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ABSTRACT 

Structural wind effects on high-rise buildings subjected to extreme directional winds can 

be determined by one of three methods: (i) HFB (high frequency balance), used only for 

buildings with very complex shapes or with many fine-scale features, (ii) GLE (global load 

effects), commonly used in current commercial wind engineering laboratory practice, 

and (iii) the DAD (Database Assisted Design) method. The purpose of this paper is to 

consider the advantages and drawbacks of the GLE and DAD methods, both of which 

use the multi-channel pressure scanning system. Following these methods’ brief 

description, it is noted that the GLE method has over DAD the advantage of significantly 

lower computational time requirements. This is shown to be due to GLE’s basic 

assumption that the peak Demand-to-Capacity Indexes (DCIs) of all the building’s 

structural members occur at the same time. It is then shown that this assumption is 

incorrect, and that it results in the GLE method’s underestimation of all the structural 

members’ DCIs, inter-story drift ratios, and top floor accelerations. In contrast, the DAD 

method is shown to satisfy all applicable strength and serviceability performance criteria. 

However, the computational resources required for DAD’s use exceed the resources 

typically available to small or mid-sized structural design offices. Recent research results 

concerning the DAD method are then noted, and various approaches are proposed to 

the reduction of the DAD method’s computation time requirements by up to two orders 

of magnitude. It is then suggested that the potential of the DAD method as a risk 

assessment tool for buildings designed by the GLE method could be considered for 

property insurance purposes. 
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1. Introduction 

The High-Frequency Balance (HFB) method, widely used before the development of the multi-channel pressure 

scanning system, is currently employed only for “buildings with very complex shapes or with many fine-scale 

features, such as lattices, for which it is not possible to install pressure taps in all the required locations to 

accurately resolve the overall forces on the building” [1, p. 22]. Also, because it provides no reliable information on 

aerodynamic torques, the HFB method should not be used if the structural effects induced by the aerodynamic 

torsional moments are significant. For these reasons structural wind effects on most high-rise buildings subjected 

to extreme directional winds can be determined by using either the global load effects (GLE) [1, 2] or the Database 

Assisted Design (DAD) method [3-8].  

The purpose of this article is to consider these methods’ advantages and drawbacks. Both methods are briefly 

described, and it is noted that the GLE method has over DAD the advantage of significantly lower computation 

time requirements. This is shown to be due to the assumption inherent in the GLE method that the peak Demand-

to-Capacity Indexes (DCIs) of all the building’s structural members occur at the same time. It is then shown that 

this assumption is incorrect, and that it results in the GLE method’s underestimation of all structural members’ 

DCIs, inter-story drift ratios, and top floor accelerations. In contrast, the DAD method is shown to satisfy all 

applicable strength and serviceability performance criteria. However, the computational resources required for 

DAD’s use exceed the resources typically available to small or mid-sized structural design offices. Recent research 

results concerning the DAD method are then noted, and various approaches are proposed to the reduction of the 

DAD method’s computation time requirements by up to two orders of magnitude. It is then suggested that the 

potential of the DAD method as a risk assessment tool for buildings designed by the GLE method could be 

considered for property insurance purposes.  

Both GLE and DAD assume linearly elastic material behavior. The structural performance of a 47-story existing 

building subjected to extreme wind loads that induced non-linear material behavior was recently assessed in [11]. 

However, to the author’s knowledge, high-rise structures subjected to extreme wind loading are still typically 

designed by assuming linearly elastic response. This is the case for both GLE and DAD. 

The material presented herein concerns the following topics: Wind engineering tasks in support of both GLE 

and DAD; Wind engineering tasks specific to GLE; DAD: Structural engineering tasks; DAD: Demand-to-capacity 

indexes; N-year peak demand-to-capacity indexes; Recent research results and suggested future research. The 

final section presents the conclusions of this work.  

