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1.  INTRODUCTION 
1.1. Background 
Advancements in structural engineering and technologies 
has increased the versatility of base-isolation devices 
resulting in wider adoption in high-rise buildings [1]. These 
buildings are tall and have been becoming overall lighter, 
making them more susceptible to large dynamic excitation 
from wind forces. Thus, wind load analysis is an important 
consideration in the design process. Analyzing base-isolated 
structures subjected to strong wind forces requires an 
accurate estimate of the time-histories of the input wind 
loads. One way to do this is by utilizing the recorded 
response (e.g., accelerations) from monitoring systems 
installed on structures [2]. In this case, structural dynamic 
parameters such as the mode shapes, natural frequency and 
damping ratio must also be determined before the wind 
forces can be estimated. 
A system identification method called Frequency Domain 
Decomposition (FDD) [3] is employed in this paper to 
estimate the dynamic parameters of a building model. Then, 
using the estimated parameters, output-only modal analysis 
is used to back-calculate the wind force input into the system. 
It should be noted that the classical formulations of the FDD 
method do not exactly fit the characteristics of the wind 
excitation and the model; that is, stationary Gaussian white 
noise input and lightly damped structures [3]. The typically 
high damping of the structure’s isolation layer [4] increases 
the equivalent damping of the whole system, which makes it 
difficult to accurately estimate the system’s dynamic 
parameters. However, since the method has notable 
advantages such as simple implementation, directivity, and 
familiarity, its limitations are investigated in this paper. 
1.2  Objective 
This paper aims to determine the input wind force on a model 
of a tall base-isolated building behaving elastically using 
modal analysis and estimate its modal parameters by the 
FDD method. The effect of isolation layer damping on the 
accuracy of the estimated wind forces is also investigated. 

 
2. THEORETICAL BACKGROUND 
2.1. Frequency Domain Decomposition (FDD) 
The FDD method is a procedure used to estimate the modal 
parameters (mode shapes, natural frequency and damping 
ratio) using the system response without knowing the input 
force of the model [5]. The FDD procedure employed in this 
paper is based on Brincker et al. [3] and will not be fully 
discussed except for the parts that have been modified. 

2.2. Equivalent Damping Calculation 
The FDD damping ratio results need to be compared with the 
actual damping of the system. The actual damping of the 
system will be calculated as the equivalent damping ratio, 
using the approximation method by Biggs [6]. The equivalent 
first-mode damping ratio of the entire base-isolated model,  

𝜁𝜁1 𝑒𝑒𝑒𝑒, is given by the following. 

𝜁𝜁1 𝑒𝑒𝑒𝑒 =
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where iW  and iW  are the elastic strain energy, absorbed 
energy in the first cycle of the i th layer, 𝜁𝜁𝑖𝑖 is the damping 
constant of the superstructure, i  is the inter-story drift at 
the i th layer 1−−= ii uu where mode shape sϕi is used for u  
instead of displacement, u  , ki, 0  , and k0 are the first 
natural frequency and stiffness of the upper structure and the 
isolation layer, respectively. 
2.3. Wind Force Estimation by Modal Analysis 
The mass matrix of the model is calculated from the given 
structural properties using the following matrix equation 
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る。閉塞率が大きいほど が生じるフルード数が

