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方直交向では，予測精度に顕著な変化が生じていない。

そのため，PSD に移動平均法を採用しても，予測精度は

向上していないことが確認できた。 
 
6 時間刻みが予測精度に与える影響 

4，5 章の総エネルギー入力に関する計算は，時間刻み

Δt = 0.01s で行った。本章では，固有周期 T0と時間刻み Δt
の関係が誤差 Er に及ぼす影響について検討する。Fig. 7
に，Δt = 0.05s による予測値の誤差 Er を示す。h≧0.01 の

範囲に着目すると，風方向では T0≧3s 時に，全て 10%以

下の誤差を示している。風直交方向では T0≧4s 時に，3
つの 10%以上の誤差（12.3%，10.9%，10.6%）を除く，全

て 10%以下の誤差を示している。上述の 3 つの 10%以上

の誤差については，精解値の変動係数はそれぞれ 0.45，
0.43，0.32 と大きいため，無視できると考えられる。4 章

の 10%以下の誤差を確保するために，最小固有周期 T0 = 
2s を時間刻み Δt = 0.01s で除すると，T0 /Δt≧200 が必要と

なっている。それによって本章の時間刻み Δt = 0.05s の場

合に，最小固有周期 T0≧0.05×200 = 10s となっている。た

だし，Fig. 7 より最小固有周期 T0 = 4s となっている。換

言すれば， T0≧4s 時に 10%以下の誤差を確保するために，

最大時間刻み Δt≦4×200 = 0.02s となっている。ただし，

本章の時間刻み Δt = 0.05s とし 0.02s を超えている。その

ため，時間刻みの増大に伴い，固有周期が短い 1 次モー

ドに対して，予測精度は低下する傾向があるが，T0 /Δt の
限界は適切に緩和できると考えられる。 
 
7 まとめ 

本報では，風洞実験のデータによる風力波形に基づく

異なるアンサンブル数，移動平均法および異なる時間刻

みを採用し，提案された 1 質点モデルへの総エネルギー

入力の予測式の精度についての検討を行った。得られた

結論を以下にまとめる。 
 

1） アンサンブル数の増加に伴い，総エネルギー入力の

安定性が向上し，個別の予測精度は少し向上するこ

とを確認した。 
2） パワースペクトル密度の平滑化効果ための移動平均

法を採用した場合に，予測精度は向上していないこ

とを確認した。 
3） 時間刻みが 0.01s の場合に，10%以下の予測誤差を確

保するために，最小固有周期と時間刻みの比 T0 /Δt
≧200 が必要となる。時間刻みが 0.05s の場合に，予

測精度は低下することを確認した。また，10%以下

の予測誤差を確保するための T0 /Δt の限界は適切に

緩和できると考えられる。 
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0.000 17.3 3.0 24.4 11.2 7.7 8.4 16.7 52.0 10.0 26.2

0.005 15.6 5.6 7.3 3.7 5.7 11.7 2.4 41.4 10.6 69.8

0.010 14.0 5.3 1.6 4.1 2.8 2.4 4.1 11.9 0.5 29.6

0.020 12.0 5.0 1.8 4.6 3.8 2.9 3.3 6.3 2.3 20.7

0.050 10.1 5.1 3.2 4.6 4.7 3.7 3.7 5.4 4.6 13.6

0.100 9.3 5.2 3.8 4.6 4.6 4.0 4.2 5.5 6.3 9.7

0.200 8.4 5.1 4.3 4.5 4.6 4.5 4.9 5.8 6.8 7.6

0.500 7.1 5.0 4.7 4.8 5.0 5.2 5.5 5.7 5.9 6.0  
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 h   
T 0 1 2 3 4 5 6 7 8 9 10

0.000 95.7 13.7 23.3 1.7 21.8 8.5 12.0 0.8 4.8 23.3

0.005 94.7 9.8 7.6 3.9 15.0 9.4 9.2 22.5 13.0 15.7

0.010 77.3 8.8 1.3 5.1 7.7 1.2 5.5 2.4 1.6 6.0

0.020 58.2 8.2 3.1 6.8 5.8 2.4 5.7 0.2 0.6 6.5

0.050 36.6 8.2 5.2 7.0 4.1 2.7 4.6 1.2 1.9 4.1

0.100 24.2 7.6 5.4 5.8 2.8 2.3 3.5 1.9 2.2 3.0

0.200 15.1 6.4 4.8 4.1 1.6 1.4 2.4 2.2 2.1 2.2

0.500 7.9 4.4 3.1 1.9 0.6 0.4 1.0 1.4 1.5 1.6  
Fig. 6 Error of predicted total energy input by moving average 
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  h   

