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1. Introduction 
In the study of wind-resistant design for high-rise buildings, 

understanding the structural dynamic characteristics and wind-
induced responses is crucial. Analyzing the full-scale detailed 
models of high-rise structures is time-consuming. To address 
this, particle reduction method have been widely adopted, 
simplifying complex multi-degree-of-freedom (MDOF) system 
into MDOF systems with reduced degrees of freedom. These 
reduced-order models retain the essential dynamic properties 
and critical parameters of the structure, enabling efficient 
analysis without significant loss of accuracy. This approach has 
proven valuable in various applications, including wind-
induced response prediction, control strategy optimization, and 
structural health monitoring. This paper focuses on the 
principles of mass reduction modeling and its application in 
wind response analysis of high-rise buildings, aiming to provide 
a practical and reliable framework for evaluating and 
optimizing wind resistance in tall structures. 

2. 60-DOF model 
2.1 Frame model 

In this study, a building with height Hf = 240 m, depth Df = 
64 m, breadth Bf = 40 m, and side length ratio Df /Bf of = 1.6 is 
taken as the object. The layer height of the model is hi = 4 m, 
then the number of particles N of the model is N = 240/4 =60. 
The average density of the frame is 𝜌𝜌!  = 200 kg/m3. The 
natural period Tf of the structure is: Tf = 0.02𝐻𝐻f = 4.8 s. The mass 
mi of a particle i is calculated according to Eq. (1). The frame 
stiffness ki of the i floor is determined according to Eq. (2)1). 

              (1) 

 
       (2) 

In this study the first natural mode of the building is a straight 
line( 𝜙𝜙" = [0.016,0.033…1]# ). Note that, the frame is 
assumed to be elastic. 
2.2 Setting of the Damper ` 

When using a shear-type model in which the modeled damper 
is arranged in parallel with the modeled frame spring, the 
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effective deformation acting on the damper tends to be 
overestimated, leading to conservative evaluations. To address 
this, similar to reference 2), a series spring stiffness kbi is 
introduced alongside the damper stiffness kdi to mitigate this 
overestimation. This paper employs a shear-type model that 
accounts for layer bending deformation (Fig. 4), with the series 
combination of kdi and kbi defined as the additional system 
stiffness kai. The effective deformation ratio αei, which is used 
in calculating kai, is assumed to vary linearly between the layers, 
following reference 3), with values ranging from 1 at the first 
layer to 0.1 at the Nth layer (Fig. 3). Furthermore, the yield 
shear force Qayi of the additional system is equal to Qdyi.  

The damper used in this product is modeled as full plasticity 
and added to the whole layer. 𝛼𝛼dy1 is damper yield shear force 
coefficient of the first layer. Rdy is damper yield deformation 
angle. The shear force Qdyi of the damper yield layer of each 
layer is based on the shear force Qdy1 of the first damper yield 
layer as the reference, and is divided into four stages based on 
the shear force of the seismic layer for design based on Ai 
distribution(Fig. 2).  

The Qdy1, calculated using the following equation: 

              (3) 
where W：total weight of the structure. 

Interlayer deformation 𝛿𝛿$%&  is 

             (4) 
The damper stiffness kdi is obtained by 

            (5) 
          (6) 

In addition, additional series surrender deformation  are 
represented by the following equation: 

             (7) 
The effective deformation ratio of story i αesi can be 

calculated using the following equation: 

      (8) 
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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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where, αesn is the effective deformation ratio of nth story. 

 

 

 

 

 

 

 

Fig. 2 Yield shear ratio  Fig. 3 Effective  
                                  damper deformation 
 

 

 

 

 
Fig 1. Summary of       Fig. 4 Frame and damper 

analytic frame                 mode 
construction 
 

3. Wind wind force information of the research 
The results of CFD4) (ground surface roughness classification 

III5)) were used for wind force. Table 1 and Table 2 list the 
calculation method of CFD and the calculation conditions. The 
model used was a prismatic body with a height of 400 mm, a 
B/D =1.6, and an H/B = 6.0 which are same as target building 
shown in 2.1 section. The measurements were taken at 60 layers 
for wind force evaluation. 

Table 1. Simulation settings 

 
Table 2. Simulation conditions 

 
Fig. 5 shows the wind time history of the top story (story 60) 

and the PSD of 1st mode generated by CFD compared to the 
PSD of the AIJ5)when the wind input is along and across 
direction. 

As shown in the figure, the first-mode wind power spectral 
density obtained from CFD demonstrates a high level of 
consistency with the results from AIJ. This indicates that the 

wind forces generated using the CFD approach in this study are 
reliable. 
 

 
 
 

(a) Along direction 

 
 
 

(b) Across direction 

Fig 5. Wind time history of 60th story and PSD of 1st mode  
4. Reduction method 
4.1 Reduction of the frame model 

Fig. 7 shows an outline of the reduction method adopted this 
time. 

 
(a) 1st Eigen mode      (b) mass and wind load 

Fig 7. Outline of reduction 
This describes a method for reducing N mass points to N' 

mass points. The first-order mode vector after the reduction is 
calculated from: 

                 (9) 
using the mass point ratio 𝜂𝜂 (= N / N', 𝜂𝜂 is an integer) and the 
first-order mode vector before the reduction, assuming that the 
first-order mode vector after the reduction is equal to the first-
order mode vector of the corresponding layer before the 
reduction. 

The mass m'j after the reduction is expressed as the sum of 
the reduction layers, and is obtained from Eq. (1) using n and 
mi before the reduction. 
 

            (10) 
 

The stiffness k'fj after the reduction is expressed by the 
following equation using the first-order mode vector, mass m'j 
after the reduction and the first-order circular frequency. 

