
論文 / 著書情報
Article / Book Information

論題(和文) 風荷重による振動を受ける複層粘弾性ダンパーの簡易モデル化手法

Title(English) SIMPLIFIED MODELING APPROACH FOR MULTI-LAYERED
VISCOELASTIC DAMPERS UNDER WIND-INDUCED VIBRATION

著者(和文) 梁其峻, 佐藤大樹, OSABEL Dave M.

Authors(English) LIANG Qijun, SATO Daiki, OSABEL Dave Montellano

出典 / Citation 日本建築学会関東支部研究報告集,   Ⅰ,   ,  pp. 441-444

Citation(English) ,   Ⅰ,   ,  pp. 441-444

発行日 / Pub. date 2025,  3

権利情報  一般社団法人 日本建築学会

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


2024 年度日本建築学会 
関東支部研究報告集  

2025 年 3 月  

1 
 

SIMPLIFIED MODELING APPROACH FOR MULTI-LAYERED VISCOELASTIC 
DAMPERS UNDER WIND-INDUCED VIBRATION 

構造－振動 正会員 ○ 梁 其峻
＊１

同 佐藤 大樹
＊２

同
＊３

 
1.  INTRODUCTION 
1.1. Viscoelastic damper 
Viscoelastic (VE) damper is one of the effective damping 
components for high-rise buildings, as it can absorb 
vibration energy effectively not only from seismic-induced 
but also from wind-induced structural vibrations. It 
dissipates structural vibration through shear deformation of 
the VE material, then converts the absorbed energy into heat. 
Hence, its temperature can significantly increase. 

Shown in Figs. 1a and 1b are the force-deformation 
( d dF u− ) and the force-velocity ( d dF u− ) hysteresis curves, 
respectively, of a VE damper subjected to harmonic loading. 
Their slopes are the storage stiffness dK    and damping 
coefficient Cd, respectively. VE dampers exhibit complex 
property-change during vibrations due to their sensitivities 
to frequency, temperature, and strain level. As temperature 
increases or strain level becomes high during vibration, both 
storage stiffness dK   and damping coefficient Cd decrease. 

These changes in dK   and Cd become more complex under 
random loads such as wind loads, long-duration loading, and 
in multi-layered damper configurations. 
1.2. Objective 
The property changes of VE dampers have been extensively 
studied through various one-dimensional (1D) time-history 
methods [1-4]. However, these methods involve detailed 
element divisions and complex calculations, leading to 
significant computational loads in practical structural 
analyses. 
Pursuant to these, this study aims to propose a simplified 1D 
modeling approach with high computational efficiency for 
analyzing multi-layered VE dampers. This modeling 
approach represents multiple VE layers with a simplified 1D 
model while maintaining accuracy. The proposed modeling 
approach is incorporated into the 1D time-history method 
that considers the temperature-, frequency-, and strain-level 
sensitivities of VE damper behavior. Based on the proposed 
modeling approach, this study carries out the 1D time-
history method to simulate a wind-induced vibration test on 
a six-layered VE damper, aiming to validate the modeling 
approach's accuracy and effectiveness. 
2. VE DAMPER TEST 

This chapter presents the deformation-controlled loading 
test on VE damper from the Sato et al. study [5]. 
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Figure 1. (a) and (b)  hysteresis curves. 
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Figure 2. (a) Test setup of the six-layered VE damper and (b) locations of thermocouples. 
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(a) 𝛼𝛼𝑠𝑠𝑠𝑠 = 0.04 (b) 𝛼𝛼𝑠𝑠𝑠𝑠 = 0.02 

Fig. 6 Hysteresis loop of the isolation layer of the MDOF model 
(𝜉𝜉𝑜𝑜 = 10%, 𝑇𝑇𝑢𝑢 = 2.5 s, Wave 1, 0~700 s) 
 

  
(a) Var. in 𝑇𝑇𝑢𝑢 (𝛼𝛼𝑠𝑠𝑠𝑠 = 0.03) (b) Var. in 𝛼𝛼𝑠𝑠𝑠𝑠 (𝑇𝑇𝑢𝑢 = 2.5 s) 

Fig. 7 Comparison of residual deformation of the isolation layer 
between the MDOF and ES models (ensemble average) 

 
4.3 上部構造の最大変位分布

4.1 節における免震層の最大変形の高精度な推定に基づ

き、ES モデルに対応する上部構造𝑖𝑖層の最大変位を、次式

のように提案する。 

𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑒𝑒𝑒𝑒 = 𝛿𝛿𝑏𝑏𝑏𝑏 ∙

𝜑𝜑𝑒𝑒𝑒𝑒
𝜑𝜑𝑒𝑒𝑒𝑒

+ (𝛿𝛿𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎
𝑒𝑒𝑒𝑒 − 𝛿𝛿𝑏𝑏𝑏𝑏) ∙

𝜑𝜑𝑝𝑝𝑝𝑝
𝜑𝜑𝑝𝑝𝑝𝑝

 (16) 

