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1. Introduction 
 

Aerodynamic forces acting on tall buildings can cause 

vibration in sway and torsional modes. Further, if the 

structure is light and with low structural damping, the wind-

induced vibration can exceed predefined perception 

thresholds of acceleration. Excessive vibration in a building 

can cause the interruption of the activities of the inhabitants 

and in some cases fear for safety.  

The study of wind-induced motion on the human 

perception has been carried out by several researchers 

(Reed 1971, Chen and Robertson 1972, Goto 1975, 1983, 

Irwin 1979, Melbourne and Cheung 1988, Isyumov 1993, 

Isyumov and Kilpatrick 1996, Tamura 2003, Tamura et al. 

2006, Burton et al. 2006, Kim and Kanda 2008, Kwok et al. 

2015). The general agreement among these studies is that 

the mean peak acceleration (expected value of the peak 

acceleration) and the standard deviation of acceleration are 

good measures of human perception of motion. Other 

observation from these studies is that the level of perception 

of acceleration is frequency dependent.   

Serviceability criteria based on perception curves of 

peak acceleration or standard deviation of acceleration for 

different uses of a building have been proposed in the 

literature (Irwin 1979, Isyumov 1993, Tamura 2003, Tamura 

et al. 2006). Based on these studies, major codes and their 

commentaries propose perception curves of acceleration for 

design checking of wind-sensitive buildings. These 

perception curves, that include the uncertainty in the 

perception of motion, are employed to compare the wind-

induced acceleration in a building calculated with analytical 

(Huang et al. 2011, Huang and Chen 2007) or experimental  
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procedures, and in some cases based on field measurements 

results (Zhi et al. 2011). When analytical procedures are 

employed to calculate the wind-induced acceleration of a 

tall building with coupled response, the higher mode 

contributions to the response should be evaluated, since 

they could have an important contribution to the top 

acceleration (Huang and Chen 2007). 

Besides the uncertainty in the perception of motion, 

other works have included the uncertainty in the dynamic 

and wind characteristics (Bashor et al. 2005; Pozos-Estrada 

et al. 2010) to evaluate the human perception of 

acceleration, in particular Pozos-Estrada et al. (2010) 

calibrated serviceability design factors for selected annual 

probability of perception levels. These factors are to be used 

with the estimated mean peak acceleration caused by along-

wind or cross-wind excitations according to the 

commentaries of the 2005 edition of the National building 

code of Canada (NBCC) (NRCC 2005). 

Recent studies on the wind-induced building motion of 

tall buildings have dealt with the occupant comfort (Walton 

et al. 2011, Michaels et al. 2013). Further, comprehensive 

surveys regarding the impact of the effects of wind-induced 

building motion on occupant well-being, work interruption 

and motion sickness have also been carried out (Lamb et al. 

2014, Lamb et al. 2013, Denoon and Kwok 2011). In these 

studies, arguments are given to show the need of designing 

for occupant comfort and improve the current used 

acceleration guidelines. 

Although the previous studies provided a step towards 

the understanding of the human perception of motion and 

the most important parameters to evaluate it, yet a simple 

procedure to evaluate the wind-induced acceleration in tall 

buildings is not available. The main objective of this work 

is to develop an expression to evaluate the wind-induced 

acceleration in tall buildings that can be used for design 

checking. The expression is incorporated into a simple 

procedure to evaluate the serviceability limit state in terms 
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of the peak acceleration. The use of the proposed procedure 

is described with a numerical example of a tall building 

located in Mexico. 

