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Abstract: The Romanian, as well as other wind design codes for building structures, provides with 
limited degree of accuracy, the aerodynamic loads distribution on buildings up to 200 meters tall in an 
equivalent static approach (ESWL). For tall wind-sensitive building structures, especially for those 
with irregular shapes, most of the codes or standards recommend for design to use pressure data 
recorded in the wind tunnel. The ESWL approach is however used as reference estimation and 
structural first phase design. Advances on experimental and computational capabilities, led in the past 
decade to a significant development of time-domain analysis framework, both for seismic and wind 
loads. While the major outcome for earthquake engineering practitioners is to select appropriate 
design input ground motions at a particular site, the wind engineering practitioners are facing 
numerical difficulties to handle large wind loading durations, especially dealing with nonlinear- 
induced effects.  
The paper presents a real-time integrated framework for the analysis and design of tall buildings to 
wind loads, based on the time-domain analysis tool, as a prerequisite for higher level modules as 
vulnerability, risk and loss estimation, and optimization analyses.  
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1. Introduction 

Several important office tall buildings were built as an effect of increasingly business demand in 
Romania (Figure 1, public data). The trend of bringing modern built infrastructure in the actual 
building stock is in progress. The major concern for structural designers in Bucharest is the effects 
induced by strong ground motions on soft soil conditions, repeatedly generated from Vrancea seismic 
source [1]. For seismic applications, various proposals were made in the recent years towards 
guidelines to select appropriate design acceleration input ground motions at a particular site and 
implementing a time-domain approach for the seismic response analysis and design [2], [3], [4], [5] 
and [6].  

 

 

Fig.1 - Tall buildings in Bucharest after 1990 (left figure) and the Sky Tower (RC structure; right figure) 

The wind-induced effects are of equally concern for such wind-sensitive structures- as tall 
buildings are, from the point-of-view of adequacy of design with the comfort, safety of claddings 
and structural systems criteria.  
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The Performance-Based Design (PBD) concept and framework, initially proposed for seismic 
applications, is widely recognized as a necessary tool for wind engineering applications too. 
Thus, unified analysis procedures in a global seismic- and wind- PBD framework are possible 
primarily due to the development of numerically effective solvers for the dynamic response 
analysis. Structural wind-induced damage evaluation and loss estimation can be performed now 
by straightforward using the available wind-induced pressure time-histories and the Nonlinear 
Dynamic Analysis (NDA) tool [7]. The recently issued Pre-standard for Performance-based 
Wind Design [8], provides the general guideline for integrated procedures to be used for seismic 
and wind applications.  

The current structural analysis and design for wind loads is based on the Equivalent Static Wind 
Loads (ESWL) approach. The Romanian Wind Design Code CR1-1-4/2012 (EC1 format, [9]) as 
well as myriad national codes or standards, provides with limited degree of accuracy, the 
aerodynamic loads distribution on buildings up to 200 meters tall. The main wind design codes 
primarily provide estimates for the along-wind component, quantified based on quasi-steady and 
strip theories and the Gust Factor approach. For the across- and torque- induced effects however, 
only very few national codes provide similar empirical relationships [10].  

For tall, wind-sensitive building structures with irregular shapes, most codes or standards 
recommend that such structures to be designed using pressure data recorded in the wind tunnel 
(WT) facilities. The ESWL approach is however used as reference estimation and structural 
preliminary design phase.  

Useful comparisons regarding the wind loads calculation and response evaluation for tall buildings 
based on main national code requirements (i.e. American Society of Civil Engineers’ Minimum 
Design Loads for Buildings and Other Structures (ASCE), Australian and New Zealand Standard 
(AS/NZ), Architectural Institute of Japan Recommendations (AIJ), China National Standard (CNS), 
National Building Code of Canada (NBCC), European Standard (EC1), International Organization 
for Standardization (ISO) and the Indian Wind Code (IWC)), are provided by Kwon and Kareem 
(2013, [10]). Comprehensive studies based on the above-mentioned code provisions and a database-
enabled procedure- provided through the NatHaz Aerodynamic Loads Database-NALD [11] 
obtained on tall generic buildings, revealed a large scattering of results, significantly influenced by 
the wind speed profile, averaging time, turbulence profile and pressure/force coefficients. 

