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まとめ

鋼材ブレースダンパーを組み込んだ鋼材モデルおよび

間柱型粘弾性ダンパーと鋼材ブレースダンパーを併用し

た併用モデルを用いて，長周期地震動を入力した時の応答

性状を確認した。得られた知見を以下に示す。 
・最大層間変形角について 
鋼材モデルと併用モデルの方が，主架構のみと比べて最大

層間変形角は非常に小さくなった。また，鋼材モデルと併

用モデルを比較すると大きな違いはなかった。粘弾性モデ

ルと併用モデルを比較すると，レベル 2 相当地震動である

ART HACHI を入力した時は，ともに 0.01rad 以下となっ

た。長周期地震動である OS2 を入力した時は，粘弾性モデ

ルでは 0.01rad より大きな値となったが，併用モデルでは

約 0.01rad となった。OS1 では粘弾性モデルと併用モデル

で差がさらに顕著となった。

・最大応答加速度について 
主架構のみに比べ，鋼材モデルと併用モデルの方が ART 
HACHI を入力した時の最大応答加速度は多くの層で大き

な値となった。OS1 を入力した時は，主架構のみに比べ，

鋼材モデルと併用モデルの方が頂部の応答が小さくなっ

た。粘弾性モデルと併用モデルを比較すると，ART HACHI
では粘弾性モデルの方が小さくなり，OS1 では併用モデル

の方が小さくなった。鋼材モデルと，併用モデルを比較す

ると，大きな違いは見られなかった。 
・ダンパーのエネルギー吸収量，実効変形比について 
鋼材ダンパーのエネルギー吸収量は ART HACHI，OS2，
OS1 の順に大きくなることが確認でき，SV2-S2h，SV2-D2h
に比べ，SV2 の方が大きくなった。また，実効変形比は SV2
に比べ，SV2-S2h，SV2-D2h の方が大きくなった。粘弾性

ダンパーのエネルギー吸収量は ART HACHI，OS2，OS1 の

順に大きくなることが確認でき，SV2-S2h よりも SV2-D2h
の方が大きな値となった。また，OS2，OS1 入力時は，粘

弾性モデルに比べ，併用モデルの方が，粘弾性ダンパーの

エネルギー吸収量が大きくなった。実効変形比は粘弾性モ

デルに比べて併用モデルの方が大きな値となった。また，

SV2-D2h より，SV2-S2h の方が大きくなった。 
・地震終了時のエネルギーについて 
入力した 3 波全てで，SV2-S2h より SV2-D2h の方がダン

パーのエネルギー配分が大きくなった。鋼材モデルと併用

モデルのエネルギー配分を比較すると，鋼材モデルで鋼材

ダンパーが負担しているエネルギーの一部を，併用モデル

では粘弾性ダンパーが負担していることが確認できた。 
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NUMERICAL ANALYSIS OF A FULL-SCALE VISCOELASTIC DAMPER  

SUBJECTED TO LONG-DURATION HARMONIC LOADING 

構造－振動 正会員 ○
＊１

同 佐藤 大樹
＊２

同 笠井 和彦
＊３

Viscoelastic damper, Long-duration loading,  

Temperature Rise, Heat transfer analysis   
 
1. Introduction 
1.1 VE Damper Behavior under Long-Duration Loading 

In the advent of the 
advancing construction 
technologies, buildings are 
becoming taller and lighter. 
As such, tall buildings are 
becoming more susceptible to 
long-duration wind loadings. 
One effective way of 
controlling wind-induced 
vibration is the employment of viscoelastic (VE) dampers 
which are made by sandwiching thin slabs of VE materials 
between steel plates (e.g., Fig. 1). 

Through shear deformation, VE damper dissipates kinetic 
energy and converts significant portion of this energy into small 
amount of heat which is then dispersed to the surrounding air 
mainly by the laminating steel plates. Although the amount of 
temperature rise per cycle of harmonic loading is relatively 
small, for long-duration loading such as wind, heat significantly 
accumulates within the VE material due to its low thermal 
conductivity  (about 1/200 that of steel). Consequently, the 
dynamic properties (i.e., stiffness and damping) of the VE 
damper decreases with the increase of its temperature1).  