小さくなり ）、閉塞率が小さい場合はフルード数が十分大

きくなると が解消される。

図 に 乱された上流側のフルード数 Frfと乱された抗

力係位数 CDfの関係を、図 に 初期状態を基にした Fr0

と CD0の関係を示す。図 より が起きるフルー

ド数に CDfの値が集中していることが読み取れる。閉塞率

が小さくなるにつれて CDf 、CD0のピーク値が減少し、

その位置が右側に移動する。閉塞率が の CDf 、CD0
の値が一番小さな値を示し を超えると乱された

浸水深が初期浸水深と一致するため、CDfと CD0とはほぼ

同じ値を示す。 
図 では、閉塞率 では Fr0 の範囲では

が増加し ピークを迎えた後に減少し、そのピークは閉塞

率が小さくなるほど右に移動する。図に池谷 による閉塞

率 の角柱の抗力係数の近似式が示す。閉塞率 では

ほとんどの Fr0で CD0は近似式を下回り、また閉塞率の

増加とともに初期抗力係数 CD0は増加する傾向がみられ

る。 
図 に初期流速 の角柱側面の底部四面

の圧力分布から予測した角柱底面の圧力分布を示す。全

てのケースで初期流速 では角柱の前面と後面の

圧力の差が小さいため圧力分布の形に大きな違いはな

い。初期流速 において、閉塞率 では側面の

圧力変動が小さく、閉塞率 では が起き

る影響で角柱の前面と後面の圧力差が大きく、側面の圧

力変動も大きくなる結果となった。

図 に 角柱底面圧力分布を積分して計算した揚圧力

をもとに算定した初期揚圧力係数 Cup0と初期フルード数

Fr0の関係を示す 図左は全データ 右は Fr0 域を拡

大表示 。図 と同様に桑村式 浮力算定を示す。全ての

閉塞率で桑村式を上回る結果となった。閉塞率が大きく

なるにつれて揚圧力係数も増加傾向を示す。

図 には 乱されたフルード数 Frfと乱された揚圧力係

数 Cupfの関係を示した 図左は全データ 右は 域

を拡大表示 。図 と同様に桑村式 浮力算定を示す。す

べての閉塞率において Cupfはおおよそ桑村式と浮力算定

の間に収まる傾向を示し、Frfが に近づくにつれ浮力算

定式に近い値を示した。

閉塞率 の初期抗力係数が理論値を下回る点などが

検討項目として挙げられるが、 法がおおむね実験結果

と対応し、今後の住宅流出の解析などにも用いることが

できる可能性を有することがわかる。閉塞率 の角柱

では辺に対して粒子径が大きいため水平力が過小評価さ

れている可能性、解析時間が不十分だった可能性などが

挙げられる。

結論

開水路中に設置された角柱に作用する抗力の抗力係数

と角柱の底辺の圧力から予想された揚圧力の揚圧力係数

への閉塞率,フルード数,粒子径の影響を粒子法に基づく解

析ソフト ） を用いた数値解析を通

して検討した。

粒子径は小さくすればするほど実験値に近づきより実

際に起きた結果に近づくが 粒子径を小さくしすぎるとメ

モリーの消費量が大きくなるため計算不可能となる。閉

塞率 ２から の増加するときの抗力係数はより小さ

なフルード数でピークを迎えた。揚圧力係数は閉塞率

と の差よりも閉塞率 から のほうが大きな差が

示された。今回の解析では閉塞率 の場合では、閉塞率

の時よりも違う傾向を示した。
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The 1st mode shape (1ϕi) and the natural circular frequencies 

(1ω and 2ω) and damping ratios (1ζ and 2ζ) of the first and 

second modes of the system obtained from FDD analysis are 
used to estimate the wind forces. The system stiffness  K  

and damping  C  matrices are calculated by 
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     KaMaC km +=    (4b) 

where mi is the mass of ith layer, N = 11 which is the number 
of degrees-of-freedom (DOF), and ma   and ka   are the 
Rayleigh damping coefficients. After obtaining the structural 
matrices, the mode shape matrix     can be calculated 
using eigenvalue analysis and the generalized matrices and 
modal responses can be calculated using Eqs. (5) and (6), 
respectively. Substituting these values to Eq. (7) calculates 
the generalized wind forces  )(tPs . The actual wind forces 
 )(tP  can then be obtained by Eq. (8). 

      = MM T
s     
      = CC T

s        (5a-c) 
      = KK T

s     
 
    )()( tqtx  = ,    )()( tqtx  =  and    )()( tqtx =   (6a-c) 

 
          )()()()( tPtqKtqCtqM ssss =++   (7) 

 
     )()(

1
tPtP s

T −
=      (8) 

 
The accuracy of the calculated wind force is confirmed by 
calculating its correlation with the original wind force applied 
to the model. The correlation equation is given by Eq. (9) 
where ŷ   is the original wind force value and y   is the 
mean of the estimated wind force value y . The conceptual 

framework of the analysis is shown in Figure 1. 
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3. OVERVIEW OF THE MODEL 
3.1. Model Properties 
Figure 2 shows the simplified 11-DOF lumped mass model 
of the building to be analyzed. The properties of the modeled 
building are also shown in this figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The isolation layer is assumed to behave elastically and its 
characteristics are determined from the following equations 

)( 0WWQ udydy +=    (10) 

 1

  

  

 10

 

B

D

H

 0

 0 0

Upper structure 
• Natural period, Tu = 2.5 s 
• Density, ρu = 180 kg/m3 
• Height, H = 100 m  
• Area, Au = BD = 25 m 25 m 
• Damping ratio, ζu = 2.0% 

 
Isolation layer 
• Natural period, T0 = 5.0 s 
• Density, ρ0 = 3644 kg/m2 
• Yield damper shear coeff., αdy = 0.03 
• Yield damper deformation, xdy = 3 cm 
• Damping ratio, ζ0 = 2, 5, 10, and 20% 

 
Sensor locations:  
   10th and 5th stories, isolation layer  
 

 Figure 2. Analytical model properties 

 Figure 1. Analysis flowchart 

Calculate modal responses by Eq. (6a-c) 