On the other hand, due to their inherent limitations, the wind design codes generally provide 
overestimates compared with those obtained from wind tunnel measurements. Kijewski and 
Kareem (1998) conducted extensive studies on the structural response based on several wind codes 
provisions and WT measurements [12]. The results indicate the validity of empirical relationships 
used in standards and the relative scattering and conservativeness of code-based response 
parameters. 

According to the National Institute of Standards and Technology (NIST) Report- Section E3 
[13], “the wind loads used for the WTC towers, which governed the structural design of the 
external columns and provided the baseline capacity of the structures to withstand abnormal 
events such as major fires or impact damage, significantly exceeded the requirements of the New 
York City Building Code and other building codes of the day that were reviewed by NIST. Two 
sets of wind load estimates for the towers obtained by independent commercial consultants in 
2002, however, differed by as much as 40 percent”. 

While the frequency-domain approach for the estimation of wind effects on structures was 
developed and extensively used since more than a half century ago, the full capabilities of time-
domain approach and associated random vibration theory tools are not yet available in a 
standardized framework.  

Various commercial structural analysis software platforms are nowadays able to perform 
automated analysis and design using the ESWL approach, based on national code requirements. 
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None of them are however tailored to implement available simultaneous pressure measurements 
for similar automated time-domain analysis and design, despite more affordable access 
(equipment and costs) to experimental facilities. As a preparatory stage for such a development, 
wind tunnel testing methodologies were proposed to be used in conjunction by wind consultants 
and structural engineering practitioners [14]. 

The Database Assisted Design (DAD) concept for wind loads was initially developed for low-
rise buildings by Whalen et al. (2000) [15] and successfully extended later to tall, flexible 
buildings, through a remarkable research and development work led at the National Institute of 
Standard and Technology (NIST) by Dr. Emil Simiu. Accompanying structural analysis platform 
for linear-elastic structures was also developed, based on modal approach and pre-defined 
influence coefficients of internal forces in individual members. Thus, by using a large number of 
simultaneous pressure time-histories from wind tunnel measurements, the dynamic response 
analysis and structural design are directly performed. The need of using peak combination rules, 
both for loads and response parameters is thus removed and the wind directionality effect is 
directly addressed in a transparent analysis procedure (available references are given in [16] to 
[21].) 

A global analysis framework for the computation of wind- induced effects on structures using 
virtual tools was later proposed and developed by Kwon et al. (2008) [22], Kareem and Kwon 
(2017) [23]. A sustained effort towards automation is under development in several research 
groups, including the Structural Dynamics group from the Technical University of Civil 
Engineering Bucharest (UTCB). 

The paper presents a real-time, integrated time-domain framework originally initiated at the 
National Institute of Standards and Technology (NIST, USA) and independently further 
developed at UTCB by the author. The computational framework consists of an integrated 
workflow consisting of linked-in modules- like climatological data, aerodynamic data and signal 
processing, structural modeling and analysis, design and check. The platform is ready to 
incorporate the nonlinear response analysis module- under testing phase, in a not too distant 
future. This will permit rapid extension to post-design phases as damage evaluation, 
vulnerability and loss estimation analyses, in a complete structural package [7]. 

Using the wind-induced pressure records (data used with permission) obtained in the wind tunnel 
on the CAARC (Commonwealth Advisory Aeronautical Council, [24]) of 183 m tall building, a 
complete time - and frequency- domain analyses are performed in order to emphasize the 
distribution of pressure time-histories parameters along the exposed facades, as well as the 
structural response and its practical implications to design. The adequacy of strength design is 
then checked through demand-to-capacity ratios (DCR) for members, altogether with 
deformability and comfort criteria. 

2. Standard-, numerical-, and experimental-based wind loads evaluation 

The wind hazard parameter for design is provided by the Romanian Wind Design Code CR 1-1-4 
(2012; [9]), in terms of design base (reference) wind pressure 𝑞  at a reference height of 10 m 
above the ground, averaged on 10 minutes, corresponding to 2% probability of yearly 
exceedance i.e. 50 years MRI. The provisions are fully harmonized with the Eurocode 1 (EC1) 
format. 