T 0 1 2 3 4 5 6 7 8 9 10

0.000 117.4 110.9 2.4 6.6 24.0 1.3 27.1 20.7 4.8 25.9

0.005 144.1 53.0 12.6 5.1 16.9 3.4 11.4 0.9 22.1 11.6

0.010 161.0 50.3 15.0 6.2 9.1 5.3 3.7 12.3 10.9 9.0

0.020 206.9 47.5 16.1 8.9 6.9 4.3 3.0 10.6 7.6 9.2

0.050 537.8 42.4 15.7 9.6 5.4 2.1 3.5 7.1 6.6 7.3

0.100 478.6 34.9 14.4 8.7 4.3 1.2 3.5 5.7 6.2 6.7

0.200 108.0 25.2 11.8 6.8 3.0 0.6 2.9 4.4 5.3 5.8

0.500 36.1 13.9 7.4 4.0 1.7 0.2 1.5 2.6 3.4 4.0  

Fig. 7 Error of predicted total energy input (Δt = 0.05s) 
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WIND LOAD ESTIMATION ON A HIGH-RISE BUILDING BY MODAL ANALYSIS  

Part 1: Accuracy of using 1st Mode Wind Force in Response Calculation 
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      同 佐藤 大樹
＊２

  

  同      OSABEL Dave
＊３

     

Wind force estimation, Modal analysis, 1st mode force   

Time-history analysis, Multi-degree of freedom analysis, Wind-induced responses  

 
1. Introduction 
1.1 Wind-induced Response of Seismically Base- 
Isolated Buildings in the Inelastic Range 

Urbanization has been increasing demands for 
construction of taller and lighter buildings. Tall and light 
buildings are susceptible to dynamic forces such as extreme 
winds, making wind load analysis an integral factor in the 
design process. As the building gets higher and lighter, the 
increase in wind velocity and force causes large structural 
vibrations that may affect the serviceability and habitability 
of the structure. Passive control systems are installed in 
buildings to dissipate these vibrations without requiring any 
external power source. 

Seismic base-isolation is one example of a passive 
control system that is being widely used in earthquake- 
prone countries nowadays. Design guidelines for wind- 
induced response of seismically base-isolated buildings are 
established but is limited only on the elastic range of the 
isolation system.  However, as this type of structure gets 
higher and are being subjected to stronger winds, there is a 
greater possibility that the structural members in the 
isolation device will yield, causing the wind-induced 
response of the isolation system to exceed its elastic 
range[1]. If this is the case, consideration of the elasto- 
plastic characteristics of the isolation system is highly 
necessary and this can be done by performing time-history 
wind-induced response analysis to evaluate the response of 
the building [1].  

Time-history analysis requires the use of actual wind 
forces acting on the structure. However, wind load depends 
on a lot of factors such as wind velocity and geometry of 
the building, it is difficult to predict it accurately or to 
measure it directly. Because of this, wind forces used in 
time-history analysis are only estimated by wind tunnel 
experiments or power spectral density assumption [1]. Since 
there is still limited knowledge on the wind-induced 
response of seismically base-isolated buildings in the 
inelastic range, it is important to accurately depict the 
actual conditions experienced by the structure to be 
designed. This can only be possible if the wind forces used 
in the time-history analysis are accurately estimated. 