 
      (11) 
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The stiffness of the system k'j after the reduction is expressed 
by the following equation: 
 

(12) 
 

4.2 Reduction of the damper 

The stiffness 𝑘𝑘'()  of the contracted additional system is 

expressed using the stiffness 𝑘𝑘()  of the contracted vibration 

control model and the stiffness 𝑘𝑘!()  of the fra after reduction as 

follows: 

               (13) 
The yield displacement of the additional system after the 

reduction is obtained by using the method of the yield 
displacement of the additional system:  

              (14) 
Here, R'ayj: the interlayer deformation angle of the additional 
system after the reduction, is assumed to be equal to the yield 
interlayer angle of the corresponding layer, can be calculated 
from: 

R'ayj = Rayηj               (15) 
h': the distance between mass points in the model after the 
reduction, can be calculated from: 
 

                 (16) 
 

Therefore, the yield shear force 𝑄𝑄’'%&of the additional system 
is calculated as follows: 

             (17) 

4.3 Reduction method of wind forces  
The wind forces are also reduced to match the degrees of 

freedom of the reduced structural model. The method in 
reference 7) was used to reduce the wind power. 

Here, we consider a generalized case where the wind forces 
of the original model with N degrees of freedom are reduced to 
wind forces with N’ degrees of freedom. We introduce a 
reduction transformation matrix [T], where Tnm represents the 
element in the nth row and mth column of the N×N’ matrix. If 
the displacement of the mth layer of the original model 
corresponds to the displacement of the n th layer of the reduced 
structure model, Tnm = 1. If there is no corresponding degree of 
freedom, we set Tkl = 0. Using [T], the condition for 
displacement equivalence can be expressed as follows. 

                   (18) 
Here, {𝑦𝑦} is the displacement vector of the original model, and 
{𝑦𝑦)} is the displacement vector of the reduced structure model. 
The force-displacement relationships for both models are 

expressed as follows. 
              (19a.b) 

[K] and [𝐾𝐾∗] are the stiffness matrices of the original model and 
the reduced structure model, respectively, representing the 
restoring force resistance of each model. From Eqs. (18) and 
(19.ab), the reduced wind force {𝐹𝐹∗} is expressed as follows. 

              (20) 

5. Comparison of results before and after reduction 
This chapter compares the dynamic response results of the 

structure reduced using the novel method proposed in Chapter 
4 with those obtained from the structure reduced using existing 
reduction method6) for vibration-controlled high-rise buildings, 
as well as with the dynamic response results of the original 
structure, to validate the superiority of the proposed method. 
5.1 Comparison of results without the damper 

This part shows the comparison of the dynamic response 
results of the model before and after reduction without adding 
dampers. 

Table 3 Natural period without dampers, unit: s 
 60DOF 10DOF 

1st 4.80 4.80 
2nd 1.96 1.96 
3rd 1.24 1.24 

Fig. 8 shows the first three mode before adding the damper. 

   
(a) 1st.          (b) 2nd           (c) 3rd 

Fig 8. Mode shape without dampers 
Fig. 9 shows the comparison of the dynamic response results 

of the model before and after reduction without adding dampers. 
Including the structure’s interlayer displacement angle, 
acceleration. It can be seen from the figure that the dynamic 
response results of the reduced structure using the new method 
are more consistent with those of the original structure. 
5.2 Comparison of results with the damper 

In this case, The damper yield shear force coefficient 𝛼𝛼dy1	of 
the first layer is 0.005. Damper yield deformation angle Rdy is 
1/1000. The 𝛼𝛼+," = 1, 𝛼𝛼+,-. = 0.1. The relationship from the 
bottom to the top is linear. 
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(a) Along 

 
 (b) Across 

Fig 9. Response without dampers 
Table 4. Natural period with dampers, unit: s 

 60DOF 10DOF 
1st 4.57 4.57 
2nd 1.88 1.87 
3rd 1.18 1.18 

 
Fig. 10 shows the first three modes of the system. 

   
(a) 1st         (b) 2nd          (3) 3rd 

Fig 10. Mode shape with dampers 
This part of the picture shows the dynamic response of the 

structure when the wind input is along and across directions 
with the addition of dampers. It can be seen from the figure that 
the dynamic response results of the reduced structure using the 
new method are more consistent with those of the original 
structure. From the figure, it can be observed that after adopting 
the optimized new method, reducing the original structure to a 
10- mass-point model significantly improves the accuracy of 
the dynamic response of the reduced structure. 
6. Conclusion 

This study introduced a novel reduction method for high-rise 
building damper systems and evaluated its effectiveness 

 
*1 Institute of Science Tokyo 

    
(a) Along 

 
(b) Across 

Fig 11. Response with dampers 
through dynamic response analyses. By simplifying the original 
60-degree-of-freedom (DOF) model to a 10-DOF model, the 
proposed approach was shown to maintain high accuracy in 
critical response parameters such as displacement, velocity, and 
acceleration under wind load conditions. Furthermore, the 
results demonstrated that the new reduction method offers 
improved precision in interlayer drift and absorbed energy 
compared to previous methods. 

The study highlighted the importance of preserving essential 
structural dynamics while achieving computational efficiency. 
The introduction of displacement equivalence for wind force 
reduction ensured that wind load effects were accurately 
captured in the reduced model. This advancement not only 
reduces computational demand but also provides a reliable tool 
for analyzing wind-induced structural behavior in high-rise 
buildings. 

Future work could expand the application of this method to 
nonlinear systems or investigate its efficacy under combined 
wind and seismic loads.  
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