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ABSTRACT: Current wind design procedures require that structural behavior remains elastic 
under wind loading corresponding to a specific return period unlike seismic codes that set some 
specifications to account for the ductile behavior of structures. Based on both linear and nonline-
ar dynamic time history analyses of simplified shear frame structures, this study examines the 
sensitivity of the ductility demand to different analysis hypotheses, and gives recommendations 
for their adequate values to be used in extended parametric studies. In particular, the current re-
sults show that the use of admittance functions strongly influence the ductility demand of struc-
tures. It was also shown that the ductility demand of the structure varies significantly with the 
damping ratio. More specifically, it was found that a 1% damping ratio (including the aerody-
namic damping) is a coherent and conservative value to be used for parametric studies on medi-
um-to-high-rise structures in order to establish a relation between the ductility demand and the 
strength reduction factor for structures subjected to extreme wind loadings. 

KEYWORDS: Time domain analysis, nonlinear analysis, extreme wind loading, damping, 
ductility. 
 

1 INTRODUCTION 

Unlike modern seismic codes that account for the ductile behavior of structures, current wind de-
sign procedures require that structural behavior remains elastic under wind loading correspond-
ing to a specific return period. This assumption would naturally lead to an increase in the struc-
tural costs especially where the structures are exposed to extreme wind events (low probability of 
occurrence events) such as severe storms and hurricanes and/or where wind loadings are prevail-
ing the overall structural response. In some situations, the structures are already designed with a 
specific value of ductility, and therefore they have more safety margin against failure compared 
to their brittle counterparts. Therefore, it is of both economic and safety interests to evaluate the 
ductility demand of structures under extreme wind events. 

In the literature, several endeavors were attempted to understand the inelastic behavior of 
structures under wind loading. For example, Chen and Davenport [4] studied the vulnerability of 
tall buildings in hurricanes based on a simplified analytical approach developed earlier by Vick-
ery [23] to estimate the nonlinear response of lightly damped structure under wind loading. Non-
linear time history analyses were conducted by Tschanz [21] and Gani and Légeron [8] to evalu-
ate the effects of different analysis parameters on the ductility demand of structures under wind 
loading. They conducted parametric studies on the effect of both structural parameters (e.g., sin-



gle degree of freedom(SDOF) or multi degree of freedom (MDOF), aerodynamic and structural 
damping) and wind force calculation hypotheses (e.g., real wind speed measurement, numerical-
ly generated wind speed and wind turbulence intensity) on the ductile behavior of structures. It is 
to be noted that most of these efforts have been performed on specified structures subjected to 
specific loading conditions so their results cannot be generalized to other cases. Although Gani 
and Légeron [8] have established a relation between the ductility demand of the structures and 
the force reduction factor based on a comprehensive parametric study, their work was limited to 
the nonlinear performance of SDOF structures. Yet, little work has been devoted to investigate 
the inelastic response of MDOF structures under extreme wind events. It is also of importance to 
pay a special attention to the analysis hypotheses to be used before being involved in extended 
parametric studies. 

To this end, both linear and nonlinear dynamic time history analyses of simplified shear frame 
structures with one, two, and three degrees of freedom have been carried out. A computer pro-
gram was developed in this study adopting Newmark method combined with Newton-Raphson 
error reduction algorithm to solve the equation of motion. The influence of using an admittance 
function for evaluating wind forces was studied for both real (hurricanes wind speed measure-
ment) and numerically generated wind samples. The prime objectives of this study are: (1) to ex-
amine the sensitivity of structure response in term of its ductility demand to different analysis 
hypotheses (time-step analysis and wind samples durations) and (2) to propose some recommen-
dations with respect to the appropriate values to be used in extended parametric studies. 

After the description of the model and hypotheses used in this study, a brief presentation into 
the wind force calculation is given. This paper then presents the main part of the study with re-
spect to the impact of both damping and force hypotheses in evaluating ductility demand of 
structures subjected to wind loading..  