Monitoring systems on structures can record the 
wind-induced response of the building. These recorded 
responses can be used to determine the wind forces by 

performing modal analysis on the structure.  
In modal analysis, the more modes of vibration 

included in the analysis, the higher the accuracy of the 
results; however, observation devices installed in structures 
are not capable of capturing higher modes of vibration. In 
time-history analysis of super high-rise buildings, 
considering only the 1st mode of vibration is sufficient since 
it is the dominating mode, though this might not be the case 
for seismically base-isolated structure. 
1.2 Objective 

The aim of this study is to formulate a method that can 
precisely approximate the actual wind forces acting on a 
seismically base-isolated structure in order to perform 
time-history analysis in the event that the seismic isolation 
device exceeds its elastic range. In order to do that, 
investigation of the fundamental theories to be used must 
be performed. Hence this paper, which is the initial part of 
the study aims to determine whether the 1st mode wind 
forces calculated by modal analysis is sufficient to 
accurately estimate the actual wind forces acting on an 
elastic, upper structure of a seismically base-isolated 
building. 

2. Theoretical Background 
2.1 Multi-degree of Freedom (MDOF) Analysis 

The equation of motion for an MDOF system subjected 
to external dynamic forces {P(t)} is 

 
)}.({)}(]{[)}(]{[)}(]{[ tPtxKtxCtxM    (1) 

  
Here, [M], [C] and [K] are the mass, damping and stiffness 
matrix, respectively. Also, {ẍ(t)}, {ẋ(t)} and {x(t)} are the 
acceleration, velocity and displacement vectors, respect- 
tively. Note that these are the dynamic responses of the 
structure. This shows a system of N ordinary differential 
equations in terms of dynamic responses due to the forces 
applied where N depends on the number of degrees of 
freedom (DOFs) of the structure.  

 
2.2 Single-degree of Freedom (SDOF) / Modal Analysis 
The system of simultaneous equations shown in Equation 
(1) is not efficient for structures with more DOFs and it is 
more convenient to express this system in modal  
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coordinates. For example, a 10-DOF model can be 
simplified by ten separate SDOF models. The dynamic 
responses of each DOF of an MDOF system can be 
expressed as the sum of the modal contributions of each 

SDOF model, e.g.,  
 N

n nn
tqtx 1 )()(  . Accordingly, the 

vector responses (i.e., {ẍ(t)}, {ẋ(t)} and {x(t)}) in Section 
2.1 can be simplified as 
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(2.a) 
(2.b) 
(2.c) 

 
where [ϕ] = modal matrix, and {q(t)}, {q(t)}, {q(t)} = 
modal responses. Therefore, Equation (1) becomes 

 
)}.({)}(]{][[)}(]{][[)}(]{][[ tPtqKtqCtqM     (3) 

 
Multiplying each term of Equation (3) to the transpose 

of the modal matrix will gives 
 

)}({)}(]{[)}(]{[)}(]{[ tPtqKtqCtqM ssss    (4) 
 
where [sM], [sC], [sK] and {sP(t)} are the generalized mass, 
generalized damping, generalized stiffness matrices and 
generalized force vectors, respectively. Solving Equation 
(4) will determine the acceleration, velocity and displace- 
ment per mode of vibration and substituting them to 
Equation (2) will determine the actual responses of the 
original MDOF system.  
 
2.3 Force Calculation 

After determining the modal responses of the system, 
(i.e., {q̈(t)}, {q̇(t)} and {q(t)}), it is now necessary to back 
substitute these calculated values to Equation (4) to deter- 
mine the generalized force {sP(t)} applied to the model. 
The actual wind force {P(t)} can be calculated as 

 

)}({][)}({
1

tPtP s
T 

   (5) 
 

The theoretical background of the analysis mentioned 
above is summarized in the flowchart shown in Figure 1. 

 
3. Overview of the Analytical Model 

Figure 2 shows the simplified lumped mass 10-DOF 
system of the building to be analyzed. Without the isolation 
layer, the upper structure has a height H = 100 m, density ρu 
= 180 kg/m3 and each floor area A = 625 m2. The structure 
has a natural period T = 2.5 s and a damping ratio h = 2%. 

Table 1 indicates the specification of the analytical 
model. Stiffness iu k  of each floor i of the structure is 
calculated using Equation 6 in order to obtain a linear mode 
shape in the 1st mode.  
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 (6) 

The wind force applied in the analysis was derived 
from a calculated typhoon simulation. The wind directions 
analyzed were the along-wind direction with and without 
mean component and across-wind direction. Stiffness- 
proportional damping is used in the analysis where 
damping ratio h = 2%.  
  