一例として（𝑇𝑇𝑢𝑢= 2.5 s、𝛼𝛼𝑠𝑠𝑠𝑠= 0.03）、Fig. 8 に MDOF モデ

ルにおける上部構造𝑖𝑖層の最大変位𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢と、ES モデルに

対応する上部構造𝑖𝑖層の最大変位𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑒𝑒𝑒𝑒 の比較を示す。ここ

で、免震層の最大変位は免震層の最大変形と等しい。また、

縦軸の表記において、𝑏𝑏は免震層、𝐺𝐺は地面を表す。Fig. 8(a)
では、𝜉𝜉𝑜𝑜= 10%の場合、ES モデルの𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

𝑒𝑒𝑒𝑒 は MDOF モデル

の𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢と非常に近いことが示された。さらに、Figs. 8(b)、
(c)に示されるように、𝜉𝜉𝑜𝑜= 20%、30%の場合でも、ES モデ

ルの𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑒𝑒𝑒𝑒 は MDOF モデルの𝑥𝑥𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢と非常に近く、ES モ

デルを用いることで上部構造の最大変位分布を高精度に

推定できることが確認された。ほかのケース（例えば、異

なる𝑇𝑇𝑢𝑢もしくは異なる𝛼𝛼𝑠𝑠𝑠𝑠）の場合でも、同じ結論が得られ

る。この上部構造の最大変位分布の高精度な推定は、4.1 節

で述べた免震層の最大変形の高精度な推定によるもので

ある。さらに、MDOF モデルにおける上部構造の最大変位

がほぼ直線的な分布を示すこと（すなわち、高次モードの

影響が小さいこと）が、この高精度な推定の要因の一つと

考えられる。 

   
(a) 𝜉𝜉𝑜𝑜= 10% (b) 𝜉𝜉𝑜𝑜= 20% (c) 𝜉𝜉𝑜𝑜= 30% 

Fig. 8 Comparison of maximum displacement distribution of the 
upper structure between the MDOF and ES models (case of 𝑇𝑇𝑢𝑢 
= 2.5 s and 𝛼𝛼𝑠𝑠𝑠𝑠 = 0.03)  

 
5 まとめ

本報では、筆者らが先行研究 2)で提案した等価 1 自由度

（ES）モデルを拡張し、時刻歴解析を用いて、オイルダン

パーおよび鋼材ダンパーを有する高層免震建物の風応答

を効率的に推定する手法を新たに提案した。得られた結論

を以下に示す。 
(1) ES モデルの最大変形に基づき、ES モデルに対応する

免震層の最大変形への換算式を提案した。多自由度

（MDOF）モデルにおける免震層の最大変形と比較し

た結果、ES モデルの推定精度が高いことが示された。 
(2) 免震層の最大変形の高精度な推定値に基づき、ES モ

デルに対応する免震層の残留変形および上部構造の

最大変位分布の換算式をそれぞれ提案した。MDOF
モデルとの解析結果を比較したところ、ES モデルの

推定精度が高いことが確認された。 
以上の結論から、この ES モデルの適用性が高いことが

確認された。構造エンジニアは、耐風設計の初期段階にお

いて、この ES モデルを用いることで、高層免震建物の風

応答を効率的に推定することが可能であると考えられる。 
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2.1. Test specimen and setup 
Figs. 2a and 2b show the six-layered VE damper used in the 
test [5]. The damper is symmetrical in the XY- and XZ- planes. 
The dimensions of VE damper test specimen are length l = 
4024.5 mm, thickness of one VE slab dv =8 mm, total shear 
area As = 9120 cm2. The 3M-ISD111 type VE material used 
in this damper has the following properties: static shear 
modulus G = 3.92 N/cm2, fractional derivative order α = 
0.558, temperature sensitive constants aref = 0.000056 and bref 
= 2.10 at reference temperature θref = 20℃, p1 =14.06 and p2 
= 97.32. 

Temperatures inside the damper at Section A (Fig. 2c) 
were measured during loading with 0.01 seconds intervals. 
The average values of eight thermocouple measurements will 
be presented and used as reference to evaluate analysis 
accuracy. 

