1-1. Determine the target building with height 𝐻𝐻, width 𝐵𝐵, 

and depth 𝐷𝐷. 
1-2. Determine the wind load with the terrain of III, the return 

period of 500 years, and the design wind speed of 
57.9 𝑚𝑚/𝑠𝑠. 

1-3. Determine parameters of the VE damper, including 𝑎𝑎, 𝑏𝑏, 
𝛼𝛼, 𝐺𝐺, and 𝐾𝐾b. 

 
Step 2: 
2-1. Set a target drift ratio 𝑅𝑅 (Eq. (1)) of the wind-induced 

response, and set the natural period 𝑇𝑇f . Note that, the 
single-degree-of-freedom (SDOF) model of the 1st 
mode is employed in the simulation.  

𝑅𝑅 = 𝛿𝛿maxΦ11/𝐻𝐻. (1) 
Where 𝛿𝛿max  is the 1st modal target deformation, and 
Φ11 is (1,1) of the eigenvector. 

2-2. According to Fig. 2 to set the referring damping ratio 𝜉𝜉′. 
2-3. Based on Architectural Institute of Japan (AIJ) 

recommendations for loads on buildings [1]), the 1st 
modal wind load in the along- and across-wind 
directions (𝑊𝑊D, 𝑊𝑊L)  are calculated. Note that, when 
calculating 𝑊𝑊D  in the along-wind direction, the mean 
component is considered. Then, select the maximum 
wind load (Eq. (2)) for the design of the VE damper. 

𝑊𝑊max = 𝑚𝑚𝑚𝑚𝑚𝑚{𝑊𝑊D, 𝑊𝑊L}. (2) 
According to Eq. (3), the 1st modal stiffness of system 𝐾𝐾′ 
is obtained. 

𝐾𝐾′ = 𝑊𝑊max/𝛿𝛿max. (3) 
 
Step 3: 
3-1. Calculate the storage stiffness 𝐾𝐾a

′ (Eq. (4)), loss factor 
ηa  (Eq. (5)), lost stiffness 𝐾𝐾a

′′  (Eq. (6)) of the added 
component of VE system, and build up the transfer 
function of the VE system [2,3] (Eq. (7)). 

𝐾𝐾′
a = 𝐾𝐾′ − 𝐾𝐾f. (4) 

ηa = 2ξ′(1 + 𝐾𝐾f/𝐾𝐾a
′). (5) 

𝐾𝐾a
′′(ω) = 𝐾𝐾′

a(ω)ηa(ω). (6) 

𝐻𝐻D(𝑖𝑖𝑖𝑖) = 1

1 − ( 𝜔𝜔
𝜔𝜔𝑛𝑛

)
2

+ 𝐾𝐾a
′(𝜔𝜔)
𝐾𝐾f

+ 𝑖𝑖 (𝐾𝐾a
′′(𝜔𝜔)
𝐾𝐾f

)

1
𝐾𝐾f

. (7) 

3-2. Use the frequency domain method to obtain the zero-
crossing rate ωZR (Eq. (8)) of the VE system with the 
power spectral density (PSD) of wind force 𝑆𝑆F(ω) and 
the transfer function of the VE system. Note that, the 
zero-crossing rate ωZR  is not affected by the mean 
component. Here, use one wind force 𝑆𝑆F(ω) to get the 
zero crossing rate. 

𝜔𝜔ZR = 𝜎𝜎V

𝜎𝜎D
=

√∫ |𝑖𝑖𝑖𝑖𝐻𝐻D(𝑖𝑖𝑖𝑖)|2∞
0 𝑆𝑆F(𝜔𝜔)𝑑𝑑𝑑𝑑

√∫ |𝐻𝐻D(𝑖𝑖𝑖𝑖)|2∞
0 𝑆𝑆F(𝜔𝜔)𝑑𝑑𝑑𝑑

 (8) 

The storage stiffness 𝐾𝐾d
′ and loss factor ηd of the VE 

damper considering ωZR are given by Eq. (9) and Eq. 
(10). 