2. Wind Engineering Tasks in Support of both GLE and DAD 

The following tasks are completed by the wind engineering laboratory in support of both GLE and DAD: 

Task 1. Description of the micrometeorological features of the building site. This task consists of determining 

the terrain roughness length as a function of wind direction, and enables the adequate wind tunnel simulation of 

directional atmospheric flows.  

Task 2. Development of a sample of extreme directional wind speeds at the building site, Vn(h, 𝜃𝑘), based on 

measured or simulated historical extreme wind speed data at a meteorological site with standard open terrain 

roughness (n = 1, 2,…, nmax, nmax is a sufficiently large sample size, h = height above ground, e.g.  ℎ = 10 m, and 𝜃𝑘 = 

wind direction, k = 1, 2,.., kmax, e.g., 𝜃𝑘 = 22.5, 45,…, 360 ).  

Task 3. Simultaneous measurement of statistically stationary time histories of aerodynamic pressure pj[V(h, 

𝜃𝑘),t) (0 < t < tmax) at a sufficient number of pressure taps (j = 1, 2,.., jmax) placed on the exterior surfaces of the wind 

tunnel building model. This task enables the determination of the requisite time-dependent aerodynamic 

pressure coefficients. 

Task 4. Use of time histories of measured aerodynamic pressures to produce time histories of mutually 

orthogonal aerodynamic force components and torsional moments acting at each floor’s center of mass, and 

determining the respective non-dimensional force and torque coefficients.  
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3. Wind Engineering Tasks Specific to GLE  

Task 1. Using data on the structure’s modes of vibration, natural frequencies and damping ratios provided by 

the structural engineer, and the aerodynamic data obtained in Task 4 of the preceding section, perform dynamic 

analyses resulting in time series of inertial forces and torque acting at each floor, and time series of the effective 

(aerodynamic + inertial) wind-induced mutually orthogonal forces and torques applied at the center of mass Oi of 

each floor i (i = 1, 2,.., imax ) for each wind velocity V(h, 𝜃𝑘)). These time series are denoted by Fix,w(V(h), 𝜃𝑘, t), 

Fiy,w(V(h), 𝜃𝑘, t), 𝑇i,w (V(h), 𝜃𝑘, t), where the index w designates values obtained in current practice by the wind 

engineering laboratory.  

Task 2. Determining, and delivering to the structural engineer, the times tmax[(V(h), 𝜃𝑘)] at which the absolute 

value of the combined base moments attains its peak. The expressions for the base moments are: 

Mby (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1  Fix,w(V(h), 𝜃𝑘, t) Hi (1a)  

Mbx (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1  Fiy,w(V(h), 𝜃𝑘, t) Hi (1b)  

Tb (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1  𝑇i,w  (V(h), 𝜃𝑘, t) (1c) 

where Hi is the height above ground of floor i.  

It is stated in [1, p. 26] that “In structural design the important variables for the designer are typically load 

effects such as the base bending moments, base shear, base torsion and corresponding force and torque 

distribution with height. These global load effects are selected because they are closely correlated with the load 

levels reached in individual structural members…” (Note: The term “load effects” as used in [1] refers to base 

moments, shears and torques, i.e., to resultant loads. To avoid possible confusion, it is appropriate to reserve the 

term “load effects” to the structural effects of the loads, rather than to resultant loads). 

Inherent in the statement just quoted is the GLE basic assumption that all the peak wind effects of interest 

induced in the structure by wind with velocity V(h, 𝜃𝑘) occur at the same time, denoted by tmax (V(h, 𝜃𝑘)), at which 

the base moment attains its peaks. This assumption was also adopted in [2]. Its advantage is that it simplifies the 

design process. However, as shown in Section 5, it has the major drawback of underestimating every peak wind 

effect of interest, including all the members’ peak DCIs, by amounts that can be substantial, as shown in Section 5. 

The elimination of this drawback is the raison d'être of the database-assisted design approach.  