Figs. 3b and 3c show the wind-induced deformation time-
histories used to apply to the VE damper in the test [5]

 and the 
following analysis in this study. The power spectral density 
(PSD) plots of these deformations (Fig. 3d) have peaks at 
natural frequency f0 = 0.333 Hz, with along-wind direction 
containing more low frequency components. These were 
obtained from time-history analysis of a 200 m high building 
[5] with natural period = 3 seconds and damping ratio = 2%, 
subjected to wind loads with 500 years return period and 
roughness category III [6] (the mean component is set to zero 
to eliminate its unclear impact on VE damper properties and 
temperature rise). The obtained deformation time histories 
were normalized using a reference standard deviation of σu = 
4.0 mm to achieve peak maximum deformation of about 16 
mm (strain level = 200%). 
3. VE DAMPER MODELING APPROACH 
This chapter proposes a simplified modeling approach for 
multi-layered VE dampers by examining the temperature 

distributions within VE slabs obtained from the 1D time-
history analysis based on original detailed modeling approach. 
3.1. Analysis of temperature distribution [4] 

The temperature distributions within multi-layered VE 
dampers were first investigated using the detailed modeling 
approach [4], here refer as the original model. In the original 
model, each VE slab was divided into 12 elements to 
accurately capture the varying temperature distributions in 
thickness direction (Fig. 4a). For the details of the 1D time-
history analysis method using the original model, please refer 
to Reference [4]. As shown in Fig. 5, the nodal temperatures 
distributed similarly in all three VE slabs during the loading 
period. This observation suggests that representing multiple 
VE slabs with a single VE slab could be a viable 
simplification approach. 
3.2. Simplified modeling approach and analysis scheme 
As shown in Fig. 4b, in the simplified modeling approach 
(referred to as the proposed model hereafter), the damper is 
represented by a single VE slab with one VE element, while 
maintaining the total shear area of 9120 cm² to ensure 
equivalent damping capacity compare with damper test 
specimen and the original model. This significant reduction 
in the number of elements and VE layers leads to great 
computational savings. 

Considering the proposed model in Fig. 4b, the two VE 
nodes at the VE-to-steel interfaces are numbered as ja and jb. 
The 1D time-history analysis [4] can be carried out using the 
proposed model, implementing the VE constitutive rules [7, 8] 
to considers the temperature-, frequency-, and strain-level 
sensitivities of VE damper behavior. The flowchart for the 
proposed method is shown in Fig. 6. In the Material property 
calculation, the fractional derivative equation of order α can 
be written as 
 τv

(n)+av
(n)Dατv

(n)=G(n)[γd
(n)+bv

(n)Dαγd
(n)]. (1) 

Figure 3. (a) Assumed building, (b and c) time-histories and (d) power spectral density of damper deformation in Along-wind 
direction and Across-wind direction. 

(c) (a) 

(b) 

(d) 
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The step-by-step integration of Eq. 1 results in: 
 τv

(n)+av
(n) ∑ w(n)τv

(n)N
i=0 =G(n)[γd

(n)+bv
(n) ∑ w(n)γd

(n-i)N
i=0 ]. (2) 

Here, n = time step, τv
(n) = shear stress, w = weight factors 

and N = number of “window steps” for integration. The 
parameters of the fractional derivative to consider the 
frequency-, temperature-, and strain-level- sensitivities of VE 
materials, av

(n) , bv
(n)  and G(n)  are determined based on the 

corresponding shift factors λ0
(n), λ1

(n) and λ2
(n), i.e.,  

 av
(n)= aref(λ0

(n))α, bv
(n)= bref(λ0

(n))αλ1
(n)  

 and G(n)=Gλ2
(n), (3a - c) 

 λ0
(n)= exp [-p1 (θ̄v

(n)-θref) ∕ (p2+θ̄v
(n)-θref)]  

 and θ̄v
(n)= 1

2dv
(θja

(n)dv+θjb
(n)dv), (4a, b) 

 λ1
(n)=1+C1(γmax

(n) -1) ≥ 1  

 and λ2
(n)=1+C2(γmax

(n) -1) ≥ 1, (5a, b) 
where C1 = 0.124 and C2 = -0.182 are coefficients obtained 

from several tests [8], γmax
(n)  = history peak value among the 

strain levels 𝛾𝛾𝑑𝑑
(𝑛𝑛)(= 𝑢𝑢𝑑𝑑

(𝑛𝑛) 𝑑𝑑𝑣𝑣⁄ ) for time step from 1 to n using 
ud

(n) = damper deformation and dv = VE material thickness. 
In the next Dynamic analysis [3], by considering Eq. 3 and 

the known uniform shear strain γd
(n), the unknown shear stress 

τv
(n) in Eq. 2 can be solved as 

τv
(n)=

G(n)γd
(n)[(Δt)α+bv

(n)w(0)]

[(Δt)α+av
(n)w(0)]

⁄  

+ G(n)bv
(n) ∑ w(i)N

i=1 γd
(n-i)

[(Δt)α+av
(n)w(0)]

⁄  

 − av
(n) ∑ w(i)N

i=1 τv
(n-i)

[(Δt)α+av
(n)w(0)]

⁄ . (6) 

From the above calculations of stress-strain relationship, 
the global damper reaction force Fd

(n)  is estimated by 
multiplying the total shear area As and shear stress, i.e., 
 Fd

(n) = Asτv
(n). (7) 

Meanwhile, using the calculated τv
(n)  and γd

(n) , the 
dissipated energy density can be calculated as 
 ΔWd

(n)= (τv(n)+τv
(n-1))(γd

(n)-γd
(n-1))∕2. (8) 

Next, the nodal temperature-rise Δθ̂j
(n)  due to ΔWd

(n)  at 
the end of time step n is calculated in the VE slab as: 
 Δθ̂j

(n) = (ΔWd
(n) sρ⁄ ) 2⁄ ,        for j=ja and jb, (9) 

where sρ  = the product of the VE element specific heat 
capacity and density.  