Calculate {P(t)} using Eq. (7) and (8) 

Calculate the accuracy of estimated wind by Eq. (9) 

GIVEN: , ,  and  

FDD analysis output: {1ϕi}, 1ω, 2ω, 1ζ and 2ζ 

Calculate [K] by Eq. (3a-b) 

Calculate [C] by Eq. (4a-b) 

Calculate [Φ] by eigenvalue analysis using [M] and [K] 

Calculate generalized matrices by Eq. (5a-c) 
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where dyQ  is the yield strength of the isolation layer damper, 

dk  is the initial stiffness of the damper,  0k  is the stiffness 

of the isolator,  uW , um  0W , and 0m  are the total weight 
and mass of the upper structure and the base isolation, 
respectively, 01k   is the primary stiffness of the isolation 
layer. The damping coefficient of the isolation layer and the 
upper structure, 0c   and ic   are calculated using the Eq. 
13a-b. Varying damping ratios of the isolator are used as 
shown in Table 1. Wind data from a typhoon simulation in the 
across-wind direction of the building is applied to the model 
by multi degree-of-freedom analysis in order to obtain the 
responses (acceleration, velocity and displacement). 
 

0

010
0

2

 kc =  and 

u

iu
i

kc

2

=   (13a-b) 

Table 1. Damping models 

MODEL Damping ratio (%) 
Isolation layer Upper structure 

MH-02 2 2 
MH-05 5 2 
MH-10 10 2 
MH-20 20 2 

 

4. RESULTS OF ANALYSIS 
4.1. Wind Force Estimation (All variables are known) 
In order to check the accuracy of the method, the analysis is 
carried out assuming that all responses and structural 
parameters are known. The results of the correlation of the 
estimated wind forces for the upper floors (6th to 10th) are 
shown in Figure 3. An accurate estimate of the wind forces 
can be obtained when all modes are included in the modal 
superposition even for a high damping model (MH-20). 

 
 
 
 
 
 
 
 
 
4.2. FDD Mode Shape Estimation 
In the FDD method, the first step is to calculate the power 
spectral density (PSD) of the response signal, in this case, the 

acceleration response. The obtained PSD is then decomposed 
in the frequency domain using the Singular Value 
Decomposition technique. The 1st singular values (SV) are 
considered sufficient to estimate the modal parameters of the 
models and an ensemble of 40 acceleration response time-
history data were averaged to reduce the noise obtained in the 
SV. Figure 4 shows the SV plots of the different models. The 
peaks of models MH-02, MH-05 and MH-10 have the same 
frequency peaks. However, for the model with the highest 
damping ratio (MH-20), the 2nd peak is shifted to the right of 
the other three models. It is evident here that the FDD method 
has some limitations when used with a model that has a high 
damping ratio value. The s th peak of the 1st SV is then used 
to determine the mode shape of the s th mode of vibration. 
The accuracy of the estimated mode shapes is compared to 
the normalized maximum displacement response of the 
model in Figure 5a. It is observed here that as the damping 
ratio of the isolation layer increases, the accuracy of the 
estimated mode shape decreases.  
4.3. FDD Natural frequency and Damping Ratio 
Estimation 
To estimate the 1st and 2nd mode natural frequencies and 
damping ratios of the model, the values near the frequency 
peaks (representing the single degree-of-freedom density 
function of that particular mode) are separated using an ideal 
band-pass filter as shown in Figure 5b. Since the width of this 
filter can affect the mode separation, different band-pass filter 
widths, BPFn, are tested in the analysis. The BPFn is selected 
based on the accuracy of the autocorrelation function, the 
estimated natural frequency and damping ratio compared 

 Figure 5. Mode shape estimation and mode separation 
(a) Mode shapes (b) Band-pass filter 

1st 
mode 

2nd 
mode 

BPFn BPFn 

 Figure 4. 1st SV distributions of the PSD 

 Figure 3. Estimated wind force correlation 

(a) MH-02 (b) MH-20 
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     KaMaC km +=    (4b) 

where mi is the mass of ith layer, N = 11 which is the number 
of degrees-of-freedom (DOF), and ma   and ka   are the 
Rayleigh damping coefficients. After obtaining the structural 
matrices, the mode shape matrix     can be calculated 
using eigenvalue analysis and the generalized matrices and 
modal responses can be calculated using Eqs. (5) and (6), 
respectively. Substituting these values to Eq. (7) calculates 
the generalized wind forces  )(tPs . The actual wind forces 
 )(tP  can then be obtained by Eq. (8). 