1.2 Short-Duration and Long-Duration Models 
In 1993 and 1997, Kasai et al. proposed models for VE 

damper subjected to short-duration (such as typical earthquake) 
and long-duration loadings, respectively. Both these models are 
based on the viscoelastic constitutive rule using the fractional 
time-derivatives of stress  and strain . The short-duration 

model (Figure 2(a)) showed the effect of temperature increase 
due to the dissipated energy, and it considers uniform 
distributions of temperature  and strain  2). The long-duration 
model, herein known as 1D-LD Model, combines the VE 
constitutive rule and one-dimensional (1D) heat transfer 
analysis, and considers varying distributions of temperature and 
strain3) (Figure 2(b)). 

To simulate the real three-dimensional heat transfer, in 2006, 
Kasai et al.4) proposed a technique of combining elastic-static 
analysis and three-dimensional transient-state heat transfer 
analysis using 3D finite element method (herein known as 3D-
FEM model). 

1.3 Objective 
Although the aforementioned studies2-4) showed good 

predictions, the devices analyzed were only a simple lap shear 
VE damper with two-layers (Figure 1). In engineering practice 
nowadays, full-scale multi-layered VE dampers are used. It is 
therefore the objective of this current study to carry-out a 3D-
FEM analysis of a full-scale VE damper using the idea 
proposed by Kasai et al. in 20064). 

2. Full-Scale Multi-Layered VE Damper Test 
2.1 Damper Specimen 

The full-scale multi-layered VE damper analyzed in this 
study is from the graduate study of Sugiyama5). Figure 3 shows 
the test setup. The main part of the VE damper was inside an 
enclosure to control the ambient temperature c.  

Figure 4 shows the longitudinal section of the VE damper. 
The 6 laminated VE slabs were ISD-111 type, each having a 

Inner Plate Fd (t), ud (t) 

Outer Plate 

VE Material 

Z 

Y 

X 

Figure 1. VE damper 

Figure 2. (a) Short-duration model and (b) long-duration model 
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yet 
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uniform temperature , 
uniform strain  
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thickness of 8 mm. As provided by the manufacturer for ISD-
111, the shear modulus G = 3.92 N/cm2, fractional derivative 
order  = 0.558, at reference temperature ref = 20.0C, aref = 
0.0056 and bref = 2.10 and p1 = 14.06 an p2 = 97.32. The total 
shear area As = 912,000 mm2. Thermocouples were placed in 
various locations of Sections B-B' and C-C' to measure the 
temperature at 1-min interval (Figure 5).  

2.2 Loading Condition 
The full-scale VE damper was subjected to a harmonic 

displacement of peak value 5.66 mm (70.75% shear strain) 
at a frequency of 0.277 Hz. Duration of loading was 27,796 
seconds. Ambient temperature inside the enclosure was set to 
be at 26C. Outside the enclosure, the ambient temperature was 
observed to be 22C 

3. Static Analysis of VE Damper with 3D-Finite Element 
Heat Transfer Analysis 

Figure 6 shows the overview of the 3D-FEM analysis 
proposed by Kasai et al.4). A finite element analysis software 

ABAQUS® Ver2017 was used as a tool in implementing this 
technique. After the calculation of the temperature j at the end 
of every loading cycle, the storage shear modulus G'j and loss 
factor j (Equation 1) are updated. A subroutine in 
FORTRAN® was linked to ABAQUS® in order to calculate the 
G'j and j.  

 

     
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where  = circular frequency (rad/s) and parameter aj and bj are

     
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Figure 3. Test setup for viscoelastic damper 
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Figure 4. VE damper detail 
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a) B-B' Section 

30 mm 

146 mm 

37 mm 

24 mm 
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Figure 5. Temperature measurement position 

START. Define initial conditions such as temperature j, 
storage shear modulus G'j, and loss factor j. (Equation 1) 

STEP: Static Analysis. Set damper to maximum 
deformation ud,max and reaction force F'd is calculated. 
Multiplying the strain energy of viscoelastic elements by 
2j approximates the energy dissipated per cycle Wd, j. 
Also calculated are storage modulus for axial direction 
E'j , storage stiffness K'd, loss stiffness K"d and heat 
generated per unit volume Qj. 