 

 

2. Formulation of an acceleration factor to evaluate 
the wind-induced acceleration 

 

Consider that a tall building can be modeled as a single 

degree of freedom (SDOF) system. If the system is 

subjected to turbulent wind forces in the along-wind 

direction, based on random vibration theory, the power 

spectral density function (PSDF) of the acceleration 

response to gusting wind can be expressed as 

 
 

   
2

20

ˆ 2 vx

F V
S f S f H f

m
  (1) 

where F0 represents the transformation factor from mean 

wind speed (V) to force for the considered structure, m is 

the mass of the SDOF system, Sv(f) is the PSDF of the 

turbulent wind and |H(f)|
2
 is the square of the frequency 

response function. By integrating Eq. (1), the RMS of the 

acceleration response for a given mean wind speed, by 

considering only the resonant dominated response, can be 

written as 
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where fn and  are the natural frequency and the ratio of 

damping of the structure, respectively. Further, the mean 

peak acceleration ( x̂ ) is related to the standard deviation of 

acceleration for a given wind speed (  
x̂

V ) as follows 

 ˆ
ˆ

x
x g V  (3) 

where g is defined as 2ln( ) 0.577 / 2ln( )n nf T f T , and 

T is the time of observation. 

By substituting Eq. (2) into Eq. (3) yields 

 0ˆ n v nf S fF
x g V

m




    (4) 

Eq. (4) can be used for design checking of the mean 

peak acceleration for a predefined mean wind speed, 

associated with a given return period (VT). However, the 

direct use of random vibration is not common for design, 

and the adoption of an analytical expression for the 

evaluation of the peak acceleration is preferred. An 

expression to calculate the peak acceleration for a SDOF 

system subjected to gusting wind was given by Solari 

(1993), this expression was adopted in Eurocode EN 1-4 

WIND ACTIONS (1994) and in the CFE Manual of 

Civil Works for Wind Design of Mexico (2008), and is 

written as 
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where   is air density, B is the width of the structure, 

H is the height of the structure, CD is a drag coefficient, 

Iv(h) is the turbulence intensity evaluated at a reference 

height h (60% of the total height of the structure), 

Sv(h,V,fn) is a normalized PSDF of turbulent wind 

evaluated at height h, and RH(fn,V) and RB(fn,V) are 

aerodynamic admittance functions related to H and B, 

respectively. The expressions suggested in the CFE 

Manual of Civil Works for Wind Design of Mexico 

(2008) to calculate Sv(h,V,fn), RH(fn,V) and RB(fn,V) are 

summarized in Table 1. 

By simple algebraic manipulation, Eq. (5) can be re-

written as 

 
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where the calculation of   for a predefined mean wind 

speed depends on the analysis coefficient (C) including 

the air density and the exposed area, the drag coefficient 

(CD) as well as an exposure factor (C) (i.e., 

DCC C V  2
). These coefficients and factors are 

uncertain (Davenport 1981). 

In order to calibrate the acceleration factor (FAl), the 

procedure suggested by Pozos-Estrada et al. (2010) is 

adopted. This procedure considers that an existing 

perception curve of acceleration is adopted and used to 

compare a factored wind-induced acceleration, which 

can be calculated analytically. If the design requires that 

the wind-induced acceleration of the structure just meets 

a critical peak acceleration ( ˆ
cx ) from a perception curve, 

the following expression should be satisfied 
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where each parameter inside the brackets takes its mean 

or nominal value.    

The procedure adopted requires the use of a 

perception curve of acceleration, which can be adopted 

from major codes or standards. We note that the 

Architectural Institute of Japan (AIJ) (2004) proposes 

serviceabil i ty l imits for  different  levels of the 

probability of perception denoted by H-10, H-30, H-50, 

H-70 and H-90. These limits are to be used to compare 

the mean peak acceleration based on 1-year return 

period value of 10 min wind speed. Fig. 1 presents a 

comparison of the AIJ (2004) scaled criteria to compare  
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the mean peak acceleration based on 10-year return 

period value to be consistent with the Mexican practice. 

Details of the scaling procedure can be found in Pozos-

Estrada (2009). Note that the CFE Manual of Civil 

Works for Wind Design of Mexico (2008) only proposes 

levels of mean peak acceleration for two frequencies of 

vibration, and that the Mexican standard for wind design 

considers a single level of mean peak acceleration 

independent of frequency. For this reason they were not 

used. 

According to Burton (2006), the conditional probability 

of perception for a given level of x̂  is written as 

 
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where c1 and c2 are model parameters that depend on the 

frequency and are shown in Fig. 2. c1 and c2 for f = 0.1 Hz 

from Burton (2006) were obtained by extrapolation. 