      = MM T
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s        (5a-c) 
      = KK T

s     
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The accuracy of the calculated wind force is confirmed by 
calculating its correlation with the original wind force applied 
to the model. The correlation equation is given by Eq. (9) 
where ŷ   is the original wind force value and y   is the 
mean of the estimated wind force value y . The conceptual 

framework of the analysis is shown in Figure 1. 
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3. OVERVIEW OF THE MODEL 
3.1. Model Properties 
Figure 2 shows the simplified 11-DOF lumped mass model 
of the building to be analyzed. The properties of the modeled 
building are also shown in this figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The isolation layer is assumed to behave elastically and its 
characteristics are determined from the following equations 

)( 0WWQ udydy +=    (10) 
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Upper structure 
• Natural period, Tu = 2.5 s 
• Density, ρu = 180 kg/m3 
• Height, H = 100 m  
• Area, Au = BD = 25 m 25 m 
• Damping ratio, ζu = 2.0% 

 
Isolation layer 
• Natural period, T0 = 5.0 s 
• Density, ρ0 = 3644 kg/m2 
• Yield damper shear coeff., αdy = 0.03 
• Yield damper deformation, xdy = 3 cm 
• Damping ratio, ζ0 = 2, 5, 10, and 20% 

 
Sensor locations:  
   10th and 5th stories, isolation layer  
 

 Figure 2. Analytical model properties 

 Figure 1. Analysis flowchart 

Calculate modal responses by Eq. (6a-c) 

Calculate {P(t)} using Eq. (7) and (8) 

Calculate the accuracy of estimated wind by Eq. (9) 

GIVEN: , ,  and  

FDD analysis output: {1ϕi}, 1ω, 2ω, 1ζ and 2ζ 

Calculate [K] by Eq. (3a-b) 

Calculate [C] by Eq. (4a-b) 

Calculate [Φ] by eigenvalue analysis using [M] and [K] 

Calculate generalized matrices by Eq. (5a-c) 
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with theoretical values.  
The FDD autocorrelation function is calculated by isolating 
the SV of each mode and converting it to the time-domain 
using the inverse Fast Fourier transform. Based on the 
autocorrelation function comparison in Figure 6, the model 
with low damping ratio (MH-02) has good agreement with 
the theoretical autocorrelation function when BPFn = 4. For 
the model with high damping (MH-20), BPFn = 3 obtained the 
best results for damping estimation despite the amplitude 
discrepancies in the estimated autocorrelation function.  
Using the autocorrelation function and least squares method, 
the natural frequency and damping ratio are calculated. The 
results are shown in Figure 7 and Table 2. Similar to Figure 
5a, the results show that the higher the isolation layer 
damping, the less accurate the estimated parameters 
(particularly the second mode damping ratio). 

 

Table 2. FDD results summary 

MODEL FDD Estimates FDD/Theory (%) 
1ω 1ω 1ζ 2ζ 1ω 1ω 1ζ 2ζ 

MH-02 2.10 5.20 0.02 0.05       100 99.9 99.9 97.7 
MH-05 2.11 5.20 0.03 0.08 100 99.9 93.3 95.3 
MH-10 2.12 5.52 0.06 0.13 99.3 94.4 86.9 89.9 
MH-20 2.15 5.10 0.11 0.21 98.9 97.4 88.8 82.7 

4.4 Wind Force Estimation (using FDD results) 
Using the results from FDD, the [K] and [C] matrices are 
obtained and the wind forces were calculated using Eqs. (7) 
and (8). The results of the estimated wind forces (Modes 1-
11) for the different damping models are shown in Figure 8. 
The errors in the estimated parameters of the FDD naturally 
resulted in loss of accuracy in the estimated wind forces. The 
wind forces estimated in low damping models (MH-02, MH-
05, MH-10) were of higher accuracy (generally above 85%) 
than the high damping models such as MH-20 (average 
correlation of 71%). Also, for MH-20, the upper stories have 

better agreement than the lower stories. This behavior is due 
to the error in the mode shape estimation which shows a 
similar pattern in Figure 5. 

5. Conclusions 
This paper investigated the accuracy of modal analysis in 
identifying the wind forces acting on an elastic base-isolated 
model whose dynamic parameters are estimated by FDD 
method. The results show that the wind forces can be 
estimated with high accuracy (over 85%) for models with an 
isolator damping of up to 10%. 
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Figure 8. Wind force estimation results 
(a) correlation (b) time-history (top story) 

(a) MH-02: Mode 1 (b) MH-02: Mode 2 

(c) MH-20: Mode 1 (d) MH-20: Mode 2 
Figure 6. Autocorrelation functions 

(a) Natural frequency (b) Damping ratio 
 Figure 7. Accuracy of FDD-estimated parameters 
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