STEP: Heat Transfer Analysis. Damper is rest to zero 
deformation. Heat generated per unit volume is then used 
to carry-out heat transfer analysis for T time, where T = 
period of one cycle  

Update the G'j, j , and E'j 

Figure 6. Flow of the 3D-FEM Analysis 

where: j = element  

Repeated for required loading 
cycles 
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Energy dissipated per cycle Wd,j, storage modulus for axial 
direction E'j, storage stiffness K'd, loss stiffness K"d, and heat 
generated per unit volume Qj are calculated as follows: 

 
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where Vj = volume of element j, mn,j and mn,j = strains at the 
center of the element, and  = Poisson’s ratio.  

4. Static Analysis of VE Damper with 3D-Finite Element 
Heat Transfer Analysis 

Figure 6(a) the 3D-FEM model of the full-scale VE damper 
test specimen. Coupled temperature-displacement solid ele-
ments in ABAQUS® were used. The mesh size of the VE 
material in the X- and Y-directions was close to 10 mm and each 
VE slab was divided into 6 elements in the Z-direction. Since 
the damper has symmetry in the XY- and XZ-planes, only a 
quarter portion was used in the analysis. 

Table 1 indicates the properties of the steel and VE materials 
used for heat transfer analysis. 

The heat transfer coefficient c which describes the 
convective heat transfer was decided by trial-and-error 
approach and the value adopted for this study is 2.6 N/s/m/C. 

5. Results 
Figure 6(b) shows the temperature distribution at the end of 

the long-duration harmonic loading (t = 27,796 s). It is seen that 
the temperature at the mid-portion of the full-scale VE damper 
significantly increased. From the initial temperature of 26C, 
the VE damper reached a maximum temperature is found to be 
39.73C. 

Figure 7 compares the predicted temperature  at the 
measurement locations (Figure 5) vs. the measured values. 
Additionally Point 13 is the ambient temperature inside the 
enclosure. Although there are observable difference between 
the analysis and test results, the variation is not significantly 
large. Overall, the temperature is predicted with good accuracy.  

Figure 8 compares the storage stiffness K'd of the analysis 
and the test results. It shows the 3D-FEM model predicts the 
change of the dynamic properties of the VE damper with high 
accuracy. As expected, the storage stiffness decreases as the VE 
damper is subjected to long-duration loading. From the analysis, 
the initial value of K'd is equal to 9.55 kN/mm and dropped to 
6.92 kN/mm at the end of the loading. 

6. Conclusion 
This study applied the 3D-FEM model previously proposed 

by Kasai et al.4) to analyze a full-scale multi-layered 
viscoelastic damper subjected to long-duration harmonic 
loading. Results have shown that the VE damper behavior was 
predicted with accuracy. Although there were some slight 

 

 

44.0C 

22.0C 

Figure 6. (a) 3D-FEM model of the VE damper and (b) Temperature 
distribution at t = 22,796 seconds 

(a)  

(b)  

fixed  

Table 1. Material Properties of Steel and VE 
 Steel VE 
 (N/s/C) 43.128 0.188 
s (Ncm/kg/C) 46.63 x 103 19.40 x 104 
 (kg/cm3)  7.80 x 10-3  1.00 x 10-3 

  1 N/s/cm/C = 100 W/m2/C 
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difference between the predicted temperature and the measured 
temperature, the variations is still within the acceptable range. 
Especially since storage stiffness, which is among the major 
concern of the engineering practice, is predicted accurately. 
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Figure 8. Storage Stiffness: Test vs. 3D-FEM Analysis 
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Figure 7. Temperature: Test vs. 3D-FEM Analysis 
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