 
 
 

 
 

 
 

Table 1. Specification of the analytical model 

Floor Height, H 
(m) 

Mass, m  
(kN ▪ s2/cm) 

Stiffness, k 
(kN/cm) 

10F 

10 
 

11.25 
 

710.6 
9F 1350.2 
8F 1918.7 
7F 2416.1 
6F 2842.4 
5F 3197.8 
4F 3482.0 
3F 3695.8 
2F 3837.3 
1F 3908.4 

 
 

Figure 1. Conceptual framework. 

10 MDOF model 
subjected to wind loading

Along-wind direction without 
mean force component

Along-wind direction with 
mean force component Across-wind direction

MDOF analysis SDOF (modal) 
analysis

1st mode force 
calculation

Comparison of calculated 1st

mode force and actual wind force

Application of calculated 1st

mode force to MDOF analysis

Comparison of 
dynamic responses

Comparison of 
dynamic responses

Figure 2. Analytical model. 
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4. Results 
4.1 Modal Shapes 
 The natural mode of vibration for all ten modes is 
shown on Figure 3 below. 

4.2 MDOF Response vs. SDOF Response 
To calculate the 1st mode wind forces, the 1st mode 

responses obtained from the SDOF analysis are needed. 
The acceleration response obtained from SDOF analysis is 
compared to that of the MDOF analysis, as in Figure 4. 
Despite considering only the 1st mode responses, the SDOF 
analysis has acceleration response close to that of the 
MDOF analysis. Moreover, increasing the number of 
modes included in the superposition of the SDOF analysis 
(e.g., Modes 1-10), the acceleration response has a better 
agreement with that of the MDOF analysis. Although not 
shown here, the same can be said the velocity and 
displacement responses. 

 
4.3 Calculated 1st Mode Wind Force vs. Actual Wind 
Force 

After obtaining the responses from the modal analysis, 
Equations (4) and (5) were used to calculate the modal 
forces. As shown in Figure 5, the time-history of the actual 
wind force and the obtained wind force from SDOF 
analysis considering all 10 modes have close numerical 
values. However, if only the 1st mode of vibration is 
considered from SDOF analysis, there is a significant 
difference between their time-histories. These observations 
are supported by investigating the correlation coefficient 
given by 

 

  



















 

 


2
1 )(

1
2)()(ˆ

1
N
k yky

N
k kyky

nCorrelatio  (7) 

where ŷ = theoretical (or recorded) value, y̅ = mean of the 
calculated value y. 

Figure 6a shows that the correlation coefficients 
between the actual wind force and the calculated 1st mode 
force (Modes 1~10) are close to 1.0 for all floors in all 
wind directions. This indicates a good agreement for the 
entire loading duration. In contrast, for Mode 1 only 
(Figure 6b), only the upper part of the structure (6th to 10th 
floors) showed acceptable correlation. Despite this, the 
ratio between the maximum SDOF force (Mode 1) and the  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Modal shapes of the model

Figure 4. Comparison of acceleration response from 
MDOF and SDOF analysis (roof level) 
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coordinates. For example, a 10-DOF model can be 
simplified by ten separate SDOF models. The dynamic 
responses of each DOF of an MDOF system can be 
expressed as the sum of the modal contributions of each 

SDOF model, e.g.,  
 N

n nn
tqtx 1 )()(  . Accordingly, the 

vector responses (i.e., {ẍ(t)}, {ẋ(t)} and {x(t)}) in Section 
2.1 can be simplified as 
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where [ϕ] = modal matrix, and {q(t)}, {q(t)}, {q(t)} = 
modal responses. Therefore, Equation (1) becomes 
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Multiplying each term of Equation (3) to the transpose 

of the modal matrix will gives 
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where [sM], [sC], [sK] and {sP(t)} are the generalized mass, 
generalized damping, generalized stiffness matrices and 
generalized force vectors, respectively. Solving Equation 
(4) will determine the acceleration, velocity and displace- 
ment per mode of vibration and substituting them to 
Equation (2) will determine the actual responses of the 
original MDOF system.  
 
2.3 Force Calculation 

After determining the modal responses of the system, 
(i.e., {q̈(t)}, {q̇(t)} and {q(t)}), it is now necessary to back 
substitute these calculated values to Equation (4) to deter- 
mine the generalized force {sP(t)} applied to the model. 
The actual wind force {P(t)} can be calculated as 
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The theoretical background of the analysis mentioned 
above is summarized in the flowchart shown in Figure 1. 