4. DAD: Structural Engineering Tasks 

1. Perform a preliminary design of the structure using (i) simplified design procedures specified by the 

applicable building code and (ii) the extreme wind speeds sample maxk[Vn(h, 𝜃𝑘)] (n = 1, 2,…., nmax) obtained from 

the wind velocity data provided by the wind engineering laboratory. 

2. Perform dynamic analyses of the structure subjected to the aerodynamic forces and torques induced at 

each building floor by a sufficient number of wind velocities Vq(h, 𝜃𝑘) (q = 1, 2,.., qmax). In view of the superior 

dynamic analysis capabilities of the structural engineering office, this task is assigned in the DAD method to the 

structural engineer. The velocities Vq(h, 𝜃𝑘) need to cover the range of possible extreme wind speeds at the 

building site and the range of wind directions of interest. The dynamic analyses result in time series of the 

effective (aerodynamic + inertial) force components 𝐹𝑖,𝑒𝑓 𝑥 [Vq(h, 𝜃𝑘)], 𝐹𝑖,𝑒𝑓 𝑦 [Vq(h, 𝜃𝑘)] and torques 𝑇i,ef  (Vq(h, 𝜃𝑘, t)] 

acting at the centers of mass Oi of floors i.  

3. Determine the peak structural responses (e.g., the peak DCIs induced in each structural member m of 

interest by the effective loads at floors i due to wind with velocities Vq(h, 𝜃𝑘).  

4. For each velocity Vq(h, 𝜃𝑘) estimate the peak structural response with specified mean recurrence interval N. 

5. Redesign the structure as needed with a view to satisfying the applicable performance criteria.  
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5. DAD: Demand-to-Capacity Indexes 

In this section it is shown that the time history of the DCI, and therefore its peak and the time of occurrence of 

the peak, differ from member to member.  

As an example of wind effects consistently underestimated by the GLE method, consider the cross section of a 

steel column, denoted by m, of a building subjected to loads induced by wind with velocity V(h, 𝜃𝑘). Assume that 

Prm /(P Pam) > 0.2, where Prm = required factored compressive strength, P  = resistance factor, and 𝑃𝑎𝑚  = available 

compressive strength. For such a column the peak DCI is  

DCIm pk = 
𝑃𝑟𝑚

𝜙𝑃𝑃𝑎𝑚
 + 

8

9
 (

𝑀𝑟1𝑚

𝜙𝑀𝑀𝑎1𝑚
 +  

𝑀𝑟2𝑚

𝜙𝑀𝑀𝑎2𝑚
 ) (1) 

[12]. The required axial force Prm  and bending moments Mr1m  

Prm  (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1 [Fi,ef x(V(h), 𝜃𝑘, t) px im + Fi,ef y(V(h), 𝜃𝑘, t) py im + Ti,ef (V(h), 𝜃𝑘, t) pT im ] + Pgm 

Mr2m  (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1 [Fi,ef x(V(h), 𝜃𝑘, t) 1x im + Fi,ef y(V(h), 𝜃𝑘, t)  1y im + Ti,ef (V(h), 𝜃𝑘, t)  1T im ] + M1gm 

Mr2m  (V(h), 𝜃𝑘, t) = ∑  
𝑖𝑚𝑎𝑥
𝑖=1 [Fi,ef x(V(h), 𝜃𝑘, t) 2x im + Fi,ef y(V(h), 𝜃𝑘, t)  2y im + Ti,ef (V(h), 𝜃𝑘, t)  2T im ] + M2gm           (2a, b, c) 

where 𝑃𝑔𝑚 , 𝑀1𝑔𝑚, 𝑀2𝑔𝑚 denote the internal forces induced by the  gravity loads in cross section m, and the 

constants 𝑝𝑥𝑖𝑚
, 𝑝𝑦𝑖𝑚

, 𝑝𝑇𝑖𝑚
, 𝜇1𝑚

  are influence coefficients (e.g., 𝑝𝑥𝑖𝑚
 is the axial force 

induced in cross section m by a unit force in the x direction acting at the center of mass of floor i). After some 