By considering the uncertainty in the peak acceleration, 

structural dynamic properties, wind characteristics and 

human perception of motion through the total probability 

theorem, the unconditional probability of perception of wind-

induced motion by the inhabitants of a building PfP is given 

by 
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where  D D N
CC C CC C   ,  x̂ xH v , and 

nfnn mff /
~
 ,  m/

~
, 

VV V m are normalized 

random variables, mfn, m and mV are the mean values of 

the random variables fn,  and V, respectively. In Eq. (9), 

the integration is over the domain of all the considered 

random variables, and  
X

f x , ( )
V

f v , ( )
n

nf
f f ,  



~
~f  and 

 f   represent the probability density functions (PDFs) of 

the normalized random variables considered. The type of 

PDF as well as the parameters that characterize them are 

summarized in Table 2. 

 

2.1 Calibration procedure of the acceleration factor 
(FAl) 

 

To calibrate FAl, Eqs. (9) and (10) are used to solve the 

critical peak acceleration ( ˆ
cx , which is taken from the 

H-50 curve) such that the unconditional probability of 

perception of wind-induced motion by the inhabitants of a 

building PfP equals a predefined probability of perception of 

motion PfP0. This solution procedure can be carried out as 

follows: 

1. Find the distribution parameters for all the PDFs. 

2. Solve Eqs. (9) and (10) iteratively to find FAl such 

that PfP equals PfP0 for given values of mfn, mV, VT 

and COV values of the random variables. 

3. Repeat steps 1 and 2 for sets of values of mfn, mV, VT 

and COV values of the random variables. 

 

Note that the above procedure requires the calculation of 

the peak factor g, which depends on the time of observation 

(T). This time of observation is set equal to 600 s to be 

consistent with CFE Manual of Civil Works for Wind 

Design of Mexico (2008). Further, the return period (Tr) 

considered to evaluate VT is equal to 10 years for 

serviceability design checking, according to the 

Mexican practice. 

 

 

 

 

 

Table 1 Functional forms of Sv(h,V,fn), RH(fn,V) and RB(fn,V) according to the CFE Civil Works for Wind Design of 

Mexico (2008) 

Factor Equations* 
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* The expression for L(h) is for rough terrain 
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Fig. 1 Perception curves of acceleration proposed by AIJ (2004) 
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Fig. 2 Variation of c1 and c2 with frequency 

Table 2 Summary of PDFs and parameters employed in Eq. (9) 

Reference Random variable PDF Mean COV 

Davenport 

(1964) X  Gumbel  
 

0.577
2ln

2ln
n

n

f T
f T

  

  
0.577

1 1
2ln6 nf T

   
   

  
  

 

Simiu and 

Scanlan 

(1996) 
V * Gumbel 1 V

*** 

Kim and 

Kanda (2008), 

Haviland 

(1976) 

nf  Lognormal 1 [0.15, 0.2, 0.3] 

  Lognormal 1 [0.15, 0.2, 0.3] 

** 
  Lognormal 1 0.12 

* The mean value of the non-normalized random variable V is given by mV = VT/[1-{0.577+ln(-ln(1-1/Tr))}( 6 V/)]; **It is 

assumed that  is lognormally distributed with the parameters shown in the table, based on the works by Davenport (1981, 

2000), Ellingwood et al. (1980), Ellingwood and Tekie (1999), Bartlett et al. (2003); *** Values of v that reflect the wind climate 

at sites of interest for the Mexican practice can be found in López-Ibarra (2016), these values range from 0.08 to 0.6 . 