 
3. Overview of the Analytical Model 

Figure 2 shows the simplified lumped mass 10-DOF 
system of the building to be analyzed. Without the isolation 
layer, the upper structure has a height H = 100 m, density ρu 
= 180 kg/m3 and each floor area A = 625 m2. The structure 
has a natural period T = 2.5 s and a damping ratio h = 2%. 

Table 1 indicates the specification of the analytical 
model. Stiffness iu k  of each floor i of the structure is 
calculated using Equation 6 in order to obtain a linear mode 
shape in the 1st mode.  
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The wind force applied in the analysis was derived 
from a calculated typhoon simulation. The wind directions 
analyzed were the along-wind direction with and without 
mean component and across-wind direction. Stiffness- 
proportional damping is used in the analysis where 
damping ratio h = 2%.  
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4. Results 
4.1 Modal Shapes 
 The natural mode of vibration for all ten modes is 
shown on Figure 3 below. 

4.2 MDOF Response vs. SDOF Response 
To calculate the 1st mode wind forces, the 1st mode 

responses obtained from the SDOF analysis are needed. 
The acceleration response obtained from SDOF analysis is 
compared to that of the MDOF analysis, as in Figure 4. 
Despite considering only the 1st mode responses, the SDOF 
analysis has acceleration response close to that of the 
MDOF analysis. Moreover, increasing the number of 
modes included in the superposition of the SDOF analysis 
(e.g., Modes 1-10), the acceleration response has a better 
agreement with that of the MDOF analysis. Although not 
shown here, the same can be said the velocity and 
displacement responses. 

 
4.3 Calculated 1st Mode Wind Force vs. Actual Wind 
Force 

After obtaining the responses from the modal analysis, 
Equations (4) and (5) were used to calculate the modal 
forces. As shown in Figure 5, the time-history of the actual 
wind force and the obtained wind force from SDOF 
analysis considering all 10 modes have close numerical 
values. However, if only the 1st mode of vibration is 
considered from SDOF analysis, there is a significant 
difference between their time-histories. These observations 
are supported by investigating the correlation coefficient 
given by 
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where ŷ = theoretical (or recorded) value, y̅ = mean of the 
calculated value y. 

Figure 6a shows that the correlation coefficients 
between the actual wind force and the calculated 1st mode 
force (Modes 1~10) are close to 1.0 for all floors in all 
wind directions. This indicates a good agreement for the 
entire loading duration. In contrast, for Mode 1 only 
(Figure 6b), only the upper part of the structure (6th to 10th 
floors) showed acceptable correlation. Despite this, the 
ratio between the maximum SDOF force (Mode 1) and the  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Modal shapes of the model

Figure 4. Comparison of acceleration response from 
MDOF and SDOF analysis (roof level) 
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actual force as in Figure 7 are close to 1.0. This indicates a 
good relationship between the maximum values of the 
forces although they did not occur at the same time (Figure 
5). It is imperative to investigate the maximum wind force 
since it is a critical factor in the design process. 

Since the forces in the lower part of the structure are 
small, they have insignificant contributions to the structural 
response. Therefore, the poor accuracy of the Mode 1 
forces in the lower part of the structure (1st to 5th floors) as 
shown in Figures 6b and 7 can be neglected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4 MDOF Response vs SDOF Response 

The calculated 1st mode forces from SDOF analysis 
(Section 4.3) were applied to the MDOF model. Figure 8 
shows the correlation between the dynamic responses of the 
model from the actual wind force and from the calculated 
1st mode SDOF force. The correlation of the responses is 
significantly low for the along-wind direction with mean 
component because the mean component of the 1st mode 
force is significantly greater than the mean component of 
the actual wind force (Figure 5a). The difference between 
the value of the mean component induced a large increase 
in the calculated 1st mode force, subsequently causing a 
large discrepancy in the responses even causing the 
structure to yield (Figure 9).  

On the other hand, when the mean component was 
removed, the correlation values of the responses (Figure 8) 
improved. Moreover, the same can be said for the 
across-wind response due to the absence of the mean 
component of the across-wind forces. 