Alternatively, experimental approaches as the High Frequency Force Balance (HFFB) technique, 
wind tunnel (WT) measurements are recommended to estimate more accurately the wind 
pressure distribution especially for wind-sensitive structures or irregular shaped buildings. 
Numerical approaches based on Computational Fluid Dynamics (CFD) tool are candidate 
procedures to replace the cost of experimental tools.  
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The more affordable access- from the point-of-view of available equipment and associated cost, 
to wind pressure measurements, opens the door for the development of a complete time-domain 
framework, ready to update at a higher level of accuracy the wind loading chain currently used in 
practice (Figure 1).  

 

Fig. 2 - Schematic representation of updated wind loading chain for structural design  

First, climatological data are provided by large observation databases. This can be augmented for 
large- unavailable yet MRIs or directional extreme wind speeds data, by performing Monte Carlo 
simulations [21]. 

Second, either available aerodynamic databases, or online generators of wind speeds time-
histories, can be directly transferred into the structural analysis software and further, to the 
design and subsequent post-design modules. 

The prototype building used in this paper is the CAARC building of 183 height [24], [25]. A 
schematic view of CAARC building wind tunnel model (data used with permission) is shown in 
Figure 3. Detailed description on the structural system is given in the next paragraph. 

Typical time-histories of the velocity pressure coefficients recorded at the middle upper ports on 
the façades (θ=0o wind blowing direction) are also illustrated.  

 

 

Fig. 3 - Schematic wind tunnel model and typical pressure coefficients time-histories  
(middle upper ports, θ=0o wind direction)  
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The signal processing module of aerodynamic pressure coefficients time-histories, 
simultaneously recorded at 120 pressure ports, placed on the model’s envelope, provides the 
whole range of information on the input loads parameters to be used by wind and structural 
engineers.  
An example of signal processing analyses output on the recorded pressure coefficients for 0o 
wind blowing direction is presented in Figures 4, 5, 6 and 7. The subsequent mean pressure 
coefficients distribution along the building’s model façade for four different wind blowing 
directions is shown in Figure 4.  
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Fig. 4 - Mean pressure coefficients distribution on the model’s façade (four wind directions) 

2.1 Signal processing of wind-induced pressure data 

The distribution of wind-induced loads parameters along the prototype’s facade can be obtained 
in real-time, from wind tunnel test procedure by time- and frequency- domain analyses.  
Thus, the frequency content indicators (i.e. the frequency bandwidth indicator, the central 
frequency and the spectral shape indicator) or the total energy of recorded velocity pressure 
coefficients, are useful parameters to be provided to the structural designers [26], [27].  
The frequency bandwidth indicator (Cartwright & Longuet-Higgins) is given by 

𝜀 1 ∈ 0,1          (1) 

where, the ith spectral moment about the mean in the equation (1) is given by  

𝜆 𝜔 𝑆 𝜔 𝑑𝜔         (2) 

𝑆 𝜔  in equation (2) is the Power Spectral Density (PSD) function of signal, and 𝜔  is the 
Nyquist circular frequency [26]. 
In Figure 5, the distribution along the model’s envelope of the pressure coefficients frequency 
bandwidth indicator- 𝜀 is presented for four wind blowing directions. In the along-wind 
direction, the frequency bandwidth decreases from the center to the edges- in the windward, 
while in the leeward decreases from the edge to the center. In the across-wind direction however, 
this decreases through the span length between the edges.  
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Fig.5 - Frequency bandwidth indicator- ε of pressure coefficients time-series on the prototype’s façade  
(four wind directions) 

 

In the Figure 6, typical pressure coefficients PSD functions are presented, corresponding to four 
pressure ports located at the top of the building on the four facades (0o wind blowing direction 
only). The records are low-pass filtered in the frequency- domain. The along- and across-wind 
induced pressure spectral configurations are clearly defined. 
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Port 3- West Port 8- South 

  

Port 13- East Port 18- North 

 

Fig. 6 - PSD functions of pressure coefficients at top middle ports on the model’s façade (θ=0o wind direction) 

The maximum (total) energy distribution of velocity pressure coefficients distributions along the 
model’s façade for the same four wind blowing directions is presented in the Figure 7.  
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Fig. 7 - Velocity pressure coefficients energy distribution on the prototype’s façade (1/Hz; four wind directions) 

For 0o wind blowing direction, the maximum pressure energy distribution is obviously larger on 
the leeward façade (N) to the top, and on the across incident façade (S) rather uniformly 
distributed, with larger values at the base. Gradually wind directionality change leads to a decrease 
of pressure energy when compared to perpendicular flow action due to wind flow detaching at the 
edges. 