340



 

A simple procedure to evaluate the wind-induced acceleration in tall buildings: an application to Mexico 

 
 
3. Calibration analysis 

 

3.1 Assessment of the sensitivity of FAl to the 

variation of mfn, VT and COV values of V , nf ,   and 

  

 

The procedure described in Section 2.1 was employed to 

evaluate the impact of mfn and VT on FAl. Typical values of 

mfn for tall buildings ranging from 0.1 to 1 Hz are employed, 

and values of VT within 15 to 35 m/s and COV values of V 

within 0.1 to 0.3 are used since they represent the wind 

characteristics at many Mexican cities (CFE Manual of 

Civil Works for Wind Design of Mexico, 2008). Fig. 3 

presents the variation of FAl with respect to mfn and VT for 

selected COV values of nf ,   and  , and for PfP0 

values equal to 0.1, 0.3, 0.5, 0.7 and 0.9. 
It is observed from Fig. 3 that the calculated values of 

FAl for a given PfP0 are not impacted by mfn and VT. This 

observation is advantageous, since a single value of FAl 

(averaged over mfn and VT) can be associated with a 

predefined value of PfP0. To further evaluate the sensitivity 

of FAl to the COV values of V , nf ,   and  , Fig. 4 

presents the variation of FAl with respect to PfP0 and the 

COV values of V , nf ,   and  . 

Since a single value of the COV of   is indicated in 

Table 1, for completeness and to evaluate the sensitivity of 

FAl to the COV of  , a COV value of   equal to 0.2 is 

assumed. It is observed in Figure 4 that FAl is insensitive to 

the COV values of nf ,   and  ; however, FAl is 

affected by the COV values of V (V), indicating that FAl 

depends on the wind climate of the site of construction 

considered. In Fig. 4, an aspect ratio (H/B) equal to 5 was 

employed in the analyses. Further analyses were carried out 

to evaluate the impact of the aspect ratio and the height of 

the building on the calculation of FAl, the analyses results 

indicated that FAl is not affected by these parameters and for 

this reason, the results are not presented. 

 
 
 
 

 
 

3.2 Development of an empirical equation of FAl   

 
It was shown in Section 3.1 that FAl is a function of the 

probability of perception of motion (PfP0) and V. To develop 

a simple empirical equation of FAl that includes the wind 

characteristics at many Mexican cities, values of the COV 

of V (V) within 0.1 to 0.3 and PfP0 from 10 to 90 % are 

employed. By using the procedure described in Section 2.1, 

Fig. 5 presents the variation of FAl with respect to PfP0 for V 

values ranging from 0.1 to 0.3 with increments of 0.005. 

The variation of FAl shown in Fig. 5 suggests that one may 

consider, as an approximation, that FAl is a linear function 

of the logarithmic of PfP0. This can be expressed as 

 0lnAl fPF P    (11) 

where  and  are model parameters that depend on the 

coefficient of variation of V (V). By using the least square 

method, the error () defined as 

  
2

0Al fP AliF P F    (12) 

should be minimized. In Eq. (12) FAl(PfP0 | ) is the 

predicted value of FAl by using Eq. (11), and FAli represents 

the FAl values from the samples. By adopting Eq. (11), the 

values of  and  obtained from the regression analyses are 

presented in Fig. 6. The following simple empirical 

equations may be used to predict  and  
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 1 2 Vln          for 0.1 0.3Vb b       (14) 

where the values of a1, a2, a3, a4, a5, b1 and b2 are 

summarized in Table 3. Eqs. (13) and (14) are also shown 

in Fig. 6. 

 
 
 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1.0

1.5

2.0

2.5

m
f
n

F
A

l

H = 100 mV
T
 = 25 m/s

~ ~
COV of [V, f

n
, , ] = [0.17, 0.2, 0.2, 0.12]

 0.90
 0.70

 0.50

  0.30

P
fP0

 = 0.10

 

15 20 25 30 35
0

0.5

1.0

1.5

2.0

2.5

V
T
 (m/s)

F
A

l

COV of [V, f
n
, , ] = [0.17, 0.2, 0.2, 0.12]

~ ~
H = 100 m

P
fP0

 = 0.10

  0.30

 0.50

 0.70

 0.90

 
(a) (b) 

Fig. 3 Sensitivity of FAl to: (a) mfn and (b) VT 
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Fig. 4 Sensitivity of FAl to the COV values of V, nf ,   and   

10 20 30 40 50 60 70 90
0

0.4

0.8

1.2

1.6

2.0

P
fP0

 (%)

F
A

l


V
 = 0.3


V
 = 0.1

 

Fig. 5 Variation of FAl with respect to PfP0 for different V values. The arrow indicates the trend of the curves as V 

decreases from 0.3 to 0.1 
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The predicted values of FAl by using Eqs. (11), (13) and 

(14) are illustrated in Fig. 7. A comparison of the FAl values 

shown in Fig. 5 and those presented in Fig. 7 indicates that 

Eq. (11) provides good estimates of FAl.  