 
 
 
 
 
 
 
 
  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusion 
Based on the results of the analysis, the following 
conclusions can be drawn. 

1. Modal analysis can be used to accurately estimate 
the actual wind forces acting on an elastic 
structure provided that acceptable number of 
modes were included in the analysis. 

2. The calculated 1st mode force is similar to the 
actual wind force only on the upper floors of the 
structure. Despite its limited accuracy, this force 
induced favorable responses on all floors of the 
structure. 

3. The mean component of calculated 1st mode force 
can greatly affect the accuracy predicted 
responses.     

4. As long as the structure remains elastic, the above 
findings are valid. If the structure behaves beyond 
its elastic limit, and time history analysis is needed, 
using only the 1st mode wind force may not be 
enough and developing a system identification 
technique to include higher modes of vibration 
must be considered. 
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1. Introduction 
1.1 Damping and Natural Frequency Estimation 

Advancement in construction techniques and 
availability of new and more efficient materials have paved 
the way for the development of taller and lighter buildings 
which are more susceptible to stronger dynamic wind 
forces. As a result, the dynamic properties of the structure, 
such as natural frequency, damping ratio and modal 
parameters must be given more careful consideration [1]. 
Natural period and damping ratio are two very important 
but also highly uncertain parameters that greatly affect the 
dynamic response of a structure and an accurate prediction 
of these values must be guaranteed in the design process [2]. 
However, there is no absolute theoretical method to 
estimate the natural frequency and damping ratio and the 
assessment of these two parameters predominantly depends 
on full-scale data obtained from similar structures.  

In Japan, full-scale measurements from existing 
structures are collected to create a reliable database that can 
be used to formulate effective evaluation techniques of 
above mentioned dynamic parameters but the current data- 
base is still insufficient to increase the accuracy of the 
prediction methods, particularly of the damping ratio, for 
different types of structures [1]. Satake et al. [3], Shioya et 
al.[4], and Tamura et al. [5] conducted studies on the 
estimation of natural frequencies obtained from recorded 
data and all reported to have only 10 to 20% difference 
from the measured values. On the other hand, estimation of 
damping ratio from full-scale data can result to errors that 
can reach about 100-200%, or even 1000% if low quality 
measured data were used [2]. This amount of error can be 
detrimental to the structural safety of the building. 

In Part 1 of this paper, the calculated 1st mode wind 
force were observed to be effective in determining the 
response of an elastic, high-rise structure. This calculated 
force aims to act as a substitute to the scarce full-scale data 
if proven accurate enough. For this reason, the afore- 
mentioned dynamic parameters that may greatly affect the 
accuracy of the wind-induced response from estimated 
forces obtained in Part 1 must be carefully investigated. 

1.2 Objective 
The aim of this study is to formulate a method that can 

precisely approximate the value of the actual wind forces 
acting on a seismically base-isolated structure in order to be 
able to perform time-history analysis in the event that the 
seismic isolation device exceeds its elastic range. In order 
to do that, investigation of the effect of certain dynamic 
properties particularly damping and natural frequency on an 
elastic structure must first be investigated. Hence this paper, 
which is the second part of the study aims to determine if 
errors in the estimation of damping ratio and natural 
frequency will significantly affect the accuracy of the 1st 
mode wind forces and its wind-induced responses when 
applied on an elastic, upper structure of a seismically 
base-isolated building.  

2. Background of the Analysis 
2.1 Multi-degree of Freedom (MDOF) Responses 

The responses of a 10 MDOF model subjected to wind 
loading is calculated using the same principle used in Part 1 
of this study. The equation of motion used is shown in 
Equation (1). 
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2.2 Single-degree of Freedom (SDOF) / Modal Analysis 
The modal responses are calculated by substituting the 

MDOF responses to Equation (2),  

)}(]{[)}({
)}(]{[)}({
)}(]{[)}({

tqtx
tqtx
tqtx












 
(2.a) 
(2.b) 
(2.c) 

These equations were used in Part 1 of this study to 
perform SDOF analysis. 

2.3 Force Calculation 
The modal responses are substituted to Equation (3) to 

calculate the generalized 1st mode forces and Equation (4) 
is used to get the actual value of these 1st mode forces. 
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