The nodal temperature θj
(n+1) for next time step n + 1 is 

set by combing the nodal temperature-rise Δθ̂j
(n)  and the 

nodal temperature θ̂j
(n)  obtained from the 1D heat transfer 

analysis [1], i.e.,  

 θj
(n+1) = {

θ̂j
(n) + Δθ̂j

(n),    for VE nodes ( j=ja and jb)

θ̂j
(n),                 for  steel nodes                  

. (10) 

The above procedure is repeated for subsequent time steps. 

Figure 6. Flowchart of the 1D time-history analysis. 
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The dimensions of VE damper test specimen are length l = 
4024.5 mm, thickness of one VE slab dv =8 mm, total shear 
area As = 9120 cm2. The 3M-ISD111 type VE material used 
in this damper has the following properties: static shear 
modulus G = 3.92 N/cm2, fractional derivative order α = 
0.558, temperature sensitive constants aref = 0.000056 and bref 
= 2.10 at reference temperature θref = 20℃, p1 =14.06 and p2 
= 97.32. 

Temperatures inside the damper at Section A (Fig. 2c) 
were measured during loading with 0.01 seconds intervals. 
The average values of eight thermocouple measurements will 
be presented and used as reference to evaluate analysis 
accuracy. 

Figs. 3b and 3c show the wind-induced deformation time-
histories used to apply to the VE damper in the test [5]

 and the 
following analysis in this study. The power spectral density 
(PSD) plots of these deformations (Fig. 3d) have peaks at 
natural frequency f0 = 0.333 Hz, with along-wind direction 
containing more low frequency components. These were 
obtained from time-history analysis of a 200 m high building 
[5] with natural period = 3 seconds and damping ratio = 2%, 
subjected to wind loads with 500 years return period and 
roughness category III [6] (the mean component is set to zero 
to eliminate its unclear impact on VE damper properties and 
temperature rise). The obtained deformation time histories 
were normalized using a reference standard deviation of σu = 
4.0 mm to achieve peak maximum deformation of about 16 
mm (strain level = 200%). 
3. VE DAMPER MODELING APPROACH 
This chapter proposes a simplified modeling approach for 
multi-layered VE dampers by examining the temperature 

distributions within VE slabs obtained from the 1D time-
history analysis based on original detailed modeling approach. 
3.1. Analysis of temperature distribution [4] 

The temperature distributions within multi-layered VE 
dampers were first investigated using the detailed modeling 
approach [4], here refer as the original model. In the original 
model, each VE slab was divided into 12 elements to 
accurately capture the varying temperature distributions in 
thickness direction (Fig. 4a). For the details of the 1D time-
history analysis method using the original model, please refer 
to Reference [4]. As shown in Fig. 5, the nodal temperatures 
distributed similarly in all three VE slabs during the loading 
period. This observation suggests that representing multiple 
VE slabs with a single VE slab could be a viable 
simplification approach. 
3.2. Simplified modeling approach and analysis scheme 
As shown in Fig. 4b, in the simplified modeling approach 
(referred to as the proposed model hereafter), the damper is 
represented by a single VE slab with one VE element, while 
maintaining the total shear area of 9120 cm² to ensure 
equivalent damping capacity compare with damper test 
specimen and the original model. This significant reduction 
in the number of elements and VE layers leads to great 
computational savings. 

Considering the proposed model in Fig. 4b, the two VE 
nodes at the VE-to-steel interfaces are numbered as ja and jb. 
The 1D time-history analysis [4] can be carried out using the 
proposed model, implementing the VE constitutive rules [7, 8] 
to considers the temperature-, frequency-, and strain-level 
sensitivities of VE damper behavior. The flowchart for the 
proposed method is shown in Fig. 6. In the Material property 
calculation, the fractional derivative equation of order α can 
be written as 
 τv

(n)+av
(n)Dατv

(n)=G(n)[γd
(n)+bv

(n)Dαγd
(n)]. (1) 

Figure 3. (a) Assumed building, (b and c) time-histories and (d) power spectral density of damper deformation in Along-wind 
direction and Across-wind direction. 
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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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