3. Wind-induced structural dynamic response analysis  

The wind-induced dynamic response analysis is performed by a built-in Matlab-based 
(©Mathworks Inc.) integrated package WDyna 3.0 developed by the author (Iancovici, 2019; 
[28]). This incorporates an efficient State-Space formulation algorithm for the integration of 
differential equations of motion, that allows further implementation of either nonlinear response 
analysis solvers (geometric or/and physical) and fluid-structure interaction (FSI) modules, under 
development phase [7].  

Thus, the behavior of a MDOF system subjected by arbitrary loads is described by a n-coupled 
second order non-homogenous differential equations   

𝑴𝒙 𝑡 𝑪𝒙 𝑡 𝑭𝒓 𝒙, 𝒙, 𝑡 𝑭 𝑡        (3) 

where, 𝑴 and 𝑪 are the mass and damping matrices. The vector 𝑭𝒓 𝒙, 𝒙, 𝑡  consists of restoring 
forces and may reproduce the effects of linear-elastic or nonlinear behavior (i.e physical or/and 
geometrical) as well. For linear-elastic systems, the restoring forces vector becomes 
𝑭𝒓 𝒙, 𝒙, 𝑡 𝑲𝒙 𝑡 , where 𝑲 is the stiffness matrix of the structure. 
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Here, 𝒙 𝑡 , 𝒙 𝑡  and 𝒙 𝑡  are the response accelerations, velocities and displacements vector, 
while 𝑭 𝑡  represents the aerodynamic loads vector consisting of along-, across- and torque-
induced components.  
The State-Space model uses state variables to describe the behavior of a dynamic system through 
a set of first-order differential equations, rather than the initial second order differential 
equations [29]. Thus, the number of states is equal to the order of the differential equation. 
Denote 𝒛 the state vector of 2𝑛, 1  dimension (𝑛- is the number of degrees of freedom), 
consisting of displacement vector 𝒙 of 𝑛, 1  dimension and the velocity vector 𝒙 of 𝑛, 1  
dimension. 
Thus, 

𝒛𝟏 𝒙           (4) 

and 
𝒛𝟐 𝒙           (5) 

Therefore, 𝒛𝟐 𝒙 and the original second order differential equations for linear-elastic systems 
can be rewritten as 

𝒛
𝒛𝟏
𝒛𝟐

𝒙
𝒙

𝟎 𝐈
𝑴 𝟏𝑲 𝑴 𝟏𝑪

𝒛𝟏
𝒛𝟐

𝟎
𝑴 𝟏 𝑭    (6) 

Equation (6) can be expressed in the matrix form as follows 

𝒛 𝑨𝒛 𝑩𝑭          (7) 

The vector of displacements yields then from equation (4) as 

𝒚 𝒛𝟏 𝑪𝒛 𝑫𝑭        (8) 

where, 𝒛 is the vector of first order state- variables, 𝒛 is the state variable vector and 𝒚 is the 
output vector. 
In the state-space formulation, 𝑨 is called the state matrix, 𝑩 is the input matrix, 𝑪 is the output 
matrix, while 𝑫 is the transfer (transmission) matrix given [29] 

𝑨
𝟎𝒏 𝑰𝒏

𝑴 𝟏𝑲 𝑴 𝟏𝑪
        (9) 

𝑩
𝟎𝒏

𝑴 𝟏           (10) 

𝑪 𝑰 ,           (11) 

𝑫 𝟎 ,           (12) 

By solving the equations (7) and (8), the velocity vector 𝒙, acceleration vector 𝒙 and 
displacement vector 𝒙, will be efficiently calculated using two first order differential systems of 
equations instead of the original second order differential system of equations. This brings 
significantly higher numerical efficiency when dealing with both, large dimension linear or 
nonlinear behavior structural systems, and long duration loads. Further, any other response 
parameter (strains, stresses, internal forces, energies) becomes available for design and post-
design purpose. 