𝐾𝐾d
′(𝜔𝜔ZR) = 𝐺𝐺 1 + 𝑎𝑎𝑎𝑎𝜔𝜔ZR

2𝛼𝛼 + (𝑎𝑎 + 𝑏𝑏)𝜔𝜔ZR
𝛼𝛼 cos(𝛼𝛼𝛼𝛼/2)

1 + 𝑎𝑎2𝜔𝜔ZR
2𝛼𝛼 + 2𝑎𝑎𝜔𝜔ZR

𝛼𝛼 cos(𝛼𝛼𝛼𝛼/2)
𝐴𝐴s

𝑑𝑑 . (9) 

𝜂𝜂d(𝜔𝜔ZR) =
(−𝑎𝑎 + 𝑏𝑏)𝜔𝜔ZR

2 + sin(𝛼𝛼𝛼𝛼/2)
1 + 𝑎𝑎𝑎𝑎𝜔𝜔ZR

2𝛼𝛼 + (𝑎𝑎 + 𝑏𝑏)𝜔𝜔ZR
𝛼𝛼 cos(𝛼𝛼𝛼𝛼/2). (10) 
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4. VERIFICATION OF SIMPLIFIED MODELING 
APPROACH 
Using the proposed model, the 1D time-history analysis was 
carried out to simulate the VE damper behavior under the test 
loading condition [5]. The accuracy is verified through 
comparison to both test and original model results. Since 
loading duration (400 s) is short and the full-scale VE damper 
has large capacity, the heat dispersed from the VE damper to 
air was ignored in the heat transfer analysis [1]. 

Fig. 7 shows the temperature time-histories and Fd - ud 
hysteresis curves from proposed model, test and original 
model in along- and across-wind directions. The temperature 
results from proposed model are the weighted average values 
(Eq. 4b), fitting well with the average values from eight 
thermocouples (test results) and 3×12 VE nodes (original 
model results), respectively. The hysteresis curves from 
proposed model also have good agreement with test results, 
indicating good accuracy of the proposed model in predicting 
the behavior of the multi-layered VE damper. 

To verify the effectiveness of the proposed model, this 
chapter compared its calculation time with the original model 
in Table 1. In along-wind direction, the dynamic analysis time 
decreased from 139.64 to 60.26 s (proposed/original ratio = 
0.43), while the heat transfer analysis showed a more 
significant improvement, from 17.18 to 0.68 s (ratio = 0.04 
Overall, the total time was reduced to 0.39 of the original time. 

Similar improvements were observed in the across-wind 
direction, confirming the computational efficiency of the 
proposed model. 
5. CONCLUSIONS 
This study proposes a simplified modeling approach for 
multi-layered VE dampers that significantly improves 
computational effectiveness while maintaining accuracy. The 
proposed model accurately reproduces test results for 
temperature response under wind-induced random loading. 
Furthermore, it provides comparable accuracy to detailed 
original model [4] while reducing computational time by 
approximately 60%. This reduction in computation time is 
particularly significant in dynamic and heat transfer analysis.  
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Table 1. Calculation time using proposed model and original model in along- and across-wind directions 

Wind direction  Along-wind  Across-wind 

Model type  Proposed Original Proposed
Original⁄   Proposed Original Proposed

Original⁄  

Material property calculation  0.55 2.03 0.27  0.59 1.80 0.33 

Dynamic analysis  60.26 139.64 0.43  59.41 130.28 0.46 

Heat transfer analysis  0.68 17.18 0.04  0.65 16.23 0.04 

Total time  63.77 163.15 0.39  62.98 150.17 0.42 

 

Figure 7. Temperature time-history results and Fd - ud hysteresis curve under (a) along-wind direction and (b) across-wind 
direction from proposed model, test and original model. 

(a)  (b)  
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Figure 1. Flow chart for the design method of VE system 
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3-3. Solve the equation of storage stiffness 𝐾𝐾a
′ (Eq. (11)) 

equaling the storage stiffness 𝐾𝐾a
′(𝜔𝜔ZR)  considering 

𝜔𝜔ZR (Eq. (8)). 