algebra it follows that  

DCIm [V(h), 𝜃𝑘, t] = ∑  
𝑖𝑚𝑎𝑥
𝑖=1 [CF ix,m Fi,ef x(V(h), 𝜃𝑘, t) + CF iy,m Fi,ef y(V(h), 𝜃𝑘, t) + CT im Ti,ef (V(h), 𝜃𝑘, t)] + Cgm (3) 

where the quantities 𝐶𝐹𝑖𝑥,𝑚
 , 𝐶𝐹𝑖𝑦,𝑚

, 𝐶𝐹𝑖𝑥,𝑚
are functions of properties of the structure, i.e., of available strengths, 

resistance factors, and influence coefficients (see [9] for details).  

Since influence coefficients differ from member to member, so do the respective DCIm time series and the 

times of occurrence of their peaks, 𝑡𝑚𝑎𝑥
𝑚 (𝑉(ℎ), 𝜃𝑘), where the index m identifies the structural member. This fact 

invalidates the GLE assumption that the peak demand-to-capacity occurs for all members at the same time, tmax 

(V(h), 𝜃𝑘). Since, for any velocity V(h), 𝜃𝑘, DCIm(tmax) < DCIm(𝑡𝑚𝑎𝑥
𝑚 ) almost surely, it follows that this assumption results 

in the underestimation of the wind effect being considered. The magnitude of the underestimation varies 

randomly within the open interval (0, maxt{DCIm[(V(h), 𝜃𝑘 , t]} − mint{DCIm[(V(h), 𝜃𝑘 , t]}) (there would be no 

underestimation if tmax = 𝑡𝑚𝑎𝑥
𝑚 , i.e., if the peak base moment occurred at the same time as the peak DC I; and the 

underestimation would be largest if tmax = 𝑡𝑚𝑖𝑛
𝑚 , where 𝑡𝑚𝑖𝑛

𝑚 denotes the time of occurrence of the lowest value of 

the DCI, mint{DCIm[(V(h), 𝜃𝑘, t]}). Similar statements apply to top floor accelerations and inter-story drift ratios.  

6. N-Year Peak Demand-to-Capacity Indexes 

The entries in the matrix with nmax rows and kmax columns  

[DCI𝑚{(𝑉𝑛(ℎ), 𝜃𝑘) , 𝑡𝑚𝑎𝑥
𝑚 (𝑉𝑛(ℎ), 𝜃𝑘)}] (4) 

are peak DCIs determined by the DAD method, induced in member m (m = 1, 2…, mmax) by wind with extreme 

velocities at the building site Vn (h), 𝜃𝑘  (n = 1, 2,…, nmax; k = 1, 2,…,𝑘𝑚𝑎𝑥 ) at member-dependent times 

𝑡𝑚𝑎𝑥
𝑚 (𝑉𝑛(ℎ), 𝜃𝑘), at which the time-dependent demand-to-capacity DCIs attain their peaks [10]. To estimate peak 

DCIs with any specified N-year return period, a vector is created, the nmax components of which are the largest 

entry in each matrix row, 𝑚𝑎𝑥𝑘[DCI𝑚{(𝑉𝑛(ℎ), 𝜃𝑘) , 𝑡𝑚𝑎𝑥
𝑚 (𝑉𝑛(ℎ), 𝜃𝑘)}]. A univariate probability distribution of the largest 

values is then fitted to those components. If the N-year peak DCI of member m exceeds unity or is significantly 

lower than unity, that member needs to be redesigned. This approach supersedes the approach proposed in [13], 

which is based on peak wind speeds over periods of time far shorter that one year and therefore violates the 

basic assumption underlying extreme value estimation theory. 
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The process by which the GLE estimate of the N-year peak DCI is performed is similar to the process just 

described. It involves a matrix similar to Eq. 4. However, since every entry in the GLE matrix is lower than its 

counterpart determined by the DAD method, the GLE method underestimates the N-year peak DCIs of all the 

structure’s members.  