2 MODEL DESCRIPTION AND METHODOLOGY 

This study investigates the performance of both single (SDOF) and multi (MDOF) (Figure 1a) 
degree of freedom structures under the action of wind loading applied at the corresponding struc-
tural masses. The dimensions (width  depth  height) of each story are selected, respectively at 
25  25 4 m

3
, while variable stiffness, ki and invariable concentrated mass, m0 of 500 tons are 

assumed for each story. The structural ductility is defined as shown in Figure 1b by the ratio  
µ= um/uy and the strength reduction factor by β= fy/f0; with um being the maximum displacement, 
uy being the yield displacement, f0 being the maximum elastic force and fy being the yield 
strength. When β=1 the system remains elastic; otherwise (0 < β < 1), excursions in the plastic 
range can be occurred. The nonlinear behaviour of the structure is defined in this study by biline-
ar constitutive law with strain hardening of 5% and damping of Rayleigh type. Equation of mo-
tion was solved using Newmark (average acceleration) method in conjunction with the modified 
Newton-Raphson iterations.   

An iterative design procedure was implemented to control the structural fundamental frequen-
cy, f1. First, initial stiffness is assigned for all levels. Then a linear analysis is conducted; using 
the obtained maximum shear force at each level Vi, a reduction factor is applied to each stiffness 
level ki as ki’= ki(Vi/ V1). The structure with modified stiffness is then analyzed following the 
same steps until no significant change in stiffness has been achieved. The use of such procedure 
is required to insure a rational design for the structure with the same story drift at each level for 
the specified wind loading sample. The designed structure is then linearly (β=1) and non-linearly 
(β<1) analyzed according to specified reduction factors where Vy= β V0. 
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Figure 1. a) The MDOF system under investigation and b) linear and nonlinear constitutive force-deformation rela-

tionship (Chopra, 2011). 

 

Table 1. Parameters studied in the analyses. 

Parameter Values 

Analysis time-step, Δt(s) 0.1, 0.01, 0.001 

Wind sample duration (min) 10, 20, 30, 60 

Wind force calculation approach quasi-static, admittance 

Damping,  ξ (%) 0, 0.1, 0.2, 0.5, 0.7, 1, 2, 3, 5 

 
In this study, a total of more than 2000 have been analyzed using two different wind force 

calculation (quasi-static, admittance) approaches considering different values of analysis time-
step, wind sample duration, and damping ratios. Table 1shows the different parameters to be 
evaluated in the context of this study. 

3 GENERAL ANALYSIS HYPOTHESES 

Although several studies have been documented in the literature pertaining to the nonlinear time 
history analysis of structures under extreme wind events, there are some important issues that 
were not explicitly discussed and therefore no conclusive recommendations have been reached. 
The selection of appropriate time step and wind loading duration are two of these issues that 
have a direct impact not only on the total analysis executing time but also on the precision of the 
obtained results. For example, it is customarily adopted that the use of a one hour wind sample in 
linear or nonlinear analyses of structures would be satisfactory [8,12,22,23,24]. However, there 
is no a clear justification for this assumption. In fact, it is of importance to pursue the previous 
assumptions with respect to the selection of the analysis time step and the used wind loading du-
ration before starting an extended parametric study. 

3.1 Time-step analysis 

A sensitivity analysis of the appropriate time-step was carried out for both linear and nonlinear 
structural behavior. Table 2 shows the values of the maximum displacement obtained from linear 
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analyses and ductility demand from nonlinear analyses of 2 DOF structure having f1 =1Hz under 
the Katrina-2005 wind loading assuming damping ratio, ξ of 1%. Table 2 shows that the error in 
estimating the maximum displacement between a time-step loading, Δt of 0.1s and of 0.01s in 
the linear analysis is about 11%. This percentage reaches 30% in nonlinear analysis. The error in 
predicting the structural deformation if Δt is changed  from 0.01s to 0.001s is within 2% for 
both linear and the nonlinear analyses. Therefore it can be concluded that Δt=0.01s is the optimal 
time-step to be used for linear and nonlinear analysis.  

It should be noted that, because of nonlinear analysis is related to linear analysis (design pro-
cedure described above) the same time step must be used for both analysis cases otherwise error 
on ductility demand reaches 80%.  
 

Table 2. Maximum displacement and ductility demand obtained from linear and nonlinear analyses. 