𝐾𝐾′
a(𝜔𝜔ZR) =

[(1 + 𝜂𝜂𝑑𝑑
2 (𝜔𝜔ZR)) 𝐾𝐾d

′(𝜔𝜔ZR) + 𝐾𝐾b] 𝐾𝐾d
′(𝜔𝜔ZR)𝐾𝐾b

(𝐾𝐾′
d(𝜔𝜔ZR) + 𝐾𝐾b)2 + (𝜂𝜂d(𝜔𝜔ZR)𝐾𝐾′

d(𝜔𝜔ZR))2  

 = 𝐾𝐾′ − 𝐾𝐾f. 
(11) 

3-4. 𝐴𝐴s/𝑑𝑑 is obtained. 

 

 

Figure 2. Relationship of 𝑅𝑅 and 𝜉𝜉′ 
 

3. Example for Design method of VE damper 
To verify the feasibility of the design method for the 
frequency-dependent VE dampers, this section is based on 
the design flow to express three design samples in the 
following sections. 
 
3.1. Initial settings of the building and target 
deformation 

The initial settings of the building consider a is 𝐻𝐻 =
200 m with an aspect ratio 𝐻𝐻/√𝐵𝐵𝐵𝐵 = 4, whose 𝐷𝐷 =
𝐵𝐵 = 50 m. The natural period of the frame is set as 
𝑇𝑇f = 0.02𝐻𝐻 (4 sec). The referring damping ratio ξ′ =
12%  (see Fig. 2). The target drift at the top of the 
building is set as 𝑅𝑅 = 0.003 . The 1st modal target 
deformation is δ𝑚𝑚𝑚𝑚𝑚𝑚 = 113.8 m.  

 
3.2. Maximum wind load 

Based on Architectural Institute of Japan (AIJ) 
recommendations for loads on buildings [1], to 
calculate the 1st modal wind load in the along- and 
across-wind directions (𝑊𝑊D, 𝑊𝑊L) , and select the 
maximum wind load (Eq. (2)) for designing of the VE 
damper. 
 

𝑊𝑊max = 𝑚𝑚𝑚𝑚𝑚𝑚{𝑊𝑊D, 𝑊𝑊L}.
           = 𝑚𝑚𝑚𝑚𝑚𝑚{1132.4,631.6}.
           = 1132.4   [kN]. 
 

3.3. Stiffness of system and added component 
The 1st modal stiffness of system 𝐾𝐾′ is given by Eq. 
(3). 
 

𝐾𝐾′ = 𝑊𝑊max/δmax.
      = 1132.4

113.8 .
      = 9.951   [kN/m].

 
The storage stiffness 𝐾𝐾a

′, loss factor ηa, lost stiffness 
𝐾𝐾a

′′ of the added component of VE system are given 
by Eq. (4) - Eq. (6). 
 

𝐾𝐾′
a = 𝐾𝐾′ − 𝐾𝐾f.

       = 9.951 − 2.467.
       = 7.484[kN/m].

 
ηa = 2ξ′(1 + 𝐾𝐾f/𝐾𝐾a

′).
     = 2 ⋅ 0.12(1 + 2.467/7.484).
     = 0.319.

       
𝐾𝐾a

′′ = 𝐾𝐾′
aηa(ω). 

      = 7.484 ⋅ 0.319. 
      = 2.388[kN/m]. 

 
3.4. Zero-crossing rate 𝛚𝛚ZR of wind-induced response 

Based on the frequency domain method, the zero-
crossing rate ωZR of the VE system is obtained with 
the power spectral density (PSD) of wind force 𝑆𝑆F(ω) 
and the transfer function of the VE system, which is 
given by Eq. (8). 

ωZR = σV

σD
=

√∫ |𝑖𝑖ω𝐻𝐻D(𝑖𝑖ω)|2∞
0 𝑆𝑆F(ω)𝑑𝑑ω

√∫ |𝐻𝐻D(𝑖𝑖ω)|2∞
0 𝑆𝑆F(ω)𝑑𝑑ω

.

= 0.037       [rad].     
 
