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1. INTRODUCTION 

Recent advancement in construction materials and 
technology has paved the way for the development of 
lighter and taller buildings. These modern structures 
are more susceptible to larger dynamic wind excitation. 
For this reason, accurate estimation of the actual wind 
forces acting on the structure has become of great 
importance. 

Not only the wind forces, but also the dynamic 
properties of the structure, particularly the natural period 
and damping ratio, must be given more careful 
consideration. Natural period and damping ratio are 
considered greatly necessary but highly uncertain 
dynamic parameters of a structure. The uncertainty of the 
estimation of these two properties contributes additional 
amount of error in the depiction of the wind forces 
subjected on the structure. 

This study uses modal analysis to estimate the wind 
forces acting upon a 10 degree-of-freedom (DOF) model. 
Also, the necessary number of modes to include in modal 
superposition in order to obtain an accurate estimation of 
the wind forces is investigated. Lastly, the effect of errors 
of natural period and damping ratio on the estimated 
modal forces is observed. 

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 equation of motion 
for an MDOF system subjected to external dynamic forces 
{P(t)} shown in Equation (1). 
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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, 
respectively. 

2.2 Single-degree of Freedom (SDOF) / Modal 
Analysis 

The modal responses are calculated by substituting 
the MDOF responses to Equation (2), 

 
ሼ𝑥ሷ ሺ𝑡ሻሽ ൌ ሾ∅ሿሼ𝑞ሷ ሺ𝑡ሻሽ 
ሼ𝑥ሶ ሺ𝑡ሻሽ ൌ ሾ∅ሿሼ𝑞ሶ ሺ𝑡ሻሽ 
ሼ𝑥ሺ𝑡ሻሽ ൌ ሾ∅ሿሼ𝑞ሺ𝑡ሻሽ 

(2.a) 

(2.b) 

(2.c) 

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

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

calculate the generalized modal forces and Equation (4) is used 
to get the actual value of these modal forces, where [sM], [sC], 
[sK] and {sP(t)} are the generalized mass, generalized damping, 
generalized stiffness matrices and generalized force vectors, 
respectively.  
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ሼ𝑃ሺ𝑡ሻሽ ൌ ሾ∅ሿ்ିଵ൛ 𝑃ሺ𝑡ሻ௦ ൟ (4) 
 
The above equations are also used to observe the effect of errors 
in the natural period and damping ratio on the accuracy of the 
estimated modal forces. 

3. OVERVIEW OF THE ANALYTICAL MODEL 
The model is a simplified lumped mass 10-DOF system with 

a height H = 100 m, density ρu = 180 kg/m3 and each floor area   
A = 625 m2. The structure has a natural period T = 0.025H s. 

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

An error of ±10% of the natural period and damping ratio 
used in the 10-DOF model was applied to the first mode forces to 
observe the effect of the uncertainty of these dynamic parameters 
on the fundamental mode to the accuracy of the succeeding 
relevant modal forces. The specific values are shown in Table 1. 

Table 1. Dynamic Parameters Tested 

Error -10% 0% +10% 

Natural Period (s) 2.25 2.5 2.75 

Damping Ratio (%) 1.8 2.0 2.2 

4. RESULTS AND DISCUSSIONS 

4.1 Modal Forces vs. Actual Wind Force 
Figure 4 shows the correlation of the calculated modal forces 

and the actual wind forces. The lower floors of the model, 1st to 
5th stories, have low correlation values as compared to the 
remaining floors. These values can be disregarded since the lower 
floors experience relatively low wind forces compared to the 
upper part of the structure (6th to 10th stories). Hence, the upper 
floors are more critical to wind forces and therefore will be the 
main focus in the analysis. From Figure 4, it can be seen that in 
order to obtain at least 80% correlation for the upper part of the 
structure, the modal superposition of forces should contain at 
least the first three modes of vibration.  
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4.2 Modal Forces with Natural Period Error 
Figure 5 shows the correlation of the calculated modal 

forces and the actual wind forces when an error of ±10% 
was introduced in the natural frequency of the modal 
analysis. It can be observed here that the correlation of the 
upper floors decreased from above 80% to 70% for the 
modal superposition of the first three modes. This change 
in correlation values can be clearly seen in Figure 2. It is 
shown here that the forces with natural period error have 
varying time-history to that of the forces obtained without 
error in the natural period for the first three modes of 
vibration. The correlation values of the lower part of the 
structure on the other hand, did not change significantly.  
4.3 Modal Forces with Damping Ratio Error 

Figure 6 shows the correlation of the calculated modal 
forces and the actual wind forces when an error of ±10% 
was introduced in the damping ratio of the modal analysis. 
In this figure, it can obviously be seen that an error of 
either ±10% on the damping ratio did not cause any 
significant changes in the correlation values of the actual 
forces and the modal superposition of the first three 
modes of vibration. This can be seen further in Figure 3, 
where the time-history of the forces for the top floor with 
and without damping ratio error overlapped each other. 

 

 

 

 

 

 

 
Figure 2. Force time-history of the topmost story for the 

first three modes with varying natural period  
 

 

 

 

 

 

 

 
Figure 3. Force time-history topmost story for the first 

three modes with varying damping ratio 

5. CONCLUSIONS 
Based on the results of the analysis, modal analysis can 

be used to accurately estimate the actual wind forces on a 
structure. Also in this method, natural period errors have 
a more significant effect on the estimated forces as 
compared to errors in the damping ratio. 
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Figure 4. Correlation of modal forces vs. actual wind forces 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

     

 
Figure 5. Effect of ±10% natural period error to the correlation 

of the modal forces and actual wind forces 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

     

  
Figure 6. Effect of ±10% damping ratio error to the correlation 

of the modal forces and actual wind forces 
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