Time-step Linear Nonlinear 

Δt (s) Δmax (mm) Error (%)  Ductility (µ) Error (%) 

0.1 44.90 10.9 2.25 -31.2 

0.01 40.54 0.1 3.32 1.6 

0.001 40.50 0.0 3.27 0.0 

 

3.2 Wind sample duration 

Wind loading duration for numerically generated wind simulating winter storms may not have 
considerable effect because of the constant mean wind speed in opposition to hurricanes wind 
speed measurement where intervals covering maximum wind speed may be much longer because 
of mean wind speed variation (e.g. wind loading duration considered in the case of hurricane Is-
abel-2003 is 4 hours). A sensitivity study was carried out for generated wind speed comparing 
the maximum ductility demand for different wind loading durations (10, 20, 30, 60, 180 min). 
The obtained results showed that for almost all the cases analyzed (for wind loading with con-
stant mean wind speed), no more yielding occurs when approaching 60 min; structures already 
reached its maximal displacement and behave linearly for the remainder analysis duration. 
Therefore maximal ductility demand can be obtained form 60 min wind loading sample for gen-
erated wind loading. Table 3 shows the error (with respect to the customarily used one-hour wind 
sample) in predicting the ductility demand obtained from nonlinear analyses of 3 DOF structure 
having f1 =1Hz assuming damping ratio, ξ of 1% is around 15-25%. 
 

Table 3. Maximum displacement and ductility demand obtained from linear and nonlinear analyses. 

Duration (min) Ductility (µ) Error (%) 

10 5.39 -15.1 

20 4.76 -25.1 

30 5.72 -9.9 

60 6.35 0.0 

 
However, due to stochastic nature of wind loading, structures subjected to generated wind 

loading will be analyzed under different wind loading samples with the same characteristics to 
obtain mean response. So the same sensitivity study was established for 10 wind loading samples 
and it was found that the maximal difference of ductility demand was reduced to 10% which can 
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be considered satisfactory for this preliminary study. Therefore 10 min samples will be used for 
different parameter evaluation in this study; but for the extended parametric study 60 min wind 
loading samples will be used. 

4 WIND FORCE CALCULATION 

4.1 Wind speed data 

In the context of this study, structures will be subjected to both real (hurricanes wind speed 
measurement) and numerically generated wind samples. Five hurricane wind data sets were pro-
vided by Florida Coastal Monitoring Program (FCMP) [2]: Isabel-2003; Ivan-2004; Katrina-
2005; Rita-2005; and Wilma-2005. Details of these hurricane measurement projects are given in 
Masters [13]. Wind speed were measured at z = 5 m and z = 10 m simultaneously which permits 
analyzing single and 2 DOF structures. Numerically generated wind samples were obtained for 
different turbulence intensity Iu, using WindGen program developed by Hang et al. [10] based 
on Power Spectral Density (PSD) proposed by Simiu [17] for along wind component. It is to be 
noted that WindGen generates only turbulent part of wind speed u(t) which must be combined 
with mean wind speed �̅� that is set constant at 40 m.s

-1
 throughout this study.  

4.2 Wind force calculation in the literature 

4.2.1 Quasi-static wind force 
Different wind forces loading on building where used on previous studies. Vickery [23] used a 
one-hour-sample record obtained from wind tunnel measurements. The other studies [4,8,21,24] 
used a wind sample numerically generated according to Monte Carlo process. In their calcula-
tions, wind forces were calculated adopting the quasi-static approach in which the quasi-static to-
tal drag wind force at a given height z and a time t is given by Simiu and Scanlan [18]: 

𝐹(𝑧, 𝑡) =
1

2
𝜌𝑎𝐶𝑑𝐴[�̅�(𝑧) + 𝑢(𝑧, 𝑡)]2 (1) 

where ρa is the air density, Cd is the drag coefficient and A is the exposed area to the wind load-
ing. For prismatic structures Cd is between 1 to 3 depending on many parameters such as the 
shape of the structure, the inclination of the wind direction with respect to the surface of the 
structure, wind turbulence, and the structure dimensions [11]. The drag coefficient Cd is selected 
at 1 in this study.  

4.2.2 Aerodynamic admittance function 
Sears [16] theoretically derived the aerodynamic admittance function for lift on thin symmetrical 
airfoil [3]. Large structure response will be overestimated due to ‘lack of correlation’ [20] which 
leads to the introduction of the aerodynamic admittance concept by Vickery [22] and Davenport 
[6] who proposed an empirical aerodynamic admittance function based on experimental data for 
drag force on square plate. Aerodynamic admittance is used on the frequency domain with spec-
tral stochastic approach for structural response estimation through gust factor method which was 
introduced in design codes [1,7]. The drag wind force on a plate by Vickery [22] can be given as 
: 



𝜒2(𝑓) = (
1

1+[
2𝑓√𝐴

𝑈
]

4
3

)

2

 (2) 

where f is the frequency, 𝑈 is the mean wind speed and A is the area of the plate. 