7. Recent Research Results and Suggested Future Research 

Software for the implementation of the DAD method was developed for prismatic steel structures with a 

rectangular shape in plan, using MATLAB and ETABS software [7]. The DAD method was recently expanded for use 

on reinforced concrete members and irregular-shaped buildings, and the MATLAB software was replaced by 

Python, thus making the software more accessible to structural engineering offices [6].  

Computation times have been substantially reduced through the use of parallel computing, the simultaneous 

running of ETABS models, and the restructuring of algorithms resulting in more efficient, matrix-based 

computations [6]. Further reduction of computation times remains an important objective. The following are 

potential means of achieving such reduction by up to two orders of magnitude: 

1. The length of the stationary portion of the time histories of the wind effects currently assumed in North 

American practice is 60 min. That length could be reduced to 10 min, as assumed in current Japanese practice. 

This would reduce the precision of the estimated DCI peak and would therefore result in a typically minor increase 

of the wind load factor. A generic study of that increase could be performed by transforming a typical non-

Gaussian DCI time series into a Gaussian time series, and applying the relationship between Gaussian time series 

length and peak statistics developed in [14] or [15]. The effect of the larger uncertainty in the peak value on the 

magnitude of the wind load factor would then be readily estimated by using the approach presented in [10, Ch. 7]. 

2. For any given wind direction, previous DAD research on peak DCIs has considered 20, 30, 40, 50, 60, 70, and 

80 m/s wind speeds. Currently, peak DCIs are determined for each of those speeds by performing the computer-

intensive operations described earlier herein. It is suggested that the feasibility be considered of performing those 

operations for, e.g., only the 20, 50, and 80 m/s speeds, and of accurately determining the DCIs for the 30, 40, 60, 

and 70 m/s by nonlinear interpolation.  

3. Rather than computing the wind effects induced by the effective wind loads acting at each building floor i (i = 

1, 2, …imax), the possibility could be examined of computing the wind effects induced by the resultants of the 

aerodynamic loads acting at more than one floor, e.g. at three consecutive floors, with those resultants acting at 

the center of mass of the second floor in each of the three-floor groups.  

4. The multiple-points-in-time approach developed in [16] was shown to produce remarkably accurate 

estimates of peak combined wind effects by using a limited number of peaks from the time histories of the 

individual wind effects being combined. Those estimates are obtained far more economically in terms of 

computational time than conventional time domain estimates that use full time histories.  

In addition, it is suggested that the potential of the DAD method as a risk assessment tool for buildings 

designed by the GLE method may be considered for property insurance purposes.  

8. Conclusions 

It has been shown that the GLE method, currently widely used by wind engineering laboratories, 

underestimates wind effects on high-rise structures. The underestimation can be expected to be substantial for 

large numbers of structural members, top floor accelerations and inter-story drift ratios, and therefore to result in 

structural designs that do not satisfy safety and serviceability performance requirements.  

Earthquake engineering has historically benefited from intense study in academic and research institutions. In 

contrast, wind engineering as applied to structural design has been the object of study in relatively few institutions. 

This may explain the inadequate scrutiny of the GLE method by both wind and structural engineering practitioners. 
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A review of a recent manual on the performance of tall buildings under wind loads [17] confirms the weakness of 

that scrutiny.  

The present work suggests that the wind engineering laboratory needs to limit its products to those listed in 

Section 2. The structural engineer’s tasks then include performing the requisite structural dynamics analyses and 

determining the requisite peak DCIs, top floor accelerations and inter-story drift ratios, with return periods 

specified by the respective performance requirements. These tasks are performed effectively by using DAD. The 

GLE method results in unconservative designs because base moments are not an acceptable substitute for the 

large numbers of structural data, including influence coefficients, on which the DCIs are dependent and to which 

the wind engineering laboratory cannot in practice have access.  
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