Further analyses were carried out to evaluate whether 

Eq. (11) can be considered general. This was carried out by 

repeating the analyses described in Section 2.1, but this 

time the H-10, H-30, H-70 and H-90 perception curves 

from the AIJ (2004) were considered. The analyses results 

indicated that the acceleration factors vary approximately 

linearly with the logarithmic of the total probability of 

perception, according to Eq. (11), regardless of the 

perception curve of acceleration adopted. Since Figs. 5 and 

7 show this tendency of FAl with respect to PfP0, no other 

figures are included. 

 

 

 

 

 

In the following section, an illustrative numerical 

example of the use of the acceleration factor (FAl) is 

presented. 

 
3.3 Numerical example  

 
Consider that there is a need for a tall building in 

Mexico with the dimensions and dynamic properties 

summarized in Table 4. Further, the design requires that PfP0  

values equal to 10, 50 and 80% for wind speed conditions 

such that V equals 0.1, 0.2 and 0.3 be evaluated with the use 

of Eq. (11). The aerodynamic information as well as the 

parameters that are needed to calculate the mean peak 

acceleration ( x̂ ) are also given in Table 4. 
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Fig. 6 Model parameters for FAl given by Eq. (11): (a)  and (b)  
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Fig. 7 Values of FAl predicted with Eq. (11). The arrow indicates the trend of the curves as V decreases from 0.3 to 0.1 

Table 3 Parameters used in Eqs. (13) and (14) 

Parameter Eq. (13) Value Parameter Eq. (14) Value 

a1 -0.667 b1 -0.394 

a2 0.042 b2 2.607 

a3 -0.638 - - 

a4 -0.191 - - 

a5 -0.746 - - 
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By using Eq. (5), the calculated mean peak acceleration  

( x̂ ) is 20.35 (milli-g). According to the procedure 

proposed, the factored acceleration (FAl  x̂ ) has to be less 

than or equal to ˆ
cx  (read from the H-50 curve for f = 

0.2 (Hz)). The evaluation of this criterion for the PfP0 and 

V values considered is illustrated in Fig. 8. 

It is observed from Fig. 8 that the criterion is acceptable 

for PfP0 equal to 80% and V values equal to 0.2 and 0.3, 

respectively. For the rest of the cases considered, the design 

is not acceptable and alternatives to reduce the wind-induced 

acceleration are necessary. 
 

 
4. Conclusions 

 
A simple procedure to evaluate the wind-induced 

acceleration for tall buildings in Mexico was proposed. The 

procedure includes the use of an expression to calculate 

acceleration factors (FAl) that depend on the wind characteristics at 

the site of construction (i.e., V) and the probability of perception 

of motion (PfP0). More specifically, the following conclusions 

are drawn: 

 The acceleration factors (FAl) for a given PfP0 are not 

impacted by the mean value of the natural frequency 

(mfn), the return period value of mean wind speed (VT), 

height of the building (H) and aspect ratio (H/B). Further, 

the parametric analysis indicated that FAl is insensitive 

to the COV values of nf ,   and  .  

 
 

 
 
 

 When the PfP0 and FAl values are plotted in semi 

logarithmic paper (logarithmic in the PfP0-axis), they 

follow approximately a straight line. This observation 

was used to propose a simple empirical equation to 

calculate FAl as a function of PfP0. Parameters to 

characterize the empirical equation were proposed for V 

values from 0.1 to 0.3, which are typical at many Mexican 

cities. 
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