4.2.3 Indicial function 
Indicial admittance function is used in civil engineering applications to evaluate aeroelastic phe-
nomena in the time domain for wind sensitive structures. A procedure presented in Chang et al. 
[3] based on the work of Scanlan [15] to determine indicial functions for slender support struc-
tures is used in the current study to evaluate the wind drag force corresponding to the specified 
aerodynamic admittance function to be used in time history analyses. The derivative of the indi-
cial function is given as : 

𝜙′(𝑠) = 𝐴1𝑒−𝐴2𝑠 + 𝐴3𝑒−𝐴4𝑠 (3) 

where s is non dimensional time, s=𝑈t/c and Ai are constants.  
The admittance function is related to the indicial function through: 

Φ(𝐾) = ∫ 𝜙′(𝑠)𝑒−𝑖𝐾𝜎𝑑𝜎
∞

0
 (4) 

Wind force calculation using the admittance function was given in Tamura and Kareem [20] 
as: 

𝐹(𝑧, 𝑡) = �̅�(𝑧) + 𝑓(𝑡) (5) 

𝑓(𝑡) =  𝜌𝑎𝐴𝐶𝑑𝑈 ∫ [𝑢(𝑠) − 𝜙′(𝑠 − 𝜎)]
𝑠

0
𝑑𝜎 (6) 

𝐹(𝑧) =
1

2
𝜌𝑎𝐶𝑑𝐴𝑈

2
(𝑧) (7) 

where s=𝑈𝑡/√𝐴. 

4.3 Wind force calculation through indicial function 

First, the aerodynamic admittance functions given in ASCE7-10 [1] for different structural char-
acteristics were calculated. Then using Matlab fitting tools, indicial function constants Ai were 
identified for each case. The obtained results are summarized in Table 4. Figure 2 shows an ex-
ample of the calibration of the indicial function to fit aerodynamic admittance given in ASCE 7-
10 [1]. It appears from Figure 2 that there is a certain divergence between the two curves after 
frequency of 1.0 Hz and admittance less than 0.1 where the wind effects on the structural re-
sponse could be neglected.  
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Figure 2. Admittance function from ASCE 7-10 compared to that calculated using the indicial function. 

 

Table 4. Coefficients of indicial function corresponding to each structure geometry.  

N° DOF Height (m) A1 A2 A3 A4 

1 4 0.008261 0.0262 0.09176 0.138 

2 8 0.008585 0.03096 0.1121 0.1594 

3 12 0.00768 0.03161 0.1223 0.1665 

 

4.4 Structural response comparison 

Linear and nonlinear responses of structures subjected to wind forces calculated according to 
quasi-static and admittance approaches were compared in this section. Due to the limitation in 
space, only the results pertaining to the analyses of a structure (3 DOF; f1=1 Hz; ξ=1%; β=0.8; 
Iu=30%) will be presented. 

Figure 3 shows that the use of the indicial admittance function significantly reduced (by about 
50%) the calculated wind force compared to the one estimated from the quasi-static approach. 
This reduction in the wind force, therefore, reduces the structural response. In linear analysis, 
Figure 4 shows that the displacement of the 1

st
 level calculated adopting the indicial admittance 

function is 60% less the one computed with the quasi-static approach. Nonlinear response, on the 
other hand, is also noticeably affected by the wind force calculation methods as shown in Figure 
5a, b even though the same reduction factor β=0.8 (20% reduction) was applied for both cases 
with reference to their linear counterparts. The hysteresis loop is larger in the case of aerodynam-
ic admittance which leads to a higher ductility demand: µ(Quasi-static)=1.35 and µ(Admittance)=5.33 
which is equivalent to a 75% underestimation of the ductility demand (Figure 5c). These results 
imply that, when performing time history analysis of structures under wind loading, ignoring 
aerodynamic admittance effect could lead to underestimation of the ductility demand. In this 
study it was decided to use the aerodynamic admittance approach to evaluate wind forces on 
structures. 
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Figure 3. Wind force time history from quasi-static and admittance approach. 

 

 

Figure 4. Linear response (displacement of 1
st
 level) time history for quasi-static and admittance analysis case. 

 

 

Figure 5. Force-displacement relationships for linear and nonlinear analyses from: a) quasi-static, b) admittance 

wind force calculation approach, and c) nonlinear analysis only. 
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5 DAMPING EVALUATION 

5.1 Recommended damping from literature 

Evaluation of damping is very important for vibrating systems. It allows the dissipation of ener-
gy and may have an important influence on the response of the structure. There is two main types 
of damping to be considered for buildings: aerodynamic and structural. They usually act in paral-
lel to reduce structural response and total damping is given by: 

𝜉 = 𝜉𝑎 + 𝜉𝑠 (8) 

where ξ, ξa and ξs are respectively the total, aerodynamic, and structural damping.  

5.1.1 Aerodynamic damping 
Aerodynamic damping is proportional to the relative speed between building and wind. Its effect 
appears mainly in flexible structures. Some empirical models are presented in literature to evalu-
ate the aerodynamic damping according to several parameters (e.g., shape, dimensions, wind tur-
bulence intensity). The aerodynamic damping is usually small for tall buildings (<1%) [21]. This 
was confirmed in Tamura and Kareem [20] who prescribed that ξa for typical tall building is 
about 0.5%.  

5.1.2 Structural damping 
Structural damping estimation for tall building under wind loading was investigated mainly by 
Tamura et al. [11,19]. An empirical equation giving the structural damping for steel tall building 
was established. For large displacement (ultimate limit states), Holmes [11] noted that much 
higher values may be used for the structural damping but without giving recommended values 
due to the lack of data measurement. This was confirmed by Tamura and Kareem [20] but they 
noted that “damping ratio does not necessarily increase at higher amplitude level”. Recom-
mended damping ratio to be used was proposed for different structures type and height based on 
Tamura et al. [19]: 1% for tall steel structure in the elastic range (higher 80 m) and 2% for struc-
ture less than 30 m. 

5.1.3 Rayleigh damping matrix 
Rayleigh damping matrix is commonly used for dynamic analyses [5,14]. Because of its simple 
mathematical formulation, Rayleigh damping is still the first choice to be used despite it has not 
a clear physical meaning. However it requires special attention for nonlinear seismic analysis as 
discussed in Hall [9] which explained through practical examples that damping force can be 
overestimated when stiffness decreases suddenly which leads to increase the structure velocity 
and the damping force may reaches high percentage compared to restoring force and even can be 
greater than it which is not realistic. Consequently it is important to evaluate real amount of 
damping introduced when performing nonlinear dynamic analysis. 

5.2 Sensitivity analysis on damping 

Since there is no explicit equations giving total damping for tall buildings under wind loading in 
the elastic and plastic range, it was pertinent to use a safe amount of damping. In the current 
analyses, a constant Rayleigh damping was adopted and the effect of aerodynamic damping will 
be evaluated later in this paper. 



5.2.1 Evaluation of the use of Rayleigh damping for nonlinear analysis 
In order to validate the use of Rayleigh damping for nonlinear analysis, the ratio of damping 
force fd to restoring force fs during nonlinear analysis was examined. For example, as shown in 
Figure 6 for a SDOF structure (f1=0.5 Hz; ξ=1%; β=0.8) subjected to hurricane wind force from 
Isabel-2003, it was found that the ratio of damping force to restoring force was less than 0.6% 
for all the analysis duration. Figure 6 indicates also that the problem of the damping force over-
estimation due to stiffness loss is not problematic in the considered cases, and Rayleigh damping 
can be used without problems even for nonlinear time-history analysis. This can be explained by 
the presence of mean wind speed which gives a considerable value for restoring force compared 
to damping force.  

5.2.2  Influence of damping on ductility demand 
Figure 7a shows the time histories of the inter-story drift from the linear analysis of a SDOF 
structure (f1=0.5 Hz) subjected to Isabel-2003 wind loading with and without Rayleigh damping 
(ξ=1%). The displacement was significantly reduced by 40% when 1% of damping was intro-
duced. For the nonlinear analysis, the results shown in Figure 7b indicate that the ductility de-
mand is increased when 1% of damping was used. In fact, the reduction of maximal shear force 
in the linear analysis leads also to the reduction of yielding shear forces by the same amount 
which explain the higher ductility demand when damping amount is greater; due to design pro-
cedure, two structures with different yielding shear forces are analyzed. However when specify-
ing the same yielding shear force and analyzing the same structure with different damping 
amount, ductility demand becomes greater for lower damping value. Therefore, it can be con-
cluded that for nonlinear analysis conducted in this study, the introduction of higher damping 
amount leads to a higher plastic displacement which means higher ductility demand.  

Figure 8a, b shows two different examples of the influence of damping amount on ductility 
demand for 2 analysis cases; a) 2 DOF structure (f1=1 Hz) subjected to Katrina-2005 wind forc-
es; and b) SDOF structure (f1=0.5 Hz) subjected to Isabel-2003. Focusing on the cases where the 
aerodynamic damping is not accounted for, the damping has a different influence on the ductility 
demand. Unlike the former case where the damping has a significant effect on the ductility de-
mand (Figure 8a), it appears from (Figure 8b), that the damping in the latter has no practical in-
fluence on the ductility demand. In Figure 8a, the ductility demand was reduced by 30% when 
ξ=0.5% is used and increased by 32% for ξ=2% with respect to the ductility demand at ξ=1%. 

All of these results show the importance of the consideration of the right amount of damping 
when conducting nonlinear time history analysis; under estimating damping amount can lead to 
underestimation of nonlinear response and damage accumulation. 
 

 

Figure 6. Ratio of damping force fd to restoring force fs time history 
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Figure 7. a) Linear time history response and b) nonlinear force displacement diagram for ξ = 0 % and 1% 

 

 

Figure 8. Ductility demand function of damping amount with consideration or not of aerodynamic damping. 

 

5.2.3 Aerodynamic damping evaluation 
Because of the sensitivity of nonlinear response of structures under wind events to the used 
amount of damping as previously demonstrated, the aerodynamic damping was evaluated. To do 
so, the wind forces acting on the building were calculated based on the relative speed between 
wind and structure. But due to the excessive calculation time, it was also pertinent to evaluate the 
amount of aerodynamic damping to be introduced as additional constant Rayleigh damping in 
addition to structural damping.  

As it was shown in Figure 8a, b, for both situations where damping was highly influencing 
ductility demand or not, the aerodynamic damping effect is insignificant. This permits to neglect 
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it and to only consider the recommended structural damping amount ξ=1% in the analyses of 
high rise buildings. However, it is important to note that the influence of aerodynamic damping 
may need to be re-evaluated for each analysis of high rise buildings. 

6 CONCLUSION 

The present study evaluated the influence of different hypotheses on ductility demand for 
structures subjected to time history wind loading and gives recommendations about adequate 
values to be used in extended parametric studies. The results presented in this paper lead to the 
following conclusions : 

- Analysis time-step to be used on linear and nonlinear analysis must be the same otherwise 

error on ductility demand can reach 80%. The optimal recommended time-step to be used 

is Δt=0.01s which yields an error of less than 2%. 

- Wind loading duration influences considerably the ductility demand of structures. In the 

context of this type of study one hour wind loading samples are sufficient for generated 

wind loading samples whereas 3 or 4 hours wind loading samples is needed when using 

hurricane real wind measurement. Ten minute wind loading sample can be used when 

evaluating influence of different parameters with an error around 15% for only one wind 

loading sample and 10% for 10 wind loading sample. 

- The application of indicial function related to the aerodynamic admittance when calculat-

ing wind forces on structures influences significantly the ductility demand compared to the 

quasi-static approach; the ductility demand may be underestimated by 75%. Therefore, it is 

recommended to use the aerodynamic admittance approach through indicial function when 

analyzing nonlinearly structures subjected to wind loading in the time domain. 

- Constant Rayleigh damping can be used for nonlinear time history analysis of structures 

subjected to wind loading without producing excessive damping amount when yielding of 

structures occurs. 

- Damping amount introduced in the analysis may influences significantly the ductility de-

mand of structures whereas aerodynamic damping can be neglected in the context of this 

study; damping amount ξ=1% is the recommended value to be used. 
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