3.1. Case study 

The prototype structure of the CAARC model is a regular 60 story RC shear frame building, 
modeled with 3 DOF/floor, i.e. sways in x- and y- directions and torque around z-direction (Figure 
8). The Young’s modulus is considered as 3x107 kN/m2, the columns are of square section 90x90 
(cm) and the slab is 25 cm thick. 
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The damping model chosen is the Rayleigh proportional model, with 3% damping ratio 
associated to the Safety Limit State, for the first two lateral sway vibration modes.  

The modal information for the first nine vibration modes is given in Table 1; Px, Py and Pz are 
the mass mode participation factors, corresponding to lateral sway x- and y-, and torque around 
vertical z-axis, respectively.  

The design reference mean hourly wind speed for the prototype structure is chosen as 27 m/s, 
and the wind speed profile is provided by the Romanian Wind Design Code (Zone III conditions, 
compatible with WT testing conditions). This is used for the conversion from model to 
prototype, based on the reduced frequency criterion [16], [21].  

 

 

 

 

Fig. 8 - Structural system and plan views 
 

Table 1 

Structural modal information 

Mode index T, s Damping ratio, % Px, % Py, % Pz, % 

1 3.08 3.00 0.59 80.66 0.00 
2 3.08 3.00 80.66 0.59 0.00 
3 2.68 3.03 0.00 0.00 81.25 
4 1.04 4.96 6.38 2.91 0.00 
5 1.04 4.96 2.91 6.38 0.00 
6 0.90 5.56 0.00 0.00 9.28 
7 0.62 7.72 0.15 3.19 0.00 
8 0.62 7.72 3.19 0.15 0.00 
9 0.54 8.79 0.00 0.00 3.34 

The time-instant wind-induced pressure ps at a given port s- located at the elevation z above the 
ground level (Figure 3), is 

𝑝 𝑧, 𝑡 𝜌𝐶 𝑧, 𝑡 𝑉 𝐻        (13) 

where, ρ = 1.23 kg/m3 is the air density, 𝐶 𝑧, 𝑡  is the corresponding pressure coefficient at 
port- s and 𝑉 𝐻  is the mean hourly wind speed at the top of the building (H)- according to the 
mean wind speed profile given in the Romanian Wind Design Code [9].  

The corresponding aerodynamic wind force at pressure-port location s is then  

𝐹 𝑡 𝑝 𝑡 𝐴          (14) 

where, As denotes the corresponding tributary area of the pressure port- s.  

 

W (Ɵ=0o) 
x 

y 

W (+Ɵ o) 

A 

B C

D

Lx=30.48m 

Ly=45.72m 

N



12 

 

The aerodynamic forces at individual ports aggregates the load vector in equation (3).  

Typical time-histories of sway- and torque-induced bending moments in say- the base corner 
column A (Figure 8), corresponding to 0o wind blowing direction, are shown in Figure 9.  

 

Fig. 9 - Sway-and torque-induced bending moments time-histories in the base column A  
(θ=0o wind direction) 

The time-histories of internal forces, i.e. the axial force and the bi-axial bending moments, in the 
same section are illustrated in Figure 10 for the same θ=0o wind direction. The decoupled 
analysis, in sway- and torque-induced effects, illustrated in Figure 9, is useful for the mitigation 
of excessive torsional response by e.g. shape and structural optimization modules. The response 
quantities are straightforward used for strength design and check the compliance with comfort 
(floor acceleration) and deformability (inter-story drift ratio) limitations. 

 

Fig. 10 - Time-histories of internal forces in the base column A (θ=0o wind direction) 

4. Structural design issues and wind directionality effect  

The adequacy of strength design can be iteratively checked and corrected using either a built-in 
module or imported interaction surfaces (e.g. by using the XTRACT software) for structural 
members (e.g. point-in-time triplet 𝑃 𝑀 𝑀  for columns, 𝑀  for beams).  
In Figure 11 and Figure 12, the demand orbit particle and the capacity surface are represented 
altogether for two wind directions (θ=0o and θ=30o), for the corner base columns (Figure 8) at 
the preliminary design phase.  
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θ=0o 

 

Fig. 11 - Corner base columns point-in-time demand internal forces vs. capacity  
(θ=0o wind direction) 

 
 
 
 
 

 
θ=30o 

 

Fig. 12 - Corner base columns point-in-time demand internal forces vs. capacity  
(θ=30o wind direction) 
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The Demand-to-Capacity Ratio (DCR) parameter is computed as the ratio of distance from the 
origin to demand point and in-line from the origin to capacity surface point.  