3.5. Stiffness and loss factor of the damper 

The storage stiffness 𝐾𝐾d
′ and loss factor ηd of the VE 

damper considering ωZR are given by Eq. (9) and Eq. 
(10). 
 
𝐾𝐾d

′(ωZR)

= 𝐺𝐺 1 + 𝑎𝑎𝑎𝑎𝜔𝜔ZR
2𝛼𝛼 + (𝑎𝑎 + 𝑏𝑏)𝜔𝜔ZR

𝛼𝛼 cos(𝛼𝛼𝛼𝛼/2)
1 + 𝑎𝑎2ωZR

2α + 2𝑎𝑎ωZR
α cos(απ/2)

𝐴𝐴s

𝑑𝑑 .

                 = 4.758 ⋅ 104 (𝐴𝐴s

𝑑𝑑 ) .
                  

ηd(ωZR) =
(−𝑎𝑎 + 𝑏𝑏)𝜔𝜔ZR

2 + sin(𝛼𝛼𝛼𝛼/2)
1 + 𝑎𝑎𝑎𝑎ωZR

2α + (𝑎𝑎 + 𝑏𝑏)ωZR
α cos(απ/2) .

            = 0.636. 
 
Where 𝑎𝑎 = 5.6 × 10−5 , 𝑏𝑏 = 2.10 , α = 0.558 , and 
𝐺𝐺 = 3.92 × 104 [N/cm2] [4]. 
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3.6. Get the design value of 𝑨𝑨s/𝒅𝒅 
Do convergence of storage stiffness 𝐾𝐾a

′  with the storage 
stiffness 𝐾𝐾a

′(ωZR)  considering ωZR  to obtain the design 
value of 𝐴𝐴s/𝑑𝑑. 
 

𝐾𝐾′
a(ωZR) =

[(1 + η𝑑𝑑
2 (ωZR)) 𝐾𝐾d

′(ωZR) + 𝐾𝐾b] 𝐾𝐾d
′(ωZR)𝐾𝐾b

(𝐾𝐾′
d(ωZR) + 𝐾𝐾b)2 + (ηd(ωZR)𝐾𝐾′

d(ωZR))2

= 7.484. 

[(1 + 0.6362)4.758 ⋅ 104 (𝐴𝐴s
𝑑𝑑 ) + 2.47 ⋅ 105] 4.758 ⋅ 104 (𝐴𝐴s

𝑑𝑑 ) 2.47 ⋅ 105

(4.758 ⋅ 104 (𝐴𝐴s
𝑑𝑑 ) + 2.47 ⋅ 105)

2
+ (0.636 ⋅ 4.758 ⋅ 104 (𝐴𝐴s

𝑑𝑑 ))
2

= 7.484. 
 
∴ 𝐴𝐴s/𝑑𝑑 = 1.573 ⋅ 10−4      [m]. 
  
Where 𝐾𝐾b is determined as 𝐾𝐾b = 105𝐾𝐾f. 
 
Fig. 3 shows the comparison of the 10-ensemble-averaging 
1st modal maximum wind-induced displacement and target 
deformation. It expresses that the 10-ensemble-averaging 
1st modal maximum wind-induced displacement (obtained 
by time history analysis) is smaller than the 1st modal target 
deformation. Thus, 𝐴𝐴s/𝑑𝑑 satisfies the target amount of the 
VE damper. 
 
4. Conclusions 
This study proposed a design method for the VE-damped 
tall buildings considering their frequency dependency 
subjected to wind forces. The simple model of the zero-
crossing-rate-based global damping (ZR-GD) model is used 
in the design method to reduce the complicated procedure 
of convergence in the algorithm of the fractional derivative 
(FD) model. In addition, the design method also considered 
wind load as the inner shear force of the VE system, which 
makes the VE damper for wind resistance. Finally, the time 
history analysis results of the FD model verified good 
agreements with target deformation. Thus, the proposed 

design method is efficient for designing VE dampers 
equipped in tall buildings. 
 

 
Figure 3. Comparison of maximum wind-induced 

displacement and target deformation  
(𝑅𝑅 = 0.003, 𝑇𝑇f = 4s, and 𝜉𝜉′ = 12%) 
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