For θ=0o wind direction, the safety criterion is not satisfied for the columns A and D, while the 
θ=30o wind direction provides demand values in the safety limit for all corner columns. For the 
structural design however, the effect of wind directionality is to be considered.  

By virtue of symmetry, a wind rosette of Δθ=+10o wind directionality increment (from 0o to 90o) 
is only considered in the analyses (Figure 13). 

 
 

Fig. 13 - Wind directionality effect on the demand-to-capacity ratios (DCR)  
for the base corner columns 

For all the wind blowing directions, the column C satisfies the safety criteria, while the other 
columns are out of safety criteria at different wind blowing directions. For the complete wind 
directionality rosette however, all the base columns are out of safety criterion. So, the next step 
to redesign and check the structural members, is necessary. Available climatological database, 
i.e. wind speed rosette for a given site, for different MRIs, will augment this analysis section. 

Deformability criteria is controlled through inter-story drift ratios associated to different limits 
states (Serviceability-S, Life Safety-LS and Immediate Occupancy-IO), as provided by design 
codes or other standards like e.g. FEMA 356 [30]. The criterion can be checked directly from the 
time-history analysis results as shown here for six stories, for θ=0o wind direction only (Figure 14). 
  

 
 

Fig. 14 - Orbit particles of inter-story drift ratio along the building height (θ=0o wind direction) 
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Comfort criteria specifications are also to be straightforward checked from the time-histories of 
floor acceleration responses. In Figure 15, the orbit particles of accelerations at various floor 
levels are compared with design specifications [9].  

 

Fig. 15 - Floor acceleration orbit particles and comfort limit along the building height (θ=0o wind direction) 

For Serviceability/Habitability Limit State, the reference mean wind speed is taken as 0.75 from 
the Safety Limit State associated reference mean wind speed (MRI=10 yr.; [9]).    

The story RMS accelerations distributions on the building height, for all wind blowing 
directions, are summarized in Figure 16. 

The influence of wind directionality on the across-wind response are clearly identified as well as 
the torque floor acceleration, prerequisite for the building shape optimization module.  

Fig. 16 - Story RMS accelerations in the x-, y- and z (torque)-directions (θ=0o to 90o wind directions) 

For both, safety and comfort limit states however, the peaks-over-threshold approach can be 
implemented in a probabilistic analysis framework [26], [27].  

4.1. Nonlinear dynamic response analysis for wind loads  

A complete workflow however, must incorporate the nonlinear dynamic response analysis 
(NDA) tool, in order to reproduce more accurately the structural behavior. This will allow the 
implementation of higher levels analysis modules as vulnerability analysis, damage state 
estimation as well as risk and loss estimation.  
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Current developments in progress using a numerically efficient nonlinear solver (Iancovici et al., 
2019 [28]) showed very encouraging results for typical structures [7]. Large loading durations 
are possible to be handled in an effective manner, in order to produce at highest capabilities’ 
accurate information for the design stage as well as for the post-design stage. 

5. Conclusions 

The time-domain approach for the analysis, practical design and post-design stages of building 
structures for wind loads, opens the door for higher accuracy integrated packages, including 
experimental and associated signal processing tools, structural analysis and design platforms, 
optimization, vulnerability and risk analysis packages. For tall buildings however, this becomes 
more important than for regular buildings, in order to overcome the inherent code and analysis 
methods limitations. 

The paper presents an integrated platform for the analysis and design of tall buildings to wind 
loads, directly from the time-histories of pressure data recorded in the wind tunnel. The 
climatological data and the aerodynamic data are directly incorporated in a comprehensive 
analysis module. The efficient numerical integration based on the State-Space approach is able to 
handle a large number of records and long duration loads. Thus, the time-histories of structural 
response parameters are used without any intervention on various assumptions- like modal and 
directional combination, to straightforward design and check the adequacy with the comfort, 
deformability and safety criteria.   

The implementation of an efficient Nonlinear Dynamic Analysis (NDA) module, based on recent 
developments [7], will bring significant steps forward for structural engineering applications.  

After careful validation, the Computational Fluid Dynamics (CFD) tool is a valid candidate to 
replace WT measurements and play a major role in the integrated package that would produce in 
a not too distant future, safer and more cost